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FOREWORD

This volume is the twentieth of a sequence of Spaceflight Mechanics volumes which

are published as a part of Advances in the Astronautical Sciences. Several other sequences

or subseries have been established in this series. Among them are: Astrodynamics (pub-

lished for the AAS every second year), Guidance and Control (annual), International Space

Conferences of Pacific-Basin Societies (ISCOPS, formerly PISSTA), and AAS Annual Con-

ference proceedings. Proceedings volumes for earlier conferences are still available either in

hard copy or in microfiche form. The appendix at the end of Part III of the hard copy vol-

ume lists proceedings available through the American Astronautical Society.

Spaceflight Mechanics 2010, Volume 136, Advances in the Astronautical Sciences,

consists of three parts totaling about 2,652 pages, plus a CD ROM supplement which con-

tains all the available papers in digital format. Papers which were not available for publica-

tion are listed on the divider pages of each section in the hard copy volume. A chronological

index and an author index are appended to the third part of the volume.

In our proceedings volumes the technical accuracy and editorial quality are essentially

the responsibility of the authors. The session chairs and our editors do not review all papers

in detail; however, format and layout are improved when necessary by our editors.

We commend the general chairs, technical chairs, session chairs and the other partici-

pants for their role in making the conference such a success. We would also like to thank

those who assisted in organizational planning, registration and numerous other functions re-

quired for a successful conference.

The current proceedings are valuable to keep specialists abreast of the state of the art;

however, even older volumes contain some articles that have become classics and all vol-

umes have archival value. This current material should be a boon to aerospace specialists.

AAS/AIAA SPACEFLIGHT MECHANICS VOLUMES

Spaceflight Mechanics 2010 appears as Volume 136, Advances in the Astronautical

Sciences. This publication presents the complete proceedings of the 20th AAS/AIAA Space

Flight Mechanics Meeting 2010.

Spaceflight Mechanics 2009, Volume 134, Advances in the Astronautical Sciences, Eds.
A.M. Segerman et al., 2496p., three parts, plus a CD ROM supplement.

Spaceflight Mechanics 2007, Volume 127, Advances in the Astronautical Sciences, Eds.
M.R. Akella et al., 2230p., two parts, plus a CD ROM supplement.

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

Spaceflight Mechanics 2005, Volume 120, Advances in the Astronautical Sciences, Eds.
D.A. Vallado et al., 2152p., two parts, plus a CD ROM supplement.
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Spaceflight Mechanics 2004, Volume 119, Advances in the Astronautical Sciences, Eds.
S.L. Coffey et al., 3318p., three parts, plus a CD ROM supplement.

Spaceflight Mechanics 2003, Volume 114, Advances in the Astronautical Sciences, Eds.
D.J. Scheeres et al., 2294p, three parts, plus a CD ROM supplement.

Spaceflight Mechanics 2002, Volume 112, Advances in the Astronautical Sciences, Eds.
K.T. Alfriend et al., 1570p, two parts.

Spaceflight Mechanics 2001, Volume 108, Advances in the Astronautical Sciences, Eds.
L.A. D’Amario et al., 2174p, two parts.

Spaceflight Mechanics 2000, Volume 105, Advances in the Astronautical Sciences, Eds.
C.A. Kluever et al., 1704p, two parts.

Spaceflight Mechanics 1999, Volume 102, Advances in the Astronautical Sciences, Eds.
R.H. Bishop et al., 1600p, two parts.

Spaceflight Mechanics 1998, Volume 99, Advances in the Astronautical Sciences, Eds.
J.W. Middour et al., 1638p, two parts; Microfiche Suppl., 2 papers (Vol. 78 AAS Microfiche
Series).

Spaceflight Mechanics 1997, Volume 95, Advances in the Astronautical Sciences, Eds.
K.C. Howell et al., 1178p, two parts.

Spaceflight Mechanics 1996, Volume 93, Advances in the Astronautical Sciences, Eds.
G.E. Powell et al., 1776p, two parts; Microfiche Suppl., 3 papers (Vol. 73 AAS Microfiche
Series).

Spaceflight Mechanics 1995, Volume 89, Advances in the Astronautical Sciences, Eds.
R.J. Proulx et al., 1774p, two parts; Microfiche Suppl., 5 papers (Vol. 71 AAS Microfiche
Series).

Spaceflight Mechanics 1994, Volume 87, Advances in the Astronautical Sciences, Eds. J.E.
Cochran, Jr. et al., 1272p, two parts.

Spaceflight Mechanics 1993, Volume 82, Advances in the Astronautical Sciences, Eds.
R.G. Melton et al., 1454p, two parts; Microfiche Suppl., 2 papers (Vol. 68 AAS Microfiche
Series).

Spaceflight Mechanics 1992, Volume 79, Advances in the Astronautical Sciences, Eds.
R.E. Diehl et al., 1312p, two parts; Microfiche Suppl., 11 papers (Vol. 65 AAS Microfiche
Series).

Spaceflight Mechanics 1991, Volume 75, Advances in the Astronautical Sciences, Eds. J.K.
Soldner et al., 1353p, two parts; Microfiche Suppl., 15 papers (Vol. 62 AAS Microfiche
Series).

AAS/AIAA ASTRODYNAMICS VOLUMES

Astrodynamics 2009, Volume 135, Advances in the Astronautical Sciences, Eds. A.V. Rao
et al., 2446p, three parts plus a CD ROM Supplement.

Astrodynamics 2007, Volume 129, Advances in the Astronautical Sciences, Eds. R.J.
Proulx et al., 2892p, three parts plus a CD ROM Supplement.

Astrodynamics 2005, Volume 123, Advances in the Astronautical Sciences, Eds. B.G.
Williams et al., 2878p, three parts plus a CD ROM Supplement.

Astrodynamics 2003, Volume 116, Advances in the Astronautical Sciences, Eds. J. de
Lafontaine et al., 2746p, three parts plus a CD ROM Supplement.

Astrodynamics 2001, Volume 109, Advances in the Astronautical Sciences, Eds. D.B.
Spencer et al., 2592p, three parts.
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Astrodynamics 1999, Volume 103, Advances in the Astronautical Sciences, Eds. K.C.
Howell et al., 2724p, three parts.

Astrodynamics 1997, Volume 97, Advances in the Astronautical Sciences, Eds. F.R. Hoots
et al., 2190p, two parts.

Astrodynamics 1995, Volume 90, Advances in the Astronautical Sciences, Eds. K.T.
Alfriend et al., 2270p, two parts; Microfiche Suppl., 6 papers (Vol. 72 AAS Microfiche Series).

Astrodynamics 1993, Volume 85, Advances in the Astronautical Sciences, Eds. A.K. Misra
et al., 2750p, three parts; Microfiche Suppl., 9 papers (Vol. 70 AAS Microfiche Series)

Astrodynamics 1991, Volume 76, Advances in the Astronautical Sciences, Eds. B. Kaufman
et al., 2590p, three parts; Microfiche Suppl., 29 papers (Vol. 63 AAS Microfiche Series)

Astrodynamics 1989, Volume 71, Advances in the Astronautical Sciences, Eds. C.L.
Thornton et al., 1462p, two parts; Microfiche Suppl., 25 papers (Vol. 59 AAS Microfiche
Series)

Astrodynamics 1987, Volume 65, Advances in the Astronautical Sciences, Eds. J.K.
Soldner et al., 1774p, two parts; Microfiche Suppl., 48 papers (Vol. 55 AAS Microfiche
Series)

Astrodynamics 1985, Volume 58, Advances in the Astronautical Sciences, Eds. B. Kaufman
et al., 1556p, two parts; Microfiche Suppl. 55 papers (Vol. 51 AAS Microfiche Series)

Astrodynamics 1983, Volume 54, Advances in the Astronautical Sciences, Eds. G.T. Tseng
et al., 1370p, two parts; Microfiche Suppl., 41 papers (Vol. 45 AAS Microfiche Series)

Astrodynamics 1981, Volume 46, Advances in the Astronautical Sciences, Eds. A.L.
Friedlander et al., 1124p, two parts; Microfiche Suppl., 41 papers (Vol. 37 AAS Microfiche
Series)

Astrodynamics 1979, Volume 40, Advances in the Astronautical Sciences, Eds. P.A. Penzo
et al., 996p, two parts; Microfiche Suppl., 27 papers (Vol. 32 AAS Microfiche Series)

Astrodynamics 1977, Volume 27, AAS Microfiche Series, 73 papers

Astrodynamics 1975, Volume 33, Advances in the Astronautical Sciences, Eds., W.F.
Powers et al., 390p; Microfiche Suppl., 59 papers (Vol. 26 AAS Microfiche Series)

Astrodynamics 1973, Volume 21, AAS Microfiche Series, 44 papers

Astrodynamics 1971, Volume 20, AAS Microfiche Series, 91 papers

All of these proceedings are available from Univelt, Inc., P.O. Box 28130, San Diego,

California 92198 (Web Site: http://www.univelt.com), publishers for the AAS.

Robert H. Jacobs, Series Editor
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PREFACE

The 20th Space Flight Mechanics Meeting was held from February 14 through Febru-

ary 17, 2010, in San Diego, California at the Marriott San Diego Mission Valley. The meet-

ing was sponsored by the American Astronautical Society (AAS) Space Flight Mechanics

Committee and co-sponsored by the American Institute of Aeronautics and Astronautics

(AIAA) Astrodynamics Technical Committee. Approximately 204 people registered for the

meeting. Attendees included engineers, scientists, and mathematicians representing govern-

ment agencies, the military services, industry, and academia from the United States and

abroad.

There were 157 technical papers presented in 24 sessions on topics related to

space-flight mechanics and astrodynamics. The meeting included three social events. The

Early-Bird Reception was held at the hotel on Sunday evening. On Monday evening, an

awards ceremony was held and the 2010 AAS Dirk Brouwer Award recipient, Dr. Bruce

Conway, presented a lecture followed by a reception. On Tuesday evening, attendees en-

joyed a private animal show and dinner at the San Diego Zoo.

The editors extend their gratitude to the Session Chairs who made this meeting suc-

cessful: Dr. Ossama Abdelkhalik, Dr. Matthew Berry, Dennis Byrnes, Dr. W. Todd Cerven,

Dr. Thomas Eller, Dr. James Gearhart, Dr. Yanping Guo, Dr. Felix Hoots, Dr. Kathleen

Howell, Dr. Peter Lai, Dr. Don Mackison, Dr. Craig McLaughlin, Lauri Newman, Dr. Ryan

Park, Dr. Anastassios Petropoulos, Dr. Chris Ranieri, Dr. Ryan Russell, Dr. Daniel Scheeres,

John Seago, Dr. Jon Sims, Dr. David Spencer, Dr. Sergei Tanygin, Al Treder, and Dr. Ken-

neth Williams. Our gratitude also goes to Dr. Shannon Coffey for his support and assistance

with website administration.

We would also like to express our thanks to Apogee Integration, LLC for the cover de-

sign and printing of the conference programs.

AAS Technical Chair AAS General Chair

Dott. Daniele Mortari Dr. Aaron J. Trask

Texas A&M University Apogee Integration, LLC

AIAA Technical Chair AIAA General Chair

Dr. Thomas F. Starchville, Jr. Mr. James K. Miller

The Aerospace Corporation
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Daniele Mortari
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E. Glenn Lightsey
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AAS 10 – 212 A New Approach to Design a Repeat Ground Track Orbit for a Local
Reconnaissance Mission, Hae-Dong Kim, Hyochoong Bang and
Hak-Jung Kim

AAS 10 – 213 Determination of Fundamental Low-Thrust Control Frequencies for Fitting
Sequences of Orbital States, Jennifer S. Hudson and Daniel J. Scheeres
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AAS 10 – 214 Equations of Motion of a Launcher Using a Full Quaternion,
Alexandre Vachon, André Desbiens, Eric Gagnon and Rocco Farinaccio

AAS 10 – 215 Optimal Orbit Design for Regional Coverage using Genetic Algorithm,
Ahmed Gad and Ossama Abdelkhalik
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AAS 10 – 226 Thermal Radiation Effects on Deep-Space Trajectories, Jozef C. van der Ha
and Daniele Stramaccioni
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SESSION 19: ATTITUDE DYNAMICS AND CONTROL III

AAS 10 – 228 Hypersphere Stereographic Orientation Parameters, Jeff Mullen and
Hanspeter Schaub

AAS 10 – 229 (Paper Withdrawn)

AAS 10 – 230 (Paper Withdrawn)

AAS 10 – 231 Estimation of Solar Radiation Pressure Parameters for Solar Sail
Demonstrator IKAROS Considering Attitude Dynamics, Yuya Mimasu,
Jozef C. van der Ha, Tomohiro Yamaguchi, Ryu Funase, Yuichi Tsuda,
Osamu Mori and Jun’ichiro Kawaguchi

AAS 10 – 232 Fault Tolerant Attitude Control during Formation Flying, Junquan Li and
K. D. Kumar
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SESSION 1: TRAJECTORY DESIGN AND OPTIMIZATION I

Chair: Ryan Russell, Georgia Institute of Technology

AAS 10 – 100

Efficient Method for Optimization of Low-Thrust Trajectories

Jesus Gil-Fernandez, GMV, S.A., Madrid, Spain; M. A. Gomez-Tierno,

Department of Aerospace Vehicles, Universidad Politecnica, Madrid, Spain

Analysis of low thrust missions needs efficient methods to compute optimal trajec-

tories with no a priori knowledge of the thrusting structure. The thrust-constrained, final

mass maximization is reduced to a two-point boundary value problem. This problem is

solved in two steps. First, the initial guess is constructed with a systematic search on a

unit 6-sphere of directions of the initial value of the adjoints. Then, the most promising

directions are refined with a commercial gradient-based nonlinear equations solver. The

radius of convergence is increased with a smoothing technique. The results prove that

the method find many optimal solutions in different missions requiring short computa-

tion time and few configuration parameters.

AAS 10 – 101

Optimal Low Thrust Transfer Trajectories with Improved Stability Properties

Iman Alizadeh and Benjamin Villac, Department of Mechanical and Aerospace

Engineering, University of California, Irvine, California, U.S.A.

In this paper, low thrust transfer trajectories will be designed by considering stabil-

ity properties of trajectories, directly in the trajectory optimization. The stability charac-

terization is based on the Singular Value Decomposition (SVD) of the state transition

matrix along the coast arc on the stable manifold and the angle between the thrust vec-

tor and uncontrolled vector field in the powered flight phase. The method is illustrated

by designing low thrust transfer trajectories from an Earth parking orbit into a

Lyapunov orbit in the Earth-Moon system. The results are compared with the fuel opti-

mal solutions obtained without using any stability information. It is shown that, in case

of engine failure for a fixed time span, the deviations of the uncontrolled trajectory

from the optimal thrust arc obtained from the proposed method remains small. Also the

trajectory possesses a better overall targeting accuracy of the periodic orbit with respect

to trajectories without considering stability information.
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AAS 10 – 102

Optimal Impulsive LEO to LEO Multiple-Pass Aeroassisted Orbital Transfer for

Small Spacecraft

Christopher L. Darby and Anil V. Rao, Department of Mechanical and Aerospace

Engineering, University of Florida, Gainesville, Florida, U.S.A.

The problem of minimum-fuel multiple-pass heat rate-constrained aeroassisted or-

bital transfer of a small high lift-to-drag ratio vehicle from low-Earth orbit to low-Earth

orbit with an inclination change is considered. Assuming impulsive thrust, the trajectory

design is described in detail and the aeroassisted orbital transfer is posed as a nonlinear

optimal control problem. The optimal control problem is solved using an open-source

software implementation of the Gauss pseudospectral method. Key features of the opti-

mal trajectories are identified. Unlike previous research where a much more massive

vehicle was used, for a small vehicle of the size considered here it is more fuel-efficient

to utilize only a few (e.g., one or two) atmospheric passes than to utilize many more

passes. The results of this study provide insight into mission design for small space-

craft.

AAS 10 – 103

Optimal Space Trajectories Via Particle Swarm Technique

Mauro Pontani, Scuola di Ingegneria Aerospaziale, University of Rome “La

Sapienza,” Rome, Italy;

Bruce A. Conway, Department of Aerospace Engineering, University of Illinois at

Urbana-Champaign, U.S.A.

The particle swarm optimization technique is a population-based stochastic method

developed in recent years and successfully applied in several fields of research. It repre-

sents a very intuitive (and easy to program) methodology for global optimization, in-

spired by the behavior of bird flocks while searching for food. The particle swarm opti-

mization technique attempts to take advantage from the mechanism of information shar-

ing that affects the overall behavior of a swarm, with the intent of determining the opti-

mal values of the unknown parameters of the problem under consideration. In this re-

search the method is applied to a variety of space trajectory optimization problems, e.g.

the determination of periodic orbits in the context of the circular restricted three-body

problem, and the optimization of (impulsive and finite-thrust) orbital transfers. Despite

its simplicity and intuitiveness, the particle swarm algorithm proves to be quite effective

in finding the optimal solution to all of the applications considered in the paper, with

great numerical accuracy.
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AAS 10 – 104

Numerical Verification of Singular Arcs on Optimal Moon-to-Earth Transfer

Chandeok Park and I. Michael Ross, Mechanical and Astronautical Engineering

Department, Naval Postgraduate School, Monterey, California, U.S.A.;

Hui Yan and Qi Gong, Applied Mathematics and Statistics Department, University of

California, Santa Cruz, California, U.S.A.

We analyze singular arcs arising in an optimal Moon-to-Earth trajectory and nu-

merically verify its optimality. Imposing maximum thrust, fuel budget, and flight time

as design constraints, we formulate a time-bound fuel-optimal control problem. The re-

sulting control scheme is composed of three finite burns, among which the second burn

is singular. We apply our newly derived necessary conditions to verify its optimality.

All numerical results are developed via the software package DIDO© using the

Legendre pseudospectral method.

AAS 10 – 105

Optimal Low-Thrust/Invariant Manifold Earth Moon Transfer Trajectories

Christopher S. Martin and Bruce A. Conway, Department of Aerospace Engineering,

University of Illinois at Urbana-Champaign, U.S.A.

Minimum-time and hence minimum-fuel trajectories are found for a spacecraft us-

ing continuous low-thrust propulsion to leave geosynchronous transfer orbit and enter a

low-lunar orbit, transiting via the stable and unstable manifolds of a periodic orbit about

the interior Earth-Moon Lagrange point. The optimizer chooses the thrust pointing angle

time history, the points of arrival/departure from the stable and unstable manifold re-

spectively and the size of the halo orbits, in order to minimize the powered flight time.

The arrival position and velocity matching conditions are obtained from a parameter-

ization of the orbit using cubic splines since no analytic description of the manifolds ex-

ist.

AAS 10 – 106

Necessary Conditions for Singular Arcs Involving Multiple Gravitational Bodies

Chandeok Park and I. Michael Ross, Mechanical and Astronautical Engineering

Department, Naval Postgraduate School, Monterey, California, U.S.A.;

Hui Yan and Qi Gong, Applied Mathematics and Statistics Department, University of

California, Santa Cruz, California, U.S.A.

We analyze the optimality of intermediate thrust arcs (singular arcs) of a rocket

trajectory subject to gravitational forces from multiple bodies. We derive a series of

necessary conditions for optimality including the generalized Legendre-Clebsche condi-

tion. We validate our derivations by showing that they are identical to Lawden’s classi-

cal result if the equations of motion are reduced for a central gravitational field. As a

means to illustrate the practical nature of our results, we apply them to a Moon-Earth

transfer trajectory problem and show that the extremal solution is bang-singular-bang.
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AAS 10 – 107

(Paper Withdrawn)

SESSION 2: SPACECRAFT GUIDANCE, NAVIGATION AND CONTROL I

Chair: Peter Lai, The Aerospace Corporation

AAS 10 – 108

(Paper Withdrawn)

AAS 10 – 109

Spacecraft Stochastic Optimal Control

Eric D. Gustafson, Department of Aerospace Engineering, University of Michigan,

Ann Arbor, Michigan, U.S.A.; Daniel J. Scheeres, Colorado Center for Astrodynamics

Research, University of Colorado, Boulder, Colorado, U.S.A.

We present techniques useful for computing stochastic optimal control of

spacecrafts. We assume multiplicative noise acting on linear control, directly applicable

to many low thrust propulsion methods. The stochastic Hamilton-Jacobi-Bellman equa-

tion is expanded using a Taylor series. In general, the ordinary differential equations de-

scribing the evolution of the coefficients of the expansion at a given order depend of

higher order coefficients. We show that this drawback is removed for systems with dy-

namics given by an odd function and an even function describing the terminal cost. We

also discuss the spectral method for solving the optimal control.

