The Dissertation Committee for Stuart Andrew Stanton
certifies that this is the approved version of the following dissertation:

Finite Set Control Transcription for Optimal Control Applications

Committee:

Belinda G. Marchand, Supervisor

David G. Hull

Maruthi R. Akella

Cesar A. Ocampo

Christopher N. D’Souza



Finite Set Control Transcription for Optimal Control Applications

by

Stuart Andrew Stanton, B.S., S.M.

DISSERTATION
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT AUSTIN

May 2009



Report Documentation Page

Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,

including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it

does not display a currently valid OMB control number.

1. REPORT DATE 2. REPORT TYPE
MAY 2009 N/A

3. DATES COVERED

4. TITLEAND SUBTITLE

Finite Set Control Transcription for Optimal Control Applications

5a. CONTRACT NUMBER

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)

5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
The University of Texasat Austin

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

The Department of the Air Force AFIT/ENEL WPAFB, OH 45433

10. SPONSOR/MONITOR'S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

C109-0050

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release, distribution unlimited

13. SUPPLEMENTARY NOTES
The original document contains color images.

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF:

a REPORT b. ABSTRACT c. THISPAGE
unclassified unclassified unclassified

17. LIMITATION OF
ABSTRACT

uu

18. NUMBER | 19a NAME OF
OF PAGES RESPONSIBLE PERSON

259

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



For my wife.

The views expressed in this article are those of the author and do not reflect the
official policy or position of the United States Air Force, Department of Defense,

or the U.S. Government.



Acknowledgments

It is a unique blessing to have had the opportunity to study at the University of
Texas at Austin for the last three years. I can’t think of a better Air Force assignment. I
thank God for all of the people that He has placed in my path to get me here and to allow
me to succeed while I’ve been here. This accomplishment is the result of His strength and

guidance.

I am extremely grateful to have been able to study under the world-class faculty at
UT. I have learned so much from the department’s professors, both inside and outside of
the classroom. A special thank you must go to my advisor, Belinda Marchand, for guiding
my research. It has been a truly rewarding experience to learn and discover under her
leadership. I am also thankful to the members of my committee: David Hull, Maruthi
Akella, Cesar Ocampo, and Chris D’Souza. Thank you for teaching me so much in the
clagssroom, for your time outside of the classroom, and for your support as this research

progressed.

Of course, I wouldn’t have been able to even come to UT without the help of so
many of my mentors within the Air Force community. My first mentor, Brig Gen Mike
DeLorenzo, not only opened the door for me to pursue this PhD, but also (and perhaps
more importantly) planted the Astronautics seed when I was 17 years old to pursue an Air
Force career in Space. Col Jack Anthony, Lt Col Jerry Sellers, and Lt Col Tim Sejba have
also been instrumental in shaping my career. It has been an honor to have been taken under
their wings over the last 13 years. I can’t express enough my appreciation for their efforts

and the opportunities they have given me.

iv



Most importantly, I must thank my family, as they are the ones that have to put up
with me on a daily basis. My wife deserves all of the credit for my successes. Her support
is unfailing, and her patience is unending. She continues to teach me the lessons that you
can’t learn in school, such as, how to be nice to people (I'm still learning!). I thank God
for bringing her into my life and for convincing her to marry me. Also, I must thank my

parents for their support from a distance as I continue my journey through life.



Finite Set Control Transcription for Optimal Control Applications

Stuart Andrew Stanton, Ph.D.
The University of Texas at Austin, 2009

Supervisor: Belinda G. Marchand

An enhanced method in optimization rooted in direct collocation is formulated to
treat the finite set optimal control problem. This is motivated by applications in which
a hybrid dynamical system is subject to ordinary differential continuity constraints, but
control variables are contained within finite spaces. Resulting solutions display control dis-
continuities as variables switch between one feasible value to another. Solutions derived are
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ology allows control switches to be determined over a continuous spectrum, overcoming
many of the limitations associated with discretized solutions. Implementation details are
presented and several applications demonstrate the method’s utility and capability. Sim-
ple applications highlight the effectiveness of the methodology, while complicated dynamic
systems showcase its relevance. A key example considers the challenges associated with

libration point formations. Extensions are proposed for broader classes of hybrid systems.

vi



Table of Contents

Acknowledgments

Abstract

List of Tables

List of Figures

Chapter 1. Introduction

1.1
1.2
1.3
1.4
1.5

Previous Work . . . . . . . ..
General Problem Statement . . . . . . .. ... ... ... .. ...
Applications . . . . . . . . .
FSCT Method Overview . . . . . . . . . . . . .. ... . .. ...

Organization . . . . . . . . . . .

Chapter 2. Numerical Optimization Methods for Continuous Systems

2.1

2.2

2.3

Review of Optimal Control Theory Fundamentals . . . . . . ... ... ...
2.1.1 First-Order Optimality Conditions . . . . . . .. .. ... ... ...
Some Numerical Optimization Techniques . . . . . . . . . . ... ... ...
2.2.1 Derivative Techniques . . . . . . . . ... ... oo
2.2.1.1 Gradient Technique for Unconstrained Problems . . . . . . .
2.2.1.2 Newton-Raphson Technique and Beyond . . . . .. ... ..
2.2.2 Constrained Optimization . . . . . .. .. .. ... ... ... ....
Numerical Methods of Solving the Optimal Control Problem . .. ... ..
2.3.1 Optimal Control Solutions via the Indirect Method . . . . . . .. ..
2.3.2 Optimal Control Solutions via Direct Methods . . . . . . .. ... ..
2.3.2.1 Point and Path Constraints . . . . . . . ... ... ......
2.3.2.2 Continuity Constraints . . . . . ... . ... ... ... ...
2.3.2.3 Characteristics of Collocation Methods . . . . .. .. .. ..

vii

iv

vi

xii

xiii

SRS B N R

12



2.4

2.5

2.3.2.4 Verifying the Optimality of Collocation Solutions. . . . . . .
2.3.2.5 Using Direct Solutions to Supplement an Indirect Method . .
Example: The Zermelo Navigation Problem . . . ... ... ... ... ...
2.4.1 Problem Statement and Description . . . . . . .. .. ... ... ...
2.4.2 Direct Approach . . . . . . . . ... ..
2.4.3 Indirect Approach . . . . . . . . ...

SUmMmMAary . . . . . .. e e e e

Chapter 3. Transcription Formulations for the Finite Set Control Problem

3.1

3.2

3.3

Unique Formulation Characteristics . . . . . . . . .. .. .. ... ... ...
3.1.1 Multiple Segments and Knots . . . . .. ... ... .. ........
3.1.2 Switching Segments and Time for Multiple Independent Controls
Implementation of the Finite Set Control Transcription . . . ... ... ..
3.2.1 The Optimization Parameters . . . . . .. .. ... ... ... ....
3.2.2 Dynamical Constraints Using Simpson Integration Equations . . . . .
3.2.2.1 Partial Derivatives for the Simpson Integration Equations . .
3.2.2.2 Time Invariance . . . . . . . .. ... ..o
3.2.2.3 Derivative Discontinuities for the Dynamical Constraints
3.2.3 Implementation of Numerical Derivatives . . . . . . . ... ... ...
3.2.4 Other Constraints . . . . . . . . . . . .. ... ... .. ... ...
3.2.4.1 Initial States and Time . . . . . .. .. ... ... .. ....
3.2.4.2 Segment Continuity Between Knots . . . . . ... ... ...
3.24.3 Time . . . . . ..

SUMMATY . . . v o v e o e e e e e e e e e e e

Chapter 4. General Applications

4.1
4.2

4.3

Producing Effective Initial Guesses . . . . . . . . ... .. .. ... ... ..
Two Stable Linear Systems . . . . . . ... ... ... ... .........
4.2.1 Stability via Multiple Lyapunov Functions . . . . . .. .. ... ...
4.2.2 Optimal Switching via FSCT Method . . . . . . . ... ... ... ..
Lunar Lander . . . . . . . . . . . . e
4.3.1 Optimal Minimum-Time and Minimum-Acceleration Solutions . . . .
4.3.2 A Model Predictive Controller for Real-Time Implementation

viii

49
50
50
o1
55

62
62
72
79
80
83
85
88
88
93
94
94
95
96
97

98

99
101
102
104
109
110
115



4.4

4.5

4.3.2.1 MPC Control Law . . . . .. ... ... .. ... .......

4.3.2.2 A Comparison of MPC Performance . . . . .. ... ... ..
Small Spacecraft Attitude Control . . . . . .. .. ... ... ... .....
4.4.1 Low-Cost Cold Gas Thrusters: Fixed Thrust Attitude Control . . . .
4.4.2 Low-Cost Cold Gas Thrusters: Variable Thrust Attitude Control

SUMMATY . . . . o o o e e e e e e e e e

Chapter 5. Libration Point Formations

5.1
5.2

5.3

Motivation . . . . . . . . . L e e e
Problem Description . . . . . . . . . . ... .
5.2.1 CR3BP Equations of Motion and the Reference Orbit . . . . . . . ..
5.2.1.1 Equations of Motion . . . . . . . . ... ...
5.2.1.2 Reference Halo Orbit . . . .. ... ... ... ... .....
5.2.2 General Requirements for Interferometry Missions . . . . . .. .. ..
5.2.2.1 Formation Constraints . . . . . . . . ... .. ... ... ...
5.2.2.2 Spacecraft Orientation. . . . . . ... ... ... .......
5.2.2.3 Spacecraft Design . . . . . ... ... oL
5.2.2.4 Control Constraints . . . . . . . . . .. ... ... ......
5.2.3 Objectives for the Libration Point Formation Problem . . .. .. ..
Unique Implementation Details . . . . . .. ... ... ... .. .......
5.3.1 Transcriptions with Multiple Dynamic Bodies . . . . .. ... .. ..
5.3.2 Splines for Data Available A Priori . . . . ... ... ... ... ...
5.3.2.1 Chief Spacecraft Position and Velocity . . . . . .. ... ...
5.3.2.2 Deputy Spacecraft Pointing Direction . . . . . . .. ... ..
5.3.3 Scaling . . . . ...
5.3.4 Objective Implementation . . . ... ... ... .. ... .......
5.3.4.1 Thrust . . . . . . . .. e
5.3.4.2 Formation Size and Shape Deviation . . . . . . .. ... ...
5.3.4.3 Formation Plane Deviation . . . . . .. ... ... ... ...
5.3.5 Constraint Implementation . . . . . . . . ... ... ... ... ...
5.3.5.1 Final Formation Size and Shape . . . . ... .. ... ....
5.3.5.2 Final Formation Plane. . . . . . . . ... ... ........

ix



5.3.5.3 Partial Derivatives for the Dynamics Function . . . .. . .. 161

5.4 Sample Solutions . . . . . . . . ... 163
5.4.1 The Initial Guess . . . . . . . . ... 164

5.4.2 Baseline Solution . . . . .. .. . L L 168

5.4.3 Varying Parameters to Obtain Different Solutions . . . . . . . . . .. 170

5.5 Spacecraft Formation Pointing Survey . . . . .. .. ... ... ... ..., 172
5.5.1 Data Samples . . . . . . . . . ... 172

5.5.2 Pointing Survey: Formation Emphasis . . . . .. .. ... ... ... 174

5.5.3 Pointing Survey: Plane Emphasis . . . . . .. ... ... ... .... 176

5.5.4 Formation vs. Plane Emphasis Comparison . . . .. ... ... ... 177

5.6 Summary . . . ... e e 179
Chapter 6. Extended Applications 181
6.1 Systems with Continuous Control Variables . . . . . . ... ... ... ... 182
6.1.1 Relaxing Constraints for Continuous Control Variables . . . . . . .. 184

6.1.2 Example: Zermelo Navigation . . . . . .. ... ... ... ...... 185

6.2 Systems with Discrete State Variables . . . . .. ... ... ... ... ... 187

6.3 Systems Bound by Partial Differential Equations . . . . .. ... ... ... 188

6.4 Summary . . . ... e 193
Chapter 7. Conclusions 195
Appendices 199

Appendix A. A Model Predictive Controller for Real-Time Implementa-

tion 200

A.1 Linear Discrete-Time Model . . . . . . . . . . ... ... .. ... ...... 200
A.2 Control Law Derivation . . . . . . .. ... ... .. .. .. .. ....... 202
A.3 Extension to the Hybrid Control System . . . . . . . ... ... ... .... 205
Appendix B. Background for Libration Point Formation Missions 207
B.1 Previous Work Towards Libration Point Formations . . . ... .. ... .. 207
B.1.1 Earth Orbiting Formations . . . . . . . .. ... ... ... ...... 210

B.1.2 Libration Point Trajectories and Formations . . . . . . ... ... .. 212



B.2 Dynamical Description . . . . . . . . ... ... .. .. ... 214

B.2.1 Circular Restricted 3-Body Problem . . . . . . ... ... ... .... 215
B.2.1.1 Dimensionalized vs. Nondimensionalized Equations . . . . . 216
B.2.1.2 Libration Points and Some Natural Trajectories . . . .. .. 217
B.2.1.3 Accuracy of the CR3BP Equations of Motion . . . . . .. .. 218
B.2.2 Ephemeris Model . . . . .. .. .. . o 220
B.2.3 Pros and Cons of the Two Models . . . . . ... ... ... ...... 221
B.3 Challenges and Sensitivities for Libration Point Formations . . . . .. . .. 221
B.3.1 Tracking a Nominal Trajectory with an Unconstrained Control Scheme 222
B.3.1.1 Lyapunov-Based Controller . . . . . .. .. ... ....... 223
B.3.2 Current Capability of Propulsive Technology . . . . . ... ... ... 226
B.3.3 Addressing the Discrepancy Between Desired (Unconstrained) and Fea-
sible (Constrained) Controls . . . . . . .. ... ... ... ...... 229
B.3.3.1 Variable Thrust Through Gimballing . . .. ... ... ... 231
B.3.3.2 Finite Burn Control Solutions . . . . . ... ... ... ... 233
Bibliography 235
Vita 245

xi



2.1

3.1
3.2
3.3

4.1

5.1
5.2

B.1

List of Tables

Direct Solutions with 20 Nodes and 40 Nodes . . . . . .. .. ... ... .. 54
Nomenclature Summary: Multiple Segment Formulation . . . . . . ... .. 65
Nomenclature Summary: Multiple Independent Control Formulation . . . . 76
Segment Dependencies for Analytic and Numerical (Forward Differencing)

Derivatives . . . . . . . . e 91
Physical Characteristics for a Micro-Satellite . . . . . ... ... ... ... 122
Comparison of Solutions with Various Parameters . . . .. ... ... ... 171
Weight Distribution for Two Pointing Surveys . . . . . . . .. .. ... ... 173
Thruster Technologies Against Spacecraft Size Estimates . . . . . . . . . .. 228

xii



1.1

2.1
2.2
2.3
24
2.5
2.6

3.1
3.2

3.3

3.4
3.5

4.1
4.2
4.3
4.4
4.5

4.6
4.7
4.8
4.9

List of Figures

The Parametersof & . . . . . . . . . . ..

Categories of Optimization Algorithms . . . . . . . .. ... ... ... ...
Iterative Path from Initial Guess, xo, to Final Solution, z; . . ... .. ..
The Zermelo Navigation Problem . . . . . . .. ... ... .. ... .....
Optimal Path (a) and Control (b) for the Zermelo Problem . . .. ... ..
Geometric Interpretations of Equation 2.31 . . . . . . .. ... ... ....

Uniformly Spaced and LGL Spaced Interpolating Functions for r(¢) with 10
nodes (a) and 20 nodes (b) . . . . ... Lo

An Example of Segments and Knots at Two Consecutive Iterations . . . . .

Optimal Path (a) and Control (b) for the Minimum Acceleration Zermelo
Problem . . . . . . .. ..

Conceptual Control Profile with Segment Divisions at Two Consecutive It-
erations . . . ...

Effects of Alternative Derivative Definitions on Optimization Path . . . . .

Sample Four-Knot Sequence . . . . . . . . . . .. . ... ... ... .....

Individually Stable Systems . . . . . . . . .. ... ... ...
Two Switching Laws . . . . . . . .. ..
Minimum Lyapunov Function Switching Law . . . . . .. ... ... . ...
FSCT Locally Optimal Switching Trajectories . . . . . . . .. .. ... ...

Optimal Solutions for the Minimum-Time and Minimum-Acceleration Lunar
Lander Problem . . . . . .. . ... . ... .. ..

Scenario Resulting in Multiple Optimal Solutions . . . . . . . .. ... ...
Model Predictive Controller Simulations for the Lunar Lander . . . . . . . .
Micro-Satellite Illustration . . . . . . . . . . . . . . .

Fixed Thrust Propulsion . . . . . . . . . . ... ... ... ... ... ...

4.10 Fixed Thrust Attitude Control . . . . . . . . .. ... ... .. .. .....
4.11 A Variable Amplitude Thruster Nozzle . . . . . . . . .. .. ... ... ...

xiii

10

20
26
51
53
57

59

64

70

7
90
91

102
103
105
108



4.12
4.13

5.1
5.2
5.3
5.4
9.5
5.6
5.7
5.8
5.9
5.10
5.11

6.1

B.1
B.2
B.3
BA4
B.5
B.6

Variable Thrust Attitude Control . . . . . . . . .. .. ... ... ...... 135
FSCT Variable Thrust Attitude Control Torque vs. Unconstrained Attitude

Control Torque . . . . . . . . . . e 136
Implementing a Continuous Control Solution with Finite Burns . . . . . . . 141
CR3BP Frame . . . . . . . . . . e 143
Reference Halo Orbit for Chief Spacecraft with Origin at Iy . . . . . . . .. 146
Formation Pointing . . . . . . . . . ... o 148
Baseline Initial Guess . . . . . . .. .. L L oo 166
Feasible Initial Guess . . . . . . . . . . . . .. 167
Baseline Solution . . . . . . . .. L L o 169
Formation Emphasis: Comparison of 26, 98, 290 Points . . . . . .. .. .. 175
Plane Emphasis: Comparison of 26, 98, 290 Points . . . . . . .. .. .. .. 175
Formation vs. Plane Emphasis: Scaling for Formation Emphasis . . . . . . 178
Formation vs. Plane Emphasis: Scaling for Plane Emphasis . . . . . . . .. 179
Traffic Flow Problem: Four Lanes, Two Intersections . . . . . . . . ... .. 191
TPF Interferometer Candidate Formations: Linear DCB and X-Array . . . 209
Planetary Accelerations for the Collinear Libration Points for 2008 . . . . . 219
Lyapunov-Based Controller for an Arbitrary Libration Point Trajectory . . 225
Niches for Current Thruster Technology . . . . . . .. ... ... ... ... 227
Two Thruster Configurations . . . . . . . . . . . . ... ... ... .... 231
Thruster Gimballing . . . . . . . .. ... 232

Xiv



Chapter 1

Introduction

Prevalent in many engineering fields are systems composed of interdependent con-
tinuous and discrete components. A physical system that describes an object’s position or
temperature, for example, necessarily involves continuous variables, using differential equa-
tions to express their time-varying characteristics. However, what if a digital computer or
human decision-making were involved in the process? At some level, some variables are
reduced to a finite set of feasible values (such as ‘0’ and ‘1’ for the digital computer). In
some cases, their values may be controlled; otherwise, relational equations may express their

values as a function of the other continuous or discrete variables.

Systems that incorporate both continuous and discrete dynamical elements are
termed hybrid control systems.! These systems have gained the interest of researchers due
to the challenging aspects of their dual structure. Although strictly continuous and strictly
discrete control methods exist, many of these techniques are not designed to address prob-
lems involving hybrid systems, particularly regarding stability and optimality. The hybrid
control problem is the focus of this investigation; specifically, a new method is developed
for the determination of the continuous and discrete control variables that affect a hybrid
system. In the present formulation, the objective is to determine the optimal values for
discrete control variables constrained to a finite set. Dependent continuous variables are

included, and extensions for independent continuous variables are also considered.

The current study presents a method that effectively treats the finite set control

problem. Solutions derived using this method are characterized as optimal switching sched-



ules, representing control histories contained in finite sets of feasible control values. The
optimal control problem is transcribed into a parameter optimization problem, and the solu-
tion is subsequently determined using an existing Nonlinear Programming (NLP) algorithm,

such as SNOPT? (hereafter, called the optimizer).

The Finite Set Control Transcription (FSCT) method is essentially a formulation of
the finite set optimal control problem as a parameterized nonlinear programming problem.
The structure is unique among other collocation methods, but it is flexible enough to treat
a large set of problems. This study is devoted to developing the methodology for gener-
ating an appropriate formulation for any applicable hybrid control problem. In addition,
the capability and utility of the method are further explored by demonstrating a range of
applications. In so doing, the scope of the method is characterized, ideally inspiring ad-
ditional applications outside those presented here. However, most applications presented
in this investigation focus on aerospace systems, as these represent the initial motivation

behind the development of the FSCT method.

1.1 Previous Work

Research in the subject of hybrid systems is still fairly new to the control and com-
puter science communities. Although direct references are available as early as 1966,% the
field has gained far more interest in the last twenty years. Researchers have explored system
modeling, structure, stability analysis, optimality, and the associated control methods for

hybrid systems.

It is difficult to categorize all of these efforts, as they seem to approach the subject
from a number of different perspectives. Applications are apparent in medical diagnos-
tics, psychology, education, economy, management, and sociology, as well as many of the

various engineering disciplines.* Each field brings its own background, motivations, and



terminology, and efforts to unify the subject are important additions to the available liter-

ature.!

Hybrid systems theory is sometimes employed to accurately model complex dynam-
ical systems. These are sometimes termed fuzzy systems because of the ‘fuzzy’ boundaries
in ‘if-then’ type relations included in the dynamics. Subsequently, studies in hybrid control
have led to rule-based control methods. Other designs use artificial neural networks, ge-
netic algorithms, or combinations thereof for analysis.*? Indeed, an actual biological neural
network is an example of such a hybrid system, where neurons fire electric pulses only when

its inputs’ sum exceeds a threshold.

System stability is another area of emphasis for hybrid systems. Stability anal-
ysis assists the designer in identifying stable control laws for hybrid systems, just as for
continuous and discrete systems. In the case of a hybrid system, the focus is often on
switched systems, where a switching variable is used to indicate the system mode or dy-
namics vector field governing the system at a given time. It is observed that in most cases,
researchers consider a single switching variable when performing analysis. Using different
Lyapunov-like functions for each system mode, for example, conditions for stability can be
obtained, leading to switching strategies based on the Lyapunov-like functions and/or their

time derivatives.5® Lagrange stability is analyzed via iterated function systems theory.”

Cases with more than one discrete component are less common in the literature and
usually appear for more specialized cases, such as those involving linear systems and/or a
limited number of variables.'%!'! Some methods capitalize on similar theory as the single
discrete variable case, while others extend to other methodologies. For example, power
and water systems design and control may rely on a combination of genetic algorithms
and linear programming.® Other nonlinear systems employ optimal control strategies

involving a generalized Bellman equation, impulse control, and linear programming.''?



Classical optimal control theory is also used to address, at least, the continuous aspects of

a problem. 1314

The solution process presented in this study relies on numerical optimization tech-
niques rooted in sequential quadratic programming. The associated background is presented
later, in Chapter 2. However, the key element of the FSCT method is ultimately the gen-

eralized formulation developed during the course of this study.

1.2 General Problem Statement

The hybrid system under consideration for this investigation is governed by the
dynamics

y:f(t’yau)v (11)

where the vector, y € R™v, represents continuous state variables,

Yy = [yl yny]Ta (12)
Yi € (Cla

and u consists of n, control elements limited to finite values as
’ (1.3)

The function, f, describes the continuous variation of the states in terms of time, ¢, and
the present values for each state and control.! Each control variable, u;, can take on m;

possible values which define the set U;. The total number of control combinations is

'Provided a time-explicit control, u = u(t), and an initial state definition, y,, at some initial time, to,
it is possible to express the states explicitly with time as y = y(¢). Likewise, the state derivatives may be
expressed as ¥y = ¢(t). For simplicity in Equation 1.1 and throughout this work, the explicit time-dependence
in y, u, and ¥ is assumed.



Thus, the control effort, at any given time, is determined by identifying one of the m control

variable combinations that define w.

At first glance, this formulation appears to limit the method to a specific class of
hybrid systems: all states are presented as continuous and all controls are discrete. Thus,
systems with discrete states or continuous controls are apparently excluded. However, the
FSCT method can be tailored to include continuous state and control variables within y and,
likewise, discrete states and controls in w to allow for a more general treatment of hybrid
systems. The necessary adjustments, however, may be specific to the given system. These
considerations are addressed in Chapter 6. It is also observed that many control variables
traditionally modeled as continuous may be more accurately described by a combination
of continuous dynamic states and discrete controls. This characteristic is demonstrated
by example in Chapter 4. Thus, the formulation of Equations 1.1-1.3 is not necessarily
restrictive. For continuity and clarity, in this study the term state implies a continuous

variable, while control, a discrete one.

1.3 Applications

Although processes exist in nature that are accurately modeled with only
continuously-varying dynamics, it is often the case that some level of decision-making occurs
in the process. The decision is made by any number of sources, from natural to man-made
technologies, but it is clear that the selection is among a discrete number of options. Thus,
a hybrid system results, exhibiting continuously-varying and discretely-chosen components.
It is observed in the literature that this often takes on a hierachical structure, where contin-
uous or time-driven dynamics exist at the lower levels and discrete or event-driven dynamics

exist at the higher levels. '3

To motivate the following development, it is worthwhile to consider some general

application areas where the FSCT method is useful. Certainly, systems involving hysteresis,



collisions, or transmissions are hybrid in nature and can benefit from FSCT analysis.' Some

additional applications are presented here.

Fixed Thrust Aerospace Systems

The genesis of this investigation is attributed to libration point interferometery
missions such as TPF16 and MAXIM, " which require precision tracking of spacecraft
formations while maintaining fixed vehicle orientations. If translational control is limited
to fixed thrust actuation in specified thrust directions, a discrete control problem results.
In this case, decision variables exist for each translational thruster, and control is limited
to two values per variable, indicating ‘on’ or ‘off.” Spacecraft positions and velocities are

continuously varying states whose dynamics are directly affected by the finite set controls.

A similarly structured problem considers spacecraft attitude control with fixed mag-
nitude reaction jets. Again, control variables indicate the on-off status for thrusters, and
spacecraft orientation and angular velocities are modeled as states with differential dynam-

ics.

Operations Analysis

Operations analysis applications exist for optimizing task scheduling and resource
allocation. As an example, consider a resource (such as a person’s time) that can be applied
to a number of different operations, either in series or parallel. A control variable is assigned
to each operation, and its value indicates whether the resource is applied to it or not. The
dynamics of each operation may be affected by each control value. In this example, the
control variables can only take on a finite set of values, but the system is still continuous

in time and in state dynamics.



Constrained Optimal Control Systems as Hybrid Systems

The subject of constrained optimal control is relevant to many engineering fields,
from aerospace to industrial applications. Constraints may exist on both state and control
variables, as point or path constraints. Often, control constraints represent actuator satu-
ration, and these are treated by bounding control variables with a minimum and maximum
value. Generally, control solutions are acceptable as long as the variables remain within
the continuous spectrum between the bounds. Depending on the cost to be minimized, an
optimal control history may likely exhibit ‘bang-bang’ control behavior, switching between
minimum and maximum values. If this control behavior is assumed a priori, a continuous
(but constrained) optimal control problem may be treated as a finite set control problem,

where the finite set consists of each control’s extremal values.

1.4 FSCT Method Overview

The Finite Set Control Transcription is a formulation of the hybrid optimal control
problem as a parameter optimization problem that can be solved using a standard optimizer.
The following overview is intended to provide a basic description of the methodology. The
optimization techniques employed and a complete development of the methodology are
presented in Chapters 2 and 3 to follow. Note that, although the method demonstrated
here is rooted in direct collocation, alternative formulations exist that capitalize on the

structure of indirect or direct shooting methods.

In the most basic sense, a transcription formulation seeks to convert the optimal

control problem defined by an objective,

tr
Minimize g = ¢(to, Yo, tf, Y ) —i—/ L(t,y,u) dt (1.4)

to



subject to Equation 1.1 and

=)
|

P (to; Yo),
Yty yy), (1.5)
0 = B(ty,u).

=]
|

into an NLP problem of the form,
Minimize F'(x) (1.6)

subject to
T

c(x) = cg(az) 650 () cif (x) cg(m) =0. (1.7)

Ultimately,  must contain the information necessary to express y(t) and u(t) for t € [ty ty].
In the resulting NLP problem, an initial guess for « is iterated until arriving at a feasible
and locally optimal set of values. Note that each problem has a cost function to minimize as
well as constraints for the dynamics, initial and final conditions, and any path constraints
imposed on the system. In the above problem definitions, all constraints are presented
as equalities, however, extensions certainly exist for inequality constraints, as well. The
nature of the transcription formulation dictates both the definition of the parameter vector,
x, and the number and forms of the constraint functions in ¢(x) in the resulting parameter

optimization problem.

Consider the following definition of the parameter vector used for an optimization

with the FSCT method.
T=[ yijk o Atig - to tf]T (1.8)

The vector, x, contains parameters that represent states, y; jx, and times At; y, to, and t;.
One of the key features of this parameterization is that control variables are not among
the parameters to be optimized. This is unusual: most collocation and direct shooting
methods optimize parameters that directly represent control variables. However, in this

case, a unique parameterization is necessary since the controls are discrete variables, while



the elements of @, by the nature of nonlinear programming, are necessarily treated as
continuous variables (although perhaps bounded and subject to constraints). However, in
this case, a control history is completely defined by the time elements in the parameter

vector.

Let the trajectory defined from initial time, Zg, to final time, ¢, be broken up into
ng segments. The interior separation times between segments are termed knots. These
represent instances of time when the discrete control variables switch from one feasible
value to another. Suppose each control variable is allowed n; switches between #o and ¢y.

The result is that ngs = nyni + 1, and each control is held constant over each segment.

Define n,, as the number of nodes per segment. A node is a point in time at which
the values of the state variables are contained within the parameter vector. Specifically,
element y; ;x in Equation 1.8 represents the ith state at the j*® node of the k' segment.
Then, x contains nyn,n, elements pertaining to all of the states at each node. These state

values are used directly in the cost and constraint Equations 1.6 and 1.7.

The elements At;  in « indicate the elapsed time between two control switches for a
given control variable. Specifically, At; ; indicates the amount of time that passes between

the control switches at the (k — 1)™ and k' knots for the i*! control variable.

The values for each u; are pre-specified between each switching point. Thus, ujk
indicates the pre-specified value of the i*" control variable before the k" knot. With a
discrete number of feasible values, it is possible to set ng large enough such that each
possible control value is designated as the actual control value for some duration. During
the optimization, the values of At j, are determined, indicating the amount of time (possibly,

zero) that each control value is maintained.

The transcription definition is best interpreted with a visualization, such as Figure

1.1. In this conceptualization, consider the hybrid control problem with n, = 2 states and



U1 . . . n, =2
.sioo’.' ....'-.o'. Y
Ny = 2
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Figure 1.1: The Parameters of @

N, = 2 controls, where

[Ul = {17273}7

Uy = {-1,1}.

Next, assume the transcription is selected such that n,, = 4 nodes per segment and n; =5
switching points per control variable. Thus, the number of segments is n, = (2)(5)+1 =11

segments.

It is apparent from Figure 1.1 that each control variable may take up to ny +1 =6
different values over the trajectory duration. Arbitrarily, the control values are pre-specified
so that each control variable systematically switches between the feasible values for that

variable. Note that some feasible control values may not be members of the optimal solution.
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However, through iteration, the time durations between switching points are optimized. If
one of the pre-specified control values is unnecessary or non-optimal, then the value of the

respective time duration is reduced to zero.

Figure 1.1 further illustrates that the node distribution is not necessarily uniform
over the interval [tg t;]. The duration of each segment is dictated by the current values of
At; 1. The n,, = 4 nodes per segment are evenly distributed over a segment, but for shorter
segments, this means a closer spacing between nodes. Thus, the state values contained in

x may pertain to dense or sparse regions, depending on the time parameters in .

It is also important to note that two nodes are associated with a given knot: the
terminal node from the preceding segment and the initial node from the following segment.
Therefore, in this parameterization, two sets of state values are contained in x for the
times at each knot. For a feasible solution, continuous state variables exhibit identical
values at simultaneous nodes. Constraints in ¢(z) are included to enforce continuity across
segments. Of course, these constraints are not always satisfied on intermediate iterations
of the solution process. For example, in Figure 1.1, the continuity constraints for yo are
not all met. Subsequently, this & does not represent a feasible solution. During the FSCT
optimization process, elements of x are updated to ensure that, upon completion, the

continuity constraints are satisfied.

Additional constraints are included in ¢(x) to ensure that

TLk+1

0=ty —ty— ZA%, i=1,...,ny.
k=1

Also, at all times, At; ;, > 0 so that there are no negative time intervals.

