Preface

This text provides the fundamental concepts and mathematical basis for spacecraft
attitude determination and control. It is intended to serve as both a textbook
for undergraduate and graduate students and a reference guide for practicing
professionals. A primary motivation of this text is to develop the theory of attitude
determination from first principles to practical algorithms, because very few of the
existing texts on spacecraft control treat spacecraft attitude determination in depth.
We emphasize specific applications; so the reader can understand how the derived
theory is applied to actual orbiting spacecraft. We also highlight some simplified
analytical expressions that can serve as first cut analyses for more detailed studies
and are especially important in the initial design phase of a spacecraft attitude
determination and control system. For example, Sect. 6.3 shows a simple single-
axis analysis that is widely used by spacecraft engineers to design actual attitude
estimation hardware and software configurations and to predict their performance.
Analyses of this type can also help to determine whether anomalous behavior
encountered by an orbiting spacecraft is due to a hardware problem, a control
system design error, or a programming error, and to find a path to resolving the
anomaly. In writing this book the authors hope to make a significant contribution
toward expediting the process most newcomers must go through in assimilating and
applying attitude determination and control theory.

Chapter 1 provides an introduction to the concepts presented in the text. It serves
to motivate the reader by giving a historical review of the subject matter, including
discussions of several actual missions that cover a broad spectrum of attitude
determination and control designs. It also provides examples of how an inadequate
theoretical analysis can cause a failure to meet mission objectives or, even worse,
loss of a mission. Some examples of creative strategies to recover from potential
mission failures are also presented. Chapter 2 begins with a review of linear algebra
and moves on to the basic ideas of spacecraft attitude studies: reference frames,
transformations between reference frames, and alternative representations of these
transformations. Chapter 3 provides detailed derivations of attitude kinematics and
dynamics, including a treatment of the torques acting on spacecraft. Chapter 4
provides the mathematical models behind the most common types of spacecraft
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sensors and actuators. Actual hardware specifications of these sensors and actuators
are not given because the rapid development of this technology would quickly
render them obsolete. Chapter 5 is a detailed treatment of attitude determination
methods that do not depend on a retained memory of past observations. The most
famous method in this category, the solution of Wahba’s problem, is introduced,
accompanied by several algorithms for solving it and a rigorous statistical analysis
of its estimation errors. Chapter 6 covers attitude determination methods that
mitigate the effects of sensor errors by incorporating dynamic models into a filtering
process to retain a memory of past observations. Here the focus is on Kalman
filtering, including both calibration and mission mode filters. Chapter 7 shows the
fundamentals of attitude control, including some recent theoretical advancements
on the effects of noise on the control system design.

Several appendices supplement the material in the text. Appendix A gives a
list of quaternion identities, many of which have not appeared in open literature.
Appendix B presents the explicit equations for the attitude matrices and kinematic
equations for all 12 Euler angle representations of the attitude. Appendix C gives
an overview of orbital dynamics to provide the background required to under-
stand several topics in the text, such as the local-vertical/local-horizontal frame
in Sect. 2.6.4. Appendix D provides a summary of environment models, which
is crucial to understanding their effect on spacecraft translational and rotational
motion. Appendix E reviews the theoretical basis of general control and estimation
in enough detail to refresh the reader’s memory of the concepts that underlie the
applications in the text.

This book is the product of many years of experience possessed by the authors
working on actual spacecraft attitude determination and control designs for numer-
ous missions. Several actual mission examples are presented throughout the text to
help the reader bridge the gap between theory and practice. For example, Sect. 5.8
presents an attitude determination algorithm that is employed onboard the Tropical
Rainfall Measuring Mission (TRMM) as of this writing. Most of the mission
examples in this text provide representative examples of typical mission mode
designs. However, the authors wish to also show how the theory presented in the text
can be applied to nonstandard mission modes derived from unique requirements.
Section 7.7 presents the specific example of the range of mission modes actually
used in the attitude determination and control system of the Solar, Anomalous, and
Magnetospheric Particle Explorer (SAMPEX), each mode responding to its own
unique challenges. Section 6.4.5 presents experimental magnetometer calibration
results from the Transition Region and Coronal Explorer (TRACE) to give the reader
a taste of how algorithm designs perform with real data. All of the examples are
based on a “ground up” approach, i.e., starting with the fundamentals and leading
towards an actual onboard algorithm.