AAS 10 – 110

Continuous-Time Bilinear System Identification Using Single Experiment with

Multiple Pulses

Jer-Nan Juang, Cheh-Han Lee and Shyh-Biau Jiang, Department of Engineering

Science, National Cheng-Kung University, Tainan, Taiwan

A novel method is presented for the identification of a continuous-time bilinear

system from the input-output data generated by a single experiment with multiple

pulses. In contrast to the conventional approach utilizing multiple experiments, the cur-

rent work documents the advantage of using a single experiment and sets up a proce-

dure to obtain bilinear system models. The special pulse inputs employed by earlier re-

search can be avoided and accurate identification of the continuous-time system model

is possible by performing a single experiment incorporating a class of control input se-

quences combining pulses with free-decay in between. The algorithm presented here-in

is more attractive in practice for the identification of bilinear systems. Numerical exam-

ples presented demonstrate the methodology developed in the paper.
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AAS 10 – 111

Fault-Tolerant Attitude Control of Miniature Satellites using Reaction Wheels

Godard, Noel Abreu, and K. D. Kumar, Department of Aerospace Engineering,

Ryerson University, Toronto, Ontario, Canada

An adaptive fault-tolerant nonlinear control scheme is proposed for precise 3-axis

attitude tracking of miniature spacecraft in the presence of control input saturation,

model uncertainties, external disturbances, and reaction wheel faults. Two configura-

tions of reaction wheel assembly are examined in this chapter, (A1) Traditional four

wheel setup where three reaction wheels are in orthogonal configuration along with one

oblique wheel; and (A2) Four wheels in a pyramid configuration. Multiplicative reac-

tion wheel faults are considered along with complete failure of one wheel (A1) and two

wheels (A2). The proposed control algorithm does not require an explicit fault detection

and isolation mechanism and therefore failure time instants, patterns, and values of ac-

tuator failures remain unknown to the designer. The stability conditions for robustness

against model uncertainties and external disturbances are derived using Lyapunov sta-

bility theory to establish the regions of asymptotic stabilization. The benefits of the pro-

posed control methodology are analytically authenticated and also validated using hard-

ware-in-the-loop simulations. The experimental results clearly establish the robustness

of the proposed autonomous control algorithm for precise attitude tracking in the event

of reaction wheel faults and failures.

AAS 10 – 112

Absolute Stability Analysis of a Phase Plane Controlled Spacecraft

Jiann-Woei Jang, Michael Plummer, Nazareth Bedrossian, The Charles Stark

Draper Laboratory, Inc., Houston, Texas, U.S.A.; Charles Hall, Mark Jackson, NASA

Marshall Space Flight Center, Huntsville, Alabama, U.S.A.; Pol Spanos, Department of

Mechanical and Civil Engineering, Rice University, Texas, U.S.A.

Many aerospace attitude control systems utilize phase plane control schemes that

include nonlinear elements such as dead zone and ideal relay. To evaluate phase plane

control robustness, stability margin prediction methods must be developed. In the paper,

absolute stability analysis is extended to predict stability margins and to define an abort

condition. A constrained optimization approach is also used to design flex filters for at-

titude control. The design goal is to optimize vehicle tracking performance while main-

taining adequate stability margins. Absolute stability is shown to provide satisfactory

stability constraints for the optimization.
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AAS 10 – 113

Stationkeeping of Lissajous Trajectories in the Earth-Moon System with

Applications to ARTEMIS

D. C. Folta and D. W. Woodfork, NASA Goddard Space Flight Center, Greenbelt,

Maryland, U.S.A.; T. A. Pavlak, K. C. Howell and M. A. Woodard, School of

Aeronautics and Astronautics, Purdue University, West Lafayette, Indiana, U.S.A.

In the last few decades, several missions have successfully exploited trajectories

near the Sun-Earth L1 and L2 libration points. Recently, the collinear libration points in

the Earth-Moon system have emerged as locations with immediate application. Most

libration point orbits, in any system, are inherently unstable and must be controlled. To

this end, several stationkeeping strategies are considered for application to ARTEMIS.

Two approaches are examined to investigate the stationkeeping problem in this regime

and the specific options available for ARTEMIS given the mission and vehicle con-

straints. (1) A baseline orbit-targeting approach controls the vehicle to remain near a

nominal trajectory; a related global optimum search method searches all possible ma-

neuver angles to determine an optimal angle and magnitude; and (2) an orbit continua-

tion method, with various formulations determines maneuver locations and minimizes

costs. Initial results indicate that consistent stationkeeping costs can be achieved with

both approaches and the costs are reasonable. These methods are then applied to Lissa-

jous trajectories representing a baseline ARTEMIS libration orbit trajectory.

AAS 10 – 114

Time Varying Deadbeat Controller Design

Manoranjan Majji and John L. Junkins, Department of Aerospace Engineering,

Texas A&M University, College Station, Texas, U.S.A.; Jer-Nan Juang, Engineering

Science Department, National Cheng Kung University, Tainan, Taiwan

A time varying generalization of the classical deadbeat controller is investigated in

the present paper. The natural extension of the time invariant deadbeat condition to the

time varying case is presented by utilizing the key developments of the ob-

server/Kalman filter time varying system identification theory reported recently by the

authors. In stark contrast to the time invariant deadbeat controller design, it is shown

that the time varying deadbeat controller parameters do not follow a recursive relation-

ship that was developed in the past. In the special case of periodic systems, where re-

peated experimental data is available naturally, it seems that such a controller can be

designed to set the output of the closed loop system zero after a few time steps. Numer-

ical simulation examples report the efficacy of the deadbeat controller design method

proposed in this paper.
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AAS 10 – 115

Bang-Bang Trajectory Optimization using Autonomous Phase Placement and

Mesh Refinement Satisfying Waypoints and No-Fly Zone Constraints

Timothy R. Jorris, U.S. Air Force Test Pilot School, Edwards Air Force Base,

California, U.S.A.; Anil V. Rao, Department of Mechanical and Aerospace

Engineering, University of Florida, Gainesville, Florida, U.S.A.

Previous analytical and numerical solutions exist solving a highly constrained re-

entry trajectory optimization problem. The numerical method used was a pseudospectral

technique with predefined phases and number of nodes. This proved highly effective,

however, it did require some user intervention. For example, additional phases could be

added to best capture the discontinuity in the controls and costates at a boundary con-

tact. Also, the number of nodes could be increased to improve accuracy balanced with

being decreased to improve computation time. A new method is employed herein

whereas intermediate phases, called segments, are autonomously added and the number

of nodes, or polynomial fit order, is automatically adjusted. Mesh refinement encom-

passes the addition of phases, or segments, and adjustment of the number of nodes. The

benefit of autonomous mesh refinement is to better capture rapid state dynamics, dis-

continuities in the control, and discontinuities in the costates. The discontinuities in the

control implies that an optimal bang-bang controller can now be determined as an ap-

propriate step and not just a close continuous approximation. The previous published

problem contains interior point constraints, bang-bang control, and constraint boundary

contact. The published solution shows approximations without discontinuities and user

implemented discontinuities. This paper replicates those results; however, it employs

autonomous mesh refinement rather than user intervention. This mesh refinement goes

beyond the automation of previous user intervention by more accurately addressing the

bang-bang control as a true discontinuity in the control.
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SESSION 3: DYNAMICAL SYSTEMS THEORY

Chair: Kathleen C. Howell, Purdue University

AAS 10 – 116

Analytical Model for Lunar Orbiter Revisited

J. F. San-Juan, CIME-Dept. of Maths and Computation, University of La Rioja,

Logroño, Spain

Analytical theories based on Lie–Deprit transforms are being used so as to sim-

plify the search for families of periodic orbits around planets, natural satellites or aster-

oids. Normalized equations of motion allow locating the frozen orbit families depending

on values of the inclination, eccentricity and semi-major axis. In order to analyze the

qualitative long-term behavior of low-altitude near-circular lunar orbits, we produce, in

the present work, a closed-form second-order analytical theory, which allows us to com-

pletely describe the shape of the frozen orbit surfaces, even for inclinations greater than

69º. From our analytical theory, we have derived a robust and easy-to-use Mathematica

package, called Frozenof, for mission planning. We present an effective and low com-

putational-cost method to obtain lunar periodic orbits by combining our analytical pack-

age, Frozenof, with a differential corrector procedure, which is accecssible through

AstrodyWeb/T ools Web Site.

AAS 10 – 117

Exploiting Distant Periodic Orbits and Their Invariant Manifolds to Design Novel

Space Trajectories to the Moon

G. Mingotti, F. Topputo and F. Bernelli-Zazzera, Dipartimento di Ingegneria

Aerospaziale, Politecnico di Milano, Milano, Italy

This paper analyzes distant periodic orbits in the Earth–Moon system. Unstable pe-

riodic orbits in the restricted three-body problem reveal a rich phase-portrait structure

useful for many space mission opportunities. Through the perspective of dynamical sys-

tem theory, their invariant manifolds can be deterministically exploited to design novel

low-energy trajectories in the Earth–Moon scenario. Indeed, transfers to distant periodic

orbits, both interior (through the L1 gateway) as well as exterior (through the L2 gate-

way after traveling along the Sun–Earth invariant pathways) are designed. Low-thrust

propulsion is also taken into account to define efficient trajectories in terms of propel-

lant consumption and flight time. Special attainable sets are defined to incorporate the

low-thrust term in the invariant-manifold technique. In the framework of the

Sun–Earth–Moon–Spacecraft restricted four-body problem, accurate first guess solu-

tions are then optimized, through a direct method approach and multiple shooting tech-

nique.
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AAS 10 – 118

Periodic Orbits Families in the Hill’s Three-Body Problem with Solar Radiation

Pressure

Katherine, Yi-Yin Liu and Benjamin Villac, Department of Mechanical and

Aerospace Engineering, University of California, Irvine, California U.S.A.

In this paper a systematic study and bifurcation analysis of the main families of

simple (single revolution) periodic orbits in the Hill’s Three-Body Problem is presented

when solar radiation pressure (SRP) is accounted for. This ”augmented” Hill’s problem

(AH3BP) represents a simplified model for the motion of a small body orbiter, while

simple periodic orbits provide a fundamental dynamical backbone of the dynamics

structuring more in-depth, local analysis. They provide a basis for comparison of sim-

plified analytic prediction with actual orbits. The families of periodic orbits are ana-

lyzed via continuation from the well-known families in the Hill’s problem (planar

Lyapunov and vertical families at the Lagarance points L1 and L2, and the direct and

retrograde equatorial families.

AAS 10 – 119

Preliminary Study on Orbit Maintenance of Halo Orbits Under Continuous

Disturbance

Masaki Nakamiya and Yasuhiro Kawakatsu, Institute of Space and Astronautical

Science, Japan Aerospace Exploration Agency, Sagamihara, Kanagawa, Japan

Preliminary mission design for the next-generation infrared astronomical mission,

SPICA, which is to be launched into the Sun-Earth L2 Halo orbit, was studied. Our spe-

cific focus is on investigating the impact of translational force (unloading ÄV), caused

by the thruster unloading for accumulated angular momentum on the spacecraft reaction

wheels, with respect to the orbit maintenance. In addition, suppression methods for or-

bital disturbances caused by the unloading ÄV are proposed and validated.

AAS 10 – 120

Computation of Quasi-Periodic Invariant Tori in the Restricted Three-Body

Problem

Zubin P. Olikara and Kathleen C. Howell, School of Aeronautics and Astronautics,

Purdue University, West Lafayette, Indiana, U.S.A.

Quasi-periodic orbits lying on invariant tori in the circular restricted three-body

problem offer a broad range of mission design possibilities, but their computation is

more complex than that of periodic orbits. A preliminary framework for directly com-

puting these invariant tori is presented including a natural parameterization and a con-

tinuation scheme. The numerical methodology is demonstrated by generating families of

quasi-periodic tori with fixed Jacobi constant values that emanate from periodic orbits

about the Earth-Moon libration points.
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AAS 10 – 121

An L5 Mission to Observe the Sun and Space Weather, Part I

Martin W. Lo, Jet Propulsion Laboratory, California Institute of Technology,

Pasadena, California, U.S.A.;

Pedro J. Llanos and Gerald R. Hintz, Division of Astronautical Engineering, Viterbi

School of Engineering, University of Southern California, Los Angeles, California,

U.S.A.

L1 orbits have been the preferred venue for observing the Sun since the ISEE3

mission in 1978. In recent years, space weather and solar scientists have begun to con-

sider missions to L5 in order to have simultaneous viewing of the Sun from different

azimuths around the Sun. Surprisingly; there has been little work on mission design to

the Sun-Earth L4 and L5. Akioka et al. (2004) proposed an interesting mission to L5 for

space weather. In this paper we provide some preliminary characterization and sizing of

typical L5 missions which show that such a mission is indeed feasible.

AAS 10 – 122

Earth Satellite Perturbation Theories as Approximate KAM Tori

William E. Wiesel, Department of Aeronautics and Astronautics, Air Force Institute of

Technology, Wright-Patterson AFB, Ohio, U.S.A.

Several standard earth satellite general perturbation models can be converted into

KAM tori, and are compared to KAM tori constructed from full geopotential integra-

tions. Converting perturbation theories into tori allows absolute identification of spectral

lines with the classical orbital element frequencies. Comparisons are made of each torus

representation against numerical integrations, and the torus spectra are also compared.

The torus canonical coordinates Qi are identified as the analogues of the “mean” mean

anomaly M, the longitude of the mean node Ù - èg, and the mean argument of perigee

ù. The associated torus canonical momenta Pi are approximately the usual Delaunay

momenta. Finally, the actual ”distance” between perturbation theory tori and actual

geopotential tori can be measured, and the frequency errors can be estimated.
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AAS 10 – 123

Algorithmic Classification of Resonant Orbits using Persistent Homology in

Poincaré Sections

Thomas Coffee, Department of Aeronautics and Astronautics, Massachusetts Institute

of Technology, Cambridge, Massachusetts, U.S.A.

We demonstrate an numerical algorithmic method to identify arbitrary families of

periodic and quasiperiodic orbits in nonintegrable dynamical systems, in particular, the

circular restricted three-body problem (CR3BP). The method is based on computing

persistent homology in Poincaré sections of numerically integrated trajectories. This

method extends naturally to higher-dimensional Poincaré sections, such as those en-

countered in three-dimensional (spatial) trajectory problems. We introduce the method

applied to 2D Poincaré sections in the two-dimensional (planar) CR3BP, and compare

these results with analytically derived families of periodic orbits. We then give results

for 3D and 4D Poincaré sections in the spatial CR3BP.

AAS 10 – 124

(Paper Withdrawn)

SESSION 4: ATMOSPHERIC RE-ENTRY AND LUNAR MISSION ANALYSIS

Chair: Ossama Abdelkhalik, Michigan Technological University

AAS 10 – 125

Design and Validation of a Trajectory Estimation System for the Hayabusa

Sample Return Capsule

Michael A. Shoemaker and Jozef C. van der Ha, Department of Aeronautics and

Astronautics, Kyushu University, Nishi-ku, Fukuoka, Japan; Guillaume Chamboredon,

Division of Flight Dynamics, Royal Institute of Technology, Stockholm, Sweden;

Marek Dittmar, Faculty of Aerospace Engineering and Geodesy, University of

Stuttgart, Germany; Kazuhisa Fujita, Japan Aerospace Exploration Agency (JAXA)

Space Exploration Center, Sagamihara, Kanagawa, Japan

The Japanese Hayabusa spacecraft will return to Earth in summer, 2010, carrying

samples from asteroid Itokawa. Because the sample return capsule will reenter the at-

mosphere at night, the capsule and surrounding air will appear as a bright light (i.e.,

“fireball”) during the portion of the trajectory with high aerodynamic heating. Kyushu

University, in collaboration with the Japan Aerospace Exploration Agency, is develop-

ing a ground-based optical sensor system to observe the reentry and estimate the vehi-

cle’s trajectory. This paper describes the design and validation currently underway for

the proposed system, in preparation for operations in mid-2010. An Extended Kalman

Filter (EKF) is used to estimate the capsule’s position and velocity, as well as a scale

factor on the atmospheric density. Simulations of the EKF show that the capsule’s state

at the end of the visible portion of the trajectory (i.e., at approximately 25 km altitude)

can be estimated with a 1-� uncertainty of 60 m in position and 8 m/s in velocity.
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AAS 10 – 126

Skip-Entry Trajectory Planning using Reachable and Controllable Sets

Joel Benito and Kenneth D. Mease; Department of Mechanical and Aerospace

Engineering, University of California, Irvine, California, U.S.A.

The capability to effectively plan and guide skip-entry trajectories for return to

earth may be required for future space transportation vehicles. The skip phase reachable

set and the entry phase controllable set characterize the skip-entry trajectory options for

a given initial entry state and a given final target state. A desirable nominal skip-entry

trajectory can be chosen after examining separately the skip phase options and the entry

phase options with regard to heating, acceleration loads, and control margin. This pro-

duces a nominal 2nd entry state – a feasible intermediate target linking the skip and en-

try phases — thus enabling the use of separate skip phase and entry phase guidance al-

gorithms that can be tailored to the particular needs of those phases.

AAS 10 – 127

Mission Design and Performance Assessment for the Constellation Lunar

Architecture

Gerald L. Condon, Aeroscience and Flight Mechanics Division, NASA Johnson Space

Center, Houston, Texas, U.S.A.; Shaun Stewart and Jacob Williams; ERC, Inc.,

Engineering and Science Contract Group, Houston, Texas, U.S.A.

The NASA Constellation Program included development of an architecture to es-

tablish and support a sustained human presence on the Moon. The mission design archi-

tecture consisted of an Orion Crew Exploration Vehicle and an Altair lunar lander,

which together support transportation to and from the lunar surface. For a selected ar-

chitecture, the trajectory design and associated performance are used to provide a com-

promise between vehicle propellant and desired mission capabilities. This study exam-

ines vehicle performance for a human lunar mission design architecture and uses the

NASA Mission Assessment Post Processor (MAPP) to support a comprehensive investi-

gation of the anticipated performance requirements for the Constellation Program.
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AAS 10 – 128

Investigation of Alternative Return Strategies for Orion Trans-Earth Injection

Design Options

Belinda G. Marchand and Sara K. Scarritt, Department of Aerospace Engineering

and Engineering Mechanics, The University of Texas at Austin, Texas, U.S.A.;

Thomas A. Pavlak and Kathleen C. Howell, School of Aeronautics and Astronautics,

Purdue University, West Lafayette, Indiana, U.S.A.;

Michael W. Weeks, NASA Johnson Space Center, Houston, Texas, U.S.A.

The identification of feasible return trajectories that target, from the Moon, a pre-

cise location and approach vector at Earth entry is sensitive to the quality of the startup

arc provided and the associated maneuver planning. These sensitivities are especially

evident in the trans-Earth injection phase for Orion. As envisioned, a return from a lu-

nar polar orbit employs three deterministic maneuvers. The concept behind this return

strategy is rooted in conic analysis. The present study considers precision entry target-

ing from the perspective of the multi-body problem. A dynamical systems approach

considers the intersection of entry interface dispersion manifolds with the Hill sphere of

the Earth-Moon system. The locus of the intersections serves as a guide during the de-

sign of the departure sequence and offers a good measure of the likelihood of success in

precision entry targeting based on that arc.

AAS 10 – 129

Evaluation of Dual Launch Lunar Architectures using the Mission Assessment

Post Processor

Shaun M. Stewart and Jacob Williams, ERC, Inc., Engineering and Science Contract

Group, Houston, Texas, U.S.A.; Juan S. Senent, Odyssey Space Research, Houston,

Texas, U.S.A.; Gerald L. Condon and David E. Lee, Aeroscience and Flight

Mechanics Division, NASA Johnson Space Center, Houston, Texas, U.S.A.

This paper presents an investigation of dual launch lunar architecture options for

conducting missions to the Moon. Altair and Orion payload requirements for the dual

launch mission concept with Lunar Orbit Rendezvous (LOR) are computed for three ar-

chitecture options, each with a different way of accommodating multiple Orion launch

opportunities at the Earth. Benefits and drawbacks of each option are discussed and the

overall mission performance is compared with that of the Constellation Program lunar

architecture.
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AAS 10 – 130

Geosynchronous Orbit Via the Moon: Phasing Loops to Permit Daily Launch

Andrew E. Turner, Advanced Program & Systems, Space Systems/Loral, Palo Alto,

California

This paper develops the concept of lunar gravity assist (LGA) to benefit

geosynchronous spacecraft requiring large inclination changes during orbit-raising yet

also satisfying the commercial standard to be able to launch on a daily basis. Unlike a

previous paper by the author where the moon could be far from the equator when en-

countered, here phasing loops are employed en route to assure the moon is approached

only when near the equator. LGA provides maximum inclination removal so that an

equatorial geosynchronous orbit can be achieved efficiently.

AAS 10 – 131

(Paper Withdrawn)

SESSION 5: ORBITAL DYNAMICS I

Chair: Daniel J. Scheeres, University of Colorado

AAS 10 – 132

An Adaptive Gaussian Sum Filtering Approach for Orbit Uncertainty Estimation

Dan Giza and Puneet Singla, Department of Mechanical & Aerospace Engineering,

University at Buffalo, State University of New York, Amherst, New York, U.S.A.;

Moriba Jah, Advanced Sciences and Technology Research Institute for Astrodynamics

(ASTRIA), Air Force Research Laboratory, Kihei, Hawaii, U.S.A.

An approach for nonlinear filtering when measurements are sparse is discussed

which makes use of the Fokker-Planck-Kolmogorov Equation (FPKE). The central idea

is to replace the evolution of initial state estimates for a dynamical system with the evo-

lution of a probability density function (pdf) for state variables. The transition pdf cor-

responding to a dynamical system state vector is approximated by using a finite Gaussi-

an mixture model. The mean and covariance of each Gaussian mixture model compo-

nent are propagated through the use of an Unscented Kalman Filter (UKF), and the un-

known amplitudes are found by minimizing the FPKE error over the entire volume of

interest. This leads to a convex quadratic minimization problem guaranteed to have a

unique solution. The two-body problem with non-conservative atmospheric drag forces

and initial condition uncertainty will be used to show the efficacy of the ideas devel-

oped in this paper.
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AAS 10 – 133

Analytical Expressions that Characterize Propellantless Capture with

Electrostatically Charged Spacecraft

Joseph W. Gangestad, George E. Pollock and James M. Longuski, School of

Aeronautics and Astronautics, Purdue University, West Lafayette, Indiana, U.S.A.