By pre-specifying the control values, a collocation transcription results in which
control switching times are optimized to indicate an optimal control history over all of the
feasible control values. Multiple control variables are easily managed and treated indepen-

dently. The control variables for a given segment subsequently affect the hybrid system

11



dynamics, and they are included in appropriate constraint equations for that segment. As
the optimizer searches for a feasible and locally optimal set of parameters, the state values
are modified at each node so that, upon completion, the state and control histories represent

a matching, feasible trajectory.

The total number of feasible values for a control variable, m;, significantly affects
the choice of ng, the number of switching points allowed over the trajectory. Clearly, when
ng > max(m;), it is possible to pre-specify each control value over several time durations,
allowing more flexibility in the resulting NLP problem and a greater likelihood to converge
on a small local minimum. However, as nj gets larger, the sizes of  and ¢(x) also increase,
a feature that may complicate or slow down the optimization process. This characteristic
indicates the primary limitation of the FSCT method. In order to perform an optimization,
a user must specify ny, thus limiting the number of control switches to some maximum

value.

1.5 Organization

This effort is organized as follows.

e Chapter 2: Numerical Optimization Methods for Continuous Systems The
theory of optimal control and numerical optimization for continuous systems is re-
viewed to establish a relevant background. Some common numerical methods for
solving optimal control problems are surveyed to justify the approach selected for this

investigation.

e Chapter 3: Transcription Formulations for the Finite Set Control Problem
The FSCT method is presented in detail including arguments that explain its success.
The development starts from the context of continuous systems, introducing a tradi-

tional collocation transcription method first. Next, modifications and enhancements

12



are incrementally applied to the method to treat the discrete characteristics of finite
set control. Subsequently, many of the unique implementation issues are addressed,

focused primarily on the considerations associated with switching dependencies.

e Chapter 4: General Applications A series of applications is presented that is
designed to demonstrate the capability of the FSCT method. Results are compared
with those produced using alternative hybrid control methods to articulate particular

advantages or ways in which multiple methods can be used in tandem.

— The stability of a switched linear system is considered. In each control mode, the
system is stable, but certain switching structures result in instability. The FSCT

method is contrasted with a technique involving Multiple Lypunov Functions.

— Minimum-time and minimum-acceleration optimizations for a simple system in
two dimensions is presented. An FSCT optimal solution is implemented by a

real-time Model Predictive Control law.

— Attitude control for a small spacecraft using inexpensive cold-gas thruster tech-
nology is explored. The FSCT method is used for trajectory tracking with fixed

thrust and variable thrust dynamic schemes.

e Chapter 5: The Libration Point Formation Due to the extreme sensitivity of the
dynamical regime near the Sun-Earth/Moon libration points, unconstrained control
laws in this regime can require thrust levels below the limits of the technology presently
available, according to several studies focused on reducing lower performance bounds
on thrusters.®22 The combination of these conditions constrain actuators to either
thrust at their lower limits or not at all. This results in control solutions characterized
by a switching schedule that can be optimized. A survey is conducted to determine
the feasibility of precision formation keeping during interferometry mission phases for

a sample three-spacecraft formation.
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e Chapter 6: Extended Applications The limitations imposed by the general prob-
lem statement of Section 1.2 are addressed. Processes are described for transforming
different classes of hybrid control problems to conform to the FSCT formulation. Con-

tinuous controls, discrete states, and partial differential state equations are considered.

e Chapter 7: Conclusions The results of the investigation are summarized. Sugges-
tions are provided for areas in which future work may expand the results obtained in

the current effort.

Additional references are included in the form of an appendix.

e Appendix A: Model Predictive Control for the Hybrid System A more com-
plete development of a traditional model predictive controller is presented to demon-

strate how the concepts can be applied to the finite set control problem.

e Appendix B: Previous Work Towards Libration Point Formations A sum-
mary of other investigations into the feasibility of libration point formations provides

context for Chapter 5.
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Chapter 2

Numerical Optimization Methods for Continuous Systems

Although the focus of this investigation is on hybrid control problems, the methodol-
ogy presented here results from extending the existing methodologies for solving continuous
optimal control problems. This comes from the observation that many hybrid systems can
be formulated as constrained continuous systems. Thus, the fundamental background for
this research is the theory and numerical methods of continuous optimal control. This chap-
ter, then, focuses strictly on continuous systems. Extensions to hybrid control are presented

in the next chapter.

The methodology employed in this study is rooted in direct collocation, one of the
many numerical optimization methods of transcribing an optimal control problem into a
parameter optimization problem. This chapter develops the general methods employed to
arrive at the solutions to optimization problems. This provides context for the collocation
fundamentals, with the intent of justifying its employment over some of its more popular
competitors. To that end, this chapter is broken into four parts. A brief review of the
analytical theory of optimal control is first presented, as it is necessary for the rest of the
discussion. However, numerical optimization techniques are ultimately necessary due to
the generalized complexity of most problems of interest, complexities that often render the
analytical approach infeasible. The theory of numerical optimimization is addressed in the
second part of this chapter. The third part examines the various methods of transform-
ing the optimal control problem into a form suitable for implementation in a numerical
approach. In this section, the major advantages and disadvantages of various optimiza-

tion methods are compared. Finally, a classical example illustrates the methods available
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and their salient characteristics. This demonstration leads to the conclusion that direct

collocation serves as the best framework for the remainder of this investigation.

2.1 Review of Optimal Control Theory Fundamentals

The history and theory of optimal control is treated in many places, such as
Hull,?? Bryson and Ho,?* and Kirk.?® The scope of this work does not include an in-depth
development of the theory, so it is assumed that the reader is at least familiar with the
subject. However, since the fundamentals of the theory are the foundation of the present

analysis, the basic concepts are reviewed briefly here.

Consider a general optimal control problem presented in the form of Bolza.?3 The

objective is to determine the control history, w(t), which minimizes the cost function,
ty
3:¢(t07y05tf7yf)+/ L(t,y,U) dt, (14)
to
where t¢ is the initial time, ¢ is the final time, y € R"v denotes the state vector, u € R"«

represents the control vector, y, = y(to), and y; = y(ts). The optimal solution must

satisfy the vector dynamical constraint,

y:.f(tvya’u’)v (1'1)

as well as the constraints,
0 = d)O(tOvyO)v
0 = Pty yy), (1.5)
0 = Bty u).

Here, 1, € R™v0 is a vector of initial conditions, 9, € R"*# denotes the terminal constraints,
and B € R™ represents the path constraints imposed over all t € [tg t¢]. Note, though all the
constraints presented here are formulated as equality constraints, that is not a necessary
restriction. Extensions are available to accommodate inequality constraints as well. For

example, any inequality constraint, ¢ < 0, can be converted into an equality constraint,
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¢ = 0, with the use of a slack variable:23

In this case, the slack variable, «, is treated as a control parameter. If ¢ is satisfied along

the boundary, o = 0.

Many variations of the Bolza problem exist. For example, by augmenting the state
vector, the problem may be manipulated into Mayer form, where the cost is only a function
of ¢ (L = 0). In addition, it is possible to include constant parameters that must also
be determined in the solution. However, the form presented in Equation 1.4 sufficiently

envelopes the problems addressed in this work, and thus it is employed from here on.

2.1.1 First-Order Optimality Conditions

The conditions of optimality for the problem described above are derived via the
Method of Lagrange. Simply stated, the constraints are adjoined to the cost function
with Lagrange multipliers. An extremum is found by setting to zero the differential of the
resulting augmented cost function. This describes a point or arc where the gradient of the
cost function is normal to the constraints imposed. The augmented cost function, described

by j , is defined as

- tr
H:G(t07y07tf7yf7’/07yf)+/ (H(tayvuakal“o _)\Ty) dt? (21)
to
where
G(t07y07tfayf7'/07yf) = ¢(tﬂay07tf7yf)+Vg¢0(t07y0)+V3;¢f(tf’yf)’ (22)
H(t,y,u, A p) = L(t,y,uw) + X f(ty,u) + ' Bt,y,u), (2.3)

and vg, vy, A, and p are Lagrange multipliers associated with the initial and final endpoint

constraints, differential constraints, and path constraints, respectively. The set A, associated
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with the differential state equations, are also termed the costates, as each time varying
costate corresponds to a state. Note that the Lagrange multipliers associated with point
constraints are constant, but those associated with the time-varying differential and path
constraints are time-varying. Along any feasible trajectory (that is, a trajectory where the

constraints are satisfied), the cost function and the augmented cost function are identical.

The first differential of the augmented performance index is

dj = Gudto + Gyydyy + Giydty + Gy, dy; + Guedvo + Gy dvy + [(H — ATg) dt] !
ty
+ / (Hydy + Hydw + HaOX + Hudp — 079 — Aoy dt. (2.4)
to

In Equation 2.4, the subscripts of the form (-), are shorthand for the partial derivatives,

%. The differential is simplified by observing that

GVO = d’(j; = OTv

H, = p"=0",
resulting in several cancelations. In addition, integration by parts is performed on the term
/ “AT5y dt = [-ATsy] + / A oy dt
to substitute d¢ with dy throughout. The resulting form of the differential is,

d] = Gdto+ Gyydyy+ Giydty + Gy dy; + [(H — ATg) dt]" — [N syl

. /tf ((Hy + AT) Sy + Hu5u> dt (2.5)
to
(Giy — Ho) dto + (Gy, + AJ) dyo + (Gi, + Hy) dty + (Gyf — A?) dy
Ly
+ / ((Hy + )\T) oy + Hu5u> dt. (2.6)
to
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The steps taken between Equations 2.5 and 2.6 involve the relationship between the variation
and the partial
dy = 0y + ydt.

At an extremum, the differential in Equation 2.6 must equal zero. Thus, the coefficients
in front of each independent differential or variation must be zero. Because of the path
constraint, 3, though, the variations du are not all independent. However, it is possible to
choose the values of p such that the coefficients in front of the dependent variations of u
equal zero. Then, all of the coefficients in Equation 2.6 must be zero, and this leads to the

set of first-order differential equations for an extremum, the Euler-Lagrange equations,

y = fltyu),

_ T
A= _Hy(t7y7u’Aay‘)a (27)
0 = Hy(t,y,u,A p),

and the boundary conditions,
’(/)O:Oa ¢f:07 16207
Hy = Gy, Hy = -Gy, (2.8)
_ T _ T
Ao = =Gy, ; Af = Gyf.
The conditions presented in Equations 2.7 and 2.8 completely describe the optimal
solution to the Bolza problem. Unfortunately, these equations are mostly useful in deter-
mining analytical solutions to only the simplest of optimization problems. For moderate to

complex problems, numerical optimization methods are often the most common approach

in the identification of an optimal solution.

For the discussion that follows, assume a distinction between ‘techniques’ and ‘meth-
ods’. The term technique is used in this context to indicate a process for solving a function
minimization problem. Note, however, that the optimal control problem is one of func-
tional minimization, as the cost function in Equation 1.4 depends on other functions. The
term method, then, implies the process of converting the functional minimization problem
into a function minimization problem. Numerical methods are the focus of Section 2.3 and

beyond. First, however, consider the techniques available for optimizing a function.
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Figure 2.1: Categories of Optimization Algorithms 2°

2.2 Some Numerical Optimization Techniques

The process of identifying a solution to an optimization problem may benefit from
a variety of existing techniques. It is outside the scope of this study to examine all
of them closely. Even classifying them is a challenge, as there are so many character-
istics to consider that identify any technique. Figure 2.2 illustrates one possible clas-
sification, where various optimization algorithms are broken into non-mutually exclusive
branches.?® Each of the branches indicates a significant characteristic, and the techniques

available to solve each category vary accordingly.

Consider, for example, the limb that branches to either discrete or continuous pa-
rameter optimization. In the context of optimal control of hybrid systems, this is perhaps
the most important distinction to make among the various techniques. Without techniques
that can treat both discrete and continuous parameters in a simple, concise manner, nu-

merical optimization of hybrid systems must begin from either a discrete or continuous
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technique. The greatest subsequent effort is in determining how to treat the other type of
element once a specific branch of techniques is selected (i.e. how to treat discrete variables

using a continuous technique, or vice versa).

This investigation, again, begins from the continuous control problem presented
in Section 2.1. Consequently, a continuous technique is selected. However, it is impor-
tant to note that discrete techniques, such as integer programming, combinatorial

27,28

algorithms, or dynamic programming,?® have all been employed by others to treat the

discrete components of hybrid problems.

In addition, it is reasonable to limit consideration to those techniques that minimize
tractable functions with multiple static parameters. Assume that the function minimization

problem can always be expressed as a cost in the form
J=F(x). (2.9)

The parameters, € R", are constants to be determined, and the solution is a static
point in n-dimensional space. These limitations reduce the pool of numerical techniques

significantly, leaving two more branches in Figure 2.2 to consider.

One branch distinguishes global techniques from local techniques. For example, an
erhaustive search is a global technique that requires a sampling of the cost function over
the entire domain. To evaluate a sufficient sampling of the solution space in most cases
is extremely time consuming and certainly inefficient. Genetic algorithms,?% modeling the
natural selection process, have the ability to jump out of local minima in favor of a global
minimum. Formulations for continuous or discrete parameters are possible, and genetic

algorithms have been used previously on hybrid systems.*?

Alternatively, this analysis favors local techniques, which generally outperform ge-

netic algorithms when the analytic cost function is well-behaved. Local techniques examine
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the vicinity of a current iterative point to determine how to select the next point. Some

common local techniques for unconstrained minimization are listed below.

e Quadratic programming algorithms are effective in determining the minimum for con-

vex quadradic cost functions.

e Non-derivative techniques, like the simplex technique, seek to determine a ‘downhill’
direction without the evaluation of derivatives. For example, by examining the values
of the cost function at the nearby vertices of an (n + 1)-gon, an update is made by

replacing the highest value vertex with a new point.

e First order derivative techniques require smooth functions (in order to evaluate deriva-
tives) and move a nonoptimal point downhill until it reaches a local minimum. The
gradient or steepest descent technique simply evaluates the slope of the cost function
at the current point and moves to the next point along the path where the slope is

steepest.

e Local techniques using second order derivatives are quite popular. For example, the
Newton-Raphson®° technique applies the properties of a quadratic function to deter-
mine an update direction to move to the next point. It is applicable for all smooth
nonlinear functions and is guaranteed to reach the minimum of a quadratic function

in n iterations.

The efficiency, robustness, and maturity of the derivative techniques motivate their
use in solving optimal control problems from here on. They can easily be implemented
in the case of unconstrained optimization, and well-developed algorithms are available for

their implementation with constraints formulated as the functions,

clx) = 0,

¢(x) < 0.



The discussion continues with a review of both first and second derivative techniques,

with formulations for addressing constraints in function minimization.

2.2.1 Derivative Techniques

Consider a general unconstrained parameter optimization problem, where Equation
2.9 is the nonlinear cost function to be minimized. The optimal values of x are those
than minimize F'(x). The basic optimization process is to perform an iteration on x until
a locally optimal point is determined. Thus, from any arbitrary set of values for @, the

objective is to determine the update, Ax, such that
F(x + Az) < F(x).

Therefore, on each iteration, @ is updated and the cost is reduced. On the p'" iteration,
ZTp+1 = Tp+ Ax,. The process continues to iterate on x until either |F(xpi1) — F(xp)] < €

or ||&p+1 — xp|| = [|Az,|| < € for some sufficiently small € > 0.

Assuming that n > 1, the update, Ax = ad, consists of two parts: a direction and
a magnitude. From the current value of x, a candidate search direction, d, is determined,
and a positive value for « is computed. Thus, the point x is updated, during each iteration,
by computing the change in & as a positve step a along the search direction d. Techniques
are primarily identified by how d is determined. Once d is known, the optimal value of
« is determined. The search for the optimal o may benefit from any number of simple
one-dimensional search algorithms. Although the various line searches available for this
operation are not discussed here, in a general sense F'(x + ad) is evaluated for different

values of « until the minimizing value (to tolerance) is determined.

It is relevant, however, to develop some techniques for determining the update di-
rection, d. The Gradient and the Newton-Raphson techniques represent first and second

order derivative techniques, respectively, and are both discussed below.
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2.2.1.1 Gradient Technique for Unconstrained Problems

The Gradient technique, as its name implies, defines Ax according to the gradient
of the function to be minimized. It is a first order method, as it is derived from the first

order approximation of the Taylor series.

F(x+dx) = F(x) + Fg(x)dx + ... (2.10)

Consider a minor optimization problem, solved on each iteration to determine Ax
to maximize improvement. For this technique, the minor problem originates from the linear

function defined by truncating Equation 2.10 after the second term.
I =F(x+ Az) — F(x) = Fp(x)Azx

Note that the greatest improvement on x results when _# is minimized with respect to Ax.
For the linear function in Ax, as long as the update direction is along a negative slope, then
the larger the magnitude, the smaller value of . Since the purpose of the linearization is
to determine the search direction for the nonlinear function, let & = 1 temporarily, and fix

the magnitude of the search direction such that ||d|| = a > 0. This becomes
S =Fx+d) - F(z) = Fe(2)d,

subject to

d'd = a®.

Minimizing ¢ with respect to d can be interpreted as the best improvement on the lin-
earized approximation for a given step size, a. If the step size is added as a constraint, then

the augmented minor cost function is

J = Fy(z)d+ ) (d'd - d?).
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By setting /d =07 and j,\ = 0, the update is derived:

AT
= TR @)

Since a is arbitrary, let it be equal to ||F.L (z)|| so that

d = —Fg(:c),

Azx = ad= —aoFL(x).

Thus, the gradient Fg (z) indicates the step direction and « the step size. The step direction
is defined by the gradient of the function at the current point, and it represents a move in
the direction of steepest descent. Note for the linear approximation, the step is guaranteed
to be downhill. That is,

S = —aFy(x)F (x) <0

for a > 0. Therefore, if « is small enough such that the linearization of Equation 2.10 is

accurate, then the update is guaranteed to improve the current cost.

A demonstration of the Gradient technique is illustrated in Figure 2.2, which depicts
a contour of F'(x) along with the path of x after several updates. At a given point, the
update moves the point along the direction of steepest descent as far as possible. Where
the line of the update direction is tangent to the contour of F(x), « is optimized. For
the next iteration, the update direction is necessarily perpendicular to the previous update
direction. Therefore, the Gradient technique guides the point to the minimum through a

series of 90 degree turns along the contours until tolerance is achieved.

2.2.1.2 Newton-Raphson Technique and Beyond

The Newton-Raphson technique uses the Taylor Series approximation to the cost

function with three terms.

1
F(x+dx) = F(x) + Fy(x)dx + §dacTme(a:)d:c + ...
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Figure 2.2: Iterative Path from Initial Guess, xg, to Final Solution, x s

As with the Gradient technique, the search direction, d, is determined through the minor
optimization problem, seeking to maximize the improvement on the cost function on the
current iteration. Again, assume temporarily that « = 1 so that the minor optimization

variable is the search direction,
1
7 =F(x+Azx)— F(z) = F(x +d) — F(z) = Fp(x)d + §dTFm(ac)d.

The objective remains to minimize _# with respect to d. While the Gradient technique
requires a constraint on the magnitude of d, this minimization can remain unconstrained
because of the quadratic form of the cost function. Under the assumption that the second
derivative Hessian, Fpyz(x) > 0 (positive definite), a minimum on _# can be determined.

Thus, taking the derivative with respect to d and setting it equal to zero,

FIa = Fy(x)+d Fyg(z) =0,

d = —Fl(x)FI(x). (2.11)
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Equation 2.11 represents the optimal update (magnitude and direction) for a quadratic
cost function (that is, Ax = d). With a higher-order or nonlinear cost function, then,
this update direction is employed, but the best magnitude for « is determined with the

one-dimensional line search. Thus, in general, the Newton-Raphson update is

Az = ad = —aF,,) (x)FL (x). (2.12)

T

Although it is generally much faster than the Gradient technique, two significant
drawbacks to the Newton-Raphson technique exist. First, as seen in Equation 2.12, the
Hessian inverse must be calculated. For higher-dimensional optimization problems, a formal
calculation of the inverse may be costly. Consequently, it is recommended to use less time

consuming methods for solving the linear equation,
Fro(x)d = —FL ().

In addition, it is possible for a higher-order or nonlinear cost function to have a non-positive
definite Hessian at the current point of &, even when the cost function contains a minimum.
In this case, a common practice is to use a Gradient technique until the Hessian becomes

positive definite. (Near the minimum, the Hessian is necessarily positive definite.)

Significant theoretical work has gone into improving upon the Newton-Raphson it-
eration. More efficient ways of updating the Hessian matrix have been discovered so that it
does not have to be directly calculated on each iteration. Variable metric or quasi-Newton
techniques comprise those that follow the basic update of Equation 2.12 with creative Hes-
sian updates, AF,;. Notable among these are the Davidon-Fletcher-Powell and Broyden-
Fletcher-Shanno-Goldfarb update algorithms.?!32 Most current nonlinear programming al-
gorithms employ one of these Hessian update procedures to increase the efficiency of the

algorithm.

27



2.2.2 Constrained Optimization

Consider the constrained problem, where Equation 2.9 is subject to equality and

inequality constraints, respectively,

ci(fx) = 0, i=1,...,n,

¢ile) < 0, j=1,...,nz

One way of determining the solution to this optimization problem is to convert it into
an unconstrained problem and use one of the treatments described above. A generalized
approach to accomplish this, one that accommodates all forms of constraints, involves the
use of penalty functions. For example, define positive weights, w and w, and modify the

cost function to:
Ne ne
Jd=F(x)+ Zwi || + ij max{0, ¢; }.
i=1 j=1

In this formulation, penalties are applied to any of the unsatisfied constraint equations,
according to the weights. Although the minimum of this function is also the minimum of
the unpenalized function when the constraints are met, careful consideration must go into
the initial guess and the values of the weights to ensure that the optimization algorithm

does not settle on a local minimum that does not satisfy the constraints.

A more commonly used approach to constrained optimization is sequential
quadratic programming (SQP). Define the augmented cost function, also known as the

Lagrangian, as

I= L =Fla)en’ | 2.

At each iteration, a quasi-Newton algorithm is used to approximate the Hessian matrix of

the Lagrangian function, Lg,. Then, a minor optimization problem is derived from the

quadratic approximation of the Lagrangian,

J =Lx+d)— L(x) = Ly(x)d + %dTme(sc)d,
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with linearized constraints

(ci)ygd+c = 0, i=1,...,n,

@) d+é < 0, j=1,...,nz

The minor optimization problem is a quadratic programming problem in d. Note that it
is similar in form to the second order unconstrained minor problem. The only differences
are that the quadratic, ¢, is an approximation of the augmented cost function, instead
of an unconstrained cost function, and that there are now linear equality and inequality
constraints. With the new constraints, an analytic solution for d is no longer available, but a

solution can generally be found easily using an iterative quadratic programming algorithm.

The method receives its title in that, on every major iteration (which determines «
and d), a minor optimization is solved with quadratic programming. As it turns out, this is
an efficient way of solving the constrained problem. Often, SQP algorithms can converge on
a constrained problem even quicker than on an unconstrained problem, as the constraints

serve to limit the solution search space.

2.3 Numerical Methods of Solving the Optimal Control Problem

The techniques described above treat constrained and unconstrained function min-
imization problems to determine an optimal point, . The optimal control problem of
Equations 1.4, 1.1, and 1.5, however, seeks a minimum function, w(t). Thus, to use the
techniques described above, it is necessary to determine a method for transforming the
optimal control problem into a function minimization problem. A problem in & must be
devised, such that the n parameters represent, in some way, the information necessary to
identify the constants and time-varying states, controls, and Lagrange multipliers of the
optimal control problem. The method determines the form of the equality and inequality

constraints ¢(x) and ¢(x), as well as the optimizing function, F'(x).

29



Many methods exist for reformulating the optimal control problem so that it may
be implemented using a standard NLP technique. The number of parameters required can
vary greatly across methods. Each method, of course, has its advantages and disadvantages.
For a given problem, the most suitable method is sought. In this section, several methods
are outlined and contrasted, through an example, to identify a method suitable for the

applications explored in this investigation.

The methods for transforming an optimal control problem, in preparation for the
subsequent numerical solution process, fall into one of two categories: indirect and direct.
One distinction between the two categories is that indirect methods rely heavily on the the-
ory presented in Section 2.1, while direct methods take a more ‘brute force’ approach. The
direct methods are classified further based on how the differential constraints are imposed.
Explicit integration, implicit integration, and spectral (differencing) methods are discussed

here.

The performance of each method can be characterized by the accuracy of the nu-
merical solution as compared to an analytic solution, the ease of convergence, the speed
of convergence, robustness to initial guesses, and so on. In some cases, the problem may
dictate the appropriate method to use, depending on which of these characteristics is more

important.

2.3.1 Optimal Control Solutions via the Indirect Method

An indirect method of solving the optimal control problem employs the analytical
results derived in Section 2.1.1. All optimal control problems can be reformulated into a
two-point boundary value problem (BVP) in y and A, and an indirect method attempts to

solve the BVP numerically.
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Consider again the Euler-Lagrange conditions,

Yy f(tayau)v

— T
A= _Hy(t7y7u7)‘7u)7 (27)
0 = Hy(ty,u X p),

and the boundary conditions,

¢0:Oa wfzou /6:07

Hy = Gy, Hy = -Gy, (2.8)
_ T _ AT
Ao = —GT, Ar=Gl .

Recall that the path constraint Lagrange multipliers, p, are chosen to make H,, = 0 for
all controls, ¢ = 1,...,n,. Then, as a minimum, g is known as a function of ¢, y, and A.

Thus, with the equations 8 = 0 and H,, = 07, it is possible to determine the control law,
U = u(t7 y’ A)?

and the control input can be completely eliminated from the equations. Subsequently,
T . .
an augmented state vector may be defined as z = [yT /\T] . Note that the differential

equations describing the augmented states are of the form z = 2(t, z):

Ity ult,y,N)) y(t, 2) } ‘

z= [ z ] = [ —HE (t,y,u(t,y, X), X, u(t, y,\)) ] - [ Alt; z)

Along with the remaining boundary conditions, the result is a two-point BVP on [tg t¢].

The BVP can be implemented into a numerical algorithm. As an illustrative exam-
ple, consider the case where the initial and final values of the states and time are specified.

That is,

Q/JO — |:y0_y8:|:0’

to — 3
_ Yy |
vy = [tt*f]_o'
F0f

T
The corresponding Lagrange multipliers for the endpoints are vg = [VZO 1/,50} and vy =

T
[ng v f} . In this case, the remaining boundary conditions for the costates are Ag = —v/y,
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and Ay = vy, ;o which are both unknown. Thus, half of the initial conditions, zy, and half
of the final conditions, zf, are known. All that is left is to define an initial guess for Ay,
integrate z forward in time from to to ¢y, and continue to iterate on Ag until the integrated

values of y; match the specified values, y’}

This can be expressed using a shooting function, g, where

yf = g(AO)a

and the values of yj, t;, and t;‘c are embedded into g in order to perform the integration
of the augmented states. Previously, the numerical techniques formulate the problem as a
cost index, J = F(x), subject to constraints, c¢(x) = 0. Let the constraint equations be

defined as

Then the parameters to be optimized in @ are simply the initial values of the costates, Ag,

and the size of the problem is simply n = n,,.

The problem set up is complete even though F(x) is not defined. Note that the
optimization has already been accomplished, since the first order conditions of optimality are
intrinsically satisfied through the integration of 2. The numerical technique is only necessary
for determining the values of & that satisfy the constraints. When that is accomplished,

both y and A are known as a function of time, and the control, u(t, y, A), can be extracted.

The process just described is sometimes called shooting. Essentially, the guessed
initial values are shot to the final time, and then modifications are made to the initial values
through iteration until the constraints are satisfied. In this work, this method is specified
as indirect shooting to distinguish it from a method to be described below. Obviously,
this indirect shooting example is only for a fixed time problem with initial and final states

specified. However, the concept is the same for different sets of initial and final conditions,
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and the parameters that go into @ vary from problem to problem, along with the constraints

that must be satisfied.

Characteristics of Indirect Optimization

Because this process employs the Euler-Lagrange equations derived from variational
calculus, one expects the solution obtained from an indirect method to be the exact optimal
solution, if one is available. Thus, solutions obtained through indirect methods are more

accurate than those acquired through the use of direct methods.

One drawback to indirect shooting originates from the need to supply an initial
guess for the Lagrange multipliers. Thus, the convergence of the numerical algorithm is
dependent upon a priori insight into the behavior of the costates, an aspect of the problem
that is generally non-intuitive. Although some costates for certain problems might have
physical significance, it is very difficult to guess their initial values within a reasonable level
of accuracy. In addition, the costates are generally quite unstable. Small changes to their
initial values often produce large changes over their integration. This sensitivity makes
it difficult for a numerical algorithm to converge on the correct values. Thus, the user is
generally responsible for identifying a reasonably accurate initial guess for the parameters,

although this may not be possible for every problem.

Additionally, the above demonstration implies that the formulation of the BVP is
significantly altered whenever the boundary conditions are changed. Certainly, a different
dynamic model or cost function requires the formulation to be modified. However, even
the simplest change to the boundary conditions implies a change of potentially both input
and output arguments of g. This characteristic, by itself, is a potential deterrent when a

generalized methodology is desired.
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2.3.2 Optimal Control Solutions via Direct Methods

As an alternative, direct methods do not require insight into the Lagrange mul-
tipliers, as the Euler-Lagrange equations are not applied explicitly. There is an intuitive
appeal here; actually, limited understanding of optimal control theory is required to solve
a problem. At the most basic level, all direct methods attempt to discretize the problem of
Equations 1.4, 1.1, and 1.5 in order to produce parameters that the numerical techniques

can optimize.

The most simple implementation of this is direct shooting. Here, a continuous op-
timal control problem is transcribed into a parameter optimization problem where the pa-
rameters are simply the control values at specified (or derived) points in time. Definitions
of F' and ¢ are derived in order to represent the cost function and constraints of the optimal
control problem in terms of the control values (which will necessarily dictate the states) .
Similar to indirect shooting, a function is generated that shoots the initial conditions to the

final conditions,
yr=g(u),

and is used in F' and ¢. The concept is intuitive: if the objective is to determine an optimal

control, let the optimization parameters be the control values.

Discretize the problem in time at n,, different places, called nodes, associated with
times, ¢;, j = 1,...,n,. Then the parameters to optimize represent the values of the

controls at those times.

o= [urto) - wit;) -+ n,(ts)]"

If the discretized times are assumed to be uniformly spaced over the interval [to tf], then

tj =10+ J

p— (t; —to). (2.13)

34



If the initial and final times are free in the optimal control problem, then tg and t; are
included as optimization parameters in . In this case, the number of required parameters
becomes

n=n,Ny +2

where n,, is the dimension of the control, n, is the number of nodes, and two parameters
are designated for the unspecified initial and final times. Upon each iteration, the current
control values are explicitly integrated from the specified initial states and time to the
current final time. Then, the cost index and constraint conditions are evaluated in order to

choose a search direction to improve their values according to the numerical technique.

With direct shooting, insight into the costates is not required. Instead, only a
guess for the terminal times and the control values at the nodes is required to initiate an
optimization algorithm. The associated values of the states are derived through explicit

integration.

One may take advantage of available insight regarding the ‘shape’ of the trajectory
by modifying a direct shooting scheme to multiple direct shooting. The shape of a trajectory
refers to the physical states. By including as parameters the values of the states at some of
the node points, the states need only be integrated between parameterized state values. At
each iteration, the integrated states are compared to current values of the parameterized
states; the difference is called the residual. For each state that is included as a parameter,
a constraint equation is generated to allow the optimizer to drive residual errors to zero,
resulting in a smooth trajectory when all constraints are satisfied to tolerance. As a limiting

case, states can be parameterized at each of the nodes where the controls are parameterized.

Consider a parameter vector containing each of the states and controls at the nodes,

along with the initial and final time.

z = [yi(to) - wilty) - yn, (tr) wilto) -~ wilty) - un,(ty) to ts]" (2.14)
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State variables, control variables, and time are all represented in this parameterization so
that cost and constraint functions in terms of & can easily be derived to represent the optimal
control problem. Depending on how the constraints are defined, this parameterization goes
by several names. It is used in the limiting case of multiple direct shooting, but it is also used
for collocation (or implicit integration methods) and for spectral methods (or differencing

methods).

Under this parameterization, the number of parameters is potentially much greater
than for both indirect and direct shooting. The parameter vector in Equation 2.14 is of
dimension

n = (ny + ny)np + 2,
indicating the number of parameters that are optimized by the NLP algorithm.

The parameters thus defined as in Equation 2.14, the cost and constraint functions
can be defined in terms of . The vector constraint equation, ¢(x) = 0, accounts for the

initial, final, path, and dynamical constraints. Specifically, let ¢(x) be decomposed as

T

c(x) = 050(‘5) cif () cg(w) cg(a:) . (2.15)

Each of the elements of Equation 2.15 is defined next. The first three sets of constraints
are straightforward, and the rules outlined here apply for all of the methods using this

parameterization. Enforcing the dynamical (i.e. continuity) constraints, on the other hand,

requires further consideration.