As stated previously, this text can be used for an undergraduate course in
spacecraft dynamics and controls. The second author has taught a senior level course
in this area for many years, which is split into two parts: (1) orbital dynamics and
(2) attitude kinematics and dynamics. Appendix C provides the material that is
used for the orbital dynamics portion of the course. Chapters 2 and 3 provide the
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necessary material for the attitude kinematics and dynamics portion of the course.
Material for a graduate level course can include a brief review of orbital dynamics
from Appendix C followed by the environmental models shown in Appendix D.
Chapters 5 and 6 can provide the bulk of a graduate course covering attitude
determination and estimation. Chapter 7 can also be used in the graduate course to
provide an introduction to attitude control. The authors believe that the entire book
can serve as a reference or refresher for practitioners, which provides the primary
motivation for including Chap. 4 in the text.

To encourage student learning we have incorporated both analytical and
computer-based problems at the end of each chapter. This promotes working
problems from first principles. General computer software and coded scripts have
deliberately not been included with this text. Instead, a website with computer
programs for all the examples shown in the text can be accessed by the reader
(see Appendix F). Although computer routines can provide some insights into the
subject, we feel that they may hinder rigorous theoretical studies that are required
to properly comprehend the material. Therefore, we strongly encourage students to
program their own computer routines, using the codes provided from the website
for verification purposes only.

We are indebted to numerous colleagues and students for contributions to various
aspects of this work. In particular, we wish to express our gratitude to Mark Psiaki
and especially to John Junkins for encouraging us to write this book. Many students
have provided excellent insights and recommendations to enhance the pedagogical
value, as well as developing new problems that are used as exercises. Although
there are far too many students to name individually here, our sincere appreciation
goes out to them. We do wish to acknowledge the significant contributions on the
subject matter to the following individuals: Christopher Nebelecky for providing the
section on the disturbing forces in Sect. C.3, Agamemnon Crassidis for providing
inputs on the sliding mode control in Sect. E.2.3, John Downing for suggesting the
dodecahedral wheel configuration in Sect. 4.8.3, and Sam Placanica for providing
Fig. 4.16. Our heartfelt thanks to the following individuals for proofreading the text:
Michael Andrle, J. Russell Carpenter, Yang Cheng, Joanna Hinks, Alice Liu, Adonis
Pimienta-Pefialver, Steve Queen, Matthias Schmid, and Matthew Whittaker. We also
wish to thank the following individuals for their many discussions and insights
throughout the development of this book: K. Terry Alfriend, Roberto Alonso, Penina
Axelrad, Itzhack Bar-Itzhack, Frank Bauer, J. Russell Carpenter, Yang Cheng,
Daniel Choukroun, Neil Dennehy, Adam Fosbury, Michael Griffin, Christopher
Hall, Joanna Hinks, Henry Hoffman, Kathleen Howell, Johnny Hurtado, Moriba
Jah, Jer-Nan Juang, N. Jeremy Kasdin, Ken Lebsock, E. Glenn Lightsey, Richard
Linares, Michael Lisano, Alice Liu, Manoranjan Majji, D. Joseph Mook, Daniele
Mortari, Jim O’Donnell, Yaakov Oshman, Mark Pittelkau, Steve Queen, Reid
Reynolds, Hanspeter Schaub, Conrad Schiff, Malcolm Shuster, Tarun Singh, Puneet
Singla, Eric Stoneking, Sergei Tanygin, Julie Thienel, Panagiotis Tsiotras, James
Turner, S. Rao Vadali, James Wertz, Bong Wie, and Renato Zanetti. Also, many
thanks are due to several people at Springer, including our editor Maury Solomon,
our assistant editor Nora Rawn, and Harry (J.J.) Blom. Finally, our deepest and
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most sincere appreciation must be expressed to our families for their patience and
understanding throughout the years while we prepared this text. This text was
produced using IXIEX 2¢(thanks Yaakov and HP!). Any corrections are welcome
via email to Landis.Markley @nasa.gov or johnc @buffalo.edu.

Greenbelt, MD, USA F. Landis Markley
Ambherst, NY, USA John L. Crassidis
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