Spacecraft that intentionally generate an electrostatic charge on their surface within

a planetary magnetic field can manipulate the induced Lorentz force to perform

propellantless maneuvers. Analytical expressions are developed that describe the capture

process with the Lorentz force and that demonstrate coupling among orbital elements

(e.g. the eccentricity versus semilatus rectum) when the Lorentz force is the main per-

turbation on a Keplerian orbit. In equatorial orbits with a dipolar magnetic field, the rel-

ative evolution of the orbital elements notably does not depend either on the charge or

on the magnetic field strength. The analytical solutions are applied to a capture example

at Jupiter, where, for example, a Galileo-like arrival requires ~0.2 C/kg of charge to ef-

fect capture. The analytical solutions agree with numerical propagations to within a

fraction of a percent. A previous study, which numerically explored the parameter space

of the Jupiter capture problem, identified trends and constraints on the motion that can

now be explained by the analytical theory.
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AAS 10 – 134

Linearized Orbit Covariance Generation and Propagation Analysis Via Simple

Monte Carlo Simulations

Chris Sabol and Paul Schumacher, Air Force Maui Optical and Supercomputing,

Directed Energy Directorate, Air Force Research Laboratory, Kihei, Hawaii, U.S.A.;

Thomas Sukut, Astronautics Department, United States Air Force Academy, Colorado

Springs, Colorado, U.S.A.; Keric Hill, Pacific Defense Solutions, Kihei, Hawaii,

U.S.A.; Kyle T. Alfriend, Department of Aerospace Engineering, Texas A&M

University, College Station, Texas, U.S.A.; Brendan Wright and You Li, United States

Military Academy, West Point, New York, U.S.A.

Monte Carlo simulations are used to explore how well covariance represents orbit

state estimation and prediction errors when fitting to normally distributed, zero mean er-

ror observation data. The covariance is generated as a product of a least-squares differ-

ential corrector, which estimates the state in either Cartesian coordinates or mean equi-

noctial elements, and propagated using linearized dynamics. Radar range and angles ob-

servations of a LEO satellite are generated for either a single two-minute radar pass or

catalog-class scenario. State error distributions at the estimation epoch and after propa-

gation are analyzed in Cartesian, equinoctial, or curvilinear coordinates. Results show

that the covariance is representative of the state error distribution at the estimation ep-

och for all state representations; however, the Cartesian representation of the covariance

rapidly fails to represent the error distribution when propagated away from epoch due to

the linear nature of the comparison coordinate system, not the linearization of the dy-

namics used in the covariance propagation. Analysis demonstrates that dynamic

nonlinearity ultimately drives the error distribution to be non-Gaussian in element space

despite the fact that sample distribution second moment terms appear to remain consis-

tent with the propagated covariance. Lastly, the results show the importance of using as

much precision as possible when dealing with ill-conditioned covariance matrices.

AAS 10 – 135

Motion About an Oblate Primary

Mohammed Ghazy and Brett Newman, Department of Aerospace Engineering, Old

Dominion University, Norfolk, Virginia, U.S.A.

The two primary masses in the three body problem are considered as oblate spheroids.

The angular velocity of the rotating coordinate system attached to the primaries is proved to be

larger than in the case of point mass primaries. The motion of the third body is disturbed by the

oblateness of the primaries but a first integral slightly different than the Jacobi integral equation

is obtainable. Motion of a spacecraft about the larger primary is also discussed when the second

primary is totally neglected.
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AAS 10 – 136

New Families of Hybrid Orbit Propagators Based on Analytical Theories and Time

Series Models

J. F. San-Juan and M. San-Martín, CIME-Dept. of Maths and Computation,

University of La Rioja. Logroño, Spain

In this paper, we present a methodology to perform new families of hybrid

real–time and analytical orbit propagators which combine a simplified analytical orbit

propagator with time series models. When time series analysis is a useful statistical pre-

diction tool, which, from the studies of past observations of this same series, a model

can be built so as to make future predictions. This combination allows an increase in

accuracy without significant loss in efficiency of the new propagators as well as model-

ling those perturbations that have not been considered in the analytical theory. The

above features make these types of propagators good candidates as part of an economic

onboard orbit determination system.

AAS 10 – 137

Earth-Impact Modeling and Analysis of a Near-Earth Object Fragmented and

Dispersed by Nuclear Subsurface Explosions

Bong Wie, Asteroid Deflection Research Center, Department of Aerospace

Engineering, Iowa State University, Ames, Iowa, U.S.A.; David Dearborn, Lawrence

Livermore National Laboratory, Livermore, California, U.S.A.

This paper describes the orbital dispersion modeling, analysis, and simulation of a

near-Earth object (NEO) fragmented and dispersed by nuclear subsurface explosions. It

is shown that various fundamental approaches of Keplerian orbital dynamics can be ef-

fectively employed for the orbital dispersion analysis of fragmented NEOs. The nuclear

subsurface explosion is the most powerful method for mitigating the impact threat of

hazardous NEOs although a standoff explosion is often considered as the preferred ap-

proach among the nuclear options. In addition to non-technical concerns for using nu-

clear explosives in space, a common concern for such a powerful nuclear option is the

risk that the deflection mission could result in fragmentation of the NEO, which could

substantially increase the damage upon its Earth impact. However, this paper shows that

under certain conditions, proper disruption (i.e., fragmentation and large dispersion) us-

ing a nuclear subsurface explosion even with shallow burial (< 5 m) is a feasible strat-

egy providing considerable impact damage reduction if all other approaches failed.
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AAS 10 – 138

Solution to Lambert’s Problem using Generalized Canonical Transformations

Mai Bando and Hiroshi Yamakawa, Research Institute for Sustainable Humanosphere,

Kyoto University, Gokasho, Uji, Kyoto, Japan

In this paper, we consider the canonical transformations and its applications ap-

pearing in astrodynamic problems. First we address stabilization of relative motion via

generalized canonical transformation and passivity-based control. Then we propose a

method to solve Lambert’s problem based on the Hamilton-Jacobi-Bellman (HJB) equa-

tion in optimal control theory. Using the generalized canonical transformation, we trans-

form the performance index to positive-definite one and then solve the optimal control

problem. We also apply our method to obtain solution to two-point boundary-value

problem by the generating function. As an application of the generating functions ap-

proach, we consider the problem of multiple flyby mission with impulsive thrust.

AAS 10 – 139

Transforming Mean and Osculating Elements using Numerical Methods

Todd A. Ely, Guidance, Navigation, and Control Section, Jet Propulsion Laboratory,

California Institute of Technology, Pasadena, California, U.S.A.

Mean element propagation of perturbed two body orbits has as its mathematical

basis averaging theory of nonlinear dynamical systems. Averaged mean elements define

the long-term evolution characteristics of an orbit. Using averaging theory, a near iden-

tity transformation can be found that transforms the mean elements back to the osculat-

ing elements that contain short period terms in addition to the secular and long period

mean elements. The ability to perform the conversion is necessary so that orbit design

conducted in mean elements can be converted back into osculating results. In the pres-

ent work, this near identity transformation is found using the Fast Fourier Transform.

An efficient method is found that is capable of recovering the osculating elements to

first order.
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SESSION 6: ATTITUDE DYNAMICS AND CONTROL I

Chair: Al Treder, Barrios Technology

AAS 10 – 140

ICESat Attitude and Pointing Correction using the Laser Reference Sensor

Sungkoo Bae, Noah Smith and Bob Schutz, Center for Space Research, The

University of Texas, Austin, Texas, U.S.A.

The Laser Reference Sensor (LRS) is a customized commercial star tracker pro-

viding reference information for ICESat precision attitude and pointing determination.

Instead of measuring multiple stars in a large field of view, it makes high angular reso-

lution measurements of the altimeter laser beam, stars, and a reference source. The LRS

has been used to correct several systematic pointing errors on the scale of 20 arcseconds

down to a few arcseconds. This paper describes significant LRS results and possibilities

for future reference instruments.

AAS 10 – 141

Optimal Despin of a Tumbling Satellite with an Arbitrary Thruster Configuration,

Inertia Matrix, and Cost Functional

Daniel Sheinfeld and Stephen Rock, Department of Aeronautics and Astronautics,

Stanford University, Stanford, California, U.S.A.

An algorithm to calculate the optimal control to despin a tumbling satellite with

known, but arbitrary thruster configuration, inertia matrix, and cost functional is pre-

sented. While general, the algorithm is applied here to the case of an arbitrary set of im-

pulsive thrusters, arbitrary inertia matrix, and a minimum fuel consumption cost func-

tional. The control is calculated as a set of optimal switching surfaces using numerical

dynamic programming to generate optimal state trajectories and control histories. Points

along the state trajectories where the control switches are points on the switching sur-

faces. Alternative state and staging variables provide substantially improved perfor-

mance of the algorithm. Computation time savings on the order of a factor of 40 and

data storage savings on the order of a factor 2000 resulting from the use of the alterna-

tive state and staging variables are demonstrated through simulation.
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AAS 10 – 142

Persistence Filter Based Attitude Stabilization of Micro-Satellites with Variable

Amplitude Thrusters

S. Srikant and M. R. Akella, Department of Aerospace Engineering & Engineering

Mechanics, The University of Texas at Austin, Texas, U.S.A.

Thrusters are important candidates for attitude control actuators in micro-satellites

due to low complexity and high power to weight ratios. Conventional control schemes

are not applicable to thrusters due to their inability to account for non-trivial rise and

fall times. The attitude control of a micro-satellite is considered with low-cost, cold-gas

proportional thrusters so as to preclude torque commands during thruster rise and fall

phases. Control formulation is based on superposing a periodic step function to the con-

trol and builds upon our recent persistence filter construction to obtain convergence of

states to the origin. The on-off window pre-scaling to the control term accounts for

non-trivial rise and fall times while keeping an essentially smooth control design. Dur-

ing intermittent thrusting simulations with relatively longer off periods and short on

phases, the controller designed here guarantees convergence of attitude and angular ve-

locity to the origin while the classical proportional derivative controller fails.

AAS 10 – 143

Pointing Performance Control of a Spacecraft Camera using Piezoelectric

Actuators

Sharmila Kayastha and Ozan Tekinalp, Aerospace Engineering Department, Middle

East Technical University, Ankara, Turkey; Kemal Ozgoren, Mechanical Engineering

Department, Middle East Technical University, Ankara, Turkey

A control system is designed to improve the pointing performance of a large Earth

observation camera carried by a spacecraft. The spacecraft camera is mounted to the

spacecraft thorough active truss members. The control system uses a cluster of reaction

wheels together with piezoelectric struts. The improvement in the pointing performance

using this dual actuator system is demonstrated through simulations.
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AAS 10 – 144

Spacecraft Attitude Control Via a Combined State-Dependent Riccati Equation

and Adaptive Neuro-Fuzzy Approach

Mohammad Abdelrahman, Sung-woo Kim and Sang-Young Park, Astrodynamics

and Control Laboratory, Department of Astronomy, Yonsei University, Seoul, Republic

of Korea

A hybrid nonlinear controller for spacecraft attitude and rate tracking is presented

though a combination of two control techniques. The basic control scheme is developed

using a Modified State–Dependent Riccati Equation MSDRE based on a pseudo-linear

formulation of spacecraft augmented dynamics and kinematics. A neuro-fuzzy controller

is designed using an Adaptive Neuro-Fuzzy Inference System ANFIS utilizing the

off-line solutions of the MSDRE. The combined control scheme is applied according to

large time intervals of the MSDRE solutions to obtain the optimal control torques while

along each time interval the ANFIS controller provides the required control signal. The

global asymptotic stability of the MSDRE and MSDRE/ANFIS is investigated using

Lyapunov theorem. The results show a considerable amount of reduction in the compu-

tational burden while the tracking accuracy is dependent on the size of the time interval

to update the ANFIS controller.

AAS 10 – 145

Standalone Three-Axis Attitude Determination from Earth Images

A. Bevilacqua, DEIS, University of Bologna, Italy; C. Bianchi, Optical Systems,

ALMASpace S.r.l., Forlì (FC), Italy; L. Carozza and A. Gherardi, ARCES, University

of Bologna, Italy; N. Melega, D. Modenini and P. Tortora, DIEM, University of

Bologna, Forlì (FC), Italy

The feasibility of a novel standalone spacecraft attitude sensor, capable of estimat-

ing the full three axis orientation of an Earth-orbiting satellite is investigated in this pa-

per. The underlying idea is that by capturing from space a sequence of images of the

Earth surface (in the visible bands) and elaborating them in pairs, S/C attitude could be

reconstructed. The following project steps were followed in about two years and are

thoroughly discussed in the paper: selection of enabling technologies, definition of the

attitude determination algorithm, numerical simulations followed by an acquisition cam-

paign on a experimental test-bed.
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AAS 10 – 146

Three Axis Attitude Control of a Satellite Using Solar Radiation Pressure

Surjit Varma and Krishna Dev Kumar, Department of Aerospace Engineering,

Ryerson University, Toronto, Ontario, Canada

The paper presents the use of solar radiation pressure for three-axis attitude control

of satellites. The system comprises of a satellite with four triangular vanes at the four

corners of a square sail. The four vanes are rotated based on the control laws to achieve

desired attitude performance. The control laws are designed using sliding mode control

technique. The detailed system response is numerically simulated using the set of gov-

erning equations of motion of the system in conjugation with the proposed control laws.

The effects of initial attitude errors and external disturbances on the controller perfor-

mance are examined. The satellite attitude is stabilized within half an orbit for all the

cases considered.

AAS 10 – 147

Unification and Robustification of Iterative Learning Control Laws

Jiangcheng Bao and Richard W. Longman, Department of Mechanical Engineering,

Columbia University, New York, New York, U.S.A.

Iterative learning control (ILC) aims to converge to zero tracking error in systems

performing repeated tracking maneuvers, by iteratively adjusting the command to a con-

trol system based on the error observed in the pervious run. Spacecraft applications in-

clude improved tracking in repeated scanning maneuvers of fine pointing equipment.

Various effective ILC law families have been developed, each exhibiting different

learning rates and stability robustness to model error. This paper shows that these ILC

laws can be unified by considering each as a special case of a quadratic cost ILC law

with appropriately chosen weight matrices. The laws are compared in terms of their

learning rates as a function of system singular values. Then the relationship between

singular value decomposition and system frequency response is presented and used to

give an approximate learning rate as a function of frequency. Making use of the known

tolerance to magnitude and phase error, one can explain the difference in robustness ob-

served for the different laws. And one can explain the tradeoff between convergence ro-

bustness to model error and the learning rate. This allows one to develop a more sophis-

ticated approach to ILC design that makes use of model uncertainty as a function of fre-

quency. This information can be used to adjust the learning rate in the ILC law associ-

ated with each singular value of the system in order to perform a targeted tradeoff of

learning rate versus robustness.
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SESSION 7: SPACE SURVEILLANCE

Chair: Felix R. Hoots, The Aerospace Corporation

AAS 10 – 148

(Paper Withdrawn)

AAS 10 – 149

Goodness-of-Fit Tests for Sequential Orbit Determination

John H. Seago, Analytical Graphics Inc., Exton, Pennsylvania, U.S.A.;

David A. Vallado, Analytical Graphics Inc., Center for Space Standards and

Innovation, Colorado Springs, Colorado, U.S.A.

Goodness-of-fit tests – sometimes called consistency tests – are useful for investi-

gating the lack of optimality of an estimator. Statistical hypothesis tests involving ob-

servation residuals are often recommended; however, the most common diagnostic tests

may have limited applicability to general orbit determination. In this paper, some

less-familiar test statistics are presented and their usage is modified to apply them to

observation residuals that are irregularly spaced with time. The supplemental test statis-

tics are assessed using simulated time-series and sequential-estimation results based on

genuine satellite tracking data.

AAS 10 – 150

Covariance-Based Network Tasking of Optical Sensors

Keric Hill, Paul Sydney, Kris Hamada, Randy Cortez, Michael Coulman,

Jeff Houchard and Dale Naho’olewa, Pacific Defense Solutions, LLC, Kihei, Hawaii,

U.S.A.; Kim Luu, Moriba Jah and Paul W. Schumacher, Jr., Air Force Research

Laboratory, Kihei, Hawaii, U.S.A.

Maintaining the catalog of Resident Space Objects (RSOs) is of critical importance

to the protection of space assets. However, currently the Space Surveillance Network

tasking for deep space RSOs is based upon an ad hoc RSO importance category system

and only crudely accounts for the error in the catalog orbit estimates. TASMAN (Task-

ing Autonomous Sensors in a Multiple Application Network) is a comprehensive

high-fidelity simulation environment of networked optical sensors that is designed to

provide a flexible test-bed for dynamic and responsive mission planning algorithms.

Simulations performed using TASMAN show the results of exploiting the RSO state er-

ror covariance, a quantity already computed centrally, to more effectively schedule the

sensors to reduce error in the catalog states. Significant improvements in the median

catalog accuracy are apparent from using covariance-based scheduling.
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AAS 10 – 151

Nonlinear Sequential Methods for Impact Probability Estimation

Richard Linares, Puneet Singla and John L. Crassidis, Department of Mechanical

and Aerospace Engineering, University at Buffalo, State University of New York,

Amherst, New York, U.S.A.

Orbit determination in application to the estimation of impact probability has the

goal of determining the evolution of the state probability density function (pdf) and de-

termining a measure of the probability of collision. Nonlinear gravitational interaction

and non-conservative forces can make the pdf far from Gaussian. This work implements

three nonlinear sequential estimators: the Extended Kalman Filter (EKF), the Unscented

Kalman Filter (UKF) and the Particle Filter (PF) to estimate the impact probability.

Both the EKF and the UKF make the Gaussian assumption and this work investigates

the effect of this approximation on the impact probability calculation, while the PF can

work for non-Gaussian systems.

AAS 10 – 152

An Adaptive Scheme on Optimal Number of Observations and Time Intervals for

an Initial Orbit Determination Problem

Reza Raymond Karimi and Daniele Mortari, Dept. of Aerospace Engineering, Texas

A&M University, College Station, Texas, U.S.A.

An algorithm to choose the best combination of the number of observations and

time intervals between the measured directions for Initial Orbit Determination (IOD)

problem is presented. The algorithm has been developed to be able to work with an an-

gles-only IOD method capable of using multiple observations. The IOD technique de-

veloped by the current authors was used for the purpose of this paper. To be able to ap-

ply the adaptive technique, a large numbers of closely apart measurements need to be

performed. Using these measurements, the algorithm then adaptively selects those mea-

surements resulting in the best estimation based on a defined criterion.

45

http://www.univelt.com/book=1007
http://www.univelt.com/book=1008


AAS 10 – 153

The Use of Angle and Angle Rate Data for Deep-Space Orbit Determination and

Track Association

Kyle J. DeMars, Department of Aerospace Engineering and Engineering Mechanics,

The University of Texas at Austin, Texas, U.S.A.;

Moriba K. Jah and Paul W. Schumacher, Jr., Air Force Maui Optical and

Supercomputing Site, Air Force Research Laboratory, Kihei, Hawaii, U.S.A.

The population of deep space resident space objects (RSOs) are tracked with

sparse resources and thus tracking data are only collected on these objects for a rela-

tively small fraction of their orbit revolution (i.e. a short-arc). This contributes to com-

monly mistagged or uncorrelated RSOs, and their associated trajectory uncertainties

(covariances) to be less physically meaningful. The case of simply updating a cata-

logued RSO is not treated here, but rather, the problem of reducing a set of collected

short arc data on an arbitrary deep space object without a priori information, and from

the observations alone, determining its orbit to an acceptable level of accuracy.

Fundamentally, this is a problem of data association and track correlation. Milani, et al.

and Tommei, et al. have used the concept of admissible regions and attributable vectors

for asteroid track association and now intended it for Geocentric RSOs. This paper

takes this concept along with a multiple hypothesis filtering approach to determine how

well these RSO orbits can be recovered for short-arc data in near realtime and autono-

mously. Initially, the methods presented here are explored in simulations. While the

methods presented here are explored with synthetic data, the basis for the simulations

resides in actual data that has yet to be reduced, but whose characteristics are replicated

as well as possible to yield results that can be expected using actual data.
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AAS 10 – 154

Investigation of Ballistic Coefficient Generation from Two Line Element Sets

Stephen R. Mance and Craig A. McLaughlin, Department of Aerospace Engineering,

University of Kansas, Lawrence, Kansas, U.S.A.;

Chin S. Lin, Frank A. Marcos and Samuel B. Cable, Air Force Research Labs,

Hanscom AFB, Lexington, Massachusetts, U.S.A.

This paper presents a method for generating ballistic coefficient estimates using

two line elements (TLEs) and the High Accuracy Satellite Drag Model (HASDM). This

method has been performed on eight satellites in different low earth orbit (LEO) alti-

tude regimes. The satellites were carefully chosen either because they are spherical, or

because there has been significant work done in estimating either the ballistic coeffi-

cient or the drag coefficient. The results of this study indicate that the ballistic coeffi-

cients generated in altitude regions be-low 500 km using this method are on average

within 10% of values obtained using other methods with some achieving less than 5%.