2.3.2.1 Point and Path Constraints

Recall the initial, final, and path conditions as

0 = ".bo(toa’yo)a
0 = Ys(ty,yy), (1.5)
0 = B(t7y7u)'
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The objective is to generate equations in @ that represent these conditions. For the initial
and final conditions, however, the arguments of 1, and 1, are contained within the pa-
rameter vector since the first node is the initial point and the last node is the final point.

Therefore, the initial and final constraints translate directly, as

cpo(®) = Polto,y(to)),
where ¢y, contributes ny, constraints and ¢y, contributes ny, constraints.

The path constraint, 3, is enforced continuously for all ¢ € [tg tf]. With a parame-
terized set of states, controls, and times, a logical way of implementing a path constraint is

at each node individually. The ng path constraints are imposed at each of the nodes, such

that
cg, = B(tj,yty),ult)),
T
T T
es = [ et ]

This leads to ngn, path constraints. Note that, in this formulation, the path constraints
are not necessarily enforced between the nodes. This is easily resolved, for example, by
selecting a representative number of nodes in the transcription. Making n,, large limits the
spacing between nodes and increases the number of path constraints. As n, — oo, the

constraints of cg approach the continuous path constraints 3.

2.3.2.2 Continuity Constraints

In this section, the dynamical constraints of Equation 1.1 are transcribed into equa-
tions of the form
cy(x) =0.
The presence of dynamical constraints is the most important distinction between an optimal

control problem and a parameter optimization problem. Thus, in the conversion process,
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identifying the dynamical constraints is the central characteristic of the transcription. The
literature cites many different forms; some of them are compared here. In this study, the
methods are divided into integration methods and differencing methods. The integration
methods are further divided between explicit and implicit integration methods; the differ-

encing methods are sometimes known as spectral methods.

Consider momentarily the one-dimensional equation, y = f(t,y). If h = tj11 — t;
defines the spacing between two nodes, then the first order explicit (Euler) integration

formula is defined as

where y; = y(t;). This can also be written as

O:yj—H —Yj _hf(tjayj)v (2'17)
a more convenient form when the formula is employed as a dynamical constraint. Rear-
ranging Equation 2.16, one arrives at the first order forward differencing equation:

WU ),

which can also be rewritten as

—
0= % — f(tj,y))- (2.18)

Equations 2.17 and 2.18 are essentially the same equation, scaled by h. Thus, to first order,
integration and differencing are quite similar. The methods diverge as the order of accuracy
increases, but on a basic level the concept is the same. In order to establish constraints to
represent Equation 1.1, sets of equations like those in Equations 2.17 and 2.18 are imposed

at each of the nodes.
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Note also that a similar relation exists between the first order implicit integration

formula and the first order backward differencing equation:

Yir1 = Y;+hf(tjr,yi0m), (2.19)
7yj+1h_ e ftit1,yj+1)-

In Equation 2.19, y;,1 appears on both sides of the equation, and iteration is required to
arrive at its proper value. This is the primary distinction between implicit and explicit
integration. It can be shown that the implicit methods are more accurate for a given order
(that is, a given number of function evaluations), but at the cost of increased iteration.
However, the numerical techniques used in optimization are already iterative in nature, so
no significant added expense is incurred if implicit integration is selected as the method of

choice.

Continuity Constraints using Explicit Euler Integration

The explicit Euler formula of Equation 2.16 is derived from the Explicit Runge-

Kutta Formulation3

p
yirr = yi+hy cfi,
i=1

fi = f(t,y),
1—1

fi = f(thrhOéuyj-FhZﬂjkfk),
=1

with p = 1 and the variables o; and 3j;, chosen optimally. Therefore, only one evaluation

of the function f is required to shoot a state from one node to the next.

Now consider the optimal control problem with states y, whose values are known
at the nodes. More precisely, the states at the nodes are simply parameters that must be

optimized while meeting constraints. Therefore, the values of y,; associated with the current
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iteration are known. The explicit Euler formula can be used to shoot the states, y;, to the

next node at ¢j11. This provides an approximation for the states, denoted g, .
Uiy =Y +hf(tsy,,u;s)

Since the states, ¢;;1, do not necessarily match the known states, y;;, an equality con-
straint can be imposed in the parameter optimization problem to ensure that they do match

at the final iteration. Thus, define the constraint,

Cy = Yjr1 Ui (2.20)

Yjit1 —Y; — hf(tj7yj7uj)'

This constraint is imposed between each node for j = 1,...n, — 1. Assembling all of these
constraints into a single vector leads to ny(n, — 1) continuity constraints,

T

cy = cz;l cgnrl . (2.21)

When ¢; = 0, to within some specified tolerance, the dynamical constraint, y = f is

satisfied.

Continuity Constraints using Explicit Trapezoidal Integration

The Runge-Kutta formulation for p = 2 yields a second order explicit integration

scheme.

. h

Note that the Euler formula is embedded in the second function evaluation. If this relation
is combined with Equations 2.20 and 2.21, then n,(n, — 1) continuity constraints result

with errors now on the order O(h3).
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Continuity Constraints using Implicit Trapezoidal Integration
The Runge-Kutta Formulation for implicit integration is
P
yirr = yi+hy cfi

i=1

fi = ft,95),
P

fi = f (tj + hozi,yj + h25]kfk> . (2.22)

k=1
Note the subtle difference from the explicit formulation: the summation in Equation 2.22

is upper bounded by p. Thus, all of the f; equations are in the definitions of each other.

The implicit trapezoidal integration scheme is not much different than the explicit,

except that y; ; now appears on both sides of the equation,

9 [f(tjuyjuuj) +f (tj+17yj+17uj+1)] .

Y=y +
Again, the iterative nature of the integration equation is well-suited for an iterative opti-

mization method. Equations 2.20 and 2.21 are used to generate the n,(n, — 1) continuity

constraints with the improved integration scheme.

Continuity Constraints using Hermite-Simpson Integration

The Hermite-Simpson integration is the Runge-Kutta implicit integration scheme

with function evaluations p = 3, delivering an accuracy on the order of O(h%). Define

1

tm = 5t i),
1 h

Ym = 5 U +y) g (Fi—Fin),
1

Um = 5 (uy+uj),

.fm = f(tmaymaum)‘

Then, the estimate of the state at ¢;;1 is given by 33

N h
yj+1:yj+6(fj+4fm+fj+l)'
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The residual defects between nodes j and j 4+ 1 are calculated as

h
Cy =Y~ Y75 (fj+4Fm+Fi1)- (2.23)

As before, the residual equation is a vector of size n,, calculated for all j =1,...,n, — 1,
and applied to the constraint vector in Equation 2.21. When the defects are driven to zero
through the optimization process, and enough nodes have been applied to the discretization,

Equation 1.1 is satisfied to a tolerance within the accuracy of the integration scheme.

Continuity Constraints using Fourth-Order Differencing

An alternative approach for defining continuity constraints uses finite differences
instead of numerical integration equations. With integration schemes, the accuracy is im-
proved by using more function evaluations in the comparison between the ;'™ and the
(j + 1)™ node. With finite differences, improvements in accuracy are achieved by using
more points in the evaluation of the derivative approximation. Since the values of the
states are already known at the nodes, the objective is to use these values to approximate

the derivatives at the nodes.
Consider a single state, whose values, y;, are known at each node. Define the vector

_ T

to be values of the single state at each node. Spectral methods seek to determine an approx-
imation of the derivatives, i, by using a linear combination of the values, 4. Specifically,

let the derivative at the nodes be approximated as
y = Dy, (2.24)

where D is the n, x n, differentiation matrix, and D; ; denotes the element located in the

i*® row of the j*' column. Now for the n, state vector, define the matrix y € R"*" to be
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all of the states at each of the nodes, and f € R™*™ to be the values of the function at
each state and each node. Thus, §;; = y;(t;) and fj; = fi(t;, Yj,u;). Define C as a matrix

of constraints, where

If C is driven to zero to within some specified tolerance, then Equation 1.1 is satisfied. In

this case, the continuity constraints, c;(x), are the elements of C,
T
Cy g [Cl,l “ .. Cnn,ny] .

Note that there are a total of nyn, continuity constraints. The exact form of the differen-

tiation matrix, D, is yet to be determined at this point.

One candidate representation for D employs the Taylor series expansion of five

points near ¢; of the single state, y, truncated after the first five terms.

yio =y — 2hg; + Wy - Sy, 4 18,0
yier =y - hy o+ i - %?y] + Z—?y]@
yi = Y (2.25)
v o= oy + g+ A+ BT+ A
vier =y o+ 2hg 4 G+ S+ 1Y

Using the relations in Equation 2.25, it is possible to approximate y; with a linear combi-
nation of these five points. The approximation is determined as the derivative at ¢; of a 4th

order interpolating polynomial that passes through each of the five points. Express y; as
hijj = aj—oyj—2 + aj-1yj-1 + ay; + aj11Yj41 + aj42y542, (2.26)

where a;_o through a; 2 represent a set of coefficients to be determined. Inserting the

truncations of Equation 2.25 into Equation 2.26, and matching coefficients for each term of
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the form hky](-k), leads to five linear equations in five unknowns.

X 0 = aj—2 + aj—1 + a;j + aj+1  + aj12
h2yj 1 = —2aj_2 - laj_1 + laj+1 + 2aj+2
h3yj : 0 = zaj,g +  5a5-1 + ?ajqu + zaj+2
h y(i) 0 = —3Qj—2 —  §Qj-1 + 5441 T 3a542

4 . _ 2 1 1 2
h Y; 0 = 3052 +  51G5-1 + 330541 + 50542

When the system of equations is solved, the fourth order differencing equation is

g = Y2 8yj—1 + 8Yj+1 — Yj+2
! 12h '

This derivative approximation uses two node points before and two node points after the
node for which the derivative is being evaluated. For the nodes near the beginning and end
of the trajectory, it may not be possible to use as many points on each side of the node.
However, the concept shown above can be applied for any number of points before and after
the node. For example, the differentiation matrix associated with the use of two forward

and two backward points is

I n ]
P 4
11 4 _1
3 2 6
13 2 _1
1 12 3 3 12
1 2 2 1
5 0 3 ¢
1 1 1
6 2 g
1 _9 3
L 2 2 a

Along the interior nodes, the differencing produces fourth-order accuracy. At the nodes tg

and t¢, second order accuracy is achieved.

Continuity Constraints for Two Pseudospectral Methods

The limiting cases of the spectral methods are those that use every node point avail-
able to evaluate the derivative at every node. This is equivalent to fitting an interpolating

polynomial through all of the nodes, and evaluating the derivative of the polynomial at each
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of the nodes. In the Lagrange form, the fitted polynomial can be written as
Nn
Y(t) = > 6i()y;s
j=1

where

The node points, y;, may be treated as constants, so the derivative of the fitted polynomial
is simply

Y1) =D d;(t)y;. (2.27)

The objective is to determine, based on this structure, the value of this derivative at each
of the nodes, that is, %J(tl) which will serve as the approximation for jj. Once again, the
derivative approximation is expressed in terms of the differentiation matrix, as in Equation
2.24. Based on the form of Equation 2.27, it is evident that the elements of the differentiation
matrix are simply

Dij = ¢;(ti).

It is possible to deduce, through careful differentiation, that

Nn 1 Nn Nn

it =l =2 | [Tt (2.28)
k=17 "Ry | =1
k#j k#j | U#k.J

Further simplifications of Equation 2.28 are possible when assumptions are made
as to the spacing of the nodes. Two common spacings are traditionally considered for
collocation methods. Uniform spacing is assumed in all of the methods discussed thus
far, but the pseudospectral method is generally implemented with nodes distributed at the

Legendre-Gauss-Lobatto (LGL) points. The matrix definitions for both are presented next.
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With uniform spacing, relations can be drawn on the differences ¢; — t; and ¢; — ;
in Equation 2.28 in terms of the node space, h = tj;1 —t;. This leads to the uniform

pseudospectral differentiation matrix, whose elements are defined as

(=1)7 "4 (n, —i)!(i — 1)!

— — . 1F# 7,
h(i —j)(n, — )G — 1)!

Dij=4{ 1<~ _1 L
hlsi—k L=
k=1
ki

Alternatively, the spacing of the nodes may be at the LGL points, and the jus-
tification for this becomes apparent in the example presented in Section 2.4. A complete
derivation of the Legendre pseudospectral differentiation matrix is not included in this work,
although interested readers may look in several different sources.34 37 Within the present
scope, a familiar knowledge of Legendre polynomials, Py(t), is sufficient. These polynomi-
als represent an orthogonal set on the interval t* € [—1 1]. The polynomial Py (t) is an Nth
order polynomial with N roots within the interval. The LGL points that define the node
spacing here are the roots of the derivative polynomial, Pnn,l(t), along with the endpoints
—1 and 1. As usual, this contributes a total of n, nodes. Let the LGL points be identified

as t;‘f € [—1 1]. With this, the pseudospectral differentiation matrix can be defined.

2 P, —1(t) .
<t—t>t*—:*PZ gy (F
r—to) (& j) nn—1( j)
2 np(np — 1) i1
— = =
D;; = tr — to i J (2.29)
2 Np(np — 1) o
i=j=n
tr—to 4 ) J n
0, otherwise

Observe that, in Equation 2.29, each term is scaled by 2/(ty —to). While the spacing
of the LGL points goes from —1 to 1, the optimal control problem remains on the interval
[to t]. The differentiation must account for the actual interval of the trajectory. If this is

inconvenient, then all of the times could be scaled to the Legendre interval. In the case
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here, where the differentiation matrix is scaled to the true interval, the constraint equation,
C=Dy-f,

considers the actual times, ¢; € [to t7], when evaluating the function. The relation between

the actual and the LGL times is simply

th4+1
tj:to—l—(tf—tg) J2 .

2.3.2.3 Characteristics of Collocation Methods

The major disadvantage of a collocation method is the relatively large number of
parameters necessary in defining the transcription. This naturally has an effect on the
speed of convergence, as more functions and function derivatives must be evaluated or
approximated on each iteration. However, this effect can be minimized by using a non-
linear programming algorithm that identifies the sparsity patterns and efficiently evaluates

functions and function derivatives.

As always, convergence is dependent upon the initial guess. In this case, a larger
number of parameters allows the user to generate a guess from insight into either the states,
the controls, or both. An important characteristic of this parameterization is that the states
and controls do not need to be consistent for an initial guess. That is, the values of the
guessed states and controls need not immediately satisfy the governing differential equations.
For example, if a user has some idea of the shape of the trajectory, it can be reflected in the
state-parameters, and the guess for the control-parameters can be completely independent.
The resulting initial guess, in this case, does not represent a feasible solution, but the
optimizer is free to roam the solution space to find a feasible and locally optimal solution.
The flexibility gained in using a large number of parameters improves the likelihood for

convergence.
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Additionally, a large number of parameters can potentially guide an optimizer to
a solution. However, if a set of parameters represents a feasible or near-feasible solution,
it may be difficult for the optimizer to move away from the current point towards a more

optimal solution.

2.3.2.4 Verifying the Optimality of Collocation Solutions

Thus far, the methods presented are based on the assumption that the numerical
solution to the optimal control problem adequately represents the optimal analytic solution.
However, it is still important to provide adequate proof that the resulting arcs are truly
optimal, at least locally. To that end, the methodology presented here offers a means of

verifying the optimality of the numerically determined solutions.

In the transcription of the optimal control problem, a constrained parameter opti-
mization problem results with n parameters, x, and n. constraint equations, ¢(x). Recall
that the transcribed problem, with n, nodes, can be expressed in terms of a cost function

and constraints defined by

J=F(x), (2.9)

where the numbers of parameters, n, and constraints, n., are determined as,
n = (ny+ny)nn + 2,
ne = Ny, —|—nwf+n5(nn—1).

The traditional solution to the transcribed problem involves an augmented cost index that

is subject to a different set of Lagrange multipliers, 1, of dimension n,..,

J=F(z)+n"cx)
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The vector of constraints, ¢, consists of ny, equations that correspond to g, ny, equations
that  correspond to %y, ngn, equations that correspond to B, and
ny = ny(n, — 1) or ng = nyn, equations that parameterize the differential conditions,
y = f. Likewise, the vector of Lagrange multipliers, 7, has n,, values that correspond to
Vo, ny, values that correspond to vy, ngn, values that correspond to p, and ny values that

correspond to A at or in-between the nodes.

Thus, the Lagrange multipliers of the parameter optimization problem correspond
directly to the Lagrange multipliers of the optimal control problem.? For vy and v 5 cor-
responding values of m will match identically. Since the path and dynamical constraints
are satisfied at the nodes (for path constraints and spectral continuity constraints) or be-
tween the nodes (for integration continuity constraints), then values of  will match with

corresponding values of g and X either at or in-between the nodes.

Many numerical optimization packages allow the user to extract the Lagrange mul-
tipliers along with final values of the parameters. Thus, the Lagrange multipliers, n, are
available to the user along with the solution. After a numerical algorithm has converged,
all the states, controls, times, and Lagrange multipliers are known at each node. With
direct methods, the conditions of Equations 2.7 and 2.8 are not directly applied. However,
they can be used after a solution is determined to validate it. A user may verify that the
conditions are satisfied with the known parameters and multipliers. Simply, the states and
costates can be integrated from their initial values and time (which are known, at a mini-
mum, through the values of the Lagrange multipliers), to their final time to ensure that the

optimality conditions are satisfied.

2.3.2.5 Using Direct Solutions to Supplement an Indirect Method

While the accuracy of a solution from a direct optimization scheme may be inferior

to an indirect solution, the above observation lays a path for finding a solution with an
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indirect shooting method. For example, if a particular optimal control problem is using
collocation, then Lagrange multipliers are available that offer a very good guess to the
actual (continuous problem) Lagrange multipliers. This is a major benefit of collocation
methods, as the literature commonly refers to the difficulty in guessing the initial values of

the differential Lagrange multipliers for an indirect method.

Also, it is observed that a direct shooting scheme does not offer the same advantage
of providing insight into the values of the costates. The scheme does not require the states
to be carried as parameters to be optimized, and consequently, the constraint equations to
be satisfied in the parameterized problem do not correlate the same way to the initial, final,
and differential conditions of the optimal control problem. Although the implementation of
direct shooting is less cumbersome, the ability to verify optimality and/or provide insight for

indirect optimization generally offsets the added complexity of the collocation formulation.

2.4 Example: The Zermelo Navigation Problem

A straightforward approach to comparing some of the methods discussed above is
through example. In this section, a classical navigation problem is investigated using several

direct and indirect methods.

2.4.1 Problem Statement and Description

Consider a boat moving across a stream of water from one dock to another, as in
Figure 2.3. The stream is 10 meters wide, and the landing dock is 10 meters upstream from

the departing dock. The stream has a current described by,
W(y) =1+ sin(y1),

and the boat moves at a constant velocity of V' = 2 m/s. The objective is to move the

boat from one dock to the other in the minimum possible amount of time by controlling
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Figure 2.3: The Zermelo Navigation Problem

the boat’s pointing angle, u(t). Mathematically, the objective is to minimize
Jd=ty,

subject to

to — tEk)
0 = Po(to,yo) = | vi(to) —yi(to) |,
y2(to) — y5(to)

2.4.2 Direct Approach

To obtain a direct solution to the optimal control problem, consider the collocation

parameterization of Equation 2.14. Let the number of nodes be selected as n,, = 20. With
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ny = 2 states and n, = 1 control, the size of the problem is
n = (ny + ny)n, + 2 = 62,

with parameters

x = | Ty - X3g x40 Ty - Teo  Tel Tea |-
= [ wilt) wt) - yilte) vlte) ult) - ulte) to tp |

The times, t;, vary based on the node spacing of the method, but with both uniform and

Legendre node spacing, it is certain that ¢; = ¢y and ¢, = ;.

The initial and final constraints, according to this parameterization, become

to — ts Tel — 0
cyo(®) = Po(to,yo) = | vilto) —yi(to) | = | x1—0
y2(to) — y3(to) z2 —0
_ | wnlty) —yity) | | w39 — 10
Cl/)f (33) - wf(tf?yf) = Z/Q(tf) _ y%(tf) :| = |: Z40 — 10 :| .

Without path constraints, cg = [ ].

The simplest scheme for generating the continuity constraints is explicit Euler inte-

gration. In this case,

y1(t2) — y1(t1) — h{V cosu(t1)}
yg(tg) — yg(tl) — h{Vsinu(tl) —1- Sinyl(tl)}
cj(®) = :
Y1(tn,) — y1(tn,—1) — h{V cosu(ty,-1)}
| ya(tn,) — Y2(tn,—1) — h{Vsinu(t,,—1) — 1 —sinyi(tn,-1)}) |

x3 —x1 — h{Vcoszq}
x4 —x9—h{Vsinzy —1—sinz}

Tr39 — I37 — h{V COS $59)}
| L40 — T38 — h{VSin.%'59 —-1- sinm37} i

Assuming uniform spacing, the distance between two nodes, h, is defined as

h:tf—t0:$62—$61
n, — 1 n,—1
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Figure 2.4: Optimal Path (a) and Control (b) for the Zermelo Problem
Finally, the cost function is simply,
F(ZB) = tf = T62-

The parameter optimization problem is completely defined. Of course, modifica-
tions are required to the constraints c;(x) to accommodate the other continuity schemes
discussed. These are not expanded here for the sake of brevity, but the associated framework

was presented in earlier sections.

Comparison of Direct Solutions

The optimal trajectory for the Zermelo boat is illustrated in Figure 2.4. Displayed is
the path of the boat from the initial point, (0,0), to the final point, (10,10), and the control
history over the course of the trajectory. One may investigate how well the continuity

schemes for each of the direct methods presented here perform in duplicating this solution.

Each scheme is applied with n,, = 20, as developed previously, and also with n,, = 40.
Intuitively, it is expected that with more nodes, the solution improves, perhaps at the cost

of speed in convergence time. It is also expected that higher order methods of the same class
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perform better (Explicit Trapezoidal integration should outperform Explicit Euler; Implicit
Hermite-Simpson integration should outperform Implicit Trapezoidal). A comparison in
performance of each scheme is displayed in Table 2.1. For both sets of nodes, the table
describes whether the method was successful (i.e. the solution resembles that of Figure

2.4), the cost (i.e. the final time ¢f), and the number of iterations incurred.

For each trial, the initial guess places the Zermelo boat along a direct path (straight
line) from the initial point to the final point over a duration of 10 seconds. The guessed
control is simply u(t;) = 1 for all nodes j = 1,...,n,. Identical guesses are used for each

trial for fair comparison.

With the exception of the uniform pseudospectral method, all of the methods per-
form reasonably well, with different levels of accuracy. That is, all but the uniform pseu-
dospectral method converge on a reasonable solution. With 20 nodes, the uniform pseu-
dospectral algorithm is able to converge, however, it does not lead to a solution that is near
a feasible trajectory (even though it may have satisfied the given constraint equations).
With 40 nodes, it is unable to perform any improvements at all, quitting before the first

iteration.

The number of iterations per method seem to be relatively consistent with all of the

Table 2.1: Direct Solutions with 20 Nodes and 40 Nodes

20 nodes 40 nodes

Method Success? ty Iterations | Success? ty Iterations
Explicit Euler Yes 10.9245 29 Yes 10.9301 31
Explicit Trapezoidal Yes 10.8065 27 Yes 10.8796 28
Implicit Trapezoidal Yes 10.8994 27 Yes 10.9043 27
Implicit Simpson Yes 10.9046 26 Yes 10.9045 26
4th Order Spectral Yes 11.4427 868 Yes 11.1849 25
Uniform Pseudospectral No 106.2257 43 No 0 —
Legendre Pseudospectral Yes 10.9045 35 Yes 10.9126 35
Actual Solution — 10.9045
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methods, regardless of the number of nodes. The fourth order spectral method is the only
outlier, requiring many more iterations to converge in the case of 20 nodes. For the majority
of those iterations, the set of parameters hovered near the optimal point, making extremely
small steps towards the minimum. It is assumed that along the path to the minimum, the
parameter set landed on a flat gradient, requiring more iterations to achieve convergence.

Note that this was not the case with more nodes.

It is generally expected that a superior method, with an increased number of nodes
(i.e. 40 vs. 20), results in a more accurate solution. This is verified in the cases involving
implicit integration schemes, the explicit trapezoidal scheme, and the fourth order spectral
scheme. However, the explicit Euler integration and the Legendre pseudospectral methods

actually exhibit performance degradation with the finer grid.

The implicit Hermite-Simpson method delivers the best results of this trial set.
The 20-node solution is extremely close to the actual solution, and the 40-node solution
is the closest to the analytical solution. For a relatively similar number of iterations, the

Hermite-Simpson method produces superior results.

2.4.3 Indirect Approach

Once again, consider the Zermelo problem and the associated parameters outlined in
the previous section. Using Equation 2.2 and 2.3, the Bolza Function and the Hamiltonian

are

G = ty+wvoto+vou1(to) + vosy2(to) +vp {yi(ty) — 10} +vp, {y2(ty) — 10},

= MA{Vcosu}+ X {Vsinu— (1+siny;)}. (2.30)
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With the Euler-Lagrange conditions of Equations 2.7, the conditions of optimality are given

by

U1 = V cosu
U2 = Vsinu —1—siny;
/'\1 = A2 CcOS Y1
A2 = 0
0 = —=X\{Vsinu}+ Xa{V cosu}

with boundary conditions according to Equations 2.8:

H(ty) = wo,,
Hit;) = -1,
{ A1 (to) = —l,,
)\Z(tO) = —105,
{ M) = vp,

Observe that, since the Hamiltonian does not explicitly depend on time, H = 0.
Also, since Ay = 0, it is evident that vo, = —1 and Ay = —vg,; = vy,. In addition, the
optimal control law is determined as

A
tanu = 22 (2.31)
A1

Equation 2.31, by itself, does not uniquely describe the control, since tanu = tan(mw +
u). However, consider the two triangles in Figure 2.5. In both configurations illustrated,

Equation 2.31 is satisfied, and the hypotenuse of the triangle is

Ag = /A2 + A2,

In order to determine which is correct, observe that
A A2
R

AL A
A3’ A3

[cos u, sinu] =
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Figure 2.5: Geometric Interpretations of Equation 2.31
In Equation 2.30, the Hamiltonian is minimized when [cosu, sinu] = [=A1 /A3, —A2/A3]. Us-

ing this relation, the control input can be completely removed from the dynamical equations
for the states and costates. The result is a two-point boundary value problem that can be

solved numerically.

Define the augmented states, z = [yT )\T] T The dynamics of the augmented states
becomes \
Y1 V5
5= Y2 | _ —V:\\—g—l—sinyl ’
%\1 Ao COS Y1
A2 0

where u has been replaced by its relations with the costates. The known initial conditions
for z are y;1(0) = 0 and y2(0) = 0, and the initial conditions for A;(0) and A2(0) must be
guessed. In addition, the final desired states are yj(t;) = 10 and y5(t;) = 10, but the actual

final time, ¢y, is unknown. Define the shooting function such that,

[ y(ty) ] = g(A1(0), A2(0), t),
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which integrates the augmented states (with known initial states and guessed initial costates)

to the guessed final time. Finally, define the parameter vector as
@ = [A1(0) A2(0) t]"

Then, the indirect problem is completely solved when the following system of constraints is

satisfied.
y1(ty) — yi(ty) g1(z) — yi(ty)
c(x) = | yalty) —ys(ty) | = 92(x) — y5(ty) =0
1+ H(ty) 1—V\/gg(:c)2+g4(:c)2—g4(:c)(1+sing2(:c))

A converged solution has x3 = t; = 10.9045. While it may be intuitive to guess
a final time in this vicinity, guessing the values of the initial costates is difficult. In this
example, arbitrary guesses for the initial states do not generally result in convergence along
the correct path (although one solution was found with a negative final time!). However,
having already solved the problem using the direct method, approximate values of the
Lagrange multipliers are already known. Submitting as an initial guess the approximations

yields a successful result.

2.5 Summary

In this chapter, numerical methods for solving optimal control problems, and some
of their associated characteristics, are discussed. Among them are the accuracy of the

solution, the speed of convergence, and the robustness of the solution to the initial guess.

The most accurate solutions are obtained through indirect methods. These are
accurate to the order of the numerical integrator used to integrate initial values of the
states and costates. Among the direct methods featured in this development, the most
accurate and consistent results are obtained through use of the Hermite-Simpson integration

equations. With fewer nodes, the solution is still accurate, but the solution naturally
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Figure 2.6: Uniformly Spaced and LGL Spaced Interpolating Functions for r(¢) with 10
nodes (a) and 20 nodes (b)

- Uniformly Spaced Nodes

improves when the fidelity of the discretized model is enhanced (by increasing the number

of nodes).

It is interesting to observe why the uniform pseudospectral method failed. In both
pseudospectral methods, an interpolating polynomial is fit to the node points, wherever they
are distributed. A simple way of demonstrating the reason for the failure is with an example.
Consider the function, r(t), which simply rounds the argument to the nearest integer value.
Although a simple function, it is clearly one difficult to fit with a polynomial. In Figure
2.6, the interpolating polynomials are shown with both 10 and 20 nodes using both uniform
spacing and LGL-point spacing. With uniform spacing, it is evident that the interpolating
polynomial experiences difficulties near the end points, while the polynomial derived from
LGL-point spacing is better behaved. Recalling that the pseudospectral methods attempt
to match the derivatives of the interpolating polynomial to the dynamic function, it is
evident that the uniform pseudospectral method performs poorly because it attempts to

match derivatives to a poor approximation of the actual states.
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The speed of convergence could be measured in terms of either the number of iter-
ations or in actual computer time. If measuring in terms of iterations, one must consider
the computer time necessary per iteration. This depends on the number of functions to be
evaluated, (a potential factor associated with the number of nodes) and the complexity of
those functions. In the example presented in Section 2.4, the number of parameters and the
complexity of the functions evaluated are relatively low for each of the direct and indirect
methods, so it is difficult to get a sense of comparison for the speed of each of the algorithms
based on this example alone. In general, it is safe to assume that direct methods take longer

per iteration, although they may not take as many iterations as the indirect method.

The most important factor in this investigation is the robustness to the initial guess.
With all locally minimizing algorithms, one can generally only expect to find a minimum in
the vicinity of the initial guess. However, how close to that local minimum does the initial
guess have to be? The indirect methods are far less robust in this respect. Small variations
in a guess of the unknown initial values of the Lagrange multipliers may have dramatic
effects on the final values of the states and costates. Without a good initial guess, it may

be impossible to find a solution with an indirect method.

Additionally, it is desirable to develop a methodology that may be applied easily
to optimal control problems characterized by many different forms of boundary conditions
and dynamical constraints. Since the form of the constraints for indirect optimization may

vary quite significantly, an indirect method is an unlikely candidate for this task.

The desire in this investigation is to determine a stable way of examining many
optimal solutions for many different problems. To do this, it is concluded that a direct
collocation method offers the highest probability of success. Among the direct methods,
the most accurate and stable method in this chapter evaluates continuity constraints via
the Hermite-Simpson equations. Consequently, it is this method that is used throughout

the remainder of this work.
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Chapter 3

Transcription Formulations for the Finite Set Control
Problem

In Chapter 2, the basic transcription formulations for direct methods are developed.
The optimal control problem is parameterized into values of the states and controls at
nodes, which are contained in the parameter vector, , along with the initial time and the
final time. Methods are demonstrated for generating the optimization function and the
constraint functions in terms of ®. The Hermite-Simpson integration scheme is selected as
a stable and accurate form for continuity constraints. In this chapter, modifications to the
traditional collocation formulation of the optimal control problem are developed to treat the
hybrid control problem as a nonlinear programming problem. Parameterization variations,

derivative evaluations, and unique implementation issues are discussed.

In the development, a primary consideration for discrete variables is that discontinu-
ities necessarily exist when switching from one value to another. Consequently, the general
method is first altered to divide a problem into multiple segments, allowing for ideal treat-
ment of variable discontinuities. Next, the formulation is expanded further to account for
independent switching between multiple control variables. In the process of accounting for
finite set control conditions, control variables are ultimately eliminated from the parame-
terization. Instead, state parameters and switching time parameters are optimized over a

continuous spectrum to yield the desired control history.

The implementation of the Finite Set Control Transcription is subsequently explored

in detail. A chief consideration is the evaluation of up to (n.+1)n partial derivatives describ-
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ing the gradients of the objective function and each constraint with respect to each variable
in . The numerical techniques clearly rely on these derivatives, stored in the Jacobian
matrix, for choosing a search direction. The FSCT method exhibits unique characteris-
tics in the behavior of some derivative elements, and their effect on the solution process is

addressed.

3.1 Unique Formulation Characteristics

In one sense, the hybrid control problem can be approached as a constrained con-
tinuous control problem. For example, the discrete control, u; € U; = {4; 1, ..., Ujm,} asin
Equation 1.3, can equivalently be treated as the continuous control, © € R, subject to the
path constraint,

Bi = (ui — 1)) (- ) (wi — Uim,) = 0.

With this in mind, the FSCT method is developed by determining effective ways to treat

continuous control problems with these unique constraints.

The foundation of this approach is the general collocation method presented in
Chapter 2. The method is altered to divide a problem into multiple segments, where
the control discontinuities associated with finite set control are allowed at the segment
boundaries. The formulation is subsequently expanded to account for multiple independent
control variables. This ultimately requires dynamic changes in the time dependencies of

each segment, but it is this modification that leads to feasible control solutions.

3.1.1 Multiple Segments and Knots
Consider the parameterization defined in Chapter 2.
} T

@ = [y1(to) -~ yi(t;) - yn, (ty) urlto) -~ wi(ty) - wn,(ty) to ty (2.14)
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Recall that ¢ is designated to count members of a state or control vector, while j counts the
nodes. A by-product of the Hermite-Simpson integration scheme is that the nodes along
the solution are spaced evenly between [t t¢], and the time associated with a given node is

assigned based on

tj =10+ J
n

n

- (b — to). (2.13)

Thus, an optimal solution contains state and control values at the nodes, and the contin-
uous state and control histories must be interpolated in between the nodes. Of course, a
constraint can be imposed anywhere along the path, not necessarily at a point that coin-
cides with a node. Consider, for example, a constraint associated with ¢t = 4.2. If n,, = 10,
to =1 and ty = 10, then t; = j, and the time at each node is an integer value. Clearly, the
parameterization considered thus far is not equipped to handle this constraint. The ability

to incorporate constraints at any point along a trajectory is necessary in many applications.

Specifically, state or control discontinuities cannot be effectively represented in the
above parameterization, since they require intermediate constraints. For example, an orbital
transfer that employs impulsive maneuvers requires some condition v —v~ = Av. A staged
rocket experiences mass discontinuities between stages. In each of these cases, the dynamics

are impacted by these discontinuities.

Moreover, when the control space is limited to a finite set of values, there are
necessarily control discontinuities when switching between values. It is not sufficient to
represent a discontinuity by exhibiting u(t;) at one feasible control value and u(tj;1) at
another. The parameterized solution does not effectively communicate the time between
t; and t;11 at which the discontinuity occurs, nor do the state equations account for the

control discontinuity in the evaluation of state continuity constraints.

Thus motivated, the parameterization above is modified to account for discontinu-
ities (in either states or controls). To facilitate the enhancement, knots are introduced into

the parameterization. A knot represents the point at which a discontinuity might occur,
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Figure 3.1: An Example of Segments and Knots at Two Consecutive Iterations

and it divides the trajectory into separate subarcs, or segments. The knots may be either
fixed or free in time. When knots are free, the times at which they occur are optimized.
Demonstrated presently, knots represent an effective means of incorporating control discon-
tinuities. In addition, knots may divide a trajectory into different segments to accommodate

changes in the dynamic model along the path.

Figure 3.1 illustrates the conceptual relation between knots, nodes, and segments
at two consecutive iterations. Consider a formulation with ns segments. The start of each
segment constitutes a knot, with the exception of the first segment along the trajectory,
where ty defines the start of the segment. Similarly, every segment ends at a knot with the
exception of the last segment along the solution where ¢y defines the end of the segment.

Thus, the formulation consists of ny = ng — 1 knots.

Let every segment consist of n,, nodes. Although, conceptually, each segment may
consist of a different number of nodes, the transcription is simplified by assuming an equal
number of nodes per segment. Furthermore, while the nodes are uniformly spaced within a
segment, they are not necessarily uniformly spaced along the course of the trajectory. That

is, each segment may span a different length of time. In most cases, it is desirable for the
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segment duration (or the location of the knots) to be optimized as well. In Figure 3.1, the
knot times change between iteration p and iteration p+ 1 as they are optimized by the NLP
algorithm. Consequently, assigned times for nodes change respectively to maintain uniform

spacing per segment.

The easiest implementation of a multiple-segment formulation includes the terminal
times of each segment (that is, ¢o, the interior knots, and t¢) in the parameter vector. The
interior knots contribute nj parameters, while tg and ¢y are included in x as before. The
parameterization described has ng segments, each with n, nodes. Each node is associated

with n, states and n, controls. The parameter vector is defined as,
S O T et b T 3.1
z= [ Y Wik k ots]" - (3-1)

In Equation 3.1, y;, = y (t;x) and u;x = u (t;x) represent the state and control vectors
: ‘th th :
* Y
(respectively) at the 7' node of the k™ segment. As a collection, these elements make up

the arrays Y, n, n, and Un, n, n,, as summarized in Table 3.1. The node times of Ty, n,

are
j—1 .
tj,kztk,1+ (tk—tkfl) j=1....n, k=1,... ng, (3.2)
Ny — 1
where t,,, = t; and the elements of T, (tg, k = 1,...,n%) are the times at which each

interior knot occurs. Thus, ¢ identifies members of a vector, j denotes the respective nodes,

Table 3.1: Nomenclature Summary: Multiple Segment Formulation

Array Description Dimension Element
Y, nnm. | States by node My X My X Mg | Yk O Yijk
Ui, nnns | Controls by node Ny X Ny X Ng | Wy OF U j
Ty, n, Node times TNy, X Mg Lik
T,, Knot times n tr.
AT, Segment durations Ng Aty
Ng Number of segments | ng + 1
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and k represents the relevant knot or segment. The parameters can also be listed as

T
T = [ Yk Ui o te - toty]
———
Ny Ny Mg Ny NN Nk 2

and the dimension of the parameter vector is n = (n, + ny)n,ns + ng + 2. The number
of variables for multiple segments is approximately ng times the number of variables for a

single segment. However, multiple segments also introduce additional constraints.

e(w) = [l @) &, (@) h(@) ] (@) ] (@) & ()]

Among these constraints, the initial conditions and final conditions remain unchanged from
those presented in Chapter 2. The path constraints, cg(x), still impose the ng conditions of
B at each of the nodes. That is, within a segment, there are ngn,, elements in cg. Since there
may be path constraints along each segment, cg becomes a vector of dimension ngn,ns.
Continuity constraints within a segment are similarly addressed using the Hermite-Simpson
implicit integration scheme to impose the dynamical conditions. However, since there are

ns segments, ny(n, — 1)n, continuity constraints are included in c¢;.

The next set of constraints, cg, establishes conditions between segments (at the
knots). These may include intermediate point constraints or continuity conditions. Gen-
erally, the vector ¢s is used to address state continuity between segments. At the knots,
time continuity is assumed so that the last node of the k' segment occurs at the same time
as the first node of the (k + 1)™ segment. Thus, in the absence of state discontinuities,
states are subject to equality constraints. The behavior illustrated at Knot 2 in Figure 3.1

is representative of a state continuity constraint at a knot. Thus,

Csy = Yigt1 — Ynpo kF=1,...,ns—1,
T
_ T T
cs = [051 SRR S

and ¢, is a vector of dimension n,(ns —1).
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The last set of constraints are time inequality constraints of the form ¢;/(x) < 0.
Although knots are allowed to float freely in time, their order must be chronological. If the
k'™ knot lags behind the (k —1)*" knot, for example, the duration of the associated segment

is negative, a nonsensical result. To prevent this behavior, let

Cty, = th1—1tg, k=1,...,n (3.3)

¢ = [Ctl Tt Gy

)

}T

where, again ¢,,, = t;. Note that the variable segment durations produce n, time conditions.

The total number of constraints, including initial conditions, final conditions, path
constraints, dynamical constraints, knot continuity constraints, and time inequality con-
straints becomes ne = ny, +ny, +ngnnns +ny (ny, —1)ng+ny(ns—1)+ns. The vector ¢(x)
now includes both equality and inequality constraints. In setting up the NLP problem, the

user must exercise care to properly distinguish the two types of constraints.

A more convenient parameterization includes the duration of the segments, AT),_,

in the parameter vector x, instead of the knot times. Consider the parameter vector,

T
x — [ yl,j,k ...... ul,j,k ...... Atk’ e tO tf]
" ~" v
NyNpNg NyuNpNs Ng 2

The dimension of = is now n = (ny + ny) nyns + ns + 2, adding one dimension to the
previously identified parameterization (ns segment durations are needed instead of ny knot
times). This offers the advantage of converting the inequality constraints of ¢;(x) into a

single equality constraint. Let the knot times be defined as

k
th=to+ Y |Aty]. (3.4)
k=1
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Then the inequality, t;_1 —t; < 0, is guaranteed, and need not be included in the constraint

vector, c(x). Instead €;(x) is replaced by the single time equality constraint,

Ns
@) = (tr —to) — Y |Aty]. (3.5)
k=1
Now, the total constraint vector is simply

c(x) = CF;ZO (x) cif(ac) cg(w) cg(m) CST(a:) ct(m)]T7 (3.6)

which includes ne = ny, +ny, +ngngns+ny(np—1)ns+ny(ns—1)+1 equality constraints. An
appealing aspect of this alternate formulation is that it is not necessary to track, during the
solution process, which constraints are active. In this formulation, all constraints are active

at all times. This formulation also enhances the convergence properties of the algorithm.

For instance, constraints may not necessarily be satisfied at a given iteration leading
to convergence. The inequality constraints presented in Equation 3.3 are applied to avoid
the occurrence of segments of negative duration. However, in the intermediate step leading
to a solution, some segments may violate this constraint. Depending upon the specific
nature of the problem, this may prevent the optimizer from converging on a solution. The

formulation in Equation 3.5 ensures this situation does not arise.

Furthermore, |At| can be replaced by Aty if a simple bound is placed on the variable
to limit it to nonnegative values. In other words, the optimizer can be instructed not to
search for a solution where Aty is negative. This has the same effect as the absolute values

formulation.

An Application Requiring Multiple Segments

A statement of the Zermelo Navigation problem can be used to demonstrate the ef-
fectiveness of using a multiple-segment formulation. Specifically, it is demonstrated presently
how this formulation may facilitate solutions when control discontinuities exist. The result

is a more precise solution than the single-arc case.
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Consider a formulation where the velocity of the boat is no longer constant. Now, the
vector, u, includes a variable control acceleration along with the control pointing direction.

Consider two equivalent representations of the new dynamics:

(7 Y3
(1) y'/ _ Y2 _ Yy — (14 siny;)
yg U1 COS U9 ’
Y U1 Sin ug
T
y/(to) = [0 0 0 O} ,
0 Y3
. y2 | (7
A o o I (3.7
Y4 U1 Sin ug — Y3 CoS 1
y(to) = [0 0 0 —1]".

The form for ¥y’ most resembles the previous dynamics, while the form for y lets the third
and fourth states represent velocities. The simple change of variables y4 =y — (1 +siny;)
gives the canonical form desired. In each case, the initial conditions place the starting dock

at the origin, while the water current places the boat’s initial velocity in the —yo direction.

The objective now is to move from one dock to the other in a specified amount of
time while minimizing the control acceleration. That is, minimize
ty
3 = ”U,1| dt7

to

subject to Equations 3.7 and boundary conditions

ty— 0 ty—10
y1(to) =0 yi(ty) — 10
0 =y(to.yo) = | y2(to) =0 | and 0= (tr,ys) = | y2(ty) — 10
ys(to) = 0 ys(ts) — 0
ya(to) +1 ya(ty) =0

The final conditions specify the final time, tj} = 10, the final position at the second dock

located at (10, 10), and zero final velocity to ensure a smooth landing. In addition, assume
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Figure 3.2: Optimal Path (a) and Control (b) for the Minimum Acceleration Zermelo
Problem

that conditions are imposed on the control acceleration so that it is bounded by 0 < u; < 2

throughout the trajectory.

The solution to this optimal control problem exhibits a ‘bang-off-bang’ structure.
Intuitively, to minimize the accumulated thrust acceleration, u; must operate at either its
maximum or minimum value. The solution to the transcribed optimization problem should
exhibit this behavior, as well. For comparison, the problem is solved numerically using two
different formulations. Figure 3.2 illustrates both solutions. The boat path, along with
the control acceleration and pointing are shown for each solution. For the single segment
solution, the formulation is identical to that described in Chapter 2, with a modified cost
function. A solution with three segments is contrasted in the same figure, using the multiple-

segment formulation described here with two time-free knots.

Note that for the single segment, although u; does see its extreme values, it is not
a tight transition between extremes. Alternatively, the segmented formulation allows the
optimizer to find solutions with perfect jump discontinuities. In this case, the formulation is

configured to hold the control magnitudes constant at pre-specified values for each segment.
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Anticipating a ‘bang-off-bang’ solution, the control acceleration is set at its maximum value
for the first and third segments and at its minimum for the second segment. This forces the
solution to contain the perfect jumps in the control history. Consequently, the segmented
solution is a better approximation of the true analytical solution to the optimal control
problem. Rather than seeking values of the control magnitude that make the constraint
equations satisfied, the optimizer focuses primarily on determining the right time to switch
control values. Remember with one segment, this could only happen between nodes, the
placement of which is completely defined by ¢p and ¢y. However, in a multiple segment
formulation, the switching time is free to float to the optimal value. Since, the switching
times are most likely useful information to a user, there is motivation to determine these

precisely.

Clearly, the paths of each solution are similar. The cost of each solution is also
similar (2.4852 with one segment, 2.4691 with three). Potentially, with more nodes, the
single segment control history may appear more like the segmented solution’s control his-
tory. However, for efficient use of parameters, a better solution generally comes from the
segmented approach, especially if there is some insight into what the solution should look

like.

Since the optimal solution has two jumps in the control, letting nys = 3 in the
segmented formulation is sufficient. However, what if it is not known in advance how many
jumps in the control should exist in the solution? Conveniently, a solution can be found by
formulating a problem with more segments than necessary. For example, a user could have
chosen five segments, designating them as ‘bang-off-bang-off-bang.” Since the actual solution
has only two ‘bang’ segments, one at the beginning and one at the end, the optimizer would
determine that Ats, the duration of the third segment (the middle ‘bang’), is zero. The two
‘off” segments would effectively occur sequentially, divided only by a zero duration segment,

thus creating a continuous coasting arc. For general problem solving, a practical approach
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is to always include more segments than are needed. This gives the optimizer the freedom
to use all segments if necessary, and bring superfluous segments to zero duration. The term

used in this investigation to describe this practice is overparameterization.

Note also that by pre-designating the control acceleration magnitude in each seg-
ment, the values of u1(¢; ), the control acceleration at each node, are already known. They
do not need to be included in the parameter vector! In addition, the values of ua(t; ) in
a coasting segment do not have any effect on the solution, as they describe the control
pointing when there is no control acceleration. These values could be removed from x as

well.

3.1.2 Switching Segments and Time for Multiple Independent Controls

Another application for the above formulation is a finite burn orbital transfer prob-
lem with control variables indicating thrust magnitude and direction. The multiple-segment
formulation presented facilitates the realization of control discontinuities in the optimal so-
lution. In this case, the optimal solution exhibits discontinuities in thrust magnitude. To
enforce this, the problem is formulated to hold the thrust magnitude constant along each
segment, and its value for each segment is pre-specified. For example, the k" segment is
given a specified thrust magnitude of T' = T, while the segments before and after are des-
ignated to have zero thrust ("= 0). Thus, the knots on both sides of the k*" segment will
exhibit control discontinuities, as the thrust magnitude changes instantaneously between
0 and 7™, as an optimal ‘bang-bang’ solution requires. The control variables of U, n,, n.
represent thrust magnitudes in each direction, and are constrained such that uJTkujk =172
for each segment. The parameters, AT, , indicate durations for thrust or coast segments.
Notice, however, that all elements of u;; experience discontinuities simultaneously. In ad-
dition, along a segment, control variables may still vary over a continuous spectrum. It

is observed, though, that the thrust magnitude is automatically limited to a finite set of
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values, at most equal to the number of segments (less, if some segments are designated the
same value). The multiple-segment formulation presented above is effective when only one

variable (in this case, thrust magnitude) exhibits jumps between values of a finite set.

When there are multiple independent controls that exhibit switching characteristics,
however, additional modifications are necessary. For example, if the spacecraft orientation
is restricted in the finite burn problem, multiple thrusters acting independently are required
for 3-axis maneuvering. Applying the concepts developed above, the formulation is modified

further to consider the situation when all control variables are limited to finite sets.

Assume that the i*" control variable is constrained to the set of values contained in
U; = {4 1,...,Um}. Thus, each control variable is limited to m different values. Let each
control variable be similarly constrained. Although it is possible for the dimension of each
control space, U;, to be different, assume for simplicity that each control variable can take

on exactly m values. This constraint can be expressed as

m

I (i) =0, i=1,... n. (3.8)
pn=1

Then, at each instant in time, the optimal solution must indicate which of the m possible
values is best for each variable.

Ultimately, an optimizer must determine a control solution over the m = m™

possible control combinations at each instant in time. The optimization process is rooted
in a gradient method, but gradients cannot be defined between discrete values. Instead,
gradient methods treat parameters as continuous variables subject to constraints. Thus,
the optimizer must be allowed to move the control parameters over a continuous space,
as long as the constraint in Equation 3.8 is imposed in the final solution. Unfortunately,
gradient methods move a point towards a root of the constraint according to the gradient

at the current point of x, independent of whether it is the right root to choose. Once the
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constraint is met, it is difficult, if not impossible, for the optimizer to seek another root.

Although the constraint is valid, it cannot be implemented with traditional transcription.

Approach 1

To circumvent this problem, consider the multiple-segment formulation of Section
3.1.1. Instead of optimizing the control values, assume the control values and optimize the
switching times. In one implementation, a formulation is devised that assigns each segment
one of the m options, and then requires the optimizer to determine the duration of each
segment. With this formulation, the predetermined control values are removed from the
parameter vector. This is analogous to having one discrete control variable whose m values

represent each of the possible control modes available to the system.

For example, a segment k is designated with control w(t;x) = [f1,1, ..., Un, 1)* for
allnodes j = 1,...,n, along that segment. If this control combination is not desirable in the
optimal solution, the optimizer determines that the duration of that segment, Aty, is zero.
With ng = m segments, it is conceivable that the durations of several, if not a significant
number of segments are reduced to zero. Recall that any segment includes parameters
for the n,, nodes with n, states assigned to each node. Since no time elapses over a zero
duration segment, no changes are applied to any of the states over that segment. Thus a
zero duration segment implies that some to many of the variables in the NLP problem are
essentially wasted, taking up space and computational time, but contributing nothing to

the solution.

In addition, without having insight into the optimal solution, no information is
available regarding the order of the segments. Consider the optimal solution that requires
one particular control combination before another. If the segments are not prearranged
in that order, there is no way to achieve this solution under the formulation with only

m segments. Instead, one might include multiple sets of m segments. This also allows for
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multiple firings in any direction. For example, with 3 sets, there are now n; = 3m segments.
The resulting NLP problem is naturally large, with many wasted variables to slow down

the algorithm.

Approach 2

The formulation ultimately selected for this investigation minimizes the number of
variables while offering the greatest flexibility in the solution process. Knots and segments
are employed, but their definitions are slightly altered. This formulation is considerably

more complex but consistently determines feasible and optimal solutions.

The salient feature of this formulation is that each of the control axzes is treated
independently. Let a knot be defined as any interior point where one member of the control
vector switches from one value to another. The fundamental distinction here is that each
knot is associated with a control axis. Before, the knot times could be described by T, ,
an array with ny values. Likewise, the segment durations were AT, , and there were
ns = ny + 1 segments. Now, the knot times are described as T',,, ,, a two-dimensional
array with n, X njg values. In other words, there are knots for each control axis. The
azis durations are also two-dimensional, as AT, n, 41, With n, X (ng + 1) values. These
are the time durations between two switches in a given axis. It is important to note that
this is not necessarily the duration of the segments. A segment is now defined as the time
elapsed between switches in any of the controls. For example, the first segment is bounded
both by ty and the first switch in the control, regardless of the axis in which the switch
occurs. With n,n interior knots to separate the segments, the total number of segments
becomes ngy = nyni+1. The nomenclature for the multiple independent control formulation

is summarized in Table 3.2.

Consider the concept demonstrated, as an example, with ny = 3 interior knots per

each of n, = 3 control axes. Let U; = {—1,0,1} for each axis. Figure 3.3 demonstrates
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Table 3.2: Nomenclature Summary: Multiple Independent Control Formulation

Array Description Dimension Element
Y o, nnns States by node Ny X My, X Ns | Y1 OF Yijk
U, n.+1 | Pre-specified controls | n, x (ng + 1) usy,
Un,ns Controls by segment Ty X Mg U
Ui, neons Controls by node Ny X Ny X N | Wj g OF Uy j
T, n, Node times Ny X Mg ik
Ty, n, Knot times Ny X N ik
AT, n,+1 | Axis durations Ny X (ng + 1) At g,

1 Unordered knot times 0...ng t),
T,.11 Ordered knot times 0...n tr
N Number of segments ngng + 1

the concept at two consecutive iterations of the optimization process. The control values
are pre-designated in a pattern logical for an aerospace application, where nonzero control
values indicate thrusting arcs. In each control axis, the control value begins at 1 (a positive
thrusting arc), and a coasting arc follows the first knot. At the second knot, the control
value switches to —1 (a negative thrusting arc) until the third knot, where another coasting
arc begins. With additional knots, this pattern continues. The control values in each of the
n, control axes is designated similarly. In this example, observe that the total number of

segments is ns = (3)(3) + 1 = 10.

Let the time elements of the parameter vector, x, be identified as x;. The time
elements include all of the axis durations, AT, n,+1, along with the initial and final time.

Here, x; is defined as
Ty = [Atl,l Atl,g At173 At271 At272 At273 At371 At372 At373 to tf ]T.

The knot times, Ty, »,, are defined according to elements in ;.

k
tig =to+ Y |Atixl. (3.9)

k=1
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Figure 3.3: Conceptual Control Profile with Segment Divisions at Two Consecutive Itera-

tions

Thus, At; 1, represents the time duration between the knots located at ¢; ;1 and ¢; ;. The
definition in Equation 3.9 guarantees that the knot times remain in chronological order for

a given control axis. That is,
ti,k*l_ti,k‘gov kzl?"'ank+1

where t; o = to and ¢;,, 11 = ty. For example, in Figure 3.3, {21 precedes t2 2, which is
followed by t2 3. However, there is no relation between knot times in different control axes.

Therefore, t2 1 need not be after ¢1 1. In general,
L<iF bt <tiprVi,e=1,...,n, VEk,k=1,... n.

Compare the arrangement of knot times for iteration p and iteration p + 1 in the figure.
Both illustrations represent valid arrangements for the knots. However, it is clear that the

chronological ordering of all the knots may change during the optimization process.

This algorithm defines segment boundaries by the chronological ordering of knot

times, including to and ty at the end points. Let the unordered segment boundaries be
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defined as

[t 1o bl oty ] = (ot - o o b ] (3.10)

Because knots are completely free to move on [ty tf| and are independent between control
axes, the segment boundaries, T', | ;, are not necessarily in ascending order. Thus, a sorting
algorithm converts T, ,; into the sequential listing, T, 41, of the segment boundaries.

Now, t_1 and t; bound the k' segment.

Observe, for example, that Segment 5 is bounded at the p'* iteration by knots
located at t92 and t32. Between iterations, though, the axis durations AT, ,,+1 change
values, thereby changing the positions of the knots at the next iteration. At iteration p+1,
Segment 5 is bounded by ¢31 and t3 3. Completely different sets of variables now define the
segment boundaries. Expressing the segment boundaries for Segment 5 in terms of xy, on

the p'" iteration,

ta(xe) = too(xe) =to + |Ata 1| + |Atag],

ts(xe) = taa(x) =to + |Atsa] + Atz
while on the (p + 1) iteration,

t4(£13t) = t371(wt) =ty + ‘At;g,l

)

ts(xy) = tos(xe) =to+ |Ata

+ [Atg o] + |Ata 3] .

Thus, the dependencies of segment boundaries continuously change throughout the op-
timization process. The term segment-time switching is used to refer to the switching
dependencies of a segment’s time elements demonstrated here. Segment-time switching is
the fundamental characteristic of the parameterization presented in this investigation. It is

addressed in more detail subsequently.
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3.2 Implementation of the Finite Set Control Transcription

In Section 3.1, a formulation is developed for solving finite set control problems.
Starting from a traditional collocation method, the transcription is first augmented to man-
age multiple segments, and it is further modified for multiple switching controls. The re-
sulting method is termed in this investigation the Finite Set Control Transcription (FSCT)
method. It is characterized by containing only state and time elements in the parameter vec-
tor, pre-designated controls along each segment, and a segment-time switching phenomenon
throughout the optimization process. Although the nature of switching dependencies is in-
troduced above, a more complete understanding can be gained through a description of the

FSCT implementation.

Implementation considerations are presented in the context of how an optimizer
iterates to determine a solution to an NLP problem. At each major iteration, a step
direction is determined using the partial derivatives of each function (F' and ¢) with respect
to each variable in . Their role in a Quasi-Newton technique is discussed in Chapter 2. The
Jacobian matrix comprised of these partial derivatives has dimension (n.+ 1) x n, and for
a collocation method, this can be quite large. For example, if the number of parameters, n,
is of O(10%), it is reasonable to have O(10°) Jacobian elements. The Jacobian will generally
be relatively sparse, as each function is only dependent upon a small number of variables.
However, there still may be O(10*) nonzero elements (or more) that are evaluated at each
iteration. The performance of the optimization process is dependent upon these partials

being evaluated quickly and accurately.

The partial derivatives can be calculated either numerically or analytically. If a
derivative is determined numerically, a finite difference approximation is evaluated. To do
this, the functions F' and ¢ are evaluated at & and at nearby points where one element of x
is perturbed for each evaluation. When n is large, this process may become computationally

expensive. Consequently, analytic derivatives are considered superior, not only because they
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may be faster to compute, but also since they are generally more accurate. However, the

burden is on the user to supply routines to evaluate not only F’ and ¢, but also g—i and g—;.

In this investigation, analytic derivatives are supplied to the optimizer to reduce
computational time. In developing analytic expressions for problem derivatives, some inter-
esting insights into the segment-time switching phenomenon may be observed. Specifically,
switching dependencies occur within the continuity constraints, and consequently, the pro-
cess of evaluating derivatives for these constraints is discussed below. This leads to further
analysis of the characteristics of the FSCT method involving the accuracy of derivative

evaluations and the convergence performance of the method.

First, however, it is necessary to demonstrate how the optimization parameters are
manipulated at the beginning of each iteration in order to properly evaluate any constraints

or derivatives.

3.2.1 The Optimization Parameters

In the FSCT method, the parameter vector is defined as
T=[ yijg o Atig - to tf]T, (1.8)

where y; ; 1. is the i*? state at the jth node of the kP segment, and At; ;. is the time duration
for the i control variable at its k' pre-specified value. The parameterization consists of
state values, time durations between control switches, and bounding times ¢9 and ;. In
the evaluation of cost and constraint functions, the elements of the current point, x, are
deparameterized and assigned to the respective state or time values that they represent.

The 3-dimensional array, Y 5, n, n., is assigned for the states, while the 2-dimensional array,
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AT, n.+1, carries the time durations. The deparameterization is simply

Yigk = Tngng(k—1)+ny(G—1)+i>

Atk = Tgyin,(k—1)+is (3.11)
o = Tgot1,
ly = Tg+2,

where ¢ = nynpns and g2 = g1 +ny(ng+1). Adopting a shorthand notation, the expressions

in Equation 3.11 are implied by
r — Yny,nn,n37 ATnu,nkJrla to, tf7

where a — b indicates a mapping from input a to output b. Likewise, the application of

Equation 3.9 reveals the times of each knot.
to, ATnu,nk+1 - Tnu,nk'

Recall that the elements of T',, ,, are t;;, where the control axis and knot number are
distinguished by i and k respectively. Thus, in this form, knot times are arranged in a two

dimensional array, and the chronological ordering of knot times is unknown.

Segment Boundaries and Control Values

In order to evaluate continuity constraint equations, the states, controls, and time
must be known at each node of each segment. The states are contained in the array
Y n, nn ., extracted directly from @. The node times, T, »,, are easily determined through
Equation 3.2 if the segment boundaries, T',,, 11, are known. Presently, then, U,,, , »n, and
T,.+1 are extracted. Notice that the controls and segment boundaries are related, as
the latter are simply the knot times that define switches in the control. The arrays are
determined simultaneously, then, as the ordering of knots ultimately defines the control

sequence.
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In the first step, the segment boundaries are placed in an unordered listing according
to Equation 3.10. The segment boundaries include the initial time, the final time, and each

knot contained in T, 5, . In shorthand,
tOv Tnuy”k’ tf - T'lﬂs"rl’

where the elements of the output are t;, £ =0,...,n,. It is clear that t;) = to and , = ty,
however, the interior segment boundaries are not arranged chronologically. Each interior
segment boundary, t,, k = 1,...,ns — 1, is directly linked to an element, t;, and it is
necessary to maintain in storage the i, k pairing associated with each segment boundary.
Next a sorting algorithm places the total collection of knots in chronological order to define

the interior segment boundaries.

/
Tnerl - Tna+1

The segment boundaries, T, 1, represent the chronological ordering of knots. When the
segment boundaries are sorted, the respective i,k pairings must be passed along. Thus,
it is crucial to identify not only the time for each knot in T, 1, but also the element in
T, n, from which it came. This provides the basis for determining the control sequence
along each segment.

Let the element uj i be the pre-specified control value for the i*h control axis between

*

numpt1> and has dimension n, xng+1.

ti k—1 and t; . The array of pre-specified controls is U

In conjunction with the sorted knots, the segment control values are determined.

Tnu,nk ; Tnﬁ—la U

*
N, Ng+1 - U"’huns

The control values are completely contained in U, 5, , where u; 5, indicates the control value
for the i*" axis on the k" segment. In this process, the control values along the first segment

are simply the first pre-specified control values, that is

)

*
Uz 1 = ui71.
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Then, at each segment boundary, all control values are held constant except in the control
axis associated with the given knot. Since this knot identifies a control switch in its cor-
responding axis, the value in that control axis is updated to its next pre-specified value.

Thus, if x; indicates the current control value of the i*" axis, then

*
Ui =

iR
* —
U, tr =t
i,ki+10 k %K)
Uj = i . 3.12
LR+1 { uf otherwise. (3.12)

Upon each control switch, the update x; = k; + 1 is performed in the switching axis to
complete the recursive step. Equation 3.12 guarantees that along the final segment,
*
uivns = ui,nk—l—l'
In a final step, the controls are determined at each node.

Unu sMs - Unu ;M Ts

Since the controls are assumed constant over all segments, it is clear that u; ;. = u;  for all
nodes j = 1,...,n,. With this, all necessary elements are extracted, and the cost function

and constraints can be evaluated in terms of the extracted elements.

3.2.2 Dynamical Constraints Using Simpson Integration Equations

The dynamical constraints are the central feature of a collocation method. When
they are satisfied to tolerance, state continuity exists in the context of the given dynamical
model. The dynamical constraints are also the key functions affected by the segment-time

switching phenomenon.

The ny(n, — 1)n, dynamical constraints are of the form
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where

cyn(T) = Yj1k—Yjk (3.13)

h
5 [f (tj,kayj,muj,k) +4F (tms Yy um) + F (tj+1,kayj+1,kvuj+l,k)] .

In Equation 3.13, the time variables are determined from previously extracted quantities

by
tr — tp
h o= k k 17
N, — 1
tik = i1 +h(j—1),
1
tn = 5 (tik +tjr1k) -

Note that ¢, are elements of the 1-dimensional array T',,, 11 representing segment boundaries,
while ¢; 5, are members of the 2-dimensional array T, ,, denoting the node times within
a segment. The already extracted state and control values at the nodes, y;; and u;, are

used to determine the midpoint states and controls:

1 h
Ynm = 5 (Yjk +Yjg1e) + 3 (Fir = Fivrn) s
1
Uy = §(Uj,k+uj+1,k)
= Ujk = Uil (3.14)

The result in Equation 3.14 is trivial, since the controls remain constant over any segment.
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3.2.2.1 Partial Derivatives for the Simpson Integration Equations

For any set of dynamics, the general partial derivatives of ¢y, , may be determined

as follows:
oc;,. of.:
Cpx _ _p_h Tin 4afm OYm (3.15)
ayj,k 6 ayj,k oY, ayj,k
oc;. .
ok _ ;D <48fm Ym 8.fj+1,k:> (3.16)
Y1k 6\ 0Y,, 0Yjs1p  OYjp1k
oey, of.
8uj,k 6 anVk 8um a’uij
dcy; _ _h 4afm O, OFf j+1.k (3.18)
8uj+17k 6 8Um 8’u,j+1’k 8uj+17k
dcy; . 1 Oh  h[OFf 4w Otik
= —_Z(f. 4 ) _eno Jy Jy
Otp_1 6 ('fj’k A it fﬁ_l’k) Otp_1 6 |:8tj7k Otp_1
4 ofm 0Y,, Oh  Of,, Otm Of ji1k Otjiak (3.19)
dy,, Oh Ot Oty Ot Otjt1 Otp—1 '
dey, 1 Oh  h[Of;, 0t
8tk 6 (fj,k + fm + -fj+1,k‘) atk 6 |:atj,k 8tk

of. ,
44 Of 1y OYym Oh  Ofy, Otm Fit1k Otitak ' (3.20)
aym oh atk 8tm 8tk atj-i—l,k 8tk

In Equations 3.15-3.20 9f 9f and g—q{ are dependent on the chosen dynamics, while

[ TR @7

oYy _ 1 hofjn Y lI— hofjiik
8yj,k 2 8 Byﬂf 8yj+1,k 2 8 3yj+17k ’
OU, _ le O, _ 117
Quj 2 Ouji1k 2

on 1 oh 1
Otg_1 Ny — 1’ Oty np—1

atj,k - 1_ ] -1 Btjyk . j -1
Otr_1 Ny, — 1’ oty Ny — 1’

Ot I} O _ G 3
otk—1 Ny — 17 oy, np—1°

Considering the formulation presented in this investigation, one may observe immediately

dey .
that the derivatives 2";}’“ are completely defined without needing to apply Equations 3.17
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and 3.18. Since the control values are pre-specified in this formulation, they are not opti-
mization variables and their constraint partials can be ignored. They are included above

only for completeness.