However due to the relative dominance of other factors (solar radiation pressure, Earth

albedo, etc.) satellites tested in the 800 km to 1000 km regime incur errors much greater

than 100%. This study also suggests the possibility that the HASDM density model

overestimates density in the most recent solar minimum because the ballistic coefficient

decreases with solar minimum.

AAS 10 – 155

Post-Maneuver Orbit Accuracy Recovery Analysis

Thomas M. Johnson, Analytical Graphics, Inc., Exton, Pennsylvania, U.S.A.

This paper analyzes a series of maneuvers, measurement types, and maneuver un-

certainties to determine how long it takes to recover a post-maneuver orbit solution us-

ing an optimal sequential filter. Filter convergence definitions are presented and evalu-

ated to assess the key variables of interest for reducing the convergence time. The re-

sults are used to assess operator friendly useful “rules of thumb” for planning post-ma-

neuver tracking schedules. The results are of particular interest to operators interested in

evaluating maneuver performance and to those interested in rapid maneuver recovery

for space situational awareness.
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SESSION 8: SATELLITE RELATIVE MOTION I

Chair: James Gearhart, Orbital Sciences Corporation

AAS 10 – 156

(Paper Withdrawn)

AAS 10 – 157

Formation Flight of Earth Satellites on KAM Tori

Christopher T. Craft, Air Force Research Laboratory, Sensors Directorate,

Wright-Patterson AFB, Ohio, U.S.A.;

William E. Wiesel, Department of Aeronautics and Astronautics, Air Force Institute of

Technology, Wright-Patterson AFB, Ohio, U.S.A.

Komolgorov, Arnold and Moser (KAM) theory provides that orbits of satellites

whose dynamics are representable by an integrable Hamiltonian plus a small, real per-

turbation lie on tori in phase space and remain upon the KAM tori for all time, unless

acted on by a non-conservative force. A refined technique for constructing KAM tori

for Low Earth Orbit (LEO) satellites is developed and implemented using numerically

integrated orbital data for hypothetical satellites and involving methods of Fourier anal-

ysis and spectral decomposition. Definition of satellite formations on the KAM tori is

performed and analyses conducted to investigate both constellations with large separa-

tions and clusters with small separations. Cluster formations with physical secular drift

rates on the order of nanometers to micrometers per second are obtained.

AAS 10 – 158

Formation Control at the Earth-Moon L4 Libration Point

Frank Wong and Krishna D. Kumar, Department of Aerospace Engineering, Ryerson

University, Toronto, Ontario, Canada

Several researchers have studied the motion of a spacecraft in the vicinity of

Earth-Moon libration points in the past. Few studies, however, involve formation flight

about the Earth-Moon L4 equilibrium point; the stability of which is affected by the

Sun’s influence. This study examines the use of thrusters for spacecraft formation keep-

ing control at the Earth-Moon L4 point under the perturbing effect of the Sun’s gravity.

Particular emphasis was placed on the study of underactuated control, in which fewer

control inputs than the system’s degrees of freedom are available. A sliding mode con-

troller was applied to the fully actuated system. An integral augmented sliding mode

controller and a bang-bang controller were applied to the underactuated dynamic space-

craft system. It was found that relative motions can be bounded within about 1 km of

the reference trajectory in the underactuated system.
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AAS 10 – 159

Relative Orbital Evolution of a Cluster of Femto-Satellites in Low Earth Orbit

P. P. Sundaramoorthy and C. J. M. Verhoeven; Electronic Research Laboratory,

Faculty of Electrical Engineering, Mathematics and Computer Science, Delft University

of Technology, Delft, The Netherlands; E. Gill, Chair of Space Systems Engineering,

Faculty of Aerospace Engineering, Delft University of Technology, Delft, The

Netherlands

This paper investigates the temporal and spatial characteristics of a femto-satellite

cluster once injected by a cluster launch mechanism into a low Earth orbit (LEO). Dif-

ferential acceleration due to gravity and drag is investigated. In addition, the benefits

and drawbacks of using different representations of the cluster’s relative geometry is

discussed. Quantitative relations are established that relate the relative motion between

the satellites to the initial velocity increments provided by the cluster separation mecha-

nism. Conclusions regarding the operations concept of femto-satellite missions are

drawn.

AAS 10 – 160

Satellite Formation Flying using Differential Aerodynamic Drag

Surjit Varma and Krishna Dev Kumar, Department of Aerospace Engineering,

Ryerson University, Toronto, Ontario, Canada

In this paper we propose the use of differential aerodynamic drag for multiple sat-

ellite formation flying. The nonlinear dynamics describing the motion of the follower

satellite relative to the leader satellite is considered for the case where the leader satel-

lite is in an unperturbed reference orbit, and the stability of such a formation in the

presence of external perturbations is investigated. Several cases are considered to exam-

ine the performance of the proposed control strategy to maintain the relative motion of

the follower satellites by correcting for any initial offset errors and external perturbation

effects that tend to disturb the formation system. Numerical simulation results confirm

that the suggested methodology using differential aerodynamic drag yields reasonable

formation keeping precision and its effectiveness in ensuring formation maneuvering.
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AAS 10 – 161

Second-Order Analytical Solution to Fuel-Optimal Control Problems in Satellite

Formation Flying

Sangjin Lee and Sang-Young Park, Astrodynamics and Control Laboratory,

Department of Astronomy, Yonsei University, Seoul, Republic of Korea

In this paper, a new analytical solution to optimal control problems in formation

flying is presented, including the differential gravity effects to the second order. The

perturbation approach and the calculus of variations are applied to the optimal control

problems in order to obtain an approximate analytical solution. A nonlinear relative dy-

namics that includes quadratic terms in the differential gravitational accelerations is

used. For the sake of validity, numerical simulations are performed for satellite recon-

figuration cases in which the distance between the satellites is large. Finally, the im-

proved accuracy of the new analytical solution ensuring reasonable fuel usage is con-

firmed.

AAS 10 – 162

A Guidance and Control Algorithm for Optimized Close-Proximity Spacecraft

Maneuvers using Mixed-Integer Linear Programming

Nick S. Martinson and Gloria J. Wiens, Mechanical and Aerospace Engineering

Department, University of Florida, Gainesville, Florida, U.S.A.

This paper outlines a method that solves for an optimized satellite maneuver in the

presence of obstacles. This method constitutes an optimized plan in which the dynamics

are directly incorporated in a guidance and control algorithm. The method uses the final

relative position for an impulsive CW maneuver to steer a satellite. A beneficial prop-

erty of the guidance and control method is that the states and control are analytically

derived. The guidance and control method is constrained to avoid obstacles and penal-

ize fuel use. This optimization grades trajectories over small horizons of time to reduce

the complexity of the problem, incorporate feedback to mitigate disturbances and noise,

and enable multiple impulsive maneuvers to be planned separately over the entire TOF.

The optimization problem is solved using a Mixed Integer Linear Programming method

as compared to previous methods using Sequential Quadratic Programming in order to

determine the computation time difference in solving the problem. Simulations indicate

the guidance and control method obtains low thrust maneuvers as compared to known

methods termed Artificial Potential Function Guidance and computational time required

is less than using Sequential Quadratic Programming.
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AAS 10 – 163

Two-Craft Coulomb Formation Relative Equilibria about Circular Orbits and

Libration Points

Ravi Inampudi and Hanspeter Schaub, Aerospace Engineering Sciences Department,

University of Colorado, Boulder, Colorado, U.S.A.

The charged relative equilibria of a two spacecraft Coulomb formation moving in

the context of a restricted two-body system and a circularly restricted three-body system

are investigated. For a two-spacecraft formation moving in a central gravitational field

it is often assumed that the center of the circular orbit is located at the primary mass,

and the center of mass of the formation orbits around the primary in a great circle orbit.

The relative equilibrium is called great circle if the center of mass of the formation

moves on the plane with the center of the gravitational field residing on it; otherwise, it

is called a non-great-circle orbit. Previous research shows that non-great-circle equilib-

ria in low Earth orbits, have a deflection from the great circle equilibria of about a de-

gree when spacecraft with unequal masses are separated by 350 km. This paper investi-

gates these equilibria (radial, tangential and orbit normal in circular Earth orbit and

Earth-Moon Libration points) in the context of two spacecraft Coulomb formation, and

shows that the equilibria deflections are negligible (on the order of 10–6 degrees) even

for very heterogeneous mass distributions. Further, the non-great-circle equilibria condi-

tions for a two-spacecraft virtual Coulomb structure at the Lagrangian Libration points

are developed. The development is based on exact gravitational and Coulomb potentials

and considers the effect of mass asymmetry of the formation in the problem formula-

tion.
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SESSION 9: INTERPLANETARY TRAJECTORY DESIGN

Chair: Kenneth Williams, KinetX, Inc.

AAS 10 – 164

A Fast Tour Design Method using Non-Tangent V-Infinity Leveraging Transfers

Stefano Campagnola, Aerospace and Mechanical Engineering, University of Southern

California, Los Angeles, California, U.S.A.; Nathan J. Strange, Jet Propulsion

Laboratory, California Institute of Technology, Pasadena, California, U.S.A.;

Ryan P. Russell, Guggenheim School of Aerospace Engineering, Georgia Institute of

Technology, Atlanta, Georgia, U.S.A.

The announced missions to the Saturn and Jupiter systems renewed the space com-

munity interest in simple design methods for gravity assist tours at planetary moons. A

key element in such trajectories are the V-Infinity Leveraging Transfers (VILT) which

link simple impulsive maneuvers with two consecutive gravity assists at the same

moon. VILTs typically include a tangent impulsive maneuver close to an apse location,

yielding to a desired change in the excess velocity relative to the moon. In this paper

we study the VILT solution space and derive a linear approximation which greatly sim-

plifies the computation of the transfers, and is amenable to broad global searches. Using

this approximation, Tisserand graphs, and heuristic optimization procedure we introduce

a fast design method for multiple-VILT tours. We use this method to design a trajectory

from a highly eccentric orbit around Saturn to a 200 km science orbit at Enceladus. The

trajectory is then recomputed removing the linear approximation, showing a Äv change

of less than 4%. The trajectory is 2.7 years long and comprises 52 gravity assists at Ti-

tan, Rhea, Dione, Tethys, and Enceladus, and several deterministic maneuvers. Total Äv

is only 445 m/s , including the Enceladus orbit insertion, almost 10 times better then the

3.9 km/s of the Enceladus orbit insertion from the Titan-Enceladus Hohmann transfer.

The new method and demonstrated results enable a new class of missions that tour and

ultimately orbit small mass moons. Such missions were previously considered infeasible

due to flight time and Äv constraints.

AAS 10 – 165

Investigation of Target Selection Schemes for a Space Telescope-Occulter System

in the Sun-Earth L2 Regime

Bradley W. Cheetham, Kathryn E. Davis, George H. Born and Webster Cash,

Colorado Center for Astrodynamics Research, University of Colorado, Boulder,

Colorado, U.S.A.

Intelligent target star selection for a space telescope-occulter mission to the

Sun-Earth L2 regime is vitally important to maintain mission flexibility, reduce fuel and

operational costs, and maximize scientific return. A space telescope-occulter system fly-

ing in formation has been proposed as a technology capable of directly imaging planets

within the habitable zones of stars beyond our solar system. Specifically, this study in-

vestigates target selection for the New Worlds Observer (NWO), a mission concept that

would accompany NASA’s James Webb Space Telescope (JWST). It will be demon-

strated that a flexible mission design is required for this type of mission.
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AAS 10 – 166

A Simple Numerical Procedure for Computing Multi-Impulse Lunar Escape

Sequences with Minimal Time-of-Flight

Shane B. Robinson and David K. Geller, Mechanical and Aerospace Engineering

Department, Utah State University, Logan, Utah, U.S.A.

A simple numerical procedure for computing multi-impulse transfers from an arbi-

trary elliptic orbit to a hyperbolic escape asymptote is presented. This procedure uses

simple numerical techniques to minimize the time-of-flight to the sphere of influence

without violating the fuel constraint. The number of impulses is also minimized. The

simplicity and robustness of this particular algorithm makes it well-suited for on-board

use during contingency and abort operations. Some examples demonstrating the effec-

tiveness of the algorithm are also presented. The results demonstrate the robustness and

minimal CPU requirements of the technique.

AAS 10 – 167

N-Impulses Interplanetary Orbit Transfer using Genetic Algorithm with

Application to Mars Mission

Ahmed Gad, Neelima Addanki and Ossama Abdelkhalik, Department of Mechanical

Engineering-Engineering Mechanics, Michigan Technological University, Houghton,

Michigan, U.S.A.

Genetic Algorithm (GA) is used as an optimization technique to obtain the opti-

mum parameters of the N-impulses interplanetary transfer orbit. The developed algo-

rithm calculates the required delta-v and the optimum launch and arrival dates within

pre-specified time windows. One or more extra delta-v are applied during the course of

the spacecraft to reduce the total delta-v and/or mission duration. Genetic Algorithm is

used to determine the optimum values and locations of the extra delta-v(s). Mars mis-

sion is considered as an application to study both of minimum energy and minimum

mission duration cases. Results show that increasing the number of impulses beyond

two impulses is more efficient in cost and duration.

AAS 10 – 168

(Paper Withdrawn)
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AAS 10 – 169

Solar Electric Propulsion with Satellite Flyby for Jovian Capture

Damon Landau, Nathan Strange and Try Lam, Jet Propulsion Laboratory, California

Institute of Technology, Pasadena, California, U.S.A.

Judicious swingbys of the Galilean satellites can capture a spacecraft into Jupiter

orbit without requiring a propulsive Jupiter-orbit-insertion maneuver. A single flyby of

Ganymede is sufficient to capture into a 1-year orbit at Jupiter with an arrival V-infinity

of 3 km/s or less, while a double flyby of Callisto and Ganymede or of Ganymede and

Io captures with V-infinities less than 3.5 and 4 km/s, respectively. The relatively low

energy with respect to Jupiter at arrival is achieved with a combination of solar electric

propulsion and gravity assists from Earth and Mars. A launch using an Atlas V 551

launch vehicle coupled with a lunar gravity assist nets 5,000 kg into Jupiter orbit with a

25-kW (at 1 AU) solar electric propulsion system and 7-year interplanetary cruise.

AAS 10 – 170

Titan Trajectory Design using Invariant Manifolds and Resonant Gravity Assists

Natasha Bosanac, Aeronautical and Astronautical Engineering Department,

Massachusetts Institute of Technology, Cambridge, Massachusetts, U.S.A.;

Jerrold E. Marsden and Ashley Moore, Control and Dynamical Systems, California

Institute of Technology, Pasadena, California, U.S.A.;

Stefano Campagnola, Aerospace and Mechanical Engineering Department, University

of Southern California, Los Angeles, California, U.S.A.

Following the spectacular results of the Cassini mission, NASA and ESA plan to

return to Titan. For missions such as this to the giant planets and their moons, the pri-

mary challenge for trajectory designers is to minimize ÄV requirements while simulta-

neously ensuring a reasonable time of flight. Employing a combination of invariant

manifolds in the planar circular restricted three-body problem and multiple resonant

gravity assists allows for the design of trajectories with a very low ÄV. However, these

trajectories typically exhibit long flight times. In this study, desired resonances are tar-

geted that, at any single node, minimize the time of flight. The resulting time of flight

for a trajectory created using this methodology is compared to that of a trajectory utiliz-

ing the maximum single point decrease in semi-major axis. Then, using this framework,

the effect of the Jacobi constant on the trajectory’s total ÄV and time of flight is ex-

plored. The total trajectory ÄV is shown to vary over the range of Jacobi constants

tested due to the interaction between the ÄV required for capture at Titan and the reso-

nances encompassed by the targeted invariant manifold exit region. Over the range of

Jacobi constants tested, the total ÄV varies by 28 m/s while the time of flight varies by

3.2 months between the minimum and maximum cases. The lowest Jacobi constant

tested results in a 23-month trajectory and a total ÄV of 626 m/s, including a controlled

insertion into a 1000 km circular orbit about Titan.
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AAS 10 – 171

Designing Robust Low-Thrust Interplanetary Trajectories Subject to One

Temporary Engine Failure

Joris T. Olympio, European Space Agency, Advanced Concepts Team, Noordwijk,

The Netherlands

The problem of designing low-thrust interplanetary transfer trajectories subject to

momentary engine failure is considered. A stochastic optimization problem is posed us-

ing chance constraints, and a random engine break-down is simulated. A stochastic ap-

proximation method is used to solve the problem. For the mass maximization problem,

the switching dates of the bang-bang control are perturbed to respect chance constraints.

The choice of the control is thus made on the likeliness that prescribed perturbations of

the thrust still allows the mission to be completed. A low-thrust interplanetary transfer

problem with one temporary break-down illustrates the methodology.

SESSION 10: SATELLITE CONSTELLATIONS

Chair: William Cerven, The Aerospace Corporation

AAS 10 – 172

The Lattice Theory of Flower Constellations

Martín Avendaño, Department of Mathematics, Texas A&M University, College

Station, Texas, U.S.A.; Daniele Mortari and Jeremy J. Davis, Department of

Aerospace Engineering, Texas A&M University, College Station, Texas, U.S.A.

We present an updated theory of Flower Constellations, that includes several con-

figurations missing in the old formulation. The new theory describes the Flower Con-

stellations by using a more intrinsic set of integer parameters, whose meaning is ex-

plored throughout the paper. It generalizes the old theory of Flower Constellations as

well as the Walker Constellations.
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AAS 10 – 173

Elliptical Flower Constellations for Global Coverage

Jeremy J. Davis and Daniele Mortari, Department of Aerospace Engineering, Texas

A&M University, College Station, Texas, U.S.A.; Martín Avendaño, Department of

Mathematics, Texas A&M University, College Station, Texas, U.S.A.

Flower Constellations (FC) have been extensively studied for use in optimal con-

stellation design. FCs have recently been reformulated into Lattice Flower Constella-

tions (LFC), encompassing the complete set of Harmonic FCs. Elliptic orbits are gener-

ally avoided due to the deleterious effects of Earth’s oblateness on the constellation, but

here we present a novel concept for avoiding this problem and enabling more effective

global coverage utilizing elliptic orbits. This new Elliptical Flower Constellation (EFC)

framework generalizes the LFCs, Walker constellations, elliptical Walker constellations,

and many of Draim’s global coverage constellations. Previous studies have shown FCs

can provide improved performance in global navigation over existing Global Navigation

Satellite Systems (GNSS). Here the EFCs are investigated to find improved results over

the Galileo GNSS constellation.

AAS 10 – 174

A Study of Low-Thrust Trajectories for Low Orbit Multiple Cubesat Missions

Alexander Ghosh and Victoria Coverstone, Department of Aerospace Engineering,

University of Illinois at Urbana-Champaign, Illinois, U.S.A.

This work discusses the usage of a low-thrust micro-cavity discharge thruster on 3

kg cubesats. Based on a case study of a two-satellite system, the required trajectories,

and control use is determined to allow the cubesats to recover from disturbances, and

extended their usable lifetime by a factor of at least 10. The approach uses a direct tran-

scription method that employs multiple-shooting of a 4th order Runge-Kutta forward-in-

tegration of the state and control defects. It also lays the groundwork for future study

into problems regarding cubesat formation phasing with larger numbers of spacecraft.

AAS 10 – 175

Guidance for Elliptic Orbit Rendezvous

Thomas V. Peters and Luigi Strippoli, GMV, S.A., Madrid, Spain

This paper provides an overview of a guidance function for autonomous elliptic

orbit rendezvous. The basic design philosophy is to exploit the similarities between cir-

cular orbit rendezvous and elliptic orbit rendezvous to the maximum possible extent.

Analogous maneuvers to the Hohmann transfer and the radial impulsive transfer are

presented. These maneuvers are incorporated into a comprehensive strategy for the

long-range and short-range rendezvous phases respectively. For each rendezvous phase,

the guidance strategy is broken down in a set of decision criteria, which uniquely iden-

tify the possible situations that may occur during that phase. In turn, each situation is

associated with the appropriate response in terms of maneuver type and goal. The im-

plementation of a guidance function using these principles leads to good results for all

scenarios and initial conditions that have been identified as applicable.
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AAS 10 – 176

Rigid Body Attitude Synchronization with Unknown Communication Time Delays

Tyler H. Summers, Apurva Chunodkar and Maruthi R. Akella, Department of

Aerospace Engineering and Engineering Mechanics, University of Texas at Austin,

Texas, U.S.A.

This paper considers the problem of designing torque control laws that asymptoti-

cally synchronize the attitude of a team of rigid bodies under constant, unknown com-

munication time delays, but without self-delays in a strongly connected and directed

graph. We assume no common reference attitude and no leader in the communication

architecture. We obtain necessary and sufficient delay independent stability conditions

for double integrator agents in this directed graph architecture. A feedback linearization

result involving the modified Rodrigues parameter (MRP) representation of attitude ki-

nematics is employed in order to reduce the attitude dynamics to a block of double inte-

grator agents and the remainder of the control effort is used to achieve position consen-

sus. Simulations illustrate and validate the theoretical development stated in this paper.