In contrast, Equations 3.15 and 3.16 are directly implementable, as y; , are variables

contained in the parameter vector, . If the variables are divided into state elements and

. T .
time elements, & = [mg ath] , then the Jacobian elements are
8Cyj7k - =y
ZYik =Y.,
ay . ’ Yy Js
i &
Ocy | 5
dx, | 5, @y, =Yk
Y v yy = Jj+Lks
v OYjs1k
0, otherwise.

Alternatively, Equations 3.19 and 3.20 are not immediately implementable because
the time variables ;1 and t; do not appear directly as parameters in . However, t;_1

and t; are dependent upon the time parameters, x¢, such that

acz)j,k _ acl]j,k Otg—1 8cyj,k %
8$t 8tk_1 8:ct atk Owt'

(3.21)

To apply Equation 3.21, the partials % must be determined. Recall from Section 3.2.1 that
segment boundaries of T',, 41 are directly linked to knot times T',, ,, that are functions of

the parameters in x;. Therefore, it is possible to determine

Oty Oty Oty
a0 YRR and )
8t0 ot f aAti,n
for all segments boundaries k£ = 0,...,ns, control elements ¢ = 1,...,n,, and knots x =
1,...,ng. Beginning with exterior segment boundaries, it is clear that, since ¢,,, = ty,
ot ot
70 = 17 L = 07
Otg Otg
ot ot
70 = 07 - = 17
ot f ot f
Oto Y Otn, _ 0
0AL; 0AL;
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This is true regardless of the ordering for interior knots. However, interior segment bound-

aries in T', 41 correspond to elements in the knot array T',,, »,. That is,

g,
Ot Ot

6$t o 6$t ’ -

Thus, all that remains is to identify the proper derivatives for the knot times. Under the

assumption that all At; . >0,

6ti7k
Oty
Otk 1, t=1, K <k,
OAtL, { 0, otherwise,
Otk
8tf

= 1,

With these derivatives carefully matched, the components of Equation 3.21 are completely

defined.

To further understand the impact of segment-time switching on derivative evalua-
tion, consider again the illustration of Figure 3.3. The partial derivatives of the segment

boundary times with respect to x; at the p'" and (p 4 1) iterations are given below.

Tt = [ Atl,l Atlyz At1,3 Atgyl Atz’g At273 At3,1 At3’2 At373 to tf ]T
ot

=4 = [ o0 0 0 1 1 0 0 0 0o 1 0 ]
oz »

ot

5 = [ o0 0 0 0 0 0 1 1 0 1 0 ]
awt P

ot

=4 = [ 0 0 0 0 0 0 1 0 0o 1 0 ]
Oxt 44

ot

=5 = [ 0 0 0 1 1 1 0 0 0o 1 0 ]
Ozt pia
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Thus, the segment boundary derivatives with respect to elements in @; are always either

0 or 1, and it is the ordering of the knots that determine the proper structure at each

5th

iteration. The constraint derivatives for the segment, then, is defined by

dcy, _ ocy, % Ocy, 5 %

Omt 8t4 8$t 6t5 &r:t’

and clearly demonstrates dramatically different behavior on each iteration.

3.2.2.2 Time Invariance

The parameter ¢ty appears in the definition of every knot time, with the exception

of t,, = ty. For an interior Segment k, then, ¢t defines both ¢;_; and ?;. If the dynamic

dey . dey . . .
ik and giik have a canceling effect in

Otp_1

model is time invariant, the partial derivatives

Equation 3.21 such that
8Cyjyk

Oto

=0

on an interior segment. Thus, because the parameters are axis durations instead of absolute

times, tg and ¢y only have nonzero effects on the last segment.

Likewise, in a time invariant formulation, if a Segment k is bounded by two knots
associated with the same axis (such as, ¢; ,—1 and t; ), all of the partials will cancel out

with exception to that associated with At; .. That is,

8c%.,k _ 8Cyj’k
OAL; 4, oty '
aCyj,k

—== = 0, otherwise.
(e )y

3.2.2.3 Derivative Discontinuities for the Dynamical Constraints

The dynamical constraints exhibit discontinuities in function derivatives when the

chronological ordering of the knots switch. This is demonstrated in how the partials %
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may change between the values 0 and 1 between iterations. A simple analogy is useful in

conceptualizing this phenomenon. Consider a simple function of two variables defined by

f(z1,x9) = min{xy, x2}.

If this function appears in a parameter optimization problem as either the objective or a

constraint, its evaluation is straightforward:

X1, r1 < Z2,
=19 71=122, 71 =12,
x2, 1 > T9.

Interestingly, when x1 < 3, variable xo has seemingly no impact on the function. However,
there is a switch in dependency when xo is smaller than x;. The characteristics of this
function are quite similar to those of the dynamical constraints in the FSCT method.

Consider the derivative with respect to the first variable.

8f 1, T < T2,
e undefined, x1 = x9,
1 0, 1 > T2.

A derivative discontinuity exists when 1 and x5 are equal. However, an optimizer requires

derivatives to be tractable at any point within the range of optimization. Therefore, if

evaluating % or g—{é analytically, it is up to the user to choose an appropriate definition
in the case that 21 = x9. Three reasonable candidates for C%fl may be seen in how
xr1=x2
numerical derivatives could be evaluated using forward, backward or central differences:
0 1) —
FOI‘Wa,rd: 7-]0 — f(xl + 7x2) f("I;17 $2) — O,
6:B1 1= )
0 — -6
Backward: 9f = f@r,ze) = flw1 =0 x3) = 1,
6:131 1= )
0 ) — -4 1
Central: 97 = f(@r+0,w2) = flan = 0, 22) = -
0x1 |4 —g, 20 2
Thus, choosing an analytic expression for % is equivalent to selecting a finite differ-

Tr1=x2
encing scheme for numerically evaluated derivatives. In most cases, the selection is arbitrary,
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To ) 9 At z1 = 9,
F(x) = (min{x1,z2}) of of
— =19 =

dz1

of _

of
Ox1 ') Oxo

N

T Constrained
= === Unconstrained

2
CECE e
Figure 3.4: Effects of Alternative Derivative Definitions on Optimization Path

as there is probably no basis for valuing one method over another. However, it is clear that
when x1 = x9, the path of the optimizer can be altered dramatically simply by selecting a

different derivative definition.

For example, consider the optimization of the function F(x) = (f(z1,x2))? illus-
trated in Figure 3.4. Note that the absolute minimum exists at any point where either
21 = 0 or x5 = 0 and the other variable is positive. Six optimal paths are shown, demon-
strating unconstrained and constrained solutions. In the constrained cases, the equation
x? + (332 — %)2 = 1 is imposed. The paths differ in how the derivatives are defined along
the edge x1 = 9, using forward, backward, or central differencing schemes. Thus, from
a starting point along the edge, each derivative definition converges on a different locally

optimal point. However, in each of the six cases, the resulting solution equates to the global

minimum value of the cost function.

This conceptualization is easily extended to the continuity constraints of the FSCT
method. Consider as an example the 4-knot sequence described in Figure 3.5 where tg <

t1 < to < t3. The first four knots are defined by tp and the knot times t31, t31, and 1 1,
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to ty to t3

| | | |
[ [ [ [

to to1 t31 t1,1

Figure 3.5: Sample Four-Knot Sequence

respectively. This implies that, in this example,
Aty < Atz1 < Aty .

According to the FSCT implementation of analytic derivatives, the associated dynamics
equations for the three segments shown have time dependencies as given in Table 3.3.
Thus, when time derivatives are calculated for the dynamical constraints on one of these
segments, nonzero Jacobian elements appear for their respective dependent members of x;.
The derivatives with respect to all other members of x;, including ¢ and other members of

AT, n,+1, are identically zero.

As long as the knots are sufficiently far away, no difficulties confront the solution

process. However, consider further the scenario that
Aty = Atz < Aty
such that t; = to. In the context of the dynamical problem, this situation indicates that

the controls in two axes must switch simultaneously. Thus, knots come together to exist at

Table 3.3: Segment Dependencies for Analytic and Numerical (Forward Differencing)
Derivatives

Dependent Members of x

Segment | Boundaries | Analytic Derivatives | Forward Differences
1 to, t to, Atz}l to, Atg,l
2 tl, to to, At271, At371 to, At3’1, At2,1
3 tQ, t3 to, Atgyl, Atl,l tg, Atz’l, Atl,l
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the same point in time, but their ordering is still specified according to the implementation
(in this case, t; = tg; is ordered before t3 = t37). In this situation, it is possible for
the x; dependencies determined by numerical derivatives to be completely different then
the analytic set. To illustrate, assume that finite differences are calculated using forward

differences such that
dc _c(x+0)—c(x)
ox ) ’
Then when Aty ; is perturbed forward by é > 0, the knot ordering will necessary change

since

Atz < Atgg +90 < Aty .

The x; dependencies via forward differences are also presented in Table 3.3. To contrast the
two derivative methods, variations for forward differences are highlighted. Thus, according
to the forward difference, changes to Aty have no effect on Segment 1, as its bounding
times remain the same even when the parameter is perturbed. Instead, when Aty is per-
turbed forward, it affects Segment 3, despite the fact that knot ordering indicated otherwise.
Likewise, on Segment 2, analytic calculations consider Aty 1 as the left bounding time, while
a forward differencing scheme necessarily implies it is the right bounding time. On Segment

2, one method will result in 3 Aaé - > 0, while the other will compute a negative value.

Therefore, as with the sample function, f = min{z,x2}, several derivative defini-
tions can be employed at the switching points where derivative discontinuities exist. It is
clear that the path of ® chosen by the optimizer will vary based on the derivatives cal-
culated, but this does not inhibit the FSCT method. Considering the total number of
parameters in & and the relatively few gradients that can be affected by the switching phe-
nomenon, the optimizer can still make improvements in & on an iteration where a switch
occurs, regardless of how the derivative is defined. Although the specific search direction

of the switching iteration may vary, it is observed that an identical local minimum can be
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found via different paths. Thus, these derivative discontinuities do not present obstacles in

determining an optimal solution.

It should be noted before proceeding that this situation only arises when two knots
originating from different control axes occur simultaneously. Based on the definitions of knot
times, knots in one control axis cannot switch in order. However, two knots in one axis can
exist simultaneously when a given element At;; = 0. In fact, this is a common occurrence,
as the user may pre-specify a value of uf ;. that is simply not desired in the optimal solution.
The optimizer makes zero a time duration in order to remove the non-optimal control value.
Having simultaneous knots in a single axis is an anticipated condition, and it is important
that this situation does not cause any adverse effects in derivative calculations. This is
guaranteed in the definition of Equation 3.9, which is specifically formulated to produce

this result.

3.2.3 Implementation of Numerical Derivatives

When a user selects a finite differencing method for evaluating function derivatives,
some additional consideration may be required. Depending on the specific optimization
algorithm, the optimizer may calculate finite differences automatically in the absence of
analytic derivative expressions. If this is the case, the FSCT method’s derivatives may not

be effectively evaluated without user intervention.

Some sophisticated optimizers perform initialization routines to more efficiently cal-
culate numerical derivatives. To avoid excess computation, functions are evaluated from
an initial or random point of @ to determine the structure of the Jacobian matrix. Linear
constraints (constant Jacobian elements) and nonlinear constraints (varying Jacobian ele-
ments) are identified. This allows the routine to characterize the sparsity of the Jacobian.
By performing this task in the initialization, the algorithm seeks to avoid recalculating non-

changing elements. However, in the context of the FSCT implementation, this procedure
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will not be able to adequately identify the potential dependencies that would appear from
a different evaluation point. Some Jacobian elements will appear to be nonvarying at a
particular point based on the current arrangement of knots. If the initialization routine
falsely identifies elements as constant (zero or nonzero), then proper derivatives are not
evaluated for future iterations when the knot arrangement is different. Consequently, the
optimizer cannot determine the best search direction for the next iteration point, and it is

unlikely that the optimizer would converge on an optimal point.

This can be overcome with user defined procedures to flag all potential dependencies
(nonzero Jacobian elements) as varying gradients. With this information, the optimizer will
perform finite differences for each element, actively determining the dependencies on each
iteration. Efficiency degrades, and there is necessarily excess computation, but derivatives

can be calculated accurately.

3.2.4 Other Constraints

So far, the implementation of the FSCT method is presented in the context of the
continuity constraints and the segment-time switching phenomenon that exists in those
constraints. However, the continuity constraints along segments are only a subset of the
constraints necessary for successful implementation of the method. Of course, the specific set
of constraints may be dependent upon the actual problem transcribed. However, common
to most applications are three additional subsets of constraints described presently. These

implement various initial, knot, and time conditions.

3.2.4.1 Initial States and Time

The initial conditions most often employed with optimal control problems have all

of the initial states as well as the initial time fixed. The optimization question posed is
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most often of the form: Given where I am now, how do I do what I want to do? Thus, the

constraints, ¥ (to, yy) = 0, will capture fixed initial states and time.

Notice that the initial states are simply the states assigned to the first node of the
first segment, y; 1 1. Let the specified initial states be identified as (y(), and the specified

initial time as t;. Then ny, = n, + 1 constraints are imposed to represent 1, as

Y111 — (Yo

Cyp () = Yi1a — (6)i

Yny,1,1 — (yé)ny
to — 1§

The optimizer drives this vector to zero during the optimization. However, simple con-
straints like this could and should be met on the first iteration by appropriately assigning

the initial conditions in the first guess for .

The Jacobian elements for these constraints are simple to compute.

8C¢0i _ 1, Ty =Yill == ’i,
Oz, 0, otherwise,
acwony-&-l B 1, zy =ty v =nynyns +ny(ng+1)+1,
Ox, N 0, otherwise,

fori=1,...,ny.

Note that specified final states and time would be treated identically.

3.2.4.2 Segment Continuity Between Knots

Consider a set of dynamics where all states must be continuous across segments.
Since no time elapses between the end of the k™" segment and the beginning of the (k+ 1)

segment, the states must be equal at those points. The n,(ns — 1) segment constraints are
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formulated as ~

yl,l,? - yl,nn,l
cs(®) = | Yilkt1 — Yinok :
L Yny,lns = Ynynnns—1 |

with Jacobian elements,

Ocs (k—1)+i 1, Ty = Yol k1
ny — 1 .
856 = _17 x’Y - yi,nn,k;
v 0, otherwise,
fori=1,...,nyand k=1,...,ng— 1.

3.2.4.3 Time

Time equality constraints ensure that the sums of the axes durations for each control

axis are equal to the trajectory time of flight, t; — ¢o9. That is, the n, time constraints are

[ tr—to— 0T At ]

K

ci(@) = |ty —to— DT | Aty

k=1

|ty —to— T At k]

The Jacobian elements for these constraints are

1, zy =ty,
dex, -1, z, =t,
8.%'7 —1, Ty = Ati,k,
0, otherwise.
fori=1,...,n, and k =1,...,n; + 1. For these derivatives, it is assumed that At;; > 0.

This is a reasonable assumption if simple bounds keep the time durations nonnegative.

Alternatively, the derivatives associated with the durations are —sign(At; ;) instead of —1.
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3.3 Summary

It is often the case that unique problems require unique methods for determining
solutions. This work explores one such problem, in which a continuous dynamical system
is subject to a finite control space. This development results in an enhanced collocation
method specifically designed to treat optimal control problems under this type of control

constraint.

The Finite Set Control Transcription method is presented in this chapter along with
implementation considerations. The class of hybrid problem targeted for this development
consists of continuous states and discrete controls. It should be noted that further extensions
of this method may be applied to different classes of hybrid control problems. One in
particular considers both discrete and continuous control variables. The FSCT method
may be augmented to treat extra continuous control variables as in a traditional collocation
approach (see Chapter 6). Extensions can also be considered for autonomous switching

with appropriate definitions of knot conditions.

The FSCT method is also applicable for completely continuous systems. For ex-
ample, the method proves useful in forcing ‘bang-bang’ control histories, which result even
when control variables are only constrained by saturation limits. The nature of the param-
eterization allows for switching times to be optimized over a continuous spectrum, unlike
most collocation schemes. This facilitates the transition from the FSCT (parameterized)

solution to the implementation in the actual continuous system.

The transcription and implementation development presented here is sufficient for
a user to formulate any number of appropriate applications. These follow in subsequent
chapters. General applications explore single and multiple discrete variables, ‘bang-bang’
control, and solution precision. Further applications demonstrate the FSCT method’s ca-

pability in handling large-scale, complex problems.
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Chapter 4

General Applications

Having detailed the implementation for the Finite Set Control Transcription (FSCT)
method, it is beneficial to explore the capability and utility of the method by demonstrating
a range of applications. In so doing, the scope of the method is characterized, ideally
inspiring additional applications outside those presented here. The applications presented
are focused on aerospace systems, as these served to motivate the method’s development.
The basic applications consider the stability of a switched linear system, minimum-time and
minimum-acceleration solutions to a 2-dimensional lunar lander problem, and spacecraft

attitude control based on inexpensive cold-gas thruster technology.

As the method is explored, several other hybrid control methods are introduced. A
stability method involving multiple Lypunov functions is contrasted with the FSCT method,
while a hybrid model predictive control scheme is used in conjunction with this investiga-
tion’s focus. In the final application, the attitude dynamics of a spacecraft are expressed
by two different models to demonstrate how control inputs traditionally considered in a
continuous form may be expressed as a combination of an augmented set of continuous

states and discrete controls.

To begin, a process for supplying initial guesses for the optimization is outlined.
The initial guess is as crucial as the method itself for arriving at useful solutions. Although
there may be several effective philosophies on how to generate an initial guess, the following

process produces successful results for the applications in this and subsequent chapters.
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4.1 Producing Effective Initial Guesses

Of course, one natural characteristic of the numerical optimization process is that
it is iterative: a user must supply the optimizer with an initial guess for , and allow the
algorithm to improve upon that value until the constraint functions are satisfied and the
cost function is minimized. Therefore, the identification of adequate solutions requires a
good initial guess, xg. In some sense, xg should be ‘close’ to the desired solution. The final
point (that is, the converged, optimal parameters), x ¢, will most likely be in the same region
as xg. However, it is possible to expand the region containing the initial guess and final
solution by ensuring that the initial guess is not ‘too close’ to an existing local minimum.
It is certainly a balancing act, and determining the initial guess is often the most difficult
aspect of numerical optimization. Thus, it is crucial to provide a philosophy by which

effective initial guesses for  can be realized.

In this investigation, x is generated by selecting states along or close to a desired (or
maybe anticipated) solution, while controls (that is, time durations) are arbitrarily selected.
This approach is convenient because the analyst often possesses some intuitive knowledge
regarding the behavior of the states. Initial conditions, final conditions, and path data, for
example, are often available and can be easily converted into the state values of xy. Once
the times for the nodes are known, a guess for y; ; 1 can be interpolated. Likewise, starting
values of ¢y and ¢y can generally be deduced intuitively. Of course, identifying candidate
initial values for the control history is not intuitive. In that case, it is convenient to assign

initial values for control switches arbitrarily.

This approach can be quite effective. An arbitrarily designated control sequence,
combined with an intuitive set of state parameters, generally results in a non-feasible initial
guess. Of course, since the starting point is not feasible, it is also not likely in the vicinity
of an existing local minimum. The optimizer will necessarily adjust the initial values of all

the parameters to make « feasible, moving & away from what may be a poor initial guess.
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However, by observing that most often nyn,ns + 2 > ny(n, + 1) (the number of states is
greater than the number of control time parameters), the state elements within a( provide
inertia to keep x in the same vicinity. Thus, this approach helps in producing initial guesses

that are not too close or too far away from a good solution.

In this study, the control values are generally pre-specified in a manner similar to
the profile of Figure 1.1. The control values are selected as an ordered set, where each
of the feasible values is present for multiple time durations. One way of expressing the

pre-specified control values in this example is

" -
U; 1 = Ui mod(k—1,m;)+1>

fori = 1,...,ny and k£ = 1,...,n; + 1. This employs the modulus function, where
mod(a,b) = a —nb, and 7 is the largest integer multiplier such that nb < a. This choice can

be altered should problem intuition dictate a less arbitrary arrangement.

An effective strategy for guessing the time durations, At;j, allows for uniform seg-
ment durations for all segments in the initial guess. One way of accomplishing this is
through the definitions,

~ ty —1
A e

Ns
iA, k=1
At“g = nuA, k:2,...,nk y

(ny +1—9)A, k=np+1
for i = 1,...,n,. This guarantees that, upon the first iteration of the optimization, each
segment has duration A, and the knots are placed as far apart as possible. Notice also that
there is a structured rotation between the control variables with regard to switching times:
uy switches, followed by wo, and so on. The order of control switches is free to change

throughout the optimization process (u; does not always switch before u;41), but the initial

ordering and initial separation between knot times allows for free movement of the knots
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in order to arrive at a feasible and locally optimal switching structure. This philosophy for

generating xg is practiced in each of the applications that follow.

4.2 Two Stable Linear Systems

Although the FSCT method is especially effective for multiple control variables,

consider first a system controlled by only one decision. The system is

y = fly,u)= Auy, (4.1)

u € {1,2}, (4.2)

where

-1 10 ~1 100
Al_[—lOO —1]’ AQ‘[—m —1]'

Thus, the system is characterized by two separate dynamical modes, and the decision vari-
able determines which of the two is in play at any given time. Notice that individually, each
mode is a linear, time-invariant system guaranteeing exponential stability at the origin,
y = 0. Observe in Figure 4.1 how both systems send trajectories to the origin from the

initial point y, = [10 10]7.

This example is presented by Branicky%® as a classical demonstration of how multi-
ple Lyapunov functions can be used to develop switching laws for the system. It is intrigu-
ing in that, although individually stable, one cannot arbitrarily switch between dynamical
modes and guarantee system stability. Branicky shows, for example, a switching law devised
such that « = 1 when y is in Quadrants 2 and 4, and v = 2 when y is in Quadrants 1 and
3. From any point, the trajectory goes to infinity as illustrated in Figure 4.2(a). However,
this is not the case for all switching functions. For example the law that switches modes

when y crosses the line ya = y; results in a stable system converging on the origin (Figure

4.2(b)).
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Figure 4.1: Individually Stable Systems

The characteristics of the system can be explained via Lyapunov analysis, which fol-
lows. The technique of multiple Lyapunov functions is intuitively applied since the switched
system consists of multiple dynamical modes. Subsequently, the FSCT method is applied to
demonstrate an alternative analysis technique for determining stable (and optimal) switch-
ing laws. This system presented in Equations 4.1-4.2 serves as an excellent example, since
each method can be exercised in a graceful manner due to the inherent simplicity of the
linear system. In addition, this example capitalizes on the familiarity of linear systems and

Lyapunov stability theory to the general reader.

4.2.1 Stability via Multiple Lyapunov Functions

The key feature of the switching law of Figure 4.2(b) that guarantees stability is
that the system remains in both modes for exactly one half of a revolution between each
switch. Recall that the two state linear system with complex eigenvalues A\1 2 = o £ jw and
corresponding eigenvectors v1 2 = a &+ jw has solution of the form

. —1
_ _At,, _ ot coswt sinwt
yt) =eTyo =e [a w] [ —sinwt coswt ] [a w] Yo-
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Figure 4.2: Two Switching Laws

Then, one half revolution later from any point,

LA . cosw (t+ZI) sinw(t+
y<t+w> = el )[aw][—sinw(terg) cosw (t +

ISEINE]

]

provided that the system remains in the same mode over that time. Thus, for « < 0 (a

= _eagy(t)7

stable system), the Lyapunov function,
V=yy,

which represents in a sense the energy of the system, is guaranteed to be smaller after one
half of a revolution. Consistent switching at intervals of 7 ensures an incremental decrease

in system energy, resulting in convergence to the origin.

Other stable switching structures may also be obtained with a more classical Lya-
punov argument. Considering each stable dynamical mode, A,, separately, there exist

symmetric positive definite matrix pairs, P, and Q,,, such that

P.A,+A'P, = -Q,. (4.3)
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Stability for the mode is demonstrated through the Lyapunov function,
Vi =y " Puy >0,
with negative time derivative,

Vu = yTPuy+yTPuy
= yT (PuAu + AgPu) Y

= —yTQuy < 0.

This standard analysis method offers a way of defining a stable switching law according to
the behavior of the Lyapunov functions for each mode. For example, define @, = Q4 =1
for simplicity. Then the Lyapunov Equation 4.3 can be solved uniquely to yield P; and
Py, corresponding to their respective modes. In this case, it is observed that regardless
of the current mode, the energy of the system decreases according to —y’Q,y = —y’y.
However, V1 # Vs, and a reasonable switching law can be selected such that the Lyapunov

function is minimized.” Thus,
u = 17 VI < Vé
L2 i>W

A trajectory implementing this switching law is illustrated in Figure 4.3.

4.2.2 Optimal Switching via FSCT Method

The method of multiple Lyapunov functions demonstrated above can be effective in
determining switching strategies between a finite number of system modes identified through
a single decision variable. Variations on the theme arise by choosing the minimum V,, instead
of V,, for some candidate Lyapunov functions, or by minimizing some combination of the
two.” With an infinite set of stable switching laws, a question remains regarding efficiency
and robustness. Although many criteria may be chosen to rank the effectiveness of a

switching structure, a simple criterion is presently selected to demonstrate how the FSCT
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Figure 4.3: Minimum Lyapunov Function Switching Law

method can aid in the realization of an appropriate switching law. For this example, consider
the objective of minimizing the time needed to move a point from its initial position to the
vicinity of the origin. Naturally, the trajectory will never go through the origin, as e* > 0
always. However, by choosing a region near the origin, a terminal condition for the optimal

control problem is established. Let the final point be subject to

yryp =1,
such that the objective is to cross the boundary of the unit circle in minimum time, starting
from the initial point, y, = [10 10]7. The optimal control law indicates when to switch

between the dynamical modes of A7 and Ay to most efficiently guide the trajectory to the

terminal manifold.

The FSCT method is well equipped to solve this optimal control problem. Actu-
ally, many of the unique characteristics of the solution method are not exercised by this
example due to the fact that the problem consists of only one decision variable. Notions of
switching dependencies within the underlying nonlinear programming problem are necessar-

ily excluded when only one control is involved. The total number of segments is exactly the
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number of pre-specified control values, and consequently, the control characteristics of each
segment are known a priori. Thus, the optimization process simply determines appropriate

switching times between segments.

To begin the process, a user selects the number of knots, indicating the total al-
lowable control switches over the course of the trajectory. Let ng = 20 knots for an initial

optimization, and pre-specify control values such that

indicating that u begins at the value 1 and alternates between 1 and 2 over each of np+1 = 21
segments. Additionally, a user selects a node count that sufficiently captures the state
dynamics between control switches when state continuity conditions are satisfied. For this
example, n, = 100. Appropriate knot conditions are identified to ensure state continuity

across segments, and the final condition is formulated as

C"Z’f = (ylyn’ﬂ7n5)2 + (y27n’ﬂ7n5)2 - 1 = 07

which involves the states corresponding to the last node of the last segment. Finally, by

identifying the optimization function, § = F(x) = ty—to, the FSCT formulation is complete.

A preliminary guess is necessary to conduct the nonlinear optimization. The initial
point, g, is generated using an interpolation of the trajectory determined by the minimum
Lyapunov function switching law of Figure 4.3 over the time interval ¢ € [0 3]. Thus, the
preliminary cost of the optimization is 3, a reasonable estimate considering this trajectory
first crosses the unit circle at time ¢t = 3.17. The knots (switching times) between dynamical
modes are uniformly spaced in time from 0 to 3. Thus, the preliminary guess does not satisfy
the continuity constraints: the guessed control switches do not correspond to the control
switches of the interpolated states. This is acceptable, as the optimization process ensures

that the final solution is feasible as well as locally optimal.
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An FSCT optimization applied for the selected initial guess leads to the trajectory
illustrated in Figure 4.4(a). The final time is t; = 0.3782, significantly smaller than the
initial guess. The solution is feasible, and three control switches are clearly observable by
the corners in the trajectory. With 20 knots, then, it is apparent that 17 possible control
switches are not utilized. Indeed, the solution consists of many knots occurring simultane-
ously, resulting in zero-duration segments. Thus, the transcription is overparameterized for

this solution. Observe that the control switches occur at the following states:

n [ —9.3125 Y1 [ 1.5297 n [ —1.7921
v2 |, | 33180 |7 w2 ., [42932) |we|,_, | 0638 |

Notice that the switching points are related, as

<y1 ) _ <y2) _ <y1 > _

_ - — == = — — =m.
Y2/ k=1 Y1/ k=2 Y2/ k=3

This ratio implies the switching law

m = 4.4
2, otherwise (44)

{L—1<W§m

-

where m = 2.8067. It is important to observe that the trajectory that resulted from the
FSCT optimization shows control switches in only Quadrants 1 and 2, while the control law
in Equation 4.4 observes switches in each of the four quadrants. The difference is explained
through the realization that the solution method is capable of determining locally optimal
solutions, most likely in the vicinity of the initial guess. Obviously, the solution is only a
local minimum, as the trajectory actually crossed the terminal radius at one point before the
final time. In this case, the initial guess and the parameterization leads to a solution with
only three observable control switches. However, the symmetry of the trajectories generated
in either dynamical mode imply that there should also exist symmetry in the switching law.
This intuition leads to Equation 4.4. To validate this control law, a second optimization
problem is solved, this time with a new initial guess. For the second optimization, the states

and control switch times of the initial guess are generated using Equation 4.4. Optimizing
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Figure 4.4: FSCT Locally Optimal Switching Trajectories

this initial guess, the trajectory of Figure 4.4(b) is determined. Validating the control
law, this second solution corresponds to the initial guess, except that in the final solution,
m = 3.0979, a slightly larger slope for the switching line. However, the cost is even further

improved, with ¢y = 0.0870.

The fact that the slope value, m, changed between the two optimizations is not
overly surprising. One reason for this is simply the fact that, in each case, the solution is
a local, not global, minimum. Through further analysis, it is apparent that m is a factor
of the initial point and the size of the terminal radius, as well. Indeed, a change to the

terminal radius such that y?y 5 = 0.5 yields m = 3.7786 in the optimal solution.

The intent of this example is to demonstrate how a classical problem, which can be
solved using traditional control techniques, can also be analyzed using the FSCT method.
One advantage of the latter is the ability to optimize a control solution or control law
according to a specified objective. In this case, the final time is minimized, however it
might be equally useful to minimize the integral of the system energy over a fixed time, for
example. Both costs capture, in a sense, the sentiment to drive a trajectory to the origin

in an efficient manner, although both undoubtedly yield different solutions. It is observed,
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after all, that the trajectories of Figure 4.4 reach the unit circle quickly, but their control
law does not guarantee that the trajectory will remain within that circle for all future
time (it may escape the region and re-enter). Thus, the FSCT method can only guarantee

optimality over the range of time considered, not beyond.

4.3 Lunar Lander

In a second example, it is useful to visit the classical Lunar Launch/Lunar Lander
problem, commonly treated in the literature on optimal control theory.?3 2% The objective
for the launch problem is to transfer a rocket from the lunar surface into a lunar orbit in
minimum time. The problem is constructed in two dimensions, range and altitude, yielding
4 states (position and velocity in each dimension) and 1 control variable (thrust-direction
angle). The thrust acceleration magnitude and the gravitational field are assumed constant.
The rocket is initially at rest and must achieve a specified final altitude and range velocity.
It is observed that the lunar lander problem (assuming a soft landing) is the identical
problem, integrating backwards. The simplicity and familiarity of this problem make it an

interesting test case for the FSCT method.

Consider the lunar lander problem with one added complexity: the vehicle cannot
alter its thrust vector. Instead, the vehicle can thrust with constant acceleration magnitude
in each principal direction. The system now has 4 states and 2 control variables, in a sense
doubling the complexity of the Section 4.2 example. Specifically, by implementing multiple
control values, the unique segment-switching characteristics of the FSCT method can be
observed. The objective of this problem is to transfer a rocket from a lunar orbit to the lunar

surface in minimum time or by using minimum acceleration. The dynamics are described

by

71 V1

. 7'"2 o ()

Y= b = w1 )
() —g+u2
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where 7, v, and u represent position, velocity, and control acceleration, respectively, and the
subscripts indicate the horizontal and vertical dimensions. The gravitational constant of
g =1.6231 m/ s? is obtained using the mass and equatorial radius of the Moon.3® With initial
conditions, o = [200 15]7 km and vy = [~1.7 0]7 km/s and final conditions r; = v; = 0,
the lander must achieve a soft landing on a specified target from a completely specified initial
state. Both minimum-time and minimum-acceleration optimizations are realized with the

finite set control constraints

uy € {—ﬁl, 0, ’111},

Uy € {—ﬂg, 0, ﬂQ},

where 47 = 50 m/ s? and iy = 20 rn/sZ. The control constraints ensure constant thrust

acceleration during thrusting arcs.

4.3.1 Optimal Minimum-Time and Minimum-A cceleration Solutions

Optimal solutions are now demonstrated via the FSCT method. For this example,
let n,, = 5 nodes per segment and n; = 14 knots per control axis. In addition, let the

pre-specified controls be identified as
u; j, = 1; COS (g(k - 1)) .

Thus, it is assumed in the control sequence that the vehicle thrusts initially in the positive
directions (uprange and up), then coasts, then thrusts in the negative directions (downrange
and down). The resulting optimizations determine the appropriate times for all control

switches, indicating the durations for each thrusting and coasting arc.

An initial guess is devised with ¢g = 0, t; = 300 seconds, and all knot times are
evenly distributed over the interval such that each segment duration is identical. The

state parameters in @ are constructed to create a linear progression in each state from its
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initial value to its final value. Initial, final, and knot condition constraints are satisfied
by the x supplied to the optimizer before the first iteration, but continuity constraints
are not immediately satisfied. During the optimization process, ® is improved such that
all constraints are satisfied. In addition, the final & minimizes the objective function,

representing J = t; — t¢ for minimum time or J = ftof ulw dt for minimum acceleration.

Figure 4.5 displays the solutions of both the minimum-time and minimum-
acceleration problem. Vehicle positions and controls are plotted for both minimizations.
Notice the control history u; for the minimum-time solution. In essence, this solution rep-
resents bang-bang control in the first axis, with u;(t) = —@; on t € [0 33.66] seconds, and
u1(t) = U for the remaining time until ¢¢, at 101.32 seconds. Of course, this control behav-
ior is expected for a minimum-time optimization. Recall, however, that the pre-specified
initial value for uy is ;. As the illustration demonstrates, there is an instantaneous switch
in the control at tg = 0 from 4; to 0 and then from 0 to —%;. The solution exhibits
that At;; = At;2 = 0 in order to accomplish this. In addition, there are instantaneous
switches at t = 34.06, 68.65, and 101.32 seconds. At each of these times there exist time
durations Aty j, for coasting and negative-direction thrusting, and each has been optimized
to be identically zero. This behavior is a common artifact of the FSCT formulation. It
does not indicate that control switches should occur at these times; rather it indicates
that the problem has been overparameterized with more knots than necessary. However,
since control values are pre-specified in the optimization, it is useful to overparameterize
the problem, allowing for more control switches than needed. Overparameterizing allows
the optimizer to demonstrate the optimal number of switches (less than the parameterized
number) by driving to zero superfluous control axis durations. The overparameterization
also allows the user additional flexibility to arbitrarily pre-specify control values, knowing
that non-optimal control values are eliminated in the final solution. In this case, specifying

ng = 14 knots represented an overparameterization in uq, but not necessarily in us. In
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the vertical control axis, only three time durations are driven to zero by the optimization.
These are the positive thrusting arc occurring at ¢ = 33.93 seconds and the coasting and

negative thrusting arcs occurring simultaneously at the final time.
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Figure 4.5: Optimal Solutions for the Minimum-Time and Minimum-Acceleration Lunar
Lander Problem
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This same behavior is observed for the minimum-acceleration optimization displayed
in Figure 4.5(b). One may easily observe that most thrusting arcs are reduced exactly to
zero by the optimizer for both control axes. This indicates that far fewer switches were
necessary to identify this local minimum, and it provides confidence that the formulation has

not underparameterized the problem by providing too few control switching opportunities.

Figure 4.5(c) plots the minimum-time and minimum-acceleration trajectories con-
currently. For each trajectory, the dots indicate the actual values of the state-parameters
optimized in x. Thus, these are the states at the nodes along each segment. It is clear
that the nodes are not evenly distributed spatially, nor are they distributed evenly in time.
Again, this is due to the varying durations of each segment. Regardless, there are n, =5
nodes on each segment, and by segment they are evenly distributed in time. The lines
between the nodes are not simply a connection of the dots. Rather, the lines indicate
a propagation of the initial conditions along with their respective control solutions using
a variable-step integrator. While the notions of overparameterization imply that enough
knots are included in the parameterization, this illustration indicates the sufficiency of the
node count, as the integrated trajectory matches nearly identically to the distributed nodes.
The consistency between node locations and propagated states demonstrates the accuracy
of the Hermite-Simpson integration equations. At the final time, state errors for both opti-
mization solutions are O(107%) m in positions and O(10719) m/s in velocities, only slightly

larger than the integration tolerances for the propagation.

An important discovery from the Lunar Lander example is the extent by which
the FSCT method results in implementable control solutions. First, it is clear that the
solution requires some ‘interpretation.” Superfluous control switches must be discounted
before implementing the control history. Actuators with minimum on-times do not support
thrust durations approaching zero; however, within the tolerance of the optimization, zero

or near-zero burn durations actually indicate that the respective actuation is not desirable.
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Clearly, an optimization must be scaled properly in time to differentiate short actuation

times from non-optimal control sequences.

Secondly, once a control solution is adequately interpreted, the performance of the
solution in a continuous time setting can be nearly identical. Although this collocation tech-
nique does rely on a time discretization along each segment, the switching times between
control values are optimized over a continuous spectrum. Therefore, the control solution
represents exact switching times within the tolerance of the optimization. In this exam-
ple, the continuous-time system is simulated with state and control propagation, showing

negligible deviations from the FSCT solution.

Multiple Optimal Solutions

One final observation regarding overparameterization is now explored. Consider the
case where the optimal solution requires that At;;, = 0 for some 7 and k. Thus, ;1 =t

and the pre-specified control value u;, is not part of the optimal solution. In addition, let

* I
Ui k—1 = Wi k+1-

This is a common situation, as many applications may pre-specify control values to alternate
between two values (or ‘on’ and ‘off’). In this case, the control effectively remains at the
value of u;-ik_l from ¢; o to t; x+1 (see Figure 4.6). Define A as the total duration spent

at this control value, such that

0
A=ty —tig2=A2Ar 1 +% + At i1

Notice that At; ;1 and At; ;41 can take any values such that their sum remains A while

still ultimately communicating the same control profile.

Thus, there are an infinite number of combinations of parameters that represent

an identical optimal solution. However, it is observed that changes to the two nonzero
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Figure 4.6: Scenario Resulting in Multiple Optimal Solutions

time durations have significant impact on the dynamic constraints, as the knot locations
determined through At; ;1 and At;;1 further determine the node locations at which
states are defined in «,. This inertia deters arbitrary variations in time parameters, thus
facilitating convergence. In other words, minor changes in the values of At; ;1 and At; 41
require major changes in the elements of Y, n, », on the three corresponding segments in

order to realize an equivalent optimal solution.

4.3.2 A Model Predictive Controller for Real-Time Implementation

One potential drawback of the FSCT method is that, while capable of producing
optimal control histories for the finite set control problem, optimal control laws for real-time

implementation are not immediately available. In Section 4.2, a control law is deduced for
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the optimal switching between dynamical modes, but for the general dynamical problem,
there is no guarantee that an optimal control solution will imply a real-time law, u = u(¢, y).
To compensate for this limitation, a process is now considered by which FSCT solutions
may be implemented in conjunction with a model predictive control (MPC) design for real-
time implementation of finite control. See Appendix A for relevant background on MPC

theory and an extension to hybrid systems.

4.3.2.1 MPC Control Law

A model predictive controller can be derived by approximating the hybrid control
system as a linear discrete-time model to develop easily calculated estimates for measureable
state-like quantities at future instances of time. Let the estimate on the output at future
time t 4+ jAt, given the states at time ¢, be denoted as 2(t 4+ jAt|t). In the appendix, it is
shown that this estimate may be expressed as a function of y(¢) and u(t) . Over a prediction
interval defined by p, a series of estimates can be expressed as

2(t+ Atft) ]|

Z=| 26+t | = Gy(t) + Ku(),

| 2(t+ pAtt) |
with appropriate definitions for the matrices G and K. Let the nominal output (corre-
sponding to the FSCT trajectory) be expressed at the same discrete time intervals in the

vector, Z,. A cost function of the form

J= %(zn -2)'Q(z,-2)+ %UTRU

may be employed to penalize both deviations in trajectory states away from the nominal
and excessive control usage. Thus, J can then be minimized according to user defined weight
matrices  and R to produce a tracking trajectory that also minimizes control over the

prediction interval.
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The model predictive control law for the hybrid system is defined according to

u = arg min J.
uclUnu

Simply stated, the implemented control at the current time is the feasible control combi-
nation that minimizes the cost function. Thus, the control must consider each of the m

possible control combinations, implementing the minimizing choice at each interval.

4.3.2.2 A Comparison of MPC Performance

The hybrid system model predictive controller is easily demonstrated in conjunction
with the FSCT method using the minimum-acceleration solution of the lunar lander prob-
lem. With m = (3)(3) = 9 possible control combinations, it is reasonable to assume that
there exists a time interval, At, such that m evaluations of J can be compared to determine
the minimizing control per interval. For this simulation, At is chosen such that there are 500
intervals between to and ¢5 (less that four intervals per second for the minimum-acceleration
trajectory). In addition, a prediction horizon is selected where p = 10, indicating that the
controller calculates the estimates for the next 10 intervals of the output at each time step.

In addition, a slightly modified cost function is evaluated, as
1 T 1 TF
Jd= §(Zn -2)Q(Z,—-Z)+ §(u” —u)" R(u, —u).

Here, the cost function penalizes deviations in the control from the FSCT solution, as
opposed to penalizing control effort alone. Thus, the objective is to mimic the FSCT
solution as close as possible via a real-time implementation. Since the a priori discovered
optimal solution includes state and control values, it is logical to use all of this information
in the controller. The weight matrices, Q and R, are proportioned, however, to emphasize

position state tracking over velocity or control tracking.

The results of a simulation implementing the real-time controller are depicted in

Figure 4.7(a), displaying positions, velocities, and control values of the lunar lander. For
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Figure 4.7: Model Predictive Controller Simulations for the Lunar Lander

positions and velocities, both FSCT solution and MPC simulation states are plotted to
demonstrate minimal deviations between the two. It is especially interesting to compare
the control histories of Figure 4.5(b) and Figure 4.7(a): they are nearly identical. The pri-
mary observable difference between the MPC simulation and the FSCT solution is that the
simulation has removed the instantaneous control switches that resulted from overparame-
terization in the FSCT formulation. Thus, with the FSCT solution in hand, it is possible

to derive a real-time control law that very closely recreates the optimal trajectory.

As a point of comparison, a second simulation is conducted in which the MPC con-
troller is implemented with a different nominal trajectory, shown in Figure 4.7(b). In this
case, the nominal is identical to the initial guess imposed for both optimizations in Section
4.3.1. Here, the trajectory is truly arbitrary, and the associated control history correspond-
ing to this trajectory is unknown. Furthermore, the velocity states do not satisfy a matching
condition with the position states. Consequently, the cost function minimized in the control
law is modified such that R = 0 and elements of Q pertaining to velocity tracking are zero
so that the control determination is solely based on position state deviations from the nom-
inal. Note that for the arbitrary trajectory, reasonable position tracking is accomplished

with this control law, while obeying the control constraints (finite set limitations) of the
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hybrid system. However, when comparing the control histories of both simulations, it is
clear why it is beneficial to use the FSCT method for determining the nominal trajectory,
since an arbitrary trajectory will necessarily require excessive control switches to minimize
the MPC cost function. With a smaller value for At, control switches may be even more

regular, requiring consideration of limitations such as minimum on-times for actuators.

The consistency between the FSCT minimum-acceleration solution and the hybrid
system MPC simulation suggest the effectiveness of using the two methodologies in tandem.
It is observed that the FSCT method offers control histories instead of implementable
control laws. On the other hand, an MPC-derived controller may only be as good as
the nominal trajectory selected for tracking. As a pair, however, it is possible to derive
optimal trajectories and control histories, and implement them in a real-time context, where
perturbations, modeling errors, and other unknowns are likely to arise. This example is
intended to further illustrate the utility of the FSCT method when a control law, rather

than a control history, is desired.

4.4 Small Spacecraft Attitude Control

In a final example, the FSCT method is applied to determine finite set control sched-
ules for tracking an arbitary spacecraft orientation. The FSCT method is well-suited for
the problem when only on-off actuation is available. This example is specifically motivated
by spacecraft limited to commercial off-the-shelf actuator technologies that are inexpen-

18-20,22 jpdicates a range of new thruster

sive and readily available. The available literature
technologies for small spacecraft that are currently under development. Although these
may offer wide ranges of thrust magnitudes and performance efficiencies, it is interesting to
explore how the capability of traditional technologies can be stretched to maximize perfor-

mance. The attitude control problem offers an exciting dynamic environment along with

conceivable control limitations which make the FSCT method quite relevant.
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Figure 4.8: Micro-Satellite Illustration

Consider a low-cost micro-satellite employing a basic nitrogen cold gas propulsion
system3%40 for attitude control. Two scenarios are now investigated for this small space-
craft attitude control problem. In both of the scenarios, the spacecraft is equipped with six
thruster-pairs situated on a cuboid spacecraft body to provide purely rotational control in
each of the body’s principal directions, positive and negative (see Figure 4.8). The propul-
sion system is supplied by a single N9 propellant tank, centrally located in the spacecraft
for simplicity. Temperature and pressure are regulated at each thruster nozzle to allow for
constant thrust of 2 N. Pertinent specifications for the spacecraft and propulsion system

are listed in Table 4.1.

The first scenario demonstrates the simplest control system to conceive. Each

thruster pair is controlled by an on/off valve, and thrust magnitudes are limited to two
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values (2 N when on, 0 N when off). The second scenario explores a variable-thrust cold
gas propulsion system in which the effective throat size of each thruster nozzle varies to
alter propellant mass flow. However, the new problem can still be modeled in a finite set
control formulation so that the FSCT method can be used. In transitioning between the
two scenario formulations, it is suggested that many variable control problems are actually,

at some level, finite control problems with an extended dynamic description.

For the dynamical relations that follow, it is necessary to identify the principal
moments of inertia for the spacecraft. The spacecraft has dimension [; X Iy X I3 and a
propellant tank with radius r. The cuboid volume, V., and propellant volume, V), are
easily derived using these quantities. Assume a constant mass density within the propellant
tank, and further assume a constant mass density in the remaining dry space of volume
Va = Ve — V. With dry mass, mg, and propellant mass, m,, it is possible to derive the
principal moments. Let the cuboid mass, m., represent the total spacecraft mass if the
mass density inside the tank were the same as the mass density outside. Then identify the
unaccounted mass within the sphere as mg, so that the principal moments for the spacecraft

can be defined as:

1 2

J = T3Me (l% + lg) + ngTQ,
1 2

JQ = ﬁmc (l% + lg) + gmsT‘2,
1 2

Jy = o (F+15)+ gmsrz.

Specific definitions for derived quantities are also included in Table 4.1.

In each scenario, the dynamics are described using quaternion elements. Recall that
the quaternion, q = [qo qf]T, is a 4-dimensional quantity, consisting of one scalar element
and one 3-dimensional vector, that describes the rotation between two coordinate frames.

The 3 x 3 coordinate transformation matrix used to rotate between two frames may be
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Table 4.1: Physical Characteristics for a Micro-Satellite

Assumed Quantities

Dimensions I 1.00 m
l2 1.25 m
I3 1.50 m
T 0.25 m
Masses Dry Mass mq 15.00 kg
Propellant Mass (at to) mp 500 kg
Cold Gas Propulsion | Specific Gas Constant (N3) R 296.80 N-m/(kg-K)
Specific Heat (N2) 5 1.4
Storage Temperature T 208.15 K
Maximum Thrust F 2.00 N
Nozzle Throat Radius T 2.50 mm
Derived Quantities
Volumes Cuboid Volume V. l1lsl3
Propellant Volume Ve %71'7’3
Dry Volume Vi Ve—V,
Masses Total Mass me maq + mp
Cuboid Mass Me mq %
Extra Sphere Mass ms | My —Mme
Cold Gas Propulsion | Characteristic Velocity c* 434.439 m/s
Exhaust Velocity c 787.042 m/s
Gas Density/Velocity Product at Throat | prvs 129.42  kg/(m?s)

written as a function of the quaternion, as

C(q) = (6 — a5 a,)I + 24,q, — 2q0lq, ¥]

where [g, x| is the cross product matrix,

which operates on a vector in the same way as a cross product.
and the coordinate transformation matrix are directly linked to describe the relationship
between two reference frames. With no singularities, the quaternion is an effective means of
representing attitude dynamics. For clarity, superscripts are used to describe the reference

frames that a quaternion relates. For example, to transform a vector from reference frame

0 - q
[qv X ] = qs3 0 —q1
- ¢ 0
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Figure 4.9: Fixed Thrust Propulsion

{a} to reference frame {E}, the quaternion, ®g?, is used, where
{b} = C("q"){a}.

4.4.1 Low-Cost Cold Gas Thrusters: Fixed Thrust Attitude Control

Consider a micro-satellite with on-off actuation for its six attitude control thruster
pairs. Each thruster delivers either 0 N or 2 N of thrust, depending on the state of each
on/off valve. The basic propulsion system design is illustrated in Figure 4.9. Using the
existing propulsion system, the objective in this scenario is to track an arbitrary reference

trajectory as well as possible, while minimizing fuel expenditure.

Let the reference trajectory be described by the reference quaternion, "g¢’, relating

the inertial {2} frame to the reference {7} frame, while "w’ indicates the angular velocity
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of the reference frame, written in the reference frame. With the initial quaternion, "q, =

[1000]7, and angular velocity explicitly defined with respect to time as

0.3cost (1 - 6*0-0“2) + (0.087 + 0.006sin t) te 001
"W'(t) = | 0.3sint (1 - 6*0'0“2) + (0.087 + 0.006 cos t) te— 001 | rad/s, (4.5)
1
the reference trajectory is completely specified, indicating the ideal attitude for the space-
craft at all times ¢. The reference angular velocity description is purely arbitrary, but it is
observed that this reference trajectory offers interesting movement in angular position and
velocity states over the fixed time ¢ € [0 20] seconds and is an excellent test case for an

FSCT optimization.

Define the state vector for this dynamical system according to

where °q’ indicates the quaternion relating the inertial frame and the spacecraft body frame,
b is the corresponding angular velocity vector, and m,, is the depleting propellant mass
when thrusters are activated. These first three components of y completely define the
relevant states of the spacecraft. The remaining elements included in the state vector are
strictly for computational convenience as these are useful for cost evaluation and control
determination. The formulation allows the reference quaternion, "g*, to be determined at

each relevant instant in time by the FSCT method. The scalar state, p, measures an integral

cost for deviations between reference and actual trajectories.

In the next step, the control vector is defined. Ultimately, 4 must indicate the
position of the on/off valve for each of the twelve thrusters. Since thrusters, at a minimum,

are assumed to act in pairs, it is logical to allow each control variable to indicate the valve
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position for at least two thrusters. However, it is also observed that each thruster pair has
a corresponding thruster pair which acts in an opposing fashion such that their effects are

cancelled when both pairs are on. Thus, consider the contol vector, u € U3 where
U={-1,0,1}.

Thus, n, = 3, and each control variable is limited to three values, indicating for each
principal axis, whether the positive-thrusting pair, the negative-thrusting pair, or neither

is in the on position.

The state dynamics for the system are described by the following relations,

[ by i i LE(bq))bwi i
byt —J i x JPwi + RJ T Lu
y=|1my | =ftyu)= — 28570 uil 7
"q' sE("q) W' (t)
i P | i (qu’)T oY (rqi) H (Tqi> (bqi)

where J = diag(Jy, J2, J3) is the inertia tensor, L = diag(ly,l2,l3) contains the spacecraft
dimensions, and

_qzl :Zz —qgg a —qo0 —93 Q2 -

E(q) = = , H(@=|¢® ¢ -9 —-a|=-E(9.

1 b o a3 —q42 g1 —qo

—q2 Q1 q0
First, note that the quaternion dynamics, ¢, are a function of both ¢ and w. When relating
{2} to {b}, both vectors are contained within y. When relating {z} to {#}, however, the
angular velocities are evaluated using Equation 4.5. Next, observe that the dynamics, ?w?,
are dramatically simplified by expressing angular velocities in the principal body frame,

where the inertia tensor is an easily invertible diagonal matrix. In addition, one may see

that the mass flow dynamic, 71,, is nonzero only when one or more thruster pairs is on.
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The cost dynamics, p, are used for evaluating an integral cost. Here, it is desired
to minimize deviations between the actual and reference coordinate frames. Consider the

following relations:
C('q") = C('q)C"(°q"),
rqvb - H (rqi) (bqi> )
Then if {b} and {#} are identical, "q,> = 0. A cost function that penalizes
(rqvb)T (Tqvb) > 0 ensures minimal deviations between body and reference coordinate
frames. This is equivalent to setting pg = 0 and minimizing p; since

ty
pf—Dpo = / p dt,
t

0

= [0 (a) @

0

The complete cost function weighs penalties on trajectory tracking deviations with
the amount of propellant mass expelled in tracking the reference. Minimizing the total cost
function,

d = Bipy — Bamy, (4.6)

is equivalent to minimizing tracking deviations and maximizing the final propellant mass

when 81 > 0 and (B2 > 0.

The problem is completely defined by identifying the remaining initial states for
the optimization. Let the spacecraft begin along the reference trajectory. In this case,
bqi ="q} = [1 0007 and bw = "wi(tp). In addition, assume the initial propellant mass
is myp, = 5 kg. These assumptions imply there is sufficient propellant available to achieve

reasonable trajectory tracking for the interval from ¢y = 0 to ¢y = 20 seconds.
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FSCT Solution

The fixed time optimal control problem detailed above is solved using the FSCT
method to yield a feasible and locally optimal trajectory and control switching schedule.
For this sample solution, the selected transcription parameters are n,, = 5 nodes per segment
and n; = 20 knots, allowing 20 control switches in each u; over the time interval from ty to

ty. The pre-specified control values are selected based on the following law:

uy ), = Cos (g(k — 1)) .

This control law alternates between positive-, zero- and negative-torque for each control
variable. Clearly, the control sequence selection resembles that of the lunar lander problem
in Section 4.3, as this seems to allow substantial flexibility to solve the underlying NLP

problem.

The FSCT solution is depicted in Figure 4.10 when the cost function is set with equal
penalty weights, 31 = (2. In Figure 4.10(a), the trajectory position (quaternion) histories
for bq" and "¢’ are shown as the ‘actual’ and ‘desired’ trajectories, respectively. This
illustration gives a visual sense of how well the trajectory can be tracked given finite value
control limitations. In Figure 4.10(b), the resulting control history (switching schedule) is
depicted. For each control variable, note that the durations of arcs associated with both
u; = 1 and u; = —1 are reduced to zero. This indicates that the transcription formulation

is not underparameterized.

Finally, Figure 4.10(c) depicts the actual and desired angular velocities, *w’ and "w?’.
It is not unexpected that significantly more deviation is observable in this plot. Control
restrictions clearly reduce the way in which velocity variables can change with time. More
importantly, deviations in angular velocities are not penalized in the cost function, so the

FSCT method does not attempt directly to drive velocities to match.
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Quaternions: Actual vs. Desired
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Figure 4.10: Fixed Thrust Attitude Control
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4.4.2 Low-Cost Cold Gas Thrusters: Variable Thrust Attitude Control

The performance of the system above is clearly limited by on-off control actuation.
Of course, fixed thrust control is an obvious choice when the intent is to apply the FSCT
method to a real example. Indeed, the simplest, and perhaps least expensive, propulsion
systems can benefit from the methodology for determining control strategies for reference
tracking. A hybrid system model predictive controller, used in conjunction with FSCT
solutions may be as successful in this case as it was for the lunar lander presented earlier.
Here, however, another scenario is presented to expand the class of applications available

to the FSCT methodology.

The most straightforward way of improving upon the solutions of the first attitude
control scenario is to expand the solution space to include variable magnitude control inputs.
This improves performance through better tracking, less fuel expenditure, or both. Thus,
this scenario explores the possibility of a variable amplitude controller with a modified cold
gas propulsion system. The purpose of the development that follows is to demonstrate that
the variable control problem can still be interpreted, on a higher level, as a finite set control
problem. Extrapolating further, many, if not most, dynamical systems with variable control
inputs can be extended to reveal discrete components. Consider, for example, a control
system whose varying inputs are determined by a digital computer. At the highest level,
everything is reduced to a binary description, ‘0’s and ‘1’s, not unlike the discrete control
inputs shown in the examples so far.

1 serves as the

A previously developed variable amplitude cold gas propulsion system*
inspiration for the following development. Here, the nitrogen propellant system is modified
to allow variation in the effective dimension of the nozzle throat and, subsequently, the
propellant mass flow. Consider the illustration of Figure 4.11. A valve core rod lies near

the throat of the thruster nozzle, and has controlled motion up and down. Let the variable,

d;, indicate the position of the valve core rod for the i*® thruster. In addition, define 7 as
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Figure 4.11: A Variable Amplitude Thruster Nozzle

the radius of the nozzle throat. The effective throat area is a function of the rod position,

expressed as

1 \2
A(d;) = 71'7“? -7 <rt — 2di> , (4.7)
where 0 < d; < 2r;. Note that if the rod position is such that d; > 2r;, no effect is expected
on thruster performance, and (At),,.. = 777

Because the throat area directly affects the mass flow through the nozzle (assuming

constant propellant density and velocity), it has a direct effect on the magnitude of thrust.

Assuming, as before, that the maximum thrust available is (F}),,.. = 2 N, then
F
Prvg = ( t)max 7
(At)max c

which can be evaluated using the constants in Table 4.1. Now, the amplitude of control

for each thruster is a function of one discrete variable, indicating the position of the on/off
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valve, and one continuous variable, indicating the valve core rod position. To describe the
dynamical system, it is necessary to understand how the rod position, d;, is controlled.
Surely, there are many ways of doing this, all affecting the nature of the dynamics. Assume
then, for the sake of this argument, that each rod is driven by a constant-acceleration motor.
Thus, the rod position and its velocity, v;, are continuous variables, while its acceleration,

a;, may take only a discrete number of values.

If the valve core rod positions and velocities are included as state variables, a hybrid
system ensues consistent with the formulation in Equation 1.1, with only continuous states
and discrete controls. While this is not the only formulation for the variable amplitude
control problem, this formulation demonstrates that it is possible to extend a variable am-
plitude control device into a combination of continuous states and discrete decision variables.
In this case, states are defined for the physical elements that allow for thrust amplitude

variations.

The state vector for this scenario, then, includes the same quantities as the previous
scenario, now adding core rod positions and velocities to the set. Recall that, at a minimum,
the twelve thrusters of the micro-satellite are combined into six thruster pairs. In the
first scenario, two pairs providing torque along the same axis of rotation were considered
together. In this scenario, the dynamic relations dictate that only thruster pairs can be
considered to act in harmony. Thus, let the vectors, d and v, which contain the individual
rod dynamics, have six components each. Thus, a thruster pair shares the same rod positions

and velocities to ensure that translational accelerations cancel at all times.
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The state vector for the dynamical system takes the form,

rb_i -

The control vector is now

[ a ]

u= )

a

where w and a are each vectors composed of 6 elements (corresponding to the number of

thruster pairs), where

w; € {O, 1}
indicates whether the i*" thruster pair is on or off, and
a; € {—1, 0, 1}

indicates the acceleration of the valve core rods of the i*" thruster pair, which can be

negative, zero, or positive. The dynamics of the system are described by

Ca ' LB |
by — I bl x TP+ prvged TLA(d)w
iy, - thUtAT(d)’w

y=| d | =f(tyu) = 2V ’
b asza
g sE(q) (1)
5| |t H ) E (D) ()
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where the previously defined quantities J, L, E, and H are unchanged, and

Ady) —Au(dy) 0 0 0 0
A(d) = 0 0 Alds) —Ald)) 0 o |,
0 0 0 0 Auds) —A(dg)

Ad) = [ Ai(dy) Ai(de) Ai(ds) Ai(dg) Ai(ds) Ai(ds) ]T,
2
A(d;) = é [777“,52 -7 (rt — ;dl) ] . (4.8)

1
Notice immediately that Equation 4.8 differs from Equation 4.7 by the scaling factor, «;.
Additional scaling factors, as and ag, are present in the valve core rod dynamics, as well,
so that all state variables remain O(10°) to improve the convergence of the underlying NLP
problem. In this case, a; = 103 so that r; and d; are presented in mm. Likewise, crg = 10"
so v is in 107% m/s, and a3 = 10° so that a; = 1 indicates that the i*" rod is accelerating

by 10~4 m/s”.

Clearly, A(d) and A(d) represent the effective throat cross-sectional area for each
thruster pair, listed in matrix form and vector form, respectively. These facilitate the new
definitions for °ws* and 712, Thus, the effective control torque, evaluated by prvie "' LA(d)w
and measured in rad/sQ, as well as the total mass flow defined by 1, are determined by

the current throat area and the state of the on/off valve.

The cost function for this scenario is identical to before.

d = Bipy — Bamy, (4.6)
Again, 1 = (3> to allow for a direct comparison between results.

FSCT Solution

In as many ways as possible, the optimization of the variable-thrust attitude control
scenario is set up identically to the fixed-thrust scenario. The majority of the details, then,

are not repeated. In this transcription formulation, n, = 5 and n; = 20 again, but with
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additional control variables (n, = 12, instead of 3), the total number of segments, and

thereby nodes, is significantly increased.

The pre-specified controls for the formulation follow a standard structure.

* 1 1 k—1
o= 4 =(—1
wl,k‘ 2 2( ) ?

ai, = Cos (E(k — 1))
' 2
Notice that each w; alternates between the values 1 and 0, while a; alternates between 1,

0, and —1.

The results of the FSCT optimization are presented in full in Figures 4.12 and 4.13.
Immediately, Figure 4.12(a-b) can be compared to Figure 4.9 to show how quaternions
and angular velocities match the reference trajectories in each scenario. As expected, the
variable thrust formulation offers more flexibility, and consequently better tracking, for the

attitude control problem.

Figure 4.12(c-d) record the control histories that produce this trajectory. For each
thruster pair, the controls indicate whether the thruster switch is on or off, and whether
the motors driving the valve core rod are accelerating the rod. For completeness, Figure
4.12(e) shows the position history of the valve core rods for each thruster pair. Notice that
the positions remain within the bounds 0 < d; < 5 mm, where the rod position has an effect

on the resulting mass flow through the nozzle.

Figure 4.13 examines the effective control torque history for the system. When the
effects of all of the finite value control variables are considered along with new dynamic
states (d and wv), one can extract the actual control torque, measured in rad/s2, that
is applied to the spacecraft at any time. Figure 4.13(a) illustrates this. Note that the
zero-duration ‘dots’ contained in the figure are artifacts of zero-duration segments that
naturally result in an FSCT solution. For the sake of this discussion, they can effectively

be ignored. As a comparison to this solution, Figure 4.13(b) illustrates the control torque
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Quaternions: Actual vs. Desired
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Figure 4.12: Variable Thrust Attitude Control

135



FSCT Control Torque Unconstrained Control Torque
051 / 4

AT SR

rad/s’®
rad/s’®

Figure 4.13: FSCT Variable Thrust Attitude Control Torque vs. Unconstrained Attitude
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for an unconstrained control system which tracks the reference trajectory perfectly. The
unconstrained control torque is derived using a continuous Lyapunov-based control law
which guarantees perfect tracking of quaternions and angular velocities (since initial states
are along the reference). Some distinct similarities are easy to observe by looking at the
plots together. Certainly, control torque magnitudes are similar, but there are also points
at which the derived control torque from the finite set formulation very closely mimics the

behavior of the purely continuous control.

This is viewed as a significant result which demonstrates how a detailed hybrid
system formulation can approach a continuous formulation. While it is a step backwards to
use a finite control formulation if control inputs are truly continuous, perhaps it is reasonable
to argue that many systems, if not most, are truly hybrid systems, modeled as continuous.
Often, it is easier to model the continuous system, as numerous methodologies exist for
treating such systems. However, if a system has discrete components, it is ideal to treat
them as such. Thus, the FSCT method offers an avenue for modeling maybe inevitably

present discrete components, at whatever level they appear in the dynamics.
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4.5 Summary

The Finite Set Control Transcription method is demonstrated for the determination
of optimal solutions to hybrid control problems. The intent is to explore the range of
applications of the FSCT method. Although many of the applications in this investigation
are particularly relevant to aerospace engineering, the applicability of the method extends

to all engineering disciplines.