AAS 10 – 177

Formation Keeping of Multiple Spacecraft With Communication Delays

Xi Liu and Krishna D. Kumar, Department of Aerospace Engineering,

Ryerson University, Toronto, Ontario, Canada

The formation keeping problem for multiple spacecraft flying is investigated in the

presence of time delays in the intercommunication. A sampled-data approach for track-

ing control of relative orbital motion between two spacecraft in a leader-follower forma-

tion is presented for the case when the leader spacecraft is in a circular orbit. Lyapunov

stability conditions are derived to guarantee exponential stability of position and veloc-

ity tracking errors and ensure desired performance (projected circular formation). Nu-

merical simulations are presented to demonstrate the effectiveness of the developed

controller.

AAS 10 – 178

A Novel Nonlinear Rendezvous Guidance Scheme with Control Direction

Constraints

Shinji Mitani, Aerospace Research and Development Directorate, Japan Aerospace

Exploration Agency, Tsukuba, Japan; Hiroshi Yamakawa, Research Institute for

Sustainable Humanosphere, Kyoto University, Gokasho, Uji, Kyoto, Japan

In practical rendezvous problems, the problem must be treated under complicated

conditions such as the limitation of thruster activation direction, sensor FOV, the sun

direction, etc. In this paper, we propose a new nonlinear guidance scheme to treat ren-

dezvous trajectory planning with such practical constraints using control Lyapunov

function (CLF) and “satisficing” concepts.
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AAS 10 – 179

A Dynamical Systems Approach to Micro-Spacecraft Autonomy

Blair Brown and Colin McInnes, Mechanical Engineering Department, University of

Strathclyde, Glasgow, Scotland

The drive toward reducing the size and mass of spacecraft has put new constraints

on the computational resources available for control and decision making algorithms.

The aim of this paper is to present alternative methods for decision making algorithms

that can be introduced for micro-spacecraft. The motivation behind this work comes

from dynamical systems theory. Systems of differential equations can be built to define

behaviors which can be manipulated to define an action selection algorithm. These al-

gorithms can be mathematically validated and shown to be computationally efficient,

providing robust autonomous control with a modest computational overhead.

SESSION 11: ORBIT DYNAMICS II

Chair: Ryan Park, Jet Propulsion Laboratory

AAS 10 – 180

The Eleventh Motion Constant of the Two-Body Problem

Andrew J. Sinclair, Aerospace Engineering Department, Auburn University, Auburn,

Alabama, U.S.A.;

John E. Hurtado, Department of Aerospace Engineering, Texas A&M University,

College Station, Texas, U.S.A.

The two-body problem is a twelfth-order time-invariant dynamic system, and

therefore has eleven motion constants. Some of these motion constants are related to the

ten algebraic integrals of the n-body problem, while some are particular to the two-body

problem. The problem can be decomposed into mass-center and relative-motion subsys-

tems, each being sixth order and each having five motion constants. This paper presents

solutions for the eleventh motion constant, which relates the behavior of the two sub-

systems.

AAS 10 – 181

On the Stability of Approximate Displaced Lunar Orbits

Jules Simo and Colin R. McInnes, Mechanical Engineering Department, University of

Strathclyde, Glasgow, Scotland

In a prior study, a methodology was developed for computing approximate large

displaced orbits in the Earth-Moon circular restricted three-body problem (CRTBP) by

the Moon-Sail two-body problem. It was found that far from the L1 and L2 points, the

approximate two-body analysis for large accelerations matches well with the dynamics

of displaced orbits in relation to the three-body problem. In the present study, the linear

stability characteristics of the families of approximate periodic orbits are investigated.
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AAS 10 – 182

Approximate Time-Dependent Solutions of the Two-Body Problem

Julio César Benavides and David B. Spencer, Department of Aerospace Engineering,

Pennsylvania State University, University Park, Pennsylvania, U.S.A.

The N-body problem is defined and its equations of motion are introduced along

with the equations of motion for the two-body problem. Time dependent series solu-

tions of the two-body problem are discussed. A new time transformation based on these

series solutions is introduced and used to develop a time-dependent, analytic, first-order

solution of the two-body problem. A process of deriving higher-order, time-dependent,

analytic solutions of the two-body problem is also introduced. These analytic solutions

are shown to be capable of describing complete, two-body trajectories with good accu-

racy and with far fewer function evaluations than are required by numerical integration.

AAS 10 – 183

In Plane Correction of an Approximate Planar Periodic Orbit about the Larger

Primary

Mohammed Ghazy and Brett Newman, Department of Aerospace Engineering, Old

Dominion University, Norfolk, Virginia, U.S.A.

An approximate planar solution to the circular restricted three body problem is an-

alytically corrected for the in plane motion, the special case of small mass parameter

and motion of the third body near the first primary is considered. The correction process

is done iteratively through adding small correction terms of order of magnitudes less

than the base solution. Variational equations of the corrections are found to be linear

differential equations with periodic coefficients. Stability of the motion of the third

body in the vicinity of the approximate solution is investigated using Floquet theory.

AAS 10 – 184

Long-Term Evolution of Trajectories Near the Smaller Primary in the Restricted

Problem

Diane Craig Davis and Kathleen C. Howell, School of Aeronautics and Astronautics,

Purdue University, West Lafayette, Indiana, U.S.A.

In the problem of three bodies, the gravity of the larger body affects orbits near

the smaller primary and can cause escape from its vicinity. However, a collection of or-

bits remains bounded for extended periods of time. Predicting the long-term behavior of

a trajectory given its initial state is challenging; an understanding of the larger pri-

mary‘s gravity in terms of quadrants can be combined with Poincaré maps to yield use-

ful information about the evolution of various orbits. Classifying various categories of

escape and captured orbits with respect to their initial conditions facilitates the selection

of orbits with desired characteristics.
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AAS 10 – 185

Repeating Orbits in a Three Body System with Zero Mass Parameter

Mohammed Ghazy and Brett Newman, Department of Aerospace Engineering, Old

Dominion University, Norfolk, Virginia, U.S.A.

In a three body system when the mass parameter is approximated to be zero the problem

is treated as a two body problem in a rotating coordinate system. Yet, the Jacobi integral equa-

tion is still applicable and different values of the Jacobi constant determine boundaries within

which repeating orbits exist around the larger primary. It is proven that cusps in these orbits are

formulated when a third body touches a corresponding zero velocity curve. Characteristics of

direct and retrograde repeating orbits are analyzed. Conditions under which loops in the repeat-

ing orbits exist are discussed.

AAS 10 – 186

Approximate Time-Dependent Solutions of the N-Body Problem

Julio César Benavides and David B. Spencer, Department of Aerospace Engineering,

Pennsylvania State University, University Park, Pennsylvania, U.S.A.

The N-body problem is defined and its equations of motion are presented. A new

time transformation based on two-body problem series solutions is introduced and used

to develop a time-dependent, analytic, first-order solution of the N-body problem. A

process of deriving higher-order, time-dependent, analytic solutions of the N-body prob-

lem is also introduced. These analytic solutions are used to investigate periodic and

non-periodic trajectories in the restricted three-body problem and are shown to be capa-

ble of describing complete, N-body trajectories with good accuracy and with far fewer

function evaluations than are required by numerical integration.

AAS 10 – 187

N-Gon Minimum Energy Solutions of the Planar N-Body Problem

T. A. Bauer, Twelve Enterprizes, Palos Verdes Peninsula, California, U.S.A.

Mathematical method calculating planar n-body radii, mass, and angular velocity

particle distributions around a central body as structured in concentric n-gons is consid-

ered. This procedure derives perturbations between orbiting particles as formulated by

n-gon synodic relations and n-body equations of motion. Infinite differentially rotating

conservative dynamical particle systems result, where it is of interest to find the mini-

mum energy solution to determine unique n-gon radii, mass and angular velocity distri-

butions.
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SESSION 12: PLANETARY MISSIONS

Chair: Matthew Berry, Analytical Graphics, Inc.

AAS 10 – 188

Failure Bounding and Sensitivity Analysis Applied to Monte Carlo Entry, Descent,

and Landing Simulations

John A. Gaebler, NASA Goddard Space Flight Center, Greenbelt, Maryland, U.S.A.;

Robert H. Tolson, North Carolina State University, Hampton, Virginia, U.S.A.

In the study of entry, descent, and landing, Monte Carlo sampling methods are of-

ten employed to study the uncertainty in the designed trajectory. The large number of

uncertain inputs and outputs, coupled with complicated non-linear models, can make in-

terpretation of the results difficult. Three methods that provide statistical insights are

applied to an entry, descent, and landing simulation. The advantages and disadvantages

of each method are discussed in terms of the insights gained versus the computational

cost. The first method investigated was failure domain bounding which aims to reduce

the computational cost of assessing the failure probability. Next a variance-based sensi-

tivity analysis was studied for the ability to identify which input variable uncertainty

has the greatest impact on the uncertainty of an output. Finally, probabilistic sensitivity

analysis is used to calculate certain sensitivities at a reduced computational cost. These

methods produce valuable information that identifies critical mission parameters and

needs for new technology, but generally at a significant computational cost.

AAS 10 – 189

Mission Design of Solar Polar Region Observer Equipped with Solar Electric

Propulsion

Yasuhiro Kawakatsu, Hitoshi Kuninaka and Kazutaka Nishiyama, JAXA/ISAS,

Sagamihara, Kanagawa, Japan

A study on the post-HINODE Solar Observation Mission has been started in the

Solar physics community. One candidate of the mission targets on the observation of

the Solar polar region from the orbit largely inclined with the ecliptic plane. Following

the paper presented in the previous meeting, this paper focuses on the mission design

option which uses the Solar electric propulsion. The design is refined and optimized

based on the further analyses on the sensitivity to parameters and the additional consid-

eration of practical constraints. The newly obtained mission baseline and its features are

discussed as well.
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AAS 10 – 190

Numerical Simulations of the Radio Science Experiment of the Mission

Bepicolombo to Mercury

Manuela Marabucci, Luciano Iess and Antonio Genova, Dipartimento di Ingegneria

Aerospaziale e Astronautica, Università di Roma La Sapienza, Rome, Italy

The Mercury Orbiter Radio Science Experiment (MORE) of the ESA mission

BepiColombo will provide an accurate estimation of Mercury’s gravity field by means

of highly stable, multi-frequency radio links in X and Ka band. Thanks to a plasma

noise cancellation system, two-way range rate accuracies of about 3ìm/s will be at-

tained at nearly all solar elongation angles. An onboard accelerometer will provide mea-

surements of the non-gravitational accelerations in the band 10-4–10-1 Hz, for improved

modeling of the spacecraft dynamics. This work reports on numerical simulations of the

MORE experiment and provide an estimate of the achievable accuracies in the determi-

nation of the spacecraft orbit and the harmonic coefficients of the gravity field, evaluat-

ing also the impact of desaturation maneuvers of the on-board reaction wheels.

AAS 10 – 191

The Mission Assessment Post Processor (MAPP): A New Tool for Performance

Evaluation of Human Lunar Missions

Jacob Williams and Shaun M. Stewart, ERC, Inc., Engineering and Science Contract

Group, Houston, Texas, U.S.A.; Gerald L. Condon, David E. Lee and Timothy F.

Dawn, Aeroscience and Flight Mechanics Division, NASA Johnson Space Center,

Houston, Texas, U.S.A.; Elizabeth C. Davis, Jacobs Technology, Engineering and

Science Contract Group, Houston, Texas, U.S.A.; Juan S. Senent, Odyssey Space

Research, Houston, Texas, U.S.A.

Performance evaluation of a human lunar mission architecture is a difficult prob-

lem, since it involves multiple vehicles and a complex set of interdependent parameters

and constraints. A new software tool, the Mission Assessment Post Processor (MAPP)

has been developed in order to provide an assessment of the mission space, integrated

performance, and statistical sensitivities of all on-orbit mission phases over the opera-

tional lifetime of a lunar architecture. This paper describes the design, development and

implementation of MAPP, as well as its associated databases, and its utility in assessing

human lunar mission architectures.
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AAS 10 – 192

Mars Atmosphere and Volatile Evolution (MAVEN) Mission Design

David C. Folta, NASA Goddard Space Flight Center, Greenbelt, Maryland, U.S.A.

The Mars Atmosphere and Volatile EvolutioN (MAVEN) mission was selected as

the second in the low-cost Mars Scout mission series. MAVEN will determine the role

that loss of volatiles to space has played through time from a highly inclined elliptical

orbit. The launch period opens November 18, 2013 with arrival September 16, 2014.

After achieving a 35-hr capture orbit, maneuvers will reduce the period to 4.5-hrs with

periapsis near 150 km and maintain the periapsis within a specified density corridor.

MAVEN will also execute “Deep Dip” campaigns, with periapsis at an altitude near

125 km. This paper presents the unique mission design challenges of the MAVEN mis-

sion.

AAS 10 – 193

Numerical Simulations of the Gravity Science Experiment of the Juno Mission to

Jupiter

Stefano Finocchiaro and Luciano Iess, Dipartimento di Ingegneria Aeronautica e

Astronautica, Sapienza Università di Roma, Rome, Italy

The gravity science experiment of the Juno mission will provide crucial informa-

tion about Jupiter composition and interior structure. Numerical simulations of the ex-

periment have been carried out using a statistical approach in order to predict the ex-

pected performances in terms of gravity moments and Love numbers. Several case stud-

ies are presented with different assumptions on the a priori knowledge of the estimated

parameters. The effect of non-gravitational perturbations is investigated by means of

sensitivity analysis.

AAS 10 – 194

Laplace: An Update of the Science Phases around Callisto and Ganymede

Arnaud Boutonnet, Johannes Schoenmaekers and Paolo De Pascale, ESA-ESOC,

Darmstadt, Germany

Laplace is a mission towards Jupiter and its Galilean icy moons Ganymede and

Callisto. The science around Callisto is performed via the pseudo-orbiter technique,

while a polar elliptic then circular orbit is used for Ganymede. This paper presents a

compact description of the pseudo-orbiter together with a global search tool. Several

scenarios are obtained comparing the fulfillment of the scientific requirements. For

Ganymede new results extending the lifetime of the baseline elliptic orbit are presented,

as well as a method to adjust the variation of the beta angle. Two options, namely the

mid-inclined orbits and the weak bound tour, are also presented and compared against

the baseline.
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AAS 10 – 195

(Paper Withdrawn)

SESSION 13: TRAJECTORY SOLUTION TECHNIQUES

Chair: Anastassios Petropoulos, Jet Propulsion Laboratory

AAS 10 – 196

Shape-Based Approximation Method for Low-Thrust Interception and Rendezvous

Trajectory Design

Bradley J. Wall, Bradley Pols and Brandon Lanktree, Aerospace and Mechanical

Engineering Department, Embry-Riddle Aeronautical University, Prescott, Arizona,

U.S.A.

Mission design using low-thrust propulsion requires a method for approximating

the spacecraft’s trajectory and its cost. The approximating method can be for the pur-

pose of evaluating a large search space or for providing a suitable initial guess to be

used with more-accurate trajectory optimizers. Direct transcription methods are more

likely to converge when given an initial guess satisfying the equation of motion con-

straints and the terminal boundary conditions. A shape-based method is derived here

that is capable of determining such trajectories for time-free and time-fixed cases. Addi-

tionally, a throttle parameter is introduced such that the thrust acceleration equation of

motion is satisfied. When combined with a genetic algorithm, it is possible to find solu-

tions by adjusting the free parameters of the problem within a few percent of optimal.

The algorithm is suitable for both the rendezvous and intercept cases.

AAS 10 – 197

Solving Initial Value Problems by the Picard-Chebyshev Method with NVIDIA

GPUs

Xiaoli Bai and John L. Junkins, Department of Aerospace Engineering, Texas A&M

University, College Station, Texas, U.S.A.

Combining the Picard method with Chebyshev polynomials, we can solve a large

number of initial value problems using parallel computation. We develop a matrix-vec-

tor form of Picard-Chebyshev method and implement it using a NVIDIA graphics card.

The algorithm is developed in the NVIDIA CUDA environment and utilize the

CUBLAS toolbox. Compared with ODE45 (the Runge-Kutta 45 algorithm implemented

in MATLAB), the speedup from using Picard-Chebyshev method for the exemplar

problem is about a factor of 30 to 120. Compared with a CPU version of the

Picard-Chebyshev algorithm implemented in MATLAB, the speedup from using one

NVIDIA graphics card is about a factor of 2 to 3. These results show that even with the

simplest utilization of graphical processing units presently available, the speedup with

parallel implementations of the Picard-Chebyshev algorithm is up to two order of mag-

nitude.
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AAS 10 – 198

A GPU Accelerated Multiple Revolution Lambert Solver for Fast Mission Design

Nitin Arora and Ryan P. Russell, Guggenheim School of Aerospace Engineering,

Georgia Institute of Technology, Atlanta, Georgia, U.S.A.

Lambert’s algorithm acts as an enabler for a large variety of mission design prob-

lems. Typically an overwhelmingly large number of Lambert solutions are needed to

identify sets of mission feasible trajectories. We propose a Graphics Processing Unit

(GPU) accelerated multiple revolution Lambert solver to combat this computationally

expensive combinatorial problem. The implementation introduces a simple initial guess

generator that exploits the inherent structure of the well-known Lambert function for-

mulated in universal variables. Further, the approach builds from the concepts of paral-

lel heterogeneous programming utilizing both the central processing unit (CPU) and

GPU in tandem to achieve multiple orders of magnitude speedup. The solution strategy

is transparent and scalable to specific user resources. Speedups of two orders of magni-

tudes are found using a state of the art GPU on a single personal workstation, while sin-

gle order of magnitude speedups are observed using the GPU on a common laptop. Ex-

ample gravity assisted flyby trajectories are used to demonstrate performance and po-

tential applications.

AAS 10 – 199

Relative Performance of Lambert Solvers 1: Zero-Revolution Methods

G. E. Peterson, Astrodynamics Department, The Aerospace Corporation, El Segundo,

California, U.S.A.; E. T. Campbell, Navigation and Geopositioning Systems

Department, The Aerospace Corporation, El Segundo, California, U.S.A.;

A. M. Hawkins, Astrodynamics Department, The Aerospace Corporation, El Segundo,

California, U.S.A.; J. Balbas, Department of Mathematics, Cal State University

Northridge, California, U.S.A.; S. Ivy, Institute of Pure and Applied Mathematics

(IPAM), UCLA, Los Angeles, California, U.S.A.; E. Merkurjev, T. Hall,

P. Rodriguez and E. D. Gustafson, Department of Aerospace Engineering, University

of Michigan, Ann Arbor, Michigan, U.S.A.

Lambert’s problem is a classic two-point boundary value problem to determine the

spacecraft’s conic trajectory from position P1 on an initial orbit to position P2 on a sec-

ond desired orbit in a specified time. The current research, performed in coordination

with UCLA’s Institute of Pure and Applied Mathematics, examines the performance of

various Lambert methodologies. This selection of methods (Battin, Herrick, Gooding,

Kriz, and Nelson and Zarchan) is not meant to be comprehensive but rather a represen-

tation of the types of approaches used. Results in the form of accuracy, computational

speed, and limitations are presented.
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AAS 10 – 200

(Paper Withdrawn)

AAS 10 – 201

(Paper Withdrawn)

SESSION 14: SPACEFLIGHT SAFETY

Chair: Lauri Newman, NASA Goddard Space Flight Center

AAS 10 – 202

Survey of Orbit Non-Linearity Effects in the Space Catalog

Sergei Tanygin and Vincent T. Coppola, Analytical Graphics, Inc., Exton,

Pennsylvania, U.S.A.

Accurate ephemeris and error covariance propagation are critical for space situa-

tional awareness and conjunction analysis which became especially important in light of

recent conjunction events. Various factors affecting propagation accuracy, such as accu-

racy of the initial state, force modeling, and covariance realism, have been examined in

the past. This paper focuses on the cumulative effects that non-linearity of the error

propagation has on predicted ephemerides of the objects in the US space catalog over

periods of several days. In particular, the paper examines the effect of non-linearity on

conjunction events including differences in times of closest approach, minimum ranges

as well as true and maximum probabilities of collision.

AAS 10 – 203

(Paper Withdrawn)

AAS 10 – 204

(Paper Withdrawn)
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SESSION 15: ATTITUDE SENSORS DATA PROCESSING

Chair: Jon Sims, Jet Propulsion Laboratory

AAS 10 – 205

Forty-Nine Biased Star Positions from ICESat Flight Data

Noah Smith, Sungkoo Bae and Bob Schutz, Center for Space Research, University of

Texas at Austin, Texas, U.S.A.

Approximately 1% of the 10,000 stars measured by the ICESat star trackers are

believed to have position biases on the order of tens of arcseconds caused by

near-neighbor stars. ICESat uses a Goodrich HD-1003 and two Ball CT-602 trackers.

Empirical biases were derived for 49 stars, including four onboard catalog stars used by

the Aura mission. A survey was performed to detect and characterize biased stars by

treating each observed star as a target, predicting the tracker measurements of the tar-

get, and then comparing the observations and predictions. The distribution of prediction

accuracies for unbiased stars had a mean of 1.46 arcseconds and a standard deviation of

0.61 arcseconds. 90% of the sky was covered and five million passes of 10,472 stars

were processed. Stars were classified using a Mahalanobis distance parameter which

scaled position residuals by prediction uncertainties. Stars with large Mahalanobis dis-

tances were then studied individually.

AAS 10 – 206

Recursive Star-ID and the K-Vector ND

Ben Spratling IV and Daniele Mortari, Department of Aerospace Engineering, Texas

A&M University, College Station, Texas, U.S.A.