Three example applications are used to provide context for the method. First, the
FSCT method is used on a simple two-state system with two individually-stable dynamical
modes. In a number of different sources, the method of multiple Lyapunov functions is
utilized to treat the hybrid system with one decision variable. Here, results from the FSCT
method are analyzed to demonstrate how optimal control laws may be extracted whose

performance exceeds those derived using a Lyapunov argument.

Next a simple lunar lander problem is addressed by the FSCT method. A primary
feature of the FSCT method is its ability to manage multiple independent decision inputs
simultaneously. In this two-dimensional example, two control variables are included in
the optimal control formulation to illustrate how the FSCT method can be applied when
multiple independent control variables are considered. Solutions derived via the FSCT
method are further utilized in conjunction with a hybrid system model predictive control
scheme. For the hybrid system with a reasonable number of possible decision inputs at any
given time, the MPC formulation offers real-time decision-making for the hybrid system.
When the two methods are used in tandem, optimized control schedules can be realized in

the context of potential perturbations or other unknowns.

Finally, the FSCT method tackles an attitude control problem presented in two
different formulations. In the first, a small spacecraft is assumed to be limited to finite thrust
magnitudes for a cold gas propulsion attitude control system. The second scenario explores

a variable-thrust propulsion system, still modeled as a hybrid system. This investigation
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argues that even a system traditionally modeled with continuous control inputs may be
more accurately described as a system ultimately relying on discrete decision variables.
Continuous control variables may often be extended into a set of continuous state variables
and discrete inputs. The scenario considers how an actuator may actually vary the control
magnitude it applies. This process generates additional dynamics that can be modeled
within the system. It is conceivable that, at some level, many systems can be thought of as

hybrid systems with completely continuous states, and completely discrete control variables.
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Chapter 5

Libration Point Formations

Relatively benign applications of the FSCT method are explored in the previous
chapter. Although many benefits of the methodology are demonstrated using these aca-
demic examples, it is also important to illustrate the capability of solving more realistic,
complex problems. This chapter is dedicated to such an application. Incidentally, the
application presented here represents the motivation for much of the FSCT method’s de-

velopment.

This chapter and Appendix B address the topic of controlled formation flight of
spacecraft near the libration points of the Sun-Earth/Moon system. The problem descrip-
tion and results (supported by background in the appendix) are detailed for readers in-
terested in this application and related proposed future space missions. In-depth use of
the FSCT method provides insight into the limitations of existing technologies that may
guide the development of feasible mission requirements. First, motivation is presented for

pursuing this application in the context of finite set control.

5.1 Motivation

Interest in space-based interferometry has motivated many investigations*?=7 into
the feasibility of spacecraft formations near the libration points of the Sun-
Earth/Moon system. A survey of many of these efforts is provided for refererence in Ap-
pendix B. The sensitivity of the dynamical regime near the libration points is apparent in

the precise control requirements for non-natural formations derived in these investigations.
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While some studies'® 22 focus on reducing the lower performance bounds on thruster tech-
nology, unconstrained control laws in this regime often require thrust levels below the limits
of the technology presently available. The associated control accelerations, though small,

cannot be neglected if precision formation keeping is desired.

Missions like TPF 1516 and MAXIM 7 require precision tracking during data collec-
tion phases, often with the expectation that this be done in the absence of simultaneous
actuation. Previous studies suggest this is an unrealistic expectation. At the same time,
high precision tracking is achievable only through precise unconstrained control. This chap-
ter employs the FSCT method to derive constrained control solutions for the purpose of
determining realistic expectations for libration point formations in the context of the sen-

sitive dynamic environment and the current state of propulsive technology.

Although unconstrained continuous control solutions offer perfect tracking to any
trajectory, there is generally a disconnect when considering their implementation with ac-
tual hardware. To illustrate this, Figure 5.1 demonstrates an arbitrary continuous control
solution in (a), with a proposed finite burn implementation in (b). The figure suggests that
an actuator may not be able to produce precise thrust levels, and the continuous control
solution is only approximated by some discrete thrust values. However, if an actuator lim-
itation is known a priori, then it should be considered in the process of deriving a control

solution.

Specific to the libration point formation control problem, it is probable that the
control magnitudes of an unconstrained continuous solution may actually be smaller than
the minimum thrust magnitude of the actuator (depicted in Figure 5.1(c)). In this case, the
unconstrained solution is not useful. However, it is clear that feasible control solutions are
necessarily restricted to a finite number of values, representing zero actuation and minimum-
magnitude thrusting only. Therefore, a finite set control solution method is quite applicable

for this scenario.
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Figure 5.1: Implementing a Continuous Control Solution with Finite Burns

Thus, constrained finite burn solutions, achievable with currently available technol-
ogy, are the focus of this chapter. Specifically, solutions are constrained to account for
the minimum possible magnitudes available for thruster technology. See Appendix B for
an extended discussion on the current propulsive capability, leading to the assumed values

employed here.

Note that formation control problems are also constrained by mission requirements.
Interferometry applications are of particular interest in the development of actuator con-
straints consistent with potential capabilities of member satellites, leading to significant
spacecraft orientation restrictions. The restrictive—but realistic—assumptions applied here
seek to establish reasonable expectations for tracking accuracy for libration point forma-

tions.
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Organization

This chapter is organized as follows.

e Section 5.2 delivers the appropriate background and context for the libration point for-
mation problem. The dynamics are developed for the Circular Restricted Three Body
Problem (CR3BP) and several assumptions are presented to identify the appropriate

constraints and objectives for an optimal control problem.

e Section 5.3 specifies how the Finite Set Control Transcription method is used and

enhanced to treat this complicated problem.
e Section 5.4 presents a sample solution to illustrate the method’s effectiveness.

e Section 5.5 presents the results from many optimizations intended to explore the solu-
tion space. Surveys are conducted for general formations to establish trends associated

with formation pointing, and thrusting capability.

5.2 Problem Description
5.2.1 CR3BP Equations of Motion and the Reference Orbit

Assume that the motion of a formation of spacecraft is described relative to an
artificial reference point, ¢, that evolves along a Halo orbit in the CR3BP. Conceptually,
this point may represent a central ‘chief’ spacecraft in the formation. Subsequently, all
other vehicles are referred to as ‘deputies,” and their motion is determined relative to the

state of the chief in the synodic rotating frame of the CR3BP.

5.2.1.1 Equations of Motion

Define an inertial frame, J = {&q, ¥4, 25}, with origin at the barycenter, B, of the

two primary masses (in this case, the Sun and the Earth/Moon) such that the orthogonal
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Figure 5.2: CR3BP Frame

unit vectors &5 and g4 define the plane of motion of the primary bodies. Subsequently, the

unit vector Zg is normal to the primary plane, and the primaries rotate about the +24 axis.

In the CR3BP, it is convenient to describe the motion of a spacecraft in terms of a
rotating coordinate system, R, also centered at B, whose rotation coincides with the mean
motion of the primaries. Let the orthogonal unit vectors {&x, Yx, Z2x} define the rotating
frame, R, where 2 = 29, and & is directed from the Sun to the Earth/Moon barycenter.
The remaining axis, 5, completes the right-handed system such that g = 2 X £x. The
R frame rotates about zZ at a rate of w, equal to the mean motion of the primaries. The

system is shown in Figure 5.2.
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Let the position of the chief spacecraft, in terms of the R-frame unit vectors, be

R

defined as r* = [z, Y. zc]T. In addition, assume that

me = mass of the Sun,

mg = mass of the combined Earth/Moon system,

roc = distance between the Sun and the chief, and

ree = distance between the Earth/Moon barycenter and the chief.

Given the potential function,

(22 + y2)w? n Gmeg n Gmg

U =
2 Toe Toe
the chief dynamics are described as,
Te ch Ye Ug,.
Je = Uy, | F2w | =T | + | Uy,
Ze U., 0 Uy,
Gm@ Tet+ 7o GmEB Te —Tg
== - 3 yc - 3 c
Toe v Toe v
Ye Te Uz,
+ 2w | —de | +w? Yo | + | Uy | (5.1)
0 0 Uy,

where G is the gravitational constant, and w. = [uz, uy, uZC]T is the external control accel-

eration. Let the state of the chief be described by the vector

.7 T .. 4T
Ye = [TCT ’I“Z] = [Te Yo Ze Te Yo Ze
Equation 5.1 is easily transformed into first order form,

yc = }(yc’ uc) - }(ycﬂ 0),

where u. = 0 since the chief is assumed to evolve along a natural arc.
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The general form of the motion in Equation 5.1 applies to the states of the [*!

deputy, such that the state space representation is given by

Ya, = F(Yq,, w).
The motion of the I*® deputy relative to the chief is determined first by identifying the
relative state vector,
Y =Yq — Ye- (5.2)

Subsequently, differentiating Equation 5.2 implies that

Yy = }(ydl;ul) - }(ycv 0)7
= }(yc + Y, u’l) - }‘(ycv 0)7 (5'3)
= f(t7yl7ul)' (54)

Notice that the functions } and f are not the same. It is apparent from Equation 5.3 that
the relative dynamics of the I*! deputy depend on the absolute state of the chief, the relative
state of the deputy, and the control effort exerted by the deputy. Through manipulation of
the arguments in Equation 5.3, it is observed that the velocity terms related to the chief,
7., cancel away. Since the chief satellite is assumed to follow a natural trajectory from some
epoch and the path is predetermined, ]" reduces to f in Equation 5.4, which depends on
time, the relative state of the deputy, and the external control of the deputy. Equation 5.4

is the dynamical model used to describe the motion of a deputy spacecraft.

Note that traditional formulations of the CR3BP equations employ nondimensional
variables.?® The formulation presented here, however, uses dimensional variables to allow

increased flexibility in the scaling of the numerical algorithm.

5.2.1.2 Reference Halo Orbit

The chief spacecraft is assumed to evolve along an L; Halo Orbit, as determined in

the Sun-Earth/Moon CR3BP. The initial state at the reference epoch is defined in R-frame
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Figure 5.3: Reference Halo Orbit for Chief Spacecraft with Origin at L

coordinates as

—166, 783.32
re(to) = 7o, + 0 km (5.5)
300, 000.00
0
Fo(to) = | 281.28 | m/s. (5.6)
0

The position vector, rr,, is the position of L; from the Sun-Earth/Moon barycenter, ap-
proximately 148 x 10° km in the &g-direction. Thus, the Halo orbit begins at its northern
most point, 300,000 km north of the libration point. The Halo orbit is displayed in Figure

5.3. The trajectory shown takes place over one orbital period, approximately 178 days.
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5.2.2 General Requirements for Interferometry Missions

Considering deep-space imaging formations as the application, it is reasonable to

assume that constraints may be imposed on

e the size, shape, and orientation of the formation,
e the orientation of each member of the formation (deputy spacecraft),

e the thruster capability and thruster location on each spacecraft body.

Formationkeeping in the presense of all these constraints is naturally a difficult task. For
example, although a specified thrust magnitude can be limiting by itself, when the thrust
direction is also restricted by requirements on spacecraft orientation, precision control is
nearly impossible. Certainly, not all of these requirements can be met simultaneously.
Thus, the optimal control problem seeks to minimize deviations when constraints cannot
feasibly be enforced. First, the requirements are formally identified. In Section 5.2.3, some

are relaxed into objectives.

5.2.2.1 Formation Constraints

Define the scalar value r:dl to be the required radial distance between the chief
spacecraft (reference origin) and the I deputy spacecraft. In addition, the scalar value
7“2)\ 4, 18 defined as the generalized required distance between deputy A and deputy [. Using

the notation of relative states for the [th

|| _| T4 —Tec
Yy = v - _ 3
l Vq, Ve

the distance between two deputies is ry; = 74, — r4,, and formation constraints may be

deputy as

expressed as
. > =0, 1=1 d
rlz T — (rc Z) , s ooy Nl

rhrn— () = 0, I=1,na—1, A=1+1,...,ng



Deputy

Figure 5.4: Formation Pointing

where ng indicates the number of deputy spacecraft in the formation.

Furthermore, let 7}, define a vector pointing from the chief to a specified target point
in space. If the target is sufficiently distant from the spacecraft, 7, essentially points along
an inertially fixed direction such that r’J = constant. This is not a necessary restriction,

however. In general, 77, is written in the rotating frame as a function of time: 7*X R(t).

cs rcs

*

For imaging a distant point, the plane of the formation is assumed perpendicular to 7.,

that is,

7{17'7; =0, I=1,..,ng—1, A=1+1,...,n4.

In Figure 5.4, both the formation size and orientation requirements are illustrated. Here,
ng = 3, and specified formation distances the same for each deputy force the formation to
appear as an equilateral triangle. The formation may take on many configurations with

enough deputy spacecraft and through proper definition of the formation distances.
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5.2.2.2 Spacecraft Orientation

lth

Let the orientation of the deputy spacecraft be defined by the body-fixed coor-

dinate frame,
B = {&p,, Up,, 23, }
where the unit vectors, 3, yp,, and 2p, can be written in terms of any coordinate system.

Most likely, they are expressed in the frame in which the states are integrated, i.e. the

CR3BP rotating frame, R.

For the subset of interferometry missions considered here, each deputy spacecraft
points along a specified direction for the duration of the mission or phase of interest. There-

fore, define the first axis of the body-fixed frame in the direction of the imaged point.

Tes

Zp, " (5.7)

Note that the scalar r.s = |rcs| normalizes the unit vector. This axis is normal to the face

of the spacecraft containing an imaging payload. Now define the other coordinate axes as

T X i‘Bl

Ys, = | X &p,|’ (53)

231 = igl X @Bl‘ (5.9)

The vector yg, is roughly parallel to the direction of motion, and Zg, is approximately
aligned with the radial distance from the chief. This statement is based on the assumption
of equal spacing among deputies. Note, however, that this coordinate system definition is

valid even if the requirements specified by r’, and 7, are not met.

5.2.2.3 Spacecraft Design

For simplicity, assume that each deputy has a cube-shaped structure and is equipped

with a translational thruster on each side, where the body frame, B, is aligned with the
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principal axes of the spacecraft. The attitude of each spacecraft is independently controlled

to maintain the proper alignment with the target.

It is not the intent of this work to suggest requirements on the structural design of
a spacecraft. The assumptions made here are generalized for the problem under considera-
tion. As a result, it is assumed the vehicles are capable of thrusting in all three body-fixed
directions (although not necessarily at the same magnitudes). This configuration represents
a simple way of implementing the thrusting requirements for the selected example. It is
also one of the most limiting implementations. The dynamical model can be configured to
consider any structural characteristics, but this implementation is a logical way of demon-
strating the methods and the effects that highly constrained spacecraft orientations may

have on performance.

5.2.2.4 Control Constraints

Consider the vector u; that defines the control acceleration for the ' spacecraft.

In the body-frame,

’U@,BZ
B — .
u%Bl

and the components of the vector are constrained to the wvalues in the set
U = {-T7*,0,T*}. Note that T* indicates the minimum available thrust from the actu-
ator, and this can be applied in each principal direction, positive or negative. This con-
straint must be imposed at all times, as this represents the true thrusting capability of the

spacecraft.

5.2.3 Objectives for the Libration Point Formation Problem

If all of the requirements of Section 5.2.2 were implemented to determine a control

solution, the resulting control problem would be overconstrained. It is impossible to limit

150



the control to a finite number of values and still expect that relative distance and orientation
requirements can be met. Instead, the libration point formation is treated as an optimal
control problem. While control requirements are treated as constraints, some requirements
are relaxed. Instead of enforcing them as constraints, deviations are minimized in the cost

function.

Specifically, the spacecraft orientation relative to the formation and finite burn con-
trol limitations are treated as constraints. Thus, the resulting control options (directions
and magnitudes) are completely specified, as if perfect attitude control is available to each
spacecraft, and translational thrusters are only throttled to their minimum value (7%). Con-
sequently, formation size, shape, and orientation requirements are reduced to elements in
the cost function. In addition, a cost is assigned to the duration of all burn segments to
minimize the effort (thrusting) over the course of the trajectory. In general the cost function

weighs three separate sets of costs.

d = w1d1 + wado + wsds

The weights, w;, are selected to balance the costs of fuel and formation deviations. The

cost indices are formulated as integrals of the following form:

ng tf
i = Z/to wlwy dt (5.10)

ng t
Jo = Z/tf (rle - (r:dl)2>2 dt

=17
nd 1 n 9
* 2
/ ’r‘)\ﬂ’)\l — (Tdkdl) ) dt (5].].)
l 1 A=i417%0
nd 1 ng
33 = / ’PM’PCS dt (512)
l 1 A=l+17%0

The cost, J1, is a quadratic cost on the thrust; Jo minimizes deviations in formation size

and shape; and J3 minimizes deviations in the formation plane.

151



5.3 Unique Implementation Details

In Section 5.2 the libration point formation problem is described. The dynam-
ics, constraints, and objective are identified. The problem can now be formulated to be
solved using the FSCT method of Chapter 3. Certainly, the implementation concepts for
constraints such as initial conditions, time constraints, and continuity constraints are un-
changed. However, some characteristics of this problem require some enhancements to the

method for successful implementation.

A primary consideration is that the formation problem has multiple dynamic bodies.
Although the states of each body could be collected in a single state vector, y, the key
features of the FSCT method motivate an alternative where each dynamic body is treated
separately. By doing this, the switching characteristics of multiple independent controls are
still localized to the relevant dynamic body. Thus, the optimization parameters representing
the controls u; and u) do not interact, creating superfluous dependencies. This formulation

decision has a resulting effect on the formulation of constraints and the objective function.

Some consideration is also necessary regarding the underlying NLP problem. Specif-
ically, the size and the scaling of the parameters in « are addressed. When the problem
is large (in this case, n = 0(10%)), efficiency in calculations is crucial. Ensuring that all

parameters are scaled on the same order of magnitude also improves efficiency.

Finally, due to the complicated nature of the dynamic model, it is worthwhile to di-
rectly express the derivative elements for the dynamics function, f. Chapter 3 demonstrates
how 88—{ and % are implemented in the derivative calculations for continuity constraints.

Now, specifics are developed for the calculation of these partials for this problem.

5.3.1 Transcriptions with Multiple Dynamic Bodies

The results of Chapter 3 are now extended for applications with multiple dynamic

bodies. Let ng designate the number of bodies, or in this case, deputy spacecraft in the
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formation. Thus, n, indicates the number of states per body, and n, the controls per
body. The quantities n, (nodes per segment), ny (control switches), and ns = n,n; + 1
(segments) are defined as before. However, control switches are defined independently, and

consequently, segment boundary definitions differ per body.
With multiple bodies, the number of optimization parameters becomes
n = NyNpNsng + Ny (ng + 1)ng + 2.

In this formulation, there are nyn,nsng state variables and n,(ny + 1)ng time durations.
The initial and final times contribute the remaining parameters. The parameter vector is

subsequently defined as,

T=[ Yijgg Atigg - to tf]T, (5.13)
where the state indices are i = 1,...,ny, j = 1,...,n,, k=1,...,ng,and | = 1,...,ng,
and the time indices are ¢t = 1,...,ny, k=1,...,nx+1,and [ =1,...,ng.

The constraint vector for this formulation is the same as that listed in Equation 3.6,
except there are now multiple time constraints, ¢;. The time restriction must hold for each

axis and for each spacecraft, so ny = n,ng. The total number of constraints in ¢(x) = 0 is
Ne = Ny + Ny, + NgNpnsng + Ny (N, — 1)ngng + ny(ng — 1)ng + nyng.

The sizes for the initial and final conditions, ¢y, and ¢y, , are ny, and ny,, respectively.
These dimensions are likely increased relative to the previous formulation since there are
now ng dynamic bodies. The path constraints, cg, are imposed at every node, along each
segment, and for each body. The vector is sized accordingly. The dynamic constraints, ¢,
are now of size ny(n, — 1)ngng to enforce continuity between the nodes for every state of
every body along each segment. Continuity is enforced at the knots in ¢y by ny(ns — 1)ng
constraints for every state of every body. Notice that the number of transitions between
segments equals the number of total knots, ny — 1 = nyni. Finally, there are nyng time

constraints contained in ¢; to ensure that all axis durations sum to t; — #o.
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5.3.2 Splines for Data Available A Priori

Because of the size (numbers of parameters and constraints) of the transcribed
optimization problem that results through collocation, it is important to limit overhead
computing as much as possible. There are two places where this is done by providing existing
data as an input into the optimization routines. Specifically, in this problem formulation,
the trajectory of the chief spacecraft, which lies along a natural orbit, does not change. In
addition, the designated pointing direction for the formation is also known, and does not

need to be manipulated during the optimization process.

To reduce overhead computing, this data can simply be splined with sufficient in-
terpolating points to provide the information necessary for solving the problem. Because
the data from which splines are evaluated is not changing (they are input through a data
file), the coefficients need only be evaluated once. It could be extremely costly (in comput-
ing time) to perform this operation on each iteration (or worse, each function evaluation).
Careful implementation uses separate subroutines for determining the coefficients and for
calling the coefficients to find an interpolated point. The former is accomplished before

beginning the iterative optimization process.

5.3.2.1 Chief Spacecraft Position and Velocity

Recall that the dynamics of a spacecraft are presented relative to the chief spacecraft,
and consequently, the position of the chief enters into the dynamics of Equation 5.4 through
the imbedded function r.(t). In addition, when time derivatives are calculated (to determine

gradients), the function 7.(t) also enters into the equations through

of  Of or.(t)  Of .
o o) ot ore@y e

The trajectory described by [rc(t)Ti"c(t)T]T most likely does not have an analytic solution.

If, for example, the trajectory describes a periodic Halo orbit, it is best to provide data from
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which spline coefficients can be evaluated, so that both chief position and velocity can be

extrapolated at any time since knot and node locations change throughout the optimization.

For this problem, enough data points are splined to cover more than a period of
the periodic trajectory. This is more than enough, as the time duration of the optimization

problems examined here is generally considerably less.

5.3.2.2 Deputy Spacecraft Pointing Direction

The pointing direction from the chief spacecraft to a specified point in space is r},.
In inertial space, this may be a constant vector, but not necessarily. Because this pointing
direction is needed in the frame in which the dynamics are integrated, a general statement
can be made that the pointing direction is a function of time, that is, r.s(t). Likewise, it
has a vector rate, 7s(t).

In many cases, these functions could have an analytic form. For example, if rzsj is

*R

constant, then r;

(t) may be expressed in terms of sines and cosines. However, for the more
general problem, where the pointing direction is arbitrarily specified, it is useful to treat the
pointing in the same manner as the chief spacecraft position and velocity. For generality,
then, the pointing direction and rate, used to calculate the coordinate transformation, *C®r,

and its rate, are stored as interpolating points to generate spline coefficients.

5.3.3 Scaling

NLP algorithms are more efficient when all of the parameters of x are on the same
order of magnitude. Most of the problems addressed in this investigation are already suf-
ficiently scaled. That is, all parameters are on O(10°). However, the sensitive dynamic
environment near libration points requires some unique scaling considerations. Specifically,

as opposed to evaluating dynamic equations in conventional units, such as km and sec, a
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good practice is to define a new distance unit, DU, and time unit, TU, such that, in the

new units, the states and times are along the same order of magnitude.

For example, consider a formation with a required relative distance between chief
and deputies approximately 1 km. A relative position may be [0.707,0,0.707]. If the
distance unit is defined as

1 DU = 100 m,

then the position states will generally range in magnitude from 1 to 10 DU. With relative

velocities less than 1 pm/s, it is logical to define
1 TU = 10° sec

to ensure that velocity states range in magnitude from 1 to 10 DU/TU. The time unit is now
approximately 104 days, and it is reasonable to run optimal control problems with duration
of approximately 1/3 of a year to keep the time durations within a general magnitude range

less than, or close to, 10 TU.

5.3.4 Objective Implementation

In Section 5.2.3, the objective function is described as a summed cost penalizing ac-
cumulated thrust, formation size and shape requirement deviations, and formation pointing
requirement deviations. When input as a function of the parameters x, the cost function
takes the form,

F(l’) = wlFl(w) + ngQ(.’B) + w3F3(€13).

Although a parameterized thrust cost is easily derived, the formation deviation costs are
more difficult to evaluate. Primarily, these are a function of the position-states associated
with each of the ny dynamic bodies. Unfortunately, these positions are only known at the

nodes, and the locations of the nodes are different for each body. That is, the times for the
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4% node of the k" segment are not necessarily the same for each body, or

tj’kal # tjak»A'

This is overcome through interpolation. The implementation of the parameterized subcosts

follow.

5.3.4.1 Thrust

The control in each axis of each spacecraft is broken into nj +1 axis segments, whose
durations are At; ;. In addition, the control values are pre-specified for each segment. For

the solutions derived in this chapter, the controls are pre-specified a priori as
T
u;kﬁ,l = T* COSs (5 (k — ].)> 5

wherei=1,...,n,, k=1,...,np+1,and | = 1,...,ng. Thus, the control cost is simply,

ng np+1l ng

Fi(m) =) Y Aty (uia)®.

=1 k=1 i=1

5.3.4.2 Formation Size and Shape Deviation

For the formation costs, added complexities stem from the node distribution from ¢
to ty. Specifically, the node distribution varies for each spacecraft, yet the deviation in the
shape of the formation depends on the position of each spacecraft at a given time. A simple
solution is to perform an interpolation of the nodes for each spacecraft. Using interpolated
values, a representative number of points over the trajectory is selected to approximate the
integrals of Equation 5.11. Define the interpolated set of states as y;; where j = 1,...,ng,
and ngy is sufficiently large to generate a uniformly spaced grid of points that describe
the trajectories of the [ = 1,...,ng spacecraft. The interpolated states are distinguished

from those in Equation 5.13 by not having a k subscript, as they are uniformly distributed
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between ¢y and ¢ independent of knot locations. Then

ng ng—1 3 2 3 2
B@) = Z Z ]+12 ’ ([Z yz‘z,jyl] - (Tcdz>2> + ( E :?/ﬁjﬂ,l] - (Tcdl)2>
i=1 =1

=1 j=1

ng—1 ng ng—lt ¢ 3 , 2
e )
3 3 S (1 | - )
I=1 A=i+1 j=1 o1
3 2
+ ( > Wigria— yi,j+1,>\)2] - (szkdl)2>
=1

computes deviations from specified distances between chief-deputy and deputy-deputy pairs.

5.3.4.3 Formation Plane Deviation

The cost associated with deviations in the formation plane exhibits the same com-
plexities as the formation shape cost. Once again, this difficulty is overcome through the
use of interpolated points, y,;. The resulting cost index is
3

=1

ng—1 ng mng—1 2
Fy(x) = Y ) Z% ([ (?/m,l—yi,j,x)r(cs)i(tj)])

=1 \=l+1 j=1

o

This cost function uses a trapezoidal approximation of the integral of Equation 5.12 to

3

2
> (Wig1a = Yige1a) Tikcs)i(tjﬂ)] )

i=1

accumulate penalties in plane deviation.

5.3.5 Constraint Implementation

Finally, some considerations of the libration point formation constraints are ad-
dressed. Recall that formation requirements (size, shape, and orientation) cannot be
achieved throughout the entire time interval [ty t¢]. However, it is possible to ensure that at

to and ty, the formation requirements are satisfied. The solutions obtained in this chapter
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employ initial condition constraints that specify the initial states of each deputy such that
the formation requirements are met. For the states at t;, however, it is overly restrictive
to completely specify their exact values. Instead, formation constraints are implemented at

the final time only. The form of these constraints is below.

Additionally, this section outlines the partial derivatives of the dynamics function,

a necessary input for calculating derivatives of the continuity constraints analytically.

5.3.5.1 Final Formation Size and Shape

Let the specified distance between the chief and the /th deputy be r7, and the

specified distance between spacecraft [ and spacecraft A be ’r‘;)\ d- Then the number of final

nqg
nwf = Ng + 9

3 2
[Zz’:l yznn,ns,l} - (r:dl)

formation constraints is

and the constraints have the form

3 2 * 2
[Zi:l yi,nn,ns,l:| - (""ch>

3 2 * 2
[Ei:l yi,nn,ns,nd] o (TCdnd)
Cyy (.’13) =

2
[Z?:l (yi,nn,n571 - yi7nn7n572)2:| - (r22d1)

23 ( ) o )2 _ * 2
=1 ylynn’nsvl yl:nn,nm/\ Tdkdl

2
3 2 "
{21:1 (yi,nn,ns,nd—l - yi,ﬂn,ns,nﬂ } - (rdnddnd,l)
The Jacobian elements for the formation constraints can be written as

8wal _ 2yi,nn7ns 0 x')’ = yi:nn’”al
Ox, 0, otherwise
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forl=1,...,n4 and

2 (yi,nn,ns,l - yi,nn,ns,)\) ) Ty = Ying,ns,l
= —2 (yi,nn,ns,l - yi,nn,ns,k) y Ly = Ying,ns,\
0, otherwise

8cwfnd+q

0z~

fori=1,...,ng—land A\=1+1,...,ny, where

-1
q= (an—a>+(x—1). (5.14)
L=1

5.3.5.2 Final Formation Plane

The final formation constraints ensure that the plane of the formation of spacecraft
is perpendicular to the pointing direction at the final time. Recall that the specified pointing
direction is 7%,(¢), which, in this case is assumed to be expressed in the rotating R frame.
The final formation constraints use the dot product between this pointing direction and the

relative distances between each spacecraft. That is, there are
nq

[ ) Wimamed = Yimans2) T, (E7) ]

plane constraints of the form

; :
wa (ZB) = Zi:l (yiann7n57l - yiann7n57A) rikcs)i (tf)

, :
i > izt Wi msma—1 = Yimnns,na) rzkcs)i(tf) i

Jacobian elements take the form

T{cs)i(tf)v Ly = Yinn,ns,l
ey, _ _T?cs)i(tf)’ Ly = Yinn,ns, A
Oxy B Z?:l (yi,nn,ns,l - yi,nn,ns)\) 7.?iscs)z-(tf)v Ty =1tf
0, otherwise

fori=1,...,3,l=1,...,ng—1,and A = [l+1,...,ng, where ¢ is again defined by Equation
5.14.
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5.3.5.3 Partial Derivatives for the Dynamics Function

One may observe from Equation 5.1 that the partials for the absolute equations, f,

taken for the chief states, can be expressed as,

— 8]"(’!]6,“@) _ 0 I
A(T'c) = ayc - |: U, 29:|
— 8}(yc7uc) _ 0
B = ou,. - { I } ’

where U, = U,,(7r.) is the second partial of the potential function taken with respect to

the positions, r., and

0 w 0
Q=] —w 0 0
0O 0 O

is a constant matrix. Notice that because the velocity states only appear linearly in Equation
5.1, the state Jacobian is only dependent upon the chief position states. In addition, the
control argument in } is written in the R frame, as the states are. This is an important
distinction, as the formulation for this problem has the states, y;, in the R frame, while
the controls, u; = ulBl are necessarily written in the B; frame so that they remain constant

over each segment. For clarity, the equivalence of Equation 5.4 may be expressed as
. B - -
Yy = -f(ta Y,y l) = f(tvyhugR) = f(tayvaC.BluBl)‘

Note that the relationship,

u = fRC'B’u?Sl, (5.15)

is implied, where the coordinate transformation matrix is defined by
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Interestingly, the relative equations described by f yield the same Jacobians as f, with a

slight modification in the position argument.

a}(ta Y, UiR) _

oy, A(re+ 1)) (5.16)
8}(t7 Y, ’u’iR)

—_— B. 5.17

Note that the control Jacobian matrix remains constant. The state Jacobian matrix, how-

ever, is a function of the time and the relative position between chief and deputy. In

addition,
of (t,y;, u") _ 33'117-4
ot or. ©
= (A(rc+m)— A(re)) [ 760 ] . (5.18)
Equations 5.16-5.18 can ultimately be used to calculate the relevant partials, %—{ and g—i,
as
of _ of  of ouf
ot ot guk ot
of _ of  Of ouft
Jy, dy,  Ouf dy;
R
It remains to derive %Ltl and %. Using Equation 5.15, it is clear that the time derivative

must consider how the transformation matrix changes with time.

oulr . .
o =¥ =70

The time derivative of the transformation matrix can be derived element by element. Recall
that the matrix is composed of the body frame unit vectors written in the rotating frame.

Their derivatives are based on the definitions for the body frame axes given in Equations
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5.7-5.9:

RAB, AR ~ R 2R
C = rp YUp, Zp |
1R 1. T .
CL'nBl = Ew—ﬁa},
LR 1. U .
Yp, = =Y— Y,
Y Y
AR AR ~ R ~R AR
Zp, = ITp XYyt Ty XYp

where & = rey, @ = [&|, § = v, x 3, and § = |g|.

Likewise, the changes in the control with respect to the states are a factor of how
the body frame (and, therefore, the coordinate transformation matrix) change based on the

states. That is,

~ R ~ R ~R
Oui' (3, P88 oy 095 () 02
- x z )
0y, ! dy, ! yayz dy,
LR
O, = Osxs
0y, ’
oy 3
ayll = |: - [mﬁzx] 03><3 } 5
AR ~ R
3zg3l _ [ifR x] 8yBl
0y, 1 oy,

where [@%l x] is the 3 x 3 skew symmetric matrix that performs the same operation on a

3 x 1 vector as the cross product.