In the context of spacecraft autonomous attitude determination, the task of star

identification is to associate body-frame observed star directions with the cataloged, in-

ertial directions. The star identification can be thought of as two distinct cases,

Lost-in-space case, in which no stars in an image have been identified and no attitude

estimate is available, and the recursive case, in which either at least one star has been

identified, or some attitude estimate is available. The author updates a prior publication

concerning recursive star identification algorithms. The first algorithm is updated to use

the K-Vector ND multidimensional range search, while the second is shown to be simi-

lar to the existing Delaunay triangulation. Numerical tests are performed to compare the

performance of the run-time and build-time of each algorithm. Finally, the author dem-

onstrates how a holistic approach can be used to make design choices regarding the

computational complexity of the recursive approach.
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AAS 10 – 207

Star-ND: Multidimensional Star-Identification

Ben Spratling IV and Daniele Mortari, Department of Aerospace Engineering, Texas

A&M University, College Station, Texas, U.S.A.

One of the most computationally-complex steps in star-image-based autonomous

spacecraft attitude-determination is star identification, in which the corresponding cata-

log-stars must be found for the directions to observed stars. Previous star identification

methods have relied on (1) one-dimensional database searches, (2) tree-based multidi-

mensional database searches, or (3) massively parallel processing hardware. The use of

a multi-dimensional database search running in O(d + k)- time (where d is the number

of dimensions and k is the number of correct answers), such as the K-Vector ND, prom-

ises to revolutionize the time required for star identification, if a set of star pattern pa-

rameters which are nearly uniformly-distributed, required by the K-Vector ND, are

found. New star-pattern parameters, meeting the above specification are presented and

found to be directly extensible to star patterns containing any number of stars greater

than 2. The algorithm uses a star pattern composed of a selected star and its closest

stars. The choice of this pattern causes a number of computational and reliability issues,

and for that reason it is frequently considered to be the “wrong answer.” Methods of

adding additional carefully-crafted “wrong” answers to the database to compensate for

many of the issues are presented. Some issues require modification to the run-time algo-

rithm, and the final run-time algorithm is presented. The finished Star-ND technique is

evaluated both for execution-time performance in the presence of non-stars, and the

growth of the database size for the false entries. Performance of the core algorithm is

found to be as low as 1; 700 clock cycles. The required field-of-view size required for

the algorithm to have enough stars to succeed in star identification is estimated and

found to correspond with a simple mathematical expression.
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SESSION 16: ATTITUDE DYNAMICS AND CONTROL II

Chair: Dennis Byrnes, Jet Propulsion Laboratory

AAS 10 – 208

Explaining and Evaluating the Discrepancy Between the Intended and the Actual

Cutoff Frequency in Repetitive Control

Mehmet Can Isik, Columbia University Medical School, New York, New York,

U.S.A.; Richard W. Longman, Department of Mechanical Engineering, Columbia

University, New York, New York, U.S.A.

Repetitive control (RC) can in theory completely eliminate the influence on a feed-

back control system of periodic disturbances of known period. On spacecraft it can iso-

late fine pointing equipment from the effects of slight imbalance in reaction wheels or

CMGs. A zero-phase low-pass filter is needed to make RC robust to model errors at

high frequencies. For the sister field of iterative learning control (ILC), previous work

showed that when one applies such a cutoff at the needed frequency for stability, the

learning cuts off at a lower frequency. And the difference can be large. This phenome-

non is studied here for repetitive control. It is shown that the same condition applies to

both systems for the frequencies being addressed in RC. An improved understanding of

the phenomenon that is related to ill conditioning in the sensitivity transfer function is

obtained, and methods of decreasing the detrimental effects on the frequency range that

can be learned, are discussed. The magnitude of the discrepancy between intended cut-

off and actual cutoff is assessed for a series of general RC design methods.

AAS 10 – 209

Calibration Technique for Attitude Manoeuvres of Spinning Satellites

Jozef C. van der Ha, Department of Aeronautics & Astronautics, Kyushu University,

Nishi-ku, Fukuoka,, Japan

The paper presents an efficient practical calibration technique for rhumb-line atti-

tude control manoeuvres of spin-stabilized satellites. The only measurements used in the

calibrations are the solar aspect angles generated by a common V-slit Sun sensor. Both

the path-length and rhumb-line angle can be established accurately by using the initial

and final Sun aspect angles of two independent manoeuvre paths. This technique was

applied successfully for the CONTOUR mission in summer 2002 before executing a

full 180-deg flip manoeuvre. The final attitude error at the end of the manoeuvre was

below 3 deg in arc-length.
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AAS 10 – 210

Simplified Singularity Avoidance using Variable Speed Control Moment

Gyroscope Null Motion

Jay McMahon and Hanspeter Schaub, Aerospace Engineering Sciences Department,

University of Colorado, Boulder, Colorado, U.S.A.

Singularity avoidance in Variable Speed Control Moment Gyroscope (VSCMG)

systems can require significant computation to determine null motion steering com-

mands. This paper presents a less complicated method of determining appropriate null

motion steering laws while achieving similar performance as current, more complicated,

methods. This method is based on tracking the range of the transverse axes, instead of

the rank of the VSCMG steering control projection matrix. The new approach does not

require any knowledge of the rotor speeds in order to create singularity avoidance null

motion steering commands. The performance using this simpler CMG singularity cost

function is essentially identical to previously published methods, as is illustrated with a

simple numerical simulation. The main benefit of this new method for CMG singularity

avoidance using VSCMG devices is that the null motion commands are greatly simpli-

fied compared to previous methods.

AAS 10 – 211

The Sequential Optimal Attitude Recursion Filter

John A. Christian and E. Glenn Lightsey, Department of Aerospace Engineering and

Engineering Mechanics, The University of Texas at Austin, Texas, U.S.A.

A new nonlinear attitude filter called the Sequential Optimal Attitude Recursion

(SOAR) Filter is developed. This routine is based on maximum likelihood estimation

and a sequentialization of the Wahba Problem that has been extended to include non-at-

titude states. The algorithm can accept either individual unit vector measurements or

quaternion measurements. This new algorithm is compared with existing attitude filter-

ing routines, including the Multiplicative Extended Kalman Filter, Filter QUEST, RE-

QUEST, Optimal-REQUEST, and Extended-QUEST.
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SESSION 17: TRAJECTORY DESIGN AND OPTIMIZATION II

Chair: Yanping Guo, Applied Physics Laboratory

AAS 10 – 212

A New Approach to Design a Repeat Ground Track Orbit for a Local

Reconnaissance Mission

Hae-Dong Kim, Space Science Department, Korea Aerospace Research Institute,

Yuseonggu, Daejeon, Republic of Korea; Hyochoong Bang, Division of Aerospace

Engineering, Korea Advanced Institute of Science and Technology, Yuseonggu,

Daejeon, Republic of Korea; Hak-Jung Kim, Satellite Information Research Institute,

Yuseonggu, Daejeon, Republic of Korea

Orbits with repeating ground tracks play a major role in remote sensing missions,

reconnaissance missions and lots of special missions. For civil remote sensing systems,

an altitude of the order of 500 to 900 km is usually preferred in order to meet the re-

quirement of instrument resolution. Indeed, the mission requirements of those systems

are mainly focused on achieving global or near-global coverage to maximize the com-

mercial profit. Of course, special case such as 1 day repeat ground track can be applied

for local observation only. On the contrary, the mission requirements for military space-

craft may be driven by more complex or specific operational scenarios. In this study, a

new approach using a hybrid genetic algorithm that consists of coarse targeting and fine

targeting is introduced to resolve the proposed problem quickly and demonstrated its

feasibility as a preliminary result. The proposed approach relies upon coarse search pro-

cess using a rough solution by analytical scheme and fine search process using a result

from the coarse search process. Both of targeting processes are based on a genetic algo-

rithm. The proposed problem in this study may not be achieved by analytical ap-

proaches due to the complexity, non-symmetric, and nonlinear nature of the problem.

AAS 10 – 213

Determination of Fundamental Low-Thrust Control Frequencies for Fitting

Sequences of Orbital States

Jennifer S. Hudson, Department of Aerospace Engineering, University of Michigan,

Ann Arbor, Michigan, U.S.A.;

Daniel J. Scheeres, Aerospace Engineering Sciences Department, Colorado Center for

Astrodynamics Research, University of Colorado, Boulder, Colorado, U.S.A.

Determination of an effective low-thrust control law that connects a series of or-

bital states is studied using an averaged method based on Fourier series representation

of the thrust control. Time-variation of the control law is introduced through segmenta-

tion of an orbital targeting problem into multiple two-point boundary value problems

and optimization of the control law for each segment. Least-squares analysis is also

used to efficiently calculate the low-thrust transfer that minimizes a general thrust-based

cost function through a set of states. Applications of these methods to low-thrust mis-

sion design and space situational awareness are discussed.
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AAS 10 – 214

Equations of Motion of a Launcher Using a Full Quaternion

Alexandre Vachon and André Desbiens, Department of Electrical and Computer

Engineering, Université Laval, Québec City, Québec, Canada;

Eric Gagnon and Rocco Farinaccio, Defense Research and Development

Canada-Valcartier, Québec City, Québec, Canada

This paper presents an innovative way of writing the equations of motion of a

launcher. Both polar and Cartesian coordinates may pose problems once they are imple-

mented onboard, either because of discontinuities or because they take too long to com-

pute. The new approach uses a full quaternion to rotate the position vector into a trajec-

tory fixed frame. Doing so permits the equations of motion to be written in the same

frame in which external forces are defined. Rotation with a quaternion does not have a

discontinuity, thus the equations of motion do not have discontinuity at poles. This pa-

per presents the development of these equations as well as comments about their utiliza-

tion. The results obtained with each approach for a classic launch scheme will be com-

pared.

AAS 10 – 215

Optimal Orbit Design for Regional Coverage using Genetic Algorithm

Ahmed Gad and Ossama Abdelkhalik, Department of Mechanical Engineering –

Engineering Mechanics, Michigan Technological University, Houghton, Michigan,

U.S.A.

This paper presents an optimization technique for the problem of initial orbit de-

sign for regional coverage. The problem of orbit design to cover given set of ground

sites, within a constraint time frame, is addressed. The objective is to calculate a

Sun-synchronous repeated ground track orbit such that the spacecraft’s Field of View

(FOV) covers each of the sites, at least once, within a given time frame. The develop-

ment in this paper takes into consideration the J2 perturbations. A Genetic Algorithm

(GA) technique is developed for optimization. GA is used to maximize the number of

covered ground sites and minimize the mission duration.

AAS 10 – 216

Porpoise Floating Launch Sounding Rocket

Andrew E. Turner, Advanced Program & Systems, Space Systems/Loral, Palo Alto,

California, U.S.A.

The flight test program planned for the Porpoise floating launch sounding rocket is

summarized. Trajectory and Guidance & Control simulation output are shown to be

consistent with achievement of the research goals. The means by which a rapid flight

rate is supported are discussed as well as its diverse benefits to fields including upper

atmospheric research, missile development and new launch vehicles, also the education

of young aerospace engineers.
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AAS 10 – 217

(Paper Withdrawn)

AAS 10 – 218

Using Multicomplex Variables for Automatic Computation of High-Order

Derivatives

Gregory Lantoine and Ryan P. Russell, School of Aerospace Engineering, Georgia

Institute of Technology, Atlanta, Georgia, U.S.A.; Thierry Dargent, Platform and

Satellite Research Group, Thales Alenia Space, Cannes la Bocca, France

The computations of the high-order partial derivatives in a given problem are in

general tedious or not accurate. To combat such shortcomings, a new method for calcu-

lating exact high-order sensitivities using multi-complex numbers is presented. Inspired

by the recent complex step method that is only valid for first order sensitivities, the new

multi-complex approach is valid to arbitrary order. The mathematical theory behind this

approach is revealed, and an efficient procedure for the automatic implementation of the

method is described. Several applications are presented to validate and demonstrate the

accuracy and efficiency of the algorithm. The results are compared to conventional ap-

proaches such as finite differencing, the complex step method, and two separate auto-

matic differentiation tools. Our multi-complex method is shown to have many advan-

tages, and it is therefore expected to be useful for any algorithm exploiting high-order

derivatives, such as many non-linear programming solvers.

AAS 10 – 219

Optimal Pathways for Sequences of V-Infinity Leveraging Maneuvers

Ryan C. Woolley and Daniel J. Scheeres, Aerospace Engineering Sciences

Department, University of Colorado, Boulder, Colorado, U.S.A.

V-infinity leveraging maneuvers are an effective means to reduce total Delta-V re-

quirements to achieve orbit about a planetary satellite such as Titan. The reduction in

fuel requirements comes at the expense of added flight time. This work seeks to charac-

terize optimal sequences of fly-bys and leveraging maneuvers with the aid of tools to

construct, map, and analyze these sequences and compare them to a theoretical mini-

mum. Tens of thousands of sequences were generated using a Monte-Carlo type simula-

tion and total Delta-V and time-of-flight pairs were accumulated. By plotting these pairs

allows the generation of a Pareto front of the most efficient sequences for each given

flight time. An infinite series of fly-bys and leveraging maneuvers (theoretical mini-

mum) results in a Delta-V savings of over 70% when compared to a direct burn during

fly-by. While infinite missions are not possible, it is feasible to reduce the total Delta-V

by 50% with only a modest increase in flight time. Increasing the mission duration fur-

ther does not result in significant reductions.
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SESSION 18: ORBITAL PERTURBATIONS

Chair: Thomas Eller, Astro USA, LLC

AAS 10 – 220

Fast Computation of Low Lunar Frozen Orbits in a High Degree Selenopotential

Martin Lara, Real Observatorio de la Armada, San Fernando, Spain

The averaged equations of a high degree Selenopotential are used to find lunar

frozen orbits at altitudes below 100 km. Despite the formal expressions to handle are

very large their efficient evaluation makes feasible the fast generation of frozen orbits’

inclination-eccentricity diagrams. Simple inspection of these diagrams shows that circu-

lar frozen orbits only occur close to the known inclinations of 27, 50, 76 and 86 deg. In

addition, the averaged equations provide an estimation of the period that is good enough

for mapping frozen orbits into their partner periodic orbits of the non-averaged problem.

AAS 10 – 221

Analytic Expansions of Luni-Solar Gravity Perturbations Along Rotating Axes for

Trajectory Optimization: Part 1: The Dynamic System

Jean A. Kéchichian, Astrodynamics Department, The Aerospace Corporation, El

Segundo, California, U.S.A.

An analytic form of the accelerations due to the luni-solar perturbations resolved

along the rotating Euler-Hill frame is devised by using the expansion method. The addi-

tion of higher order terms to the main gravity gradient term linear in the spacecraft ra-

dial distance, carried out to the third order, provides a very high level of accuracy in ac-

counting for the gravity perturbations experienced by a vehicle in orbit due to the sun

and the moon. The nodal precession as well as the perigee advance of the lunar orbit

are taken into account analytically by using the analytic lunar theory of de

Pontécoulant. The analytic description of the apparent solar orbit and the motion of the

moon removes the need to call an epherneris generator at each integration step during

the numerical integration of the spacecraft trajectory, leading to self-contained software

for rapid and efficient optimal trajectory generation through iterations. Equinoctial ele-

ments are used to describe the spacecraft state and the luni-solar accelerations are given

in terms of the apparent solar and lunar longitudes as well as the Eulerian angles of the

spacecraft orbit with respect to the inertial ecliptic system. The analysis is useful in op-

timal low-thrust orbit transfers complementing previous analyses using thrust as well as

Earth zonal perturbations such as J2, J3 and J4.
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AAS 10 – 222

Displaced Solar Sail Orbits: Dynamics and Applications

Jules Simo and Colin R. McInnes, Mechanical Engineering Department, University of

Strathclyde, Glasgow, Scotland

We consider displaced periodic orbits at linear order in the circular restricted

Earth-Moon system, where the third massless body is a solar sail. These highly

non-Keplerian orbits are achieved using an extremely small sail acceleration. Prior re-

sults have been developed by using an optimal choice of the sail pitch angle, which

maximizes the out-of-plane displacement. In this paper we will use solar sail propulsion

to provide station-keeping at periodic orbits around the libration points using small vari-

ations in the sail’s orientation. By introducing a first-order approximation, periodic or-

bits are derived analytically at linear order. These approximate analytical solutions are

utilized in a numerical search to determine displaced periodic orbits in the full nonlinear

model. Applications include continuous line-of-sight communications with the lunar

poles.

AAS 10 – 223

Effects of Density Variation in the Upper Atmosphere on Satellite Trajectories

Andrew Schaeperkoetter, Department of Aerospace Engineering, Texas A&M

University, College Station Texas, U.S.A.; Craig A. McLaughlin, Department of

Aerospace Engineering, University of Kansas, Lawrence, Kansas, U.S.A.

Calculations to determine the position of a satellite are made particularly difficult

by large variations in atmospheric density. The effects of density waves’ period, ampli-

tude, and phase on satellite position are observed through simulation to find general

trends. A comparison then is made to determine the relative accuracies of density mod-

eling techniques including the High Accuracy Satellite Drag Model (HASDM) and Pre-

cision Orbit Ephemerides (POE) method using accelerometer-derived densities from the

satellite Challenging Mini-Satellite Payload (CHAMP). When all data sets were cali-

brated to the same mean, the POE data proved to be more accurate in determining the

position of the satellite than HASDM when compared to accelerometer density when

the geomagnetic activity was quiet or moderate.
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AAS 10 – 224

Solar Radiation Pressure Induced Resonance in Satellite Orbit with a Tumbling

Spacecraft

C. C. George Chao, Astrodynamics Department, The Aerospace Corporation,

El Segundo, California, U.S.A.

An analytical investigation of the resonance effects caused by spacecraft tumbling

and solar radiation pressure was performed for three types of orbits: GEO, GPS and

high LEO. In each case, significant in-track deviations are induced when the simulated

tumbling motion has the same rate as the orbit rate. The in-track deviations may range

from 30 km to 400 km after 30 days depending on orbit type, spacecraft area-to-mass

ratio and the variation of area-to-mass ratio. The results from analytic approximation

were verified by numerical integration. The understanding of this phenomenon would

be important for missions with spacecraft having large area-to-mass ratio and spin rate

at or near orbital rate. These resonance effects may stimulate further studies for poten-

tial applications in the areas of orbit adjustments or debris removal.

AAS 10 – 225

Efficient Parallelization of Nonlinear Perturbation Algorithms for Orbit Prediction

with Applications to Asteroid Deflection and Fragmentation

Brian D. Kaplinger and Bong Wie, Asteroid Deflection Research Center, Iowa State

University, Ames, Iowa, U.S.A.; David Dearborn, Lawrence Livermore National

Laboratory, Livermore, California, U.S.A.

Orbit determination and control problems are sometimes solved using linearized

methods, even though nonlinear effects can sometimes dominate the system. This paper

addresses ways to parallelize computational algorithms for numerical integrators and

nonlinear relative motion equations. An application of the proposed methods to mutual

gravitation of a fragmented asteroid is presented, with analysis of the relative efficiency

of parallel architectures. Hydrodynamic simulation of a subsurface nuclear explosion is

used to generate the initial conditions, after which the fragmented system is propagated

in parallel including mutual gravitational terms. Efficient algorithms for this problem

emphasize the achievement of verifiable results for asteroid deflection/fragmentation re-

search using limited or budget-allocated computer resources.
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AAS 10 – 226

Thermal Radiation Effects on Deep-Space Trajectories

Jozef C. van der Ha, Department of Aeronautics & Astronautics, Kyushu University,

Nishi-ku, Fukuoka, Japan; Daniele Stramaccioni, ESA / ESTEC, Noordwijk, The

Netherlands

The precise navigation of deep-space or interplanetary spacecraft requires precise

modeling of all forces affecting the orbital motion. In addition to solar radiation forces,

thermal radiation effects may induce appreciable non-gravitational perturbations on

deep-space trajectories. Straightforward heat balance analyses of the solar arrays and

satellite body surfaces can provide valuable insights into the nature and magnitude of

the thermal radiation forces. The paper presents straightforward but comprehensive ana-

lytical models for calculating thermal radiation accelerations induced by solar arrays

and body surfaces of deep-space satellites. The application of the approaches is illus-

trated by using the in-flight conditions, thermo-optical parameters, and attitude pointing

characteristics of ESA’s comet chaser Rosetta during its cruise phase. The results show

that the thermal accelerations are of the order of 7 % of those from the solar radiation.

AAS 10 – 227

Lorentz Augmentation of Gravity-Assist Flybys with Electrostatically Charged

Spacecraft

George E. Pollock, Joseph W. Gangestad and James M. Longuski, School of

Aeronautics & Astronautics, Purdue University, West Lafayette, Indiana, U.S.A.

The Lorentz force may improve the effectiveness of gravity-assist flybys of celes-

tial bodies with magnetic fields. Analytical theory is developed to assess the utility of

the Lorentz force to increase both the turn angle and the orbital energy of a hyperbolic

flyby without propellant cost. Lorentz-augmented gravity-assist mission applications are

presented for missions beyond Jupiter. A Jupiter flyby with a specific charge of 0.03

C/kg can increase the Jovicentric V-infinity by 2.8 km/s. With a (futuristic) specific

charge of 2 C/kg, a Lorentz-augmented gravity-assist at Jupiter may enable a spacecraft

to reach a distance of 250 AU within 20 years.
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SESSION 19: ATTITUDE DYNAMICS AND CONTROL III

Chair: Sergei Tanygin, Analytical Graphics, Inc.

AAS 10 – 228

Hypersphere Stereographic Orientation Parameters

Jeff Mullen and Hanspeter Schaub, Aerospace Engineering Sciences Department,

University of Colorado at Boulder, Colorado, U.S.A.

Hypersphere Stereographic Orientation Parameters (HSOP) are a new attitude pa-

rameter set that encompasses both the Modified Rodrigues Parameters (MRP) and

Asymmetric Stereographic Orientation Parameters (ASOP). MRPs and ASOPs are a

minimal attitude parameter set derived by projecting a four dimensional Euler Parame-

ter (EP) attitude description onto a three dimensional hyperplane through a point resid-

ing on a unit norm constraint surface. HSOP generalize MRPs and ASOPs by having

the projection plane intersect the origin and be normal to the projection point, but allow

the projection point to be arbitrarily placed on the EP unit hypersphere constraint sur-

face. This paper presents the general mapping from HSOPs to EPs, to the direction co-

sine matrix, to the shadow set descriptions, as well as derives the HSOP kinematic dif-

ferential equation and singularity condition. A remarkable truth is presented where the

HSOP differential kinematic equations, as well as the shadow set coordinate mapping,

have the same algebraic form as the MRPs. Thus, the HSOPs can exploit the same ele-

gant control formulations that make use of particular algebraic MRP differential equa-

tion properties. The attitude control performance with HSOP is different due to the dif-

ferent singular natures of these new coordinates.

AAS 10 – 229

(Paper Withdrawn)

AAS 10 – 230

(Paper Withdrawn)
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AAS 10 – 231

Estimation of Solar Radiation Pressure Parameters for Solar Sail Demonstrator

IKAROS Considering Attitude Dynamics

Yuya Mimasu and Jozef C. van der Ha, Department of Aeronautics and Astronautics,

Kyushu University, Nishi-ku, Fukuoka, Japan; Tomohiro Yamaguchi, Department of

Space and Astronautical Science, The Graduate University for Advanced Studies,

Sagamihara, Kanagawa, Japan; Ryu Funase, Yuichi Tsuda, Osamu Mori and

Jun’ichiro Kawaguchi, Japan Aerospace Exploration Agency, Sagamihara, Kanagawa,

Japan

Japan Aerospace Exploration Agency (JAXA) has developed the small demonstra-

tion solar sail spacecraft IKAROS (Interplanetary Kite-craft Accelerated by Radiation of

the Sun), which will be launched in mid 2010. The main objective of this spacecraft is

to deploy the 20m class sail membrane, and demonstrate the acceleration of a spacecraft

by the solar radiation pressure (SRP) by means of that sail. It is important to model the

SRP force adequately for the objective of navigation, especially for interplanetary

spacecraft. In order to improve the model of the SRP torque induced by the sail mem-

brane, the IKAROS project team plans to estimate the SRP torque parameters in orbit.

In this paper, we present the approach to obtain the parameters needed for constructing

the photon torque model through the analysis of the attitude dynamics.

AAS 10 – 232

Fault Tolerant Attitude Control During Formation Flying

Junquan Li and K. D. Kumar, Department of Aerospace Engineering, Ryerson

University, Toronto, Ontario, Canada

The authors propose an adaptive fuzzy terminal sliding mode control algorithm

(AFTSMC) for attitude tracking of multiple picosatellites during formation flying. The

relative attitude of the leader and follower picosatellites under gravity gradient torque

and external periodic disturbances is controlled by four reaction wheels. This method

can accommodate faults rapidly without controller reconfiguration. The numerical simu-

lations (under the fault and failure of wheel) demonstrate the effectiveness of the pro-

posed controllers.
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AAS 10 – 233

An Algorithm for Robustification of Repetitive Control to Parameter Uncertainties

Yunde Shi and Richard W. Longman, Department of Mechanical Engineering,

Columbia University, New York, New York, U.S.A.; Minh Q. Phan, Thayer School of

Engineering, Dartmouth College, Hanover, New Hampshire, U.S.A.

Repetitive control (RC) can be used to design active vibration isolation mounts

that aim to cancel the influence of spacecraft vibrations on fine pointing equipment. It

can cancel the influence of slight imbalance in momentum wheels, reaction wheels, and

CMGs. A series of publications have demonstrated that designing RC using a cost func-

tion that averages over the distribution of uncertainty in one’s model can significantly

improve stability robustness to imperfect knowledge of the system model. This paper

first develops an understanding in the frequency domain of how this robustification is

achieved, and it mainly relies on adjusting the phase of the compensator used in the de-

sign. A new robustification algorithm is presented here that not only uses phase adjust-

ments, but also adjust the learning rate as a function of frequency to obtain improved

robustification to model parameter uncertainty. The objective is to learn at each fre-

quency at the maximum rate consistent with the need for robustness at that frequency.

AAS 10 – 234

Characterizing and Addressing the Instability of the Control Action in Iterative

Learning Control

Yao Li and Richard W. Longman, Department of Mechanical Engineering, Columbia

University, New York, New York, U.S.A.

Iterative learning control (ILC) adjusts the command to a feedback control system

aiming to converge to zero error in a repeated tracking command. Spacecraft applica-

tions include repeated scanning with precision fine pointing instruments. Obtaining zero

tracking error at every sample time is equivalent to inverting the system, and most sys-

tems fed by a zero order hold have an unstable inverse. This is true of all systems with

at least 3 more poles than zeros when the sample rate is appropriately fast. This means

that the control action is unstable when one reaches zero tracking error, and furthermore

it results in the maximum error between time steps growing exponentially in spite of the

fact that the error at the time steps is zero. Relatively little attention to this phenomenon

has been given in the literature. This paper examines how the error history converges to

such a solution as the iterations progress, establishing how long it takes to see the insta-

bility appear. Fixing ILC by eliminating the learning in the unstable part of the inverse

space is examined, and the final error level that can be reached at sample times is ex-

amined. Earlier work by the authors established how to ask for zero error at fewer time

steps and make the inverse well behaved. This paper develops methods to use this infor-

mation to produce iterative learning control laws that do not converge to an unstable

control action, and an unstable intersample maximum error.
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AAS 10 – 235

A Multiplicative Residual Approach to Attitude Kalman Filtering with Unit-Vector

Measurements

Renato Zanetti, GN&C Manned Space Systems, The Charles Stark Draper Laboratory,

Houston, Texas, U.S.A.

Using direction vectors of unit length as measurements for attitude estimation in

an extended Kalman filter inevitably results in a singular measurement covariance ma-

trix. Singularity of the measurement covariance means no noise is present in one com-

ponent of the measurement. Singular measurement covariances can be dealt with by the

classic Kalman filter formulation as long as the estimated measurement covariance is

non singular in the same direction. Unit vector measurements violate this condition

since both the true measurement and the estimated measurement have perfectly known

lengths. Minimum variance estimation for the unit vector attitude Kalman filter is stud-

ied in this work. An optimal multiplicative residual approach is presented. The proposed

approach is compared with the classic additive residual attitude Kalman filter.

SESSION 20: ORBIT DETERMINATION

Chair: John Seago, Analytical Graphics, Inc.

AAS 10 – 236

Orbit Determination using Prescribed Orbits

Reza Raymond Karimi and Daniele Mortari, Department of Aerospace Engineering,

Texas A&M University, College Station, Texas, U.S.A.

A novel angles-only orbit determination technique based on prescribed orbits is

presented. This approach does not require the exact solution of the Keplerian two-body

problem. The solution is approximated by polynomials or any other functions best rep-

resenting the orbit. The fact that the assumed solution should satisfy both two-body

problem equation and the geometry of the problem is the foundation of the presented

technique. The developed method is capable of using multiple observations does not re-

quire initial guess for ground-based IOD problems. The results showed our method as a

valid alternative of the available methods of orbit determination.
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AAS 10 – 237

Orbit Determination with the Cubed-Sphere Gravity Model

Brandon A. Jones and George H. Born, Colorado Center for Astrodynamics Research,

University of Colorado, Boulder, Colorado, U.S.A.; Gregory Beylkin, Department of

Applied Mathematics, University of Colorado, Boulder, Colorado, U.S.A.

The cubed-sphere model provides rapid evaluation of the gravity acceleration for

astrodynamics applications. We selected a different formulation of the spherical har-

monics model as the base model, from which the cubed sphere is currently derived.

This different formulation removes the polar singularity, and thus improves model reli-

ability. This paper also discusses orbit determination improvements when utilizing this

model. This orbit determination study utilized orbits comparable to the GRACE, Ja-

son-1, and GPS satellites, with various data-type combinations simulated. Results dem-

onstrate reduced computation requirements when compared to the spherical-harmon-

ics-based navigation solution. The reduced evaluation time allows for minimizing filter

error due to gravity field truncation with little change in filter execution time.

AAS 10 – 238

Modifications to the Gooding Algorithm for Angles-Only Initial Orbit

Determination

Troy A. Henderson, Daniele Mortari and Jeremy Davis, Department of Aerospace

Engineering, Texas A&M University, College Station, Texas, U.S.A.

The Gooding algorithm is currently the most widely used angles-only method for

estimating the orbit of a spacecraft. Two modifications to Gooding’s angles-only initial

orbit determination algorithm are presented. The first method is an extension to N mea-

surements, whereas the state of the art algorithm is restricted to three measurements.

The second modification is an optimization method which searches in the neighborhood

of the output of the classical Gooding algorithm for a more optimal orbit estimation.

The theory is developed and examples are given.

AAS 10 – 239

Detection of Non-Linearity Effects during Orbit Estimation

James Woodburn and Sergei Tanygin, Analytical Graphics, Inc., Exton, Pennsylvania,

U.S.A.

The application of linear estimation methods to the inherently non-linear problem

of orbit determination requires linearization of both dynamical and measurement mod-

els. While the effects of higher order terms are often negligible, commonly encountered

conditions exist where linearity assumptions are violated. We examine several such

cases in the framework of the extended Kalman filter and evaluate the effectiveness of

analytical measures of linearity which can be monitored inside the forward running fil-

ter. Upon detection of non-linear conditions in the filter, corrective actions can be taken.
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AAS 10 – 240

Ensemble Kalman Filter Application to Large Constellation Ephemeris Estimation

C. F. Minter, National Geospatial-Intelligence Agency, Arnold, Missouri, U.S.A.

Many satellite tracking systems today, like GNSS, require orbit estimates for large

(>20 satellites) constellations in near-real time. However, as the number of satellites in

a constellation increases, the state size and number of computations required in the

Kalman filter process also increase. The number of computations can make the simulta-

neous ephemerides solution for the entire constellation impractical. Estimating each sat-

ellite’s ephemeris individually may not be ideal if satellites are correlated through com-

mon parameters, like gravity and other perturbation terms. This paper examines a varia-

tion of the extended Kalman filter, the ensemble Kalman filter, which is particularly ad-

ept at solving nonlinear systems with large state sizes. The ensemble Kalman filter re-

quires fewer operations since it avoids the transition matrix calculation and the n x n

matrix multiplications found in the traditional extended Kalman filter. In general, the

ensemble Kalman filter formulation has improved stability and accuracy since the non-

linear model characteristics are preserved when time-propagating the state error

covariance matrix. Results show that the ensemble Kalman filter is computationally

more efficient and more accurate as compared with the traditional extended Kalman fil-

ter for large constellation sizes.

AAS 10 – 241

Analysis of Specialized Coordinate Representation for Dynamic Modeling and

Orbit Estimation in the Geosynchronous Regime

Jill Tombasco and Penina Axelrad, Aerospace Engineering Sciences Department,

University of Colorado, Boulder, Colorado, U.S.A.; Moriba Jah, Advanced Sciences

and Technology Research Institute for Astrodynamics (ASTRIA), Air Force Research

Laboratory, Directed Energy Directorate, Kihei, Hawaii, U.S.A.

This study investigates dynamic modeling and orbit estimation of geosynchronous

satellites using traditional and specialized orbit representations. Exact non-linear

variational equations for generally perturbed synchronous elements are developed via

Poisson brackets. A hybrid element set is also introduced to avoid numerical sensitivi-

ties. Numerical propagation studies evaluate the precision and accuracy of inertial Car-

tesian, Keplerian, synchronous and hybrid element dynamic models. The suitability of

approximating the synchronous element equations of motion for small eccentricity and

inclination values is assessed. Results show that the hybrid and exact synchronous mod-

els are consistent for large and small time steps and are of comparable accuracy to the

inertial Cartesian model. The hybrid element model is further validated via an estima-

tion analysis which processes multiple nights of experimental optical data. The results

show that the hybrid elements are suitable for geosynchronous dynamic modeling.
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AAS 10 – 242

Solar Sail Force Modeling and its Estimation Approach of Solar Power Sail

Spacecraft Ikaros

Tomohiro Yamaguchi, Department of Space and Astronautical Science, The Graduate

University for Advanced Studies, Sagamihara, Kanagawa, Japan; Yuya Mimasu,

Department of Aeronautics and Astronautics, Kyushu University, Nishi-ku, Fukuoka,

Japan; Yuichi Tsuda, Hiroshi Takeuchi, Ryu Funase, Osamu Mori and Makoto

Yoshikawa, Japan Aerospace Exploration Agency, Sagamihara, Kanagawa, Japan

This paper investigates the solar sail modeling and its estimation approach of solar

power sail spacecraft IKAROS. Estimation of solar sail force model in space is the key

factor for successful solar sail navigation because the solar sail have large uncertainty

due to the flexible membrane. Since the sail wrinkles after the deployment and its sur-

face will suffer from degradation, the solar sail force model is difficult to develop be-

fore the launch. In this paper, a practical analysis of estimating the solar sail force

model from radiometric tracking data is investigated. This is demonstrated by orbit de-

termination including parameter estimation of generalized sail model.

SESSION 21: NEAR EARTH OBJECT MISSIONS

Chair: David Spencer, Pennsylvania State University

AAS 10 – 243

Analysis of Manned Missions to Near Earth Asteroids

Jesus Gil-Fernandez, Raul Cadenas and Mariella Graziano, GMV, S.A., Advanced

Space Systems & Technologies Unit, Tres Cantos, Madrid, Spain

Manned missions to asteroids have recently gained great interest due to scientific,

exploration and outreach reasons. Human-rated constraints are the design driving re-

quirements and in this paper European technologies are considered. A feasibility analy-

sis is presented for missions launching from 2020 to 2050, considering a precursor ro-

botic mission. The system constraints are applied in a systematic trajectory search over

the entire launch window. The candidate missions are further analyzed in terms of ter-

minal relative navigation, mainly target detectability, and safety, fast Earth-return emer-

gency trajectories and backup optical navigation system performances. The results show

multiple possibilities after each design filter but the feasible set of missions is reduced

until the best asteroid is finally selected providing several launch opportunities.
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AAS 10 – 244

Rapid Characterization of a Small Body Via Slow Flybys

Yu Takahashi and Daniel Scheeres, Aerospace Engineering Sciences Department,

University of Colorado, Boulder, Colorado, U.S.A.

Recent scientific interest in small solar system bodies has spurred a number of

mission studies, actual missions and planned future missions. One of the crucial tasks

that a spacecraft must carry out on arrival to a small body is to characterize the body’s

total mass, spin state, and higher order gravity fields. In this paper we propose and ana-

lyze a method for carrying out this determination through a series of relatively slow fly-

bys of the body, and probe the level of characterization that can occur using this ap-

proach, and whether it could eliminate the need for a dedicated orbital phase. To sup-

port this analysis we have developed a stand-alone flyby simulation platform capable of

estimating the asteroid parameters prior to an orbit phase, or landing phase of the mis-

sion sequence. This paper focuses on a case study involving multiple flybys about the

asteroid Itokawa, focusing on the performance of covariance after the final flyby. The

simulation is capable of propagating the satellite dynamics in a sixth degree and order

gravity field with the solar radiation pressure and solar tide. In addition, the simulation

is equipped with a consider covariance option for the body spin state and gravity coeffi-

cients, and provides the user freedom to choose any combination of four types of mea-

surements: Doppler, Earth range, optical, and lidar measurements. The current design of

the mission sequence provides approximately 5~10% uncertainty for the second degree

and order gravity coefficients for Itokawa. Alternate flyby designs and sequences will

be investigated to improve these determinations.

AAS 10 – 245

Minimum ÄV Launch Windows for a Fictive Post-2029 Apophis

Deflection/Disruption Mission

Sam Wagner and Bong Wie, Asteroid Deflection Research Center, Department of

Aerospace Engineering, Iowa State University, Ames, Iowa, U.S.A.

In this paper a fictional scenario is considered in which asteroid Apophis passes

through a keyhole on April 13th, 2029 and is on a collision course with the Earth. A

software package is developed to determine all the feasible launch dates that are com-

patible with an Interplanetary Ballistic Missile system, which is capable of delivering

up to 1500 kg nuclear explosives, with a total ÄV of 4 km/s from a geostationary trans-

fer orbit. Mission analysis for late launch dates, allowing interception or rendezvous for

a nuclear subsurface explosion at least 15 days prior to Earth impact on April 13th,

2036 is also performed.
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AAS 10 – 246

Mission Design for Jupiter Trojans Rendezvous Mission

Triwanto Simanjuntak, Department of Space and Astronautical Science, The Graduate

University for Advanced Studies, Sagamihara-shi, Yoshinadai, Japan;

Masaki Nakamiya and Yasuhiro Kawakatsu, Institute of Space and Astronautical

Science/Japan Aerospace Exploration Agency (JAXA), Sagamihara-shi, Yoshinadai,

Japan

Trojan asteroids exist in nearby of triangular Lagrangian points of the Sun-Jupiter

system and are believed to contain primitive information on the early formation of our

Solar System. Additionally their origin is also unclear. Considering these significances,

we report in this paper mission analysis on the Trojans rendezvous mission. In the mis-

sion design two major steps were conducted, target selection and sequence improve-

ments. In the target selection we explored three types of trajectories, direct transfer and

the use of gravity assist of Mars and Jupiter and we finally introduced ÄVEGA and

low-thrust propulsion utilization to the detailed design to refine the selected sequences.

AAS 10 – 247

(Paper Withdrawn)

AAS 10 – 248

Surface Impact or Blast Ejecta Behavior in a Small Binary Asteroid System with

Application to In-Situ Observation

Eugene G. Fahnestock, Solar System Dynamics Group, Jet Propulsion Laboratory,

California Institute of Technology, Pasadena, California, U.S.A.; Daniel D. Durda,

Southwest Research Institute, Boulder, Colorado, U.S.A.; Kevin R. Housen, The

Boeing Co., Seattle, Washington, U.S.A.; Daniel J. Scheeres, Department of Aerospace

Engineering Sciences, Colorado Center for Astrodynamics Research, University of

Colorado, Boulder, Colorado, U.S.A.

We study behavior of ejecta particles liberated from near-equatorial surface loca-

tions on a small binary near-Earth asteroid’s primary by energetic events. We propagate

full-two-body-problem dynamics of the binary itself and particle dynamics in close

proximity. The latter includes full binary gravity, solar gravity gradient, and solar radia-

tion pressure effects; for ejecta launch time, launch location, and initial velocity distri-

butions matching a realistic model of crater excavation physics, and for an empirically

informed particle size distribution. We obtain ejecta outcomes, time history in reaching

those outcomes, surface spatial distribution of impacting ejecta, and quality metrics for

post-event nearby spacecraft-based crater optical observations.
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AAS 10 – 249

Target Asteroid Selection for Human Exploration of Near Earth Objects

Sam Wagner and Bong Wie, Department of Aerospace Engineering, Iowa State

University, Ames, Iowa, U.S.A.

In recent years NASA has performed several studies to determine the feasibility of

sending a crewed mission to an NEO using technology developed for under the Con-

stellation project. A full search of the NEO database and accompanying mission analy-

sis for each possible target asteroid is performed in this paper. The primary mission will

be a short 90 day spaceflight. However, missions up to 180 days are also considered.

Only asteroids with close flybys in the 2020-2030 ranges, corresponding to expected lu-

nar mission dates, are considered.

AAS 10 – 250

(Paper Withdrawn)

SESSION 22: SPACECRAFT GUIDANCE, NAVIGATION AND CONTROL II

Chair: Don Mackison, University of Colorado

AAS 10 – 251

Covariance Analysis of the Minimum Model Error Estimator

Manoranjan Majji, James D. Turner and John L. Junkins, Department of Aerospace

Engineering, Texas A&M University, College Station, Texas, U.S.A.

Minimum model error estimation has been an important smoothing approach for

the state and parameter estimation of nonlinear dynamical systems. The analyst typi-

cally obtains the best estimates of the state trajectory and the time varying model error

term as a byproduct of the measurement data processing using the minimum model er-

ror estimator. However, the lack of covariance information associated with the state es-

timation error is a theoretical gap that prevented estimation theorists from adopting this

smoothing procedure widely. In this paper, we derive expressions governing the

covariance of the state estimation error for minimum model error estimation framework.

Investigations will be carried out using a linear and nonlinear statistical analysis of the

estimation error. Relationships of the minimum model error framework with classical

smoothing solutions will be explored and the statistical similarities will be delineated.

Numerical examples illustrate the calculation strategies outlined in the paper.
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AAS 10 – 252

Admissible N-Impulse Orbit Transfer and Rendezvous Solved using a Learning

Optimization Algorithm

Troy A. Henderson and Daniele Mortari, Department of Aerospace Engineering,

Texas A&M University, College Station, Texas, U.S.A.; Martín Avendaño,

Department of Mathematics, Texas A&M University, College Station, Texas, U.S.A.