With this, the implementation of the spacecraft formation problem is completely

defined. Next, results obtained through this formulation are demonstrated and explored.

5.4 Sample Solutions

A candidate formation consists of ngy = 3 deputy spacecraft, equally spaced as in

Figure 5.4 with distance r; = 1 km between the chief and each deputy and r};, = 1.73
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km between two deputies. The formation seeks to collect data on a distant star located
along the inertial pointing direction, 7 = [1 0 O]T. Solutions are found with several sets
of parameters. A baseline solution is found with n,, = 4 nodes per segment and n; = 10
interior switch times per control axis, allotting for six thrusting segments per control axis per
satellite (three positive, three negative). A trajectory is devised with fixed initial states,
and final conditions dictate the formation size and plane constraints be met at the final
time. Since the CR3BP is time invariant, the initial time is set as tg = 0. The formation
nominally rotates about the reference with the same period as the Halo orbit. By fixing
the final time, ¢, at a third of the reference Halo orbit period (approximately 5.1183 x 106

seconds), the three deputies each complete a third of a rotation about the chief.

5.4.1 The Initial Guess

In numerical optimization problems, the initial guess, xg, is often a determining
factor in whether an optimal solution is successfully identified. A gradient-based numerical
algorithm can only be trusted to find locally optimal solutions, most likely in the vicinity
of the starting point. Thus, identical problems can easily converge on different solutions if
starting from distant points. One way to manage this characteristic is to use several different
values of x( to find solutions, choosing the minimum of the locally optimal solutions as a
candidate for the globally optimal solution. For this effort, the successful identification
of any feasible and locally optimal solution to the highly constrained formation problem

demonstrates the capability of the FSCT method.

Collocation methods, where discretized states are included as parameters in the op-
timization, allow the user to select an initial set of parameters that guides the optimization
process towards a particular trajectory. Although xy does not satisfy the dynamical con-
straints, its states may represent the vicinity of the desired solution. Through iteration, the

optimizer modifies the current point until feasibility and optimality tolerances are achieved.
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In this mindset, a baseline initial guess for this candidate formation appears in Figure 5.5,
depicting the trajectories of three spacecraft in the inertial and rotating frames, along with
a nominal control profile of the three spacecraft in their respective body frames. As seen
in the inertial frame, the trajectories satisfy the formation requirements (size and plane

orientation) as presented above, maintaining a plane perpendicular to the inertial pointing

*J

r+. This set of states represent a perfectly circular planar formation. Ideally,

direction, r
an unconstrained control profile is capable of delivering the associated accelerations. The
constrained controls shown here, however, do not produce these states. Instead, the burn
durations chosen for the initial guess simply distribute the time of each of the n,n;y+1 = 31
segments equally. This choice, while somewhat arbitrary, frees the optimizer to search the

solution space for the proper durations of burning and coasting segments, while keeping the

states fairly close to their ideal placement.
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Figure 5.5: Baseline Initial Guess
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Figure 5.6: Feasible Initial Guess

As an alternative, an initial guess can be generated that is feasible by propagating
a guessed control profile, say, that of the baseline guess. In this case, the initial guess
satisfies the dynamical constraints immediately, but the formation constraints are clearly
not satisfied. In addition, deviations from the desired formation characteristics are large.
Thus, the cost is also large at the first iteration of the optimization procedure. In Figure
5.6, a set of states is shown that is the true propagation of the arbitrary control profile used
in the baseline guess. It is apparent that the trajectories of three spacecraft driven by this

control profile are far from meeting any formation requirements.
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Although this is a dramatic example, the difference between the baseline and feasible
initial guess communicates an advantage to using a collocation method over an indirect or
direct shooting method. Shooting methods essentially ‘shoot’ a guess for the control to the
terminal time, making corrections on each iteration to meet constraints. However, because
of the extreme sensitivities of this dynamic regime, the quality of a shooting guess is critical

to the success of the process. A collocation method is far more flexible in the initial guess.

5.4.2 Baseline Solution

The baseline initial guess is optimized via the fomulation presented in this work to
yield the solution depicted in Figure 5.7. The trajectories of the three spacecraft are shown
in the inertial and rotating reference frames, along with the control profile for each of the

spacecraft.

First, it is observed that the optimization has modified the guessed segment du-
rations to specify proper burn times and burn durations. Burn segments are shortened
and coast segments are lengthened according to feasibility constraints (driving dynamic
constraint residuals to zero) and optimality considerations (minimizing fuel expenditure).
Notice also that several burn segments have zero duration, depicted as a single line separat-
ing two coasting arcs. Recall that the formulation pre-specifies thrusting arcs. However, if a
solution does not require that thrusting arc, its duration is reduced to zero in the optimiza-
tion. The structure of the solution does not change, and a segment still exists in that place
(occurring over zero time). Additionally, n, nodes exist at a single point in time. Since the
solution implies the given burn segment is superfluous, many of the optimization variables
have no effect (these are the states along the zero segment). However, since no feasible
control profile was known a priori, it is helpful to include more segments than ultimately

necessary until some insight into a feasible trajectory is extracted.
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Figure 5.7: Baseline Solution

Next, it is apparent that the paths of each of the deputy spacecraft resemble the
initial guess to a significant extent. Certainly, deviations away from the ‘perfect’ trajectory
are visible, but the solution implies that those deviations are necessary in order to identify a
feasible trajectory given the specified control restrictions. More importantly, the trajectory
now coincides with the control history. For example, the control discontinuities between

segments result in corners in the velocity states for each spacecraft (not shown).

One can also extract from the baseline solution an optimal rotation rate for the

formation. By comparing the inertial trajectories of the baseline guess and solution, it is
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apparent in the optimal solution that the spacecraft traverse less distance over the time
interval. This suggests that for a 1 km (radius) formation, the optimal rotation rate is

slightly less than the baseline guess of 27 /period.

The baseline solution demonstates the effectiveness of the solution technique on a
highly constrained optimal control problem. The sample mission requires fixed spacecraft
orientation, fixed thruster locations, and a specified thrust acceleration magnitude. Under
these constraints, trajectories are sought to maintain formation size, shape, and orientation
restrictions. An unconstrained control solution that maintains the formation configuration
requires acceleration levels below those deliverable by existing technology. In the actuator
constrained case, the proposed methodology determines reasonable performance expecta-

tions in the presense of these system constraints.

5.4.3 Varying Parameters to Obtain Different Solutions

The methodology presented in this formulation serves to establish reasonable ex-
pectations for libration point missions under the constraints imposed by the current state
of technology. The generalized method can be applied to any number of potential scenarios
during the mission planning process. To demonstrate the flexibility of the method, some
formulation parameters are changed here to observe their effect on the solution. The final
time, the number of nodes and knots, the initial guess, and the thrust magnitude are varied
to determine four other solutions to be compared with the baseline in Table 5.1. The results

vary in size, solution convergence, and cost performance.

By doubling the fixed final time (now two thirds of an orbital period, or 10.2366 x 105
seconds) without any other changes, it is evident that the cost is significantly increased from
the baseline. Of course, it would be reasonable to expect the integral costs to be proportional

to the final time. However, the solution is over an order of magnitude greater in cost. That
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Table 5.1: Comparison of Solutions with Various Parameters

Baseline ty ng,ty Feasible Guess | Thrust
N 4 4 6 4 4
Nk 10 10 20 10 10
ty (108 sec) 5.1183 10.2366 | 10.2366 5.1183 5.1183
Guess Baseline || Baseline | Baseline Feasible Baseline
w1 (Thrust) 1= 1= 105 = TS
we (Distance) 0.1 0.1 0.1 0.1 0.1
w3 (Plane) 1 1 1 1 1
T* (km/s®) 2.0e-12 2.0e-12 2.0e-12 2.0e-12 4.0e-12
n 2333 2333 6779 2333 2333
# lterations 45 157 194 95 272
Computational Time (sec) 253.91 956.41 3000.35 575.88 1570.04
Weighted Thrust Cost 1.6233 5.8133 6.6838 10.9247 1.1324
Weighted Formation Cost 16.1818 || 634.3255 | 67.7092 35.5675 6.9286
Weighted Plane Cost 0.8591 84.6949 4.6852 4.9035 1.0632
Total Cost 18.6643 || 724.8338 | 79.0782 51.3956 9.1242

is because for a longer trajectory, a good solution necessarily requires more maneuvers, and,

subseqently, more knots (switching opportunities) in the problem formulation.

The next example maintains the longer final time, now including twice as many
knots as the baseline. In addition the number of nodes is increased to improve the fidelity
of the solution. As a result, the dimension of the parameter optimization problem increases
significantly (from 2333 to 6779 variables). This requires additional computational time for
each iteration and an overall longer convergence time. However, including more knots does

lead to an improved solution relative to the previous example.

The feasible initial guess is also compared in performance to the baseline initial guess
(using the original final time and numbers of nodes and knots). In contrast to the baseline,
the feasible guess does not lead to an improved solution. Clearly, the baseline guess is in the
vicinity of a smaller locally optimal point than the feasible guess. This is expected since the

feasible initial guess does not produce trajectories that meet the formation requirements.

Finally, a solution is identified using a larger thrust magnitude than the baseline.

Although the total cost is less than the baseline, this takes into account a different weight
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on the thrust portion of the cost index. The weight is selected to normalize the cost,
dividing away the square of the thrust magnitude (in scaled distance and time units). Each
of the thrust acceleration magnitudes and cost function weights in this investigation are
selected arbitrarily. However, it is clear that these parameters can be tailored to values

that effectively represent a realistic mission scenario.

5.5 Spacecraft Formation Pointing Survey

In this section, the sample solutions of Section 5.4 are extended. Specifically, many
similar solutions are obtained, varying the pointing direction of the ngy = 3 spacecraft
formation to gather intuition regarding the relative difficulty of maintaining formation re-
quirements in different orientations. The results that follow are derived from up to 290
optimizations on each of two sample weight distributions for the cost function. The op-

*

timizations vary the inertial pointing defined by 7] to determine the minimum cost for

maintaining a formation in each direction.

The objective weights are selected to emphasize formation size and shape require-
ments in the first survey and formation orientation or plane in the second. This is simply
accomplished by altering weights wo and w3, respectively. Of course, a limited fuel resource
is always a concern for space missions, thus a penalty on excessive fuel expenditure is also
enforced. The weight distributions for these surveys are included in Table 5.2 for ‘forma-
tion emphasis’ and ‘plane emphasis’ surveys. Observe that, compared to each other, the

first survey emphasizes Jo = Fa(x) in the total cost function, while the second emphasizes

Js = F3(x).

5.5.1 Data Samples

An interferometry mission may require a spacecraft formation to perform imaging on

distant stars or planets located literally anywhere in the universe. Thus, the formation must
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Table 5.2: Weight Distribution for Two Pointing Surveys

Formation | Plane
T T
Wil @ | e
Wo 0.1 0.01
w3 1.0 10.0

T* =20 DU/TU?

be able to maintain formation requirements while pointing in any direction. By sampling a
sufficient number of different pointing directions, some trends may be established regarding
the various orientations. It is clear that some orientations result in trajectories for the
member spacecraft that are easier to maintain in the underlying dynamic scheme than

others.

In this section, the varying parameter is a 3-dimensional vector representing the
pointing direction perpendicular to the formation plane. The pertinent output for compar-
ison for each data sample is the resulting minimized cost, § = F(x). Illustrating results
in four dimensions (three independent variables and one output) is somewhat difficult. To
accomplish this, a thermal plot is selected. The pointing direction is represented as a point
on a unit sphere, and the resulting cost of the optimization conducted in that direction
is depicted as a color at that point. Thus, survey results are analogous to a global tem-
perature indicator showing the current temperature of every place around the world. The
‘temperature’ is presented as a color on the globe, highlighting hot spots and cold spots

wherever they may exist.

Since FSCT optimizations must be conducted for each pointing direction, only a
sampling of data points may be obtained. Pointing directions are selected by first defining
T

o [nomo]

G 24l 4l
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If r; € {—1,0,1}, then the total number of unique pointing directions is 26. Likewise, if
r; € {—2,-1,0,1,2}, there are 98 data points, and r; € {—3,—-2,—1,0,1,2,3} yields 290

points. Thermal plots are demonstrated below with each set of data points.

Note that for each optimization solution obtained in the survey results that follow,
a new initial guess is generated to initiate the FSCT method. The baseline initial guess in
Section 5.4.1 is modeled for the guesses here. An automated procedure produces starting
points for each optimization representing an ideal trajectory for each of the 290 sample

pointing directions.

5.5.2 Pointing Survey: Formation Emphasis

Using the weight distribution associated with the ‘formation emphasis’ in Table 5.2,
a survey of costs is revealed using 26, 98, and 290 data points distributed fairly evenly over
a unit sphere representing all possible pointing directions for the spacecraft formation. The

results are summarized in Figure 5.8.

Note that for each data set, four thermal plots are displayed, indicating the costs
associated with thrust (J;), formation size/shape (d2), formation orientation (J3), and the
total weighted cost when all are combined (J). Each subplot is scaled to accentuate the
variation per cost, with red indicating higher costs and blue lower costs. Also, the colors

are interpolated between data points to smooth out the image.
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A broad comparison between Figures 5.8(a), (b), and (c) indicates the value of using
more data points when determining cost trends. This is most easily seen by comparing the
thrust cost for each set of data points. Although a trend is apparent with only 26 points
in (a) that 2 = [£1 0 0]7, or a formation restricted to the § — % plane, results in a lower
thrust cost than any others, this trend is undeniable, and well articulated with 290 data

points in (c).

On the other hand, what appears as a trend in the formation size/shape cost in (a)
is not as obvious in (¢). One potential cause of this is the presence of outliers in either data
set. An outlier, in the case of FSCT optimization, is a solution that converged on a larger
local minimum. Thus, in the figures, a red spot surrounded by a field of blue suggests that,
for numerical reasons, the FSCT iterative procedure terminated earlier than it may have if

either a different initial guess were used, or tighter optimality tolerances were enforced.

As the title of this section implies, the total weighted cost subplot is nearly identical
to the formation size/shape cost subplot. With a higher value for wy, the cost associated

with size and plane deviations in the formation dominates the total cost.

5.5.3 Pointing Survey: Plane Emphasis

Next, the ‘plane emphasis’ weight distribution of Table 5.2 is employed for a to-
tal of 290 separate optimization jobs of the FSCT method. Again, thrust cost, formation
size/shape deviations, formation orientation deviations, and total weighted cost are illus-
trated for 26, 98, and 290 data points in Figure 5.9. The trajectories that yield these
results assume, in general, that it is more important that the spacecraft formation remain
in the plane perpendicular to the pointing direction than it is for the spacecraft to maintain

constant spacing relative to each other.

Note, first, that the scaling in Figure 5.9 is different than Figure 5.8, and conse-

quently, each color is assigned a new range for each subplot. The range of values corre-
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sponding to the color spectrum is selected to accentuate the deviations the best over the

data set.

Observing the formation plane cost for each data set, a subtle trend emerges that
implies that a formation confined to the # — ¢ plane (perpendicular to rJ = [0 0 =+ 1]T)
is easier to maintain. However, even with changes in wy and ws totaling two orders of

magnitude, deviations are more noticeable in the distance between spacecraft.

In each survey, it is apparent that the thermal plots possess, at least to some extent,
some symmetry. This makes sense, as two opposing pointing directions for rzg still result
in a spacecraft formation confined to the same perpendicular plane. It should be noted,
though, based on the momentum provided by the initial guesses (recalling that a final
solution remains in the same vicinity), the spacecraft are always moving around 77 with a
negative (clockwise) rotation. Thus the solutions for two opposing pointing directions are
different, but it is validating to see similar costs on opposite sides of the globe (observable

throughout).

5.5.4 Formation vs. Plane Emphasis Comparison

In Figures 5.8 and 5.9, the cost ranges for the color spectrum are altered, making it
difficult to compare the results of both surveys (formation emphasis and plane emphasis).
Thus, it is useful to repeat the results of each survey, now with consistent scaling. In Figures
5.10 and 5.11, the 290 point data sets for each of the two weight distributions are again
illustrated. In the first figure, the color spectrum is assigned to show an informative range
of cost values for the first survey, and the second figure corresponds to the cost range of
the second survey. Some interesting observations can be made by studying each of these

figures.

Although it was not as obvious in Section 5.5.3, Figure 5.10(b) clearly demonstrates

how the total cost of this survey is dominated by the formation plane deviation cost, as
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these two subplots more obviously show a similar color manifold.

Notice, also, that the individual costs of formation size deviations and formation
plane deviations are smaller when they are emphasized in the total cost function. This is
intuitive: as the optimizer seeks to improve the total cost through iteration, it will naturally
affect the higher-weighted elements of the cost. This is most obvious with the plane cost.
In Figure 5.10, when the plane cost is emphasized (b), it is smaller across all data points,

as compared to when it is not emphasized in the total cost function (a).

It is already observed that it is more difficult to maintain formation size than forma-
tion plane. Another indication of this fact can be seen by comparing the thrust cost between
the two surveys. It is clear that more actuation is required when the formation size and
shape are emphasized in the cost function, since the thrust cost subplots show more red
in (a) than (b) for each of the figures comparing the two surveys. Thus, when it becomes
more important to ensure consistent distances between spacecraft, more (or longer) thruster

firings are required, increasing fuel expenditure.
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5.6 Summary

In this chapter, the FSCT method is employed to determine locally optimal control
solutions for libration point formations restricted to highly constrained actuation require-
ments. Some minor modifications and enhancements are implemented to address the specific

problem, mostly rooted in the necessity for handling multiple dynamic bodies.

The solutions presented demonstrate the method’s capability to minimize selected
costs when determining a feasible trajectory. A number of mission parameters are used to

demonstrate a variety of solutions. Some formation characteristics considered include

e formation configuration, size, orientation, and rotation rate,
e thruster capability and placement,
e dynamic model and reference trajectory, and
e initial and terminal conditions.
Surveys are conducted using many obtained solutions to gather intuition regard-

ing the challenges for spacecraft formations conducting deep-space imaging from restricted
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planes of motion. Weight distributions for the elements of the objective function are varied
to help the mission planner gain intuition when prioritizing requirements that cannot be

perfectly met via constraints.

The purpose of this exploration is to demonstrate how this methodology can serve
as an effective mission planning tool. The FSCT solution process can be employed for
analysis directed towards establishing requirements and capabilities for highly constrained

formations.
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Chapter 6

Extended Applications

Recall that the FSCT method is designed to treat problems defined by the general
problem statement of Section 1.2. That is, the FSCT method optimizes performance for

systems with state variables, y, subject to the ordinary differential relation,

y = f(t7 y? u)7 (1'1)
where
B T
Yy = [yl yny] ) (12)
yi € Ch

and control variables, u, limited to discrete sets as

w = el (1.3)
wi € Ui={Gi1,...,%im,}-

Up to this point, all of the applications have fallen directly within the confines of this

system description. Indeed, there are a number of problems for which the FSCT method is

immediately useful. Further, in Section 4.4, it is demonstrated that some systems ordinarily

described with continuously-varying control elements may be reformulated with additional

states to have discrete control variables only, thereby conforming to the system description

above. Thus, the general problem statement is not overly restrictive.

However, it is interesting and useful to explore ways in which the FSCT method may
be extended to broaden its scope of applications. With slight alterations to the methodology,
it is possible to consider new classes of the hybrid control problem. The bounds set by

Equations 1.1, 1.2, and 1.3 are now addressed systematically. Specifically, this chapter
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considers how the FSCT method can be applied with continuous control variables, discrete
state variables, and partial differential state constraints. With continuous control variables,
constraints in the underlying parameter optimization problem are relaxed; with discrete
states, more constraints are added. For partial differential constraints, a discretization in the
non-time differentiation variable allows a partial differential equation to be approximated

by multiple ordinary differential equations.

Notational Considerations

The objective in each of the following sections is to transform a new class of hybrid
problems into a formulation that is consistent with the FSCT methodology. For clarity,
the variables y and w remain restricted by Equations 1.1, 1.2, and 1.3. The definitions of
the state and control vectors alter, however, according to the type of transformation under
consideration. The original system, formulated outside of the FSCT method bounds, is

distinguished by the notation (-)’.

6.1 Systems with Continuous Control Variables

Consider the system with both discrete and continuous control variables of the

following form:

y/ = _f/(t, ylaulavl)ﬂ (6.1)
/ [ / T
{ y = |y yny] ’
y, € Ct
T
{ u' = ull u;Lu/ )
w, € Ui=A{@i1,...,Uim,},
- T
'U/ = Ul ’U,/n /] ’
(CANNS CO,
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where n,s + n,s is the total number of control variables, including both discrete and con-
tinuous. In this form, this system cannot be immediately implemented with the FSCT
formulation. The n,s continuous control variables, indicated by v}, must be free to vary
with time over a continuous spectrum, but the FSCT method does not include the frame-
work to optimize these variables. As presently formulated, the FSCT approach considers all
control variables to be piecewise constant and optimizes the time elapsed between switches

by incorporating these intervals as control parameters in x.

When both continuous and discrete control variables are simultaneously considered,
the continuous control variables are more appropriately treated as pseudo-states in the
FSCT formulation. The states, of course, are continuously-varying elements whose values
are optimized at each node. Certainly, v; may be described similarly. The primary differ-
ence between a traditional state, ¥, and a continuous control, v}, then, is that the former
is subject to dynamical constraints in Equation 6.1. Thus, continuous control variables can
simply be treated as states without dynamical constraints. In other words, v} is a continu-
ous independent variable that can be represented as a continuous dependent variable with

relaxed dependencies.

Define the FSCT state vector as

y= ()" )], (6.2)

and the FSCT control vector as
u=1u. (6.3)

Note that the continuous control variables are included in the state vector as pseudo-states.

Now, y is continuous and u is discrete, consistent with all other formulations in this inves-
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tigation. The state continuity constraints are

f'(t,y o)

y=ftyw=| . |, (6.4)

where n,s elements in the dynamics function are undefined, as there are no dynamical con-
straints on the continuous control variables. The definitions in Equations 6.2-6.4 represent

the complete tranformation.

6.1.1 Relaxing Constraints for Continuous Control Variables

The new hybrid problem is nearly identical to the general problem statement of Sec-
tion 1.2. Now, though, there are no formal dynamical relations for continuous independent
(control) variables. One approach to handling this in the context of the FSCT formulation
is to modify the state constraint equations so that only the traditional states, and not the
augmented pseudo-states, are bound by continuity relations. Another approach is to formu-
late constraint equations for each element in y, and simply relaz the constraints associated

with the pseudo-states.

Recall that traditional states may be bound by any number of different constraints.
The common types of constraints include initial/final conditions, knot continuity con-
straints, and dynamical constraints imposed in this work using the Hermite-Simpson in-
tegration equations. The nature of the problem may dictate how these constraints are
treated for the n, pseudo-states. For example, it is possible that one may still want to
specify an initial value for a control variable, in which case the pseudo-state may be treated
identically to a traditional state. In most cases, though, all of the constraints associated

with the pseudo-states must be relaxed.

Each constraint identified in Chapter 3 is presented as an equality constraint. That

is, any constraint is ¢;(«) = 0. In the implementation with the optimizer, this may actually
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be formulated as

0 S cz(ac) § 0.

Thus, to relax a constraint, the lower and upper bounds are changed to +o00, as

—00 < ¢i(x) < 0.

The constraint is effectively eliminated from the parameter optimization problem. With
this change to all ¢;(x) constraining pseudo-states, the continuous control variables are

effectively unconstrained.

Consider the dynamic constraints derived from Equation 6.4. Since the constraint

is relaxed with infinity bounds, it is possible to define the dynamics function as simply
! / /
t
f(t,y,u): |: .f( ,y,u) :| 7
0
where the value of zero is placed in every undefined element of the dynamics function.
Although these elements can be set to anything without affecting the resulting solution,

it is wise to define them with a dummy value to avoid confusion within the underlying

parameter optimization problem.

6.1.2 Example: Zermelo Navigation

An example application with both continuous and discrete controls is presented in
Section 3.1.1. In that variation of the Zermelo navigation problem, two control variables
exist. The thrust magnitude is limited to a finite set of values, while the thrust direction is
free to vary over a continuous spectrum. In the presentation of Section 3.1.1, a simplified
formulation is implied for the sake of developing the methodology in steps. With the
complete FSCT formulation, the Zermelo problem can be transformed as described above

to yield an equivalent solution.
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Formulate the FSCT problem with states

_ T
y=[y1 y2 y3 va 0],

where
Y3
Y4
Y= f(ta Y, u) = ucos ) (65)
usin @ — y3 cosyy
0

and the single discrete control is u € {0,2}. Note that in Equation 6.5, the differential
continuity condition 5 = 6 = 0 is not enforced, and zero is only used as a dummy value.

When all constraints on y5 are relaxed, the FSCT problem may be solved.

The solution with 3 segments (2 knots) is shown in Figure 3.2. When the problem
is solved using the present formulation, the solution is equivalent to that 3-segment solu-
tion. Choosing more knots in the present formulation (n; = 14, for example), results in
many zero-duration segments, with the equivalent of three non-zero segments representing

a thrust-coast-thrust sequence. For brevity, figures are not repeated here.
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6.2 Systems with Discrete State Variables

Now consider the system with both discrete and continuous state variables of the

following form:

y = flt.y,n ),
77, = gl(tay,an,au/)> (66)
- / T
Yy = yl yny:| )
y, € C,
! [ ! ! T
{ no= ]
mo€ Yi={Mi1, T}

T
/ Lo

mn,’ )

U; = {ii 1, - .-, iym, } -

S
m

In this hybrid system, m represents the set of discrete state variables. That is, each 7; is
limited to a finite set, but it is also subject to a dynamical relation indicating its value as
a function of all of the states and controls. As an example, a system in which collisions
may occur may fall into this class of hybrid system. A collision status, represented by 7;,
is a discrete value, but it is dependent upon the other variables of a system (i.e. a collision

between two objects can only occur if they are collocated).

In this case, discrete state variables become pseudo-controls in the FSCT formula-

tion. Specifically,

y = v, (6.7)
u = (@) (@), (6.8)
f = f. (6.9)

Thus, the discrete states are treated similarly to control variables during the optimization.

Just like u/, the values of 17" are pre-specified by the user according to the finite value sets
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available for each variable, and the optimizer uses time duration parameters to determine

the optimal switching times for both independent and dependent discrete components.

However, the constraints describing the dependencies of the discrete states in Equa-
tion 6.6 must be included in the list of constraints imposed on the underlying parameter
optimization problem. That is, additional constraints must be devised to represent how the
component, 7/, is related to the values of ¢, y’, 1/, and u’. These, of course, depend on the

specifics of the system in question.

It is observed that adding constraints is much more difficult than relaxing them.
First, it is important to ensure that in adding constraints to appropriately represent the
problem, the underlying parameter optimization problem does not become overconstrained.
Second, care must be taken to account for how switching dependencies affect the overall

description of dependent state constraints.

Further development of hybrid system optimization with discrete state variables is
beyond the scope of the present investigation. Although an initial framework is established
in Equations 6.7-6.9 for using the FSCT method for this class of system, it is left to fu-
ture investigations to determine how appropriate constraints can be defined to effectively

implement the dependencies of Equation 6.6.

6.3 Systems Bound by Partial Differential Equations

Finally, consideration is given to the problem whose dynamics are described by par-
tial differential equations (PDEs), instead of the ordinary differential relations of Equation
1.1. Note that, in the development that follows, there is an intentional lack of rigor regard-
ing the types and classifications of PDEs that exist. Instead, the following is intended as
a sample exercise on how PDE systems with finite controls may be handled in the FSCT

setting.
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Introduce a new time-like quantity, 7, as a second differentiable variable. In the
classical heat equation, for example, 7 indicates the distance along a one-dimensional rod.
Consider a first-order PDE of the form

oy of(t.y )

An appropriate solution describes the scalar state as a function of the two differentiable
variables, that is, 4’ = 3/(¢t,7). The state is a continuous variable, and its dynamics are

related to the values of a discrete control vector, u'.

y c C1X1
/ / / T
u = [ul e u,}

wp € U;j={li1,..., 0m,}

The transformation of this system into an FSCT-suitable formulation involves a
discretization of ¢’ over the non-time differentiation variable. Consider the FSCT state

vector defined by

Y1 y'(t, 1)
y=1| v |=| vitmn) |. (6.11)
| Yny, | L y,(t)Tny) i

Thus, the elements of y represent the values of 4/ at discrete points along 7 € [7‘1 Tny]. For
simplification, assume that 71 = Tiin, T, = Tmax, and 7; are uniformly distributed between

the boundaries. In addition, define the FSCT control vector as simply
u=1u (6.12)

Using first-order forward differencing, one approximation for Equation 6.10 at 7; becomes,

% _of' oy
ot | . oy ot S
of' 1
oyl ar Ve = V)




where AT = % Relating this approximation with the FSCT state definition in
Equation 6.11,

y = fty,u), (6.13)
o'ty W) Y~y .
fi = — 0 Ay 0 0= 1,...,ny — 1. (6.14)

If a backward differencing approximation is used at 7,,, it is observed that f,, = fn, 1.
Thus, the partial differential relation is approximated as a vector of ordinary differential

equations whose size is determined by the chosen discretization grid in 7.

The FSCT formulation is completely defined for the transformed PDE. Note that,
in general, higher-order finite differencing schemes can improve the accuracy of the approx-
imation. Many of these schemes are addressed in Chapter 2, utilizing the differentiation

matrix, D.

Example: Traffic Flow Management

A basic and relevant application of the FSCT method to a PDE system involves traf-
fic flow through intersections.?® Consider a system describing the density of traffic through
two intersections, as shown in Figure 6.1. Four lanes of traffic are controlled by two traf-
fic lights, whose conditions are indicated by the discrete controls, w = [u; us]?, where
u; € {0,1}. If u; = 0, then East- and West-bound traffic see red lights. Likewise, u; = 1
indicates a red light for South-bound (¢ = 1) or North-bound (i = 2) traffic.

In the absence of traffic lights, the density of traffic, p, measured in vehicles/distance

unit, exhibited in a single lane is described by

dp  0(pv)
ot or

=0,
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Figure 6.1: Traffic Flow Problem: Four Lanes, Two Intersections

where 7 measures the position along the lane and v is the velocity of the traffic, indirectly

related to the density through the relation

v:vmax<1— p )
pmax

To simulate the effects of a traffic light, the flux,

F'(p) = pv = pomax (1 - L )

Pmax
is set to zero immediately after a red light. For simplicity, let vmin = pmin = 0.0 and
Umax = Pmax = 1.0 for this example. Thus, in this example, f' = f/(¢, p,u) is only directly
dependent on p, and its dependence on w is limited to the points located closest to the

intersections.
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Discretize the East- and West-bound traffic density at 30 evenly distributed nodes
between 7 = 0.0 and 7 = 1.0 distance unit. Likewise, the South- and North-bound are
discretized with 20 evenly distributed nodes between 7 = 0.0 and 7 = 0.5. Let the densities
at each node be placed in vectors corresponding to each lane: pg, pw, pg, and py. Finally,
define a scalar cost state, ¢, which accumulates over time the amount of traffic flowing

through all lanes. Then the FSCT state vector is
_ T T T T T
y=[rt pv PE P a],
and n, = 101. The ordinary differential dynamics resulting from a first-order numerical

approximation of the 7-differentiation becomes

. _ T T T T T
y—f(y,u)—[ e Tow Fos Fox Ja }

)

where in each lane,

1
Joi = Ar (FHA(P) —F_

and
f/(Pmax'z'Fpmin) L pi > PmaX;‘Pmin and Pir1 < Pmax;‘Pmin
min  f'(p) ,pi < pin1 .
Fi-i-%(p): PE[pi pit] T ' yi=1,...,m, — L

max _f'(p) ,pi > pit1
PElpi pi+1]

In the above sequence of equations, n, = 30 for the East- and West-bound lanes, n, = 20
for North- and South-bound lanes and Ar = T"“;Z‘p% Additionally, F' 1 (p) = f'(;m)
and F, | 1 (p) = f'(pn,). This set of definitions represents the flow of traffic without the
influence of traffic lights. The control influences the dynamics by updating flux values
F %(p) = 0 for the grid points immediately after a red light. Finally, the dynamics

definition is complete by specifying
fq = f/(,OE15) + f/(pW15) + f/(psls) + f,(pr)v
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indicating that the cost state accumulates the traffic flux for each lane at its 15" grid point.
Setting the initial value of the cost state, go = 0, the cost function J = —¢; maximizes the

accumulated traffic flow in each lane over a specified time interval ¢t € [tg tf].

Sample solutions have been obtained using the formulation outlined here. By trans-
forming the PDE into, in this case, 100 ordinary differential equations to express the time
evolution of traffic density across four lanes of traffic, it is possible to determine optimal
switching times for the two traffic lights. Initial conditions, indicating the distribution of
traffic in each lane at tg, have a significant effect on the switching schedule. There is also
a distinct