The N-impulse orbit transfer and orbit rendezvous problems have been constructed

for use with evolutionary algorithms (EAs), where the total Äv of the maneuver is mini-

mized constrained by a maximum allowed time of flight and maximum allowable Äv

per impulse. New, novel constraints on the Äv have been derived to make the N-im-

pulse problem more computationally tractable, and then the construct for using EAs is

developed. In this paper, a specific optimization technique, called the Learning Ap-

proach to Sampling Optimization, is tested and compared to the genetic algorithm (GA).

AAS 10 – 253

Reduced Complexity Gravity Modeling for Rapid Design Environments

Kyle J. DeMars, Paige S. Felker and Robert H. Bishop, Department of Aerospace

Engineering and Engineering Mechanics, The University of Texas at Austin, Texas,

U.S.A.

Methods for designing reduced-order gravitational fields to replicate nominal tra-

jectories and a noise-like matrix to account for the uncertainties in the gravitational

field are developed and demonstrated on a nominal trajectory at the Moon using a 100 x

100 spherical harmonics model with full-covariance. These methods are intended for

use in rapid design environments which require accurate, but fast methods for generat-

ing trajectories and their dispersions. For the trajectory under consideration, it is shown

that a filter-based method for designing the reduced-order gravitational field is capable

of replicating a nominal trajectory to within 5 meters, while a truncation-based method

is only capable of replicating a nominal trajectory to within 840 meters. Also, it is

shown that utilization of the designed noise-like matrix allows for the trajectory disper-

sions caused by uncertainties in the gravitational field to be predicted with a single run.
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AAS 10 – 254

Analysis of Relative Gps Navigation Techniques

Matthew Fritz and Renato Zanetti, GN&C Manned Space Systems, The Charles Stark

Draper Laboratory, Houston, Texas, U.S.A.; Srinivas R. Vadali, Department of

Aerospace Engineering, Texas A&M University, College Station, Texas, U.S.A.

Relative global positioning system (GPS) navigation is currently used for autono-

mous rendezvous and docking of two spacecraft as well as formation flying applica-

tions. GPS receivers’ measurements are used by the navigation subsystem to determine

estimates of the current states of the spacecraft. The success of autonomous proximity

operations in the presence of an uncertain environment and noisy measurements is

highly dependant on the navigation accuracy. This paper presents the comparison of

four Kalman filter architectures to be used for relative GPS navigation. A trade study is

performed with the advantages and disadvantages of the four different Kalman architec-

tures used for relative GPS navigation presented and compared.

AAS 10 – 255

TableSat II for NASA’s Magnetospheric Multiscale (MMS) Mission – A Problem

in Orbit and Attitude Determination and Control

David Waterhouse, Michael Dunstan, Megan Kramer, Jeff Kite, Ben Jenkins and

May-Win Thein, Department of Mechanical Engineering, University of New

Hampshire, Durham, New Hampshire, U.S.A.

The NASA Magnetospheric MultiScale Mission (MMS) is a constellation mission

consisting of four spin-stabilized spacecrafts flying in a tetrahedron-shaped formation

and is to be launched in 2014. The authors aim to design and fabricate the MMS

TableSat Generation II (TableSat II), spacecraft prototypes with limited 5-DOF motion,

in order to analyze the MMS spacecraft dynamics, particularly the Spin-plane Double

Probe (SDP) and Axial Double Probe (ADP) booms. The goal of this research is to de-

sign a control algorithm for autonomous tetrahedral formation flying and to observe the

resulting TableSat II dynamic responses. In this paper, a dynamic model is developed

for nutation and translational control and is studied under the presence of actuator error

caused by the use of thrusters on spin-stabilized spacecraft.
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AAS 10 – 256

Autonomous GNC for Descent and Landing on Small, Irregular Bodies

Jesus Gil-Fernandez and Mariella Graziano, Advanced Space Systems &

Technologies Unit, Tres Cantos, Madrid, Spain

Future missions to asteroids demand soft, pinpoint landing (few meters dispersion).

The GNC system during descent and landing is autonomous, mainly constrained by cost

and technological maturity, and must be robust to large uncertainties (asteroid character-

istics). The selected sensors provide the necessary observables and the navigation pro-

cess them to provide reliable estimates of the spacecraft complete state (absolute and

surface-relative navigation). A safe descent profile is defined by a set of waypoints and

corresponding timing. Guidance generates the reference maneuvers and trajectory and

control computes small actions to cancel current deviations. Monte Carlo simulations

prove that GNC performances meet the requirements.

AAS 10 – 257

Lunar Landing and Ascent Trajectory Guidance Design for the Autonomous

Landing and Hazard Avoidance Technology (ALHAT) Program

Thomas Fill, GN&C Systems Division, The Charles Stark Draper Laboratory, Inc.,

Cambridge, Massachusetts, U.S.A.

The ALHAT project is developing technology for autonomous lunar landing for

robotic and crew-piloted vehicles with the capability to detect and avoid surface haz-

ards, and enable “anytime, anywhere” safe and precise landings. This capability will al-

low the descent vehicle to safely and repeatedly land on the surface of the moon with

much greater flexibility than Apollo. A Guidance, Navigation and Control system

(GNCS) has been designed which supports these project goals through simulation, test-

ing, and evaluation of the technology design. A guidance implementation has success-

fully supported several design analysis cycles in various simulation test beds. In addi-

tion to the fundamental thrust vector pointing cues, desired acceleration levels and en-

gine cutoff times, the guidance algorithm also provides a self-contained burn targeting

function to determine when to initiate the powered burns. During target redesignations

and hazard avoidance maneuvers flight time is derived from boundary conditions and

constraints but is allowed to “float”, if predicted fuel margin exists, to provide adequate

time to reach the target objectives subject to constraints that ensure crew safety and ve-

hicle controllability. Projected fuel usage is relayed to the autonomous flight manage-

ment system (AFMS) and crew to take appropriate action (i.e. select a less fuel de-

manding target) if usage to the current target exceeds the available supply. The design

provides a single algorithm set for both descent-to and ascent-from the lunar surface.

This paper provides a description of the guidance algorithm design.
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AAS 10 – 258

Optimal Guidance for Quasi-Planar Lunar Ascent

David G. Hull, Department of Aerospace Engineering and Engineering Mechanics, The

University of Texas at Austin, Texas, U.S.A.

The minimum-time controls (thrust pitch and thrust yaw ) for the three-dimen-

sional transfer of a constant-thrust rocket from one state to another over a flat moon are

used to develop guidance laws for operation over a spherical moon. After assuming

small out-of-plane motion (small yaw), three in-plane (pitch) control laws are devel-

oped. The three laws are employed in the sample and hold guidance of a lunar ascent

vehicle. All three laws satisfy the final conditions and give essentially the same pitch

and yaw control histories. Since the zeroth-order law can be obtained completely ana-

lytically, it merits consideration for ascent guidance.

SESSION 23: SATELLITE RELATIVE MOTION II

Chair: Craig McLaughlin, University of Kansas

AAS 10 – 259

(Paper Withdrawn)

AAS 10 – 260

Attitude Synchronization of Spacecraft Formation Flying Via the SDRE Controller

using Reaction Wheels

Junoh Jung and Sang-Young Park, Astrodynamics and Control Laboratory,

Department of Astronomy, Yonsei University, Seoul, Republic of Korea;

Insu Chang, Department of Aerospace Engineering, University of Illinois at

Urbana-Champaign, Urbana, Illinois, U.S.A.

The objective of this study is to develop a decentralized control algorithm for atti-

tude synchronization of spacecraft formation flying using Reaction Wheel Assembly

(RWA). For the control, the absolute and relative dynamics with RWAs are formulated;

these are used to construct the feedback controllers. The State-Dependent Riccati Equa-

tion (SDRE) technique is used to regulate state errors. In order to reduce the computa-

tional burden of solving the algebraic Riccati equation for relative motion, a parame-

ter-dependent connectivity condition is suggested. The reliability of the proposed con-

trol law is validated by using a new system, which contains a Hardware-In-the-Loop

Simulator (HILS). The experimental results show the effectiveness of the proposed con-

trol law.
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AAS 10 – 261

Constrained N-Impulse Periodic Close Encounters

Daniele Mortari and Jeremy J. Davis, Department of Aerospace Engineering, Texas

A&M University, College Station, Texas, U.S.A.; Ronald D. Denton, Computer

Engineering Department, Texas A&M University, College Station, Texas, U.S.A.

An n-impulse orbit strategy to perform Periodic Close Encounters (PCE) of satel-

lites (or debris) has been previously proposed. Motivations come from the need to per-

form space surveillance missions for periodic observations of targets, for debris removal

missions, and for space missions to repair damaged, expensive, strategic, or extremely

useful space assets. The close encounter periodicity is achieved by finding an orbit suf-

ficiently close (in term of Ävtot distance) and compatible with the assigned target orbit,

intersecting the target orbit such that a minimum prescribed observation time (expressed

in minutes/day) is guaranteed. The optimal solution consists of a set of n-impulse ma-

neuvers that are admissible, that is, generating no Earth-impacting or hyperbolic trajec-

tories. The new features of the current PCE version includes the capability to specify: a)

time constraints, b) minimum illumination angle, c) minimum encounter distance, d)

minimum perigee altitude, e) maximum repetition time, and f) maximum encounter

time. The current PCE version, that uses a Learning Adaptive optimization technique, is

finally validated by several numerical examples.

AAS 10 – 262

Distance Preserved Satellite Clusters

Yu Ning and Daniele Mortari, Department of Aerospace Engineering, Texas A&M

University, College Station, Texas, U.S.A.; Martín Avendaño, Department of

Mathematics, Texas A&M University, College Station, Texas, U.S.A.

The purpose of this paper is to propose a general solution to the problem of creat-

ing a cluster of satellites such that the distance between any pair of them remains con-

stant. We will assume that the orbits are Keplerian and the eccentricities are all small.

The motion of satellites are defined in the reference frame of a fictitious satellite with

circular orbit by linearized kinematic equations and relative orbital elements. The ap-

proach adopted is to eliminate the dependence on the mean anomaly from the expres-

sion of the distance. Detailed procedure is classified into three situations by positions of

relative orbits: with same center, with same plane, and totally different. The first one is

the most common and complicated. The method developed is to solve two quadratic

constraint equations for each pair of satellites. It has a significant character of succes-

sion which easily allows us to put a large number of satellites into the cluster. The spa-

tial positions of satellites are very special. Some particular situations are introduced. We

also briefly analysed how to avoid the perturbing effects of Earth oblateness just by

choosing proper parameters. An example has been given, which verified the methods

and demonstrated the characters of the cluster.
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AAS 10 – 263

Eaglet: A Geosynchronous Orbit Formation Flying Concept

Andrew E. Turner, Advanced Program & Systems, Space Systems/Loral, Palo Alto,

California, U.S.A.

This paper develops the concept of flying a small space vehicle in formation with

a medium-sized commercial GEO spacecraft which supports its operation. The means

by which the secondary vehicle, referred to as Eaglet, actively maintains position rela-

tive to the primary are discussed. Even more importantly, the means by which the sec-

ondary passively avoids collision and rapidly departs from the vicinity of the primary in

the event of a contingency are explored. An alternative concept in which a vehicle is

separated while in the Geosynchronous Transfer orbit en route to GEO is also dis-

cussed.

AAS 10 – 264

Optimal Impulsive Satellite Transfers using Second-Order Solutions of Relative

Motion

Weijun Huang, Department of Mechanical and Aerospace Engineering, University of

Missouri, Columbia, Missouri, U.S.A.

Primer vector theory is a technique for solving optimal impulsive transfer prob-

lems. Satellite formation initialization and reconfiguration can be regarded as relative

orbit transfer of several satellites. But in order to directly use the primer vector to ana-

lyze the relative orbit transfer, relative motion dynamics should be used instead of iner-

tial motion dynamics. This paper demonstrates the symmetric structure of the sec-

ond-order state and costate solutions under the null-thrust control Hamiltonian. Because

of this symmetry, algorithms for rapidly computing the analytic state and costate solu-

tions can be designed and used in the primer vector optimization.

AAS 10 – 265

Passively Safe Relative Motion Trajectories for On-Orbit Inspection

Liam M. Healy and C. Glen Henshaw, Naval Research Laboratory, Washington D.C.,

U.S.A.

A spacecraft designed for close (< 10 m) inspection of a customer spacecraft in-

curs a significant risk of collision. By minimizing thrusting, the risk is minimized be-

cause only collision-free relative motion trajectories are used during the non-thrusting

periods. An appropriate coordinate frame and centered relative orbital elements, a geo-

metric analog to orbital elements are introduced and the coordinate transformation de-

fined. They are more convenient than a Cartesian solution to Hill’s equations. Their de-

pendence on constant relative orbit parameters and thus the Cartesian values, as well as

their geometric meaning, are shown. Simulation of coverage over the host spacecraft is

used to select the trajectory plan such that desired coverage is obtained with a minimal

number of impulsive maneuvers.

93

http://www.univelt.com/book=1108
http://www.univelt.com/book=1109
http://www.univelt.com/book=1110


AAS 10 – 266

A Variational Method for the Propagation of Spacecraft Relative Motion

Giulio Baù, Enrico Lorenzini and Alessandro Francesconi, University of Padova,

Centro Interdipartimentale Studi e Attivita Spaziali, Padova, Italy;

Claudio Bombardelli and Jesús Peláez, Technical University of Madrid, ETSI

Aeronauticos, Madrid, Spain

A new formulation of the spacecraft relative motion for a generic orbit is presented

based on the orbital propagation method proposed by Peláez et al. in 2006. Two models

have been developed. In the first model the method is applied to each spacecraft using a

time synchronization of the system dynamical states. In the second model we employ a

local orbital reference frame with a linearization of gravitational terms, apply the

method to the formation center of mass and propagate the relative dynamics with re-

spect to the center of mass reference orbit. The models are compared in terms of com-

putational speed for the case of a bounded triangular formation.

SESSION 24: SPACE STRUCTURES DYNAMICS AND CONTROL

Chair: Chris Ranieri, The Aerospace Corporation

AAS 10 – 267

Attitude Control of Multiple Rigid Body Spacecraft with Flexible Hinge Joints

Burak Akbulut and Ozan Tekinalp, Aerospace Engineering Department, Middle East

Technical University, Ankara, Turkey; Kemal Ozgoren, Mechanical Engineering

Department, Middle East Technical University, Ankara, Turkey

Control algorithm is developed for a satellite with flexible appendages to achieve a

good pointing performance. Detailed modeling activity was carried out that consists of

sensor and actuator models, disturbances and system dynamics. Common hardware

found in the spacecraft such as reaction wheels, gyroscopes, star trackers etc. were in-

cluded in the model. Furthermore, the Newton-Euler method is employed for the deriva-

tion of multi-body equations of motion. Proper metrics such as accuracy, jitter and sta-

bility are used to evaluate the pointing performance of two control schemes: quaternion

feedback controller, and linear quadratic regulator. Simulation results are given and dis-

cussed.
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AAS 10 – 268

Impact of Nodal Attitude Motion on Two-Element Tethered Coulomb Structures

Carl R. Seubert and Hanspeter Schaub, Aerospace Engineering Sciences Department,

University of Colorado, Boulder, Colorado, U.S.A.

Combining features of large space structures and free-flying formations has led to

the tethered Coulomb structure (TCS) concept. Utilizing Coulomb forces to repel a for-

mation of spacecraft nodes that are connected with fine tethers can create large

quasi-rigid and lightweight space structures. There are numerous applications for a TCS

ranging from interferometry and remote sensing to component deployment and inflat-

able structures. This paper presents the first results on how the nodal attitude motion

impacts the TCS concept and required charge levels. Non-linear numerical simulations

analyze the complex and coupled relative motion, while analytical natural frequency ex-

pressions are developed for small deflections. Quantitative analysis shows that increas-

ing the inflationary Coulomb forces can stiffen the entire structure to resist deforma-

tions. This is demonstrated on a two-node system subject to initial angular rate errors

and solar radiation pressure. It is shown that for realistic charge levels the TCS configu-

ration maintains both shape and taught tethers. Further, a simple double-tether system is

shown to offer increased stiffening properties and resistance to perturbations.

AAS 10 – 269

Performance Analysis of Bare Electrodynamic Tethers as MicroSat Deorbiting

Systems

Claudio Bombardelli, Jose Manuel Nuñez-Ayllón and Jesús Peláez, Department of

Aeronautical Engineering, Technical University of Madrid, Madrid. Spain

It has recently been proposed to use bare electrodynamic tethers (EDTs) in con-

nection with micro- and nano-satellites, either to provide a cheap test of OML current

collection theory or to devise a lightweight deorbiting system for cubesats experiments.

In the present article we investigate the orbital evolution of small satellites (2 kg)

equipped with electrodynamic tethers of different lengths (100 m to 300 m) different

ionospheric conditions and focusing on a nominal VEGA polar orbit of 700 km altitude.

Issues of tether integration in the microsatellite system and tether deployment are also

addressed. Results show that, given sufficient power availability and once a safe and ef-

fective deployment strategy is devised, a small dedicated experiment involving two

cubesats is feasible in favorable conditions with tether length of 100-300 m.
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AAS 10 – 270

Space Debris Removal with Bare Electrodynamic Tethers

Claudio Bombardelli, Javier Herrera-Montojo, Ander Iturri-Torrea and

Jesús Peláez, Department of Aeronautical Engineering, Technical University of Madrid,

Spain

Electrodynamic tethers (EDT´s) have been proposed as one of the most promising

tools for space debris removal thanks to their inherently propellantless mode of opera-

tion. Among the different technological solutions for electrodynamic tether current col-

lection the bare tether concept has been shown to offer the best performance in terms of

deorbiting capability per unit of tether mass. In this article we consider bare electrody-

namic tethers with tape cross section attached to existing space debris whose character-

istics are provided by the DISCOS database of the European Space Agency. Simula-

tions are performed with aluminum tape EDTs stabilized along the local vertical and as-

suming Orbital Motion Limited (OML) theory. For the present design the EDT system

is completely passive, i.e. it does not use onboard power in the current generation pro-

cess. Considered Tether lengths and masses are 10,15,20 km and 40,60 and 80 kg. Re-

sults confirm the suitability of passive EDTs as orbital debris removal systems.

AAS 10 – 271

Validation of Tethered Satellite System Computational Models

Joshua R. Ellis and Christopher D. Hall, Aerospace and Ocean Engineering

Department, Virginia Polytechnic Institute and State University, Virginia, U.S.A.

We present a method for validating the predictions made by computational models

for the dynamics of tethered satellite systems. Because experimental data on tethered

satellite system dynamics is virtually nonexistent, the method is based on the creation of

a top-level computational model, the output of which is used to assess the validity of

predictions made by lower-level computational models. The validation procedure is ap-

plied to two different sets of results published in the literature. The first set of results

compares favorably to the top-level computational model and is therefore validated;

however, the second set of results does not compare favorably to the top-level computa-

tional model, and therefore cannot be used to make predictions about the behavior of an

actual TSS. This particular example illustrates the necessity of performing some means

of validation on results obtained using simplified TSS models. For the results that are

not validated using the computational model validation procedure, we analyze the mod-

eling assumptions used in the formulation of the lower-level system model to determine

how it should be altered to achieve better agreement with the top-level model.
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AAS 10 – 272

Relative Equilibria of a Moon - Tethered Spacecraft

Alexander A. Burov, Dorodnicyn Computing Center of the RAS, Moscow, Russia;

Oleg I. Kononov, Department of Mechanics and Mathematics, Lomonosov Moscow

State University, Russia; Anna D. Guerman, Department of Electromechanical

Engineering, University of Beira Interior, Covilha, Portugal

We study relative equilibria of a Moon-tethered space station taking into account

the station dimensions. The tether is supposed to be inextensible and have negligible

weight. The equations of motion are deduced in the framework of the restricted circular

three-body problem. We write down the expression for the augmented potential with the

restriction that reflects the inextensibility of the tether. The critical points of the Routh

function correspond to the relative equilibria of the system. We indicate some particular

solutions that can be used as nominal motions for the space station functioning. Stabil-

ity is analyzed examining the restriction of the Routh function’s second variation onto

the linear manifold defined by the link equation. The sufficient conditions of stability

are studied numerically.
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AAS 10 – 274

Rigid Body Attitude Stabilization with Unknown Time-Varying Delay in Feedback

Apurva Chunodkar and Maruthi R. Akella, Department of Aerospace Engineering

and Engineering Mechanics, University of Texas at Austin, Texas, U.S.A.

This paper considers the rigid body attitude stabilization problem with an unknown

and bounded time-varying time-delay in feedback. The concept of the complete type

L-K functional is extended to a class of nonlinear time-delay systems with unknown

time-varying time-delay. This extension ensures stability robustness to time-delay in the

control design for all values of time-delay less than the known upper bound. Model-

transformation is used in order to partition the nonlinear system into a nominal linear

part that is exponentially stable with a bounded perturbation. We obtain sufficient con-

ditions which ensure exponential stability inside a region of attraction estimate. A con-

structive method to evaluate the sufficient conditions is presented together with compar-

ison with the corresponding constant delay case. Numerical simulations are performed

to illustrate the theoretical results of this paper.

DIRK BROUWER AWARD LECTURE

Featured Speaker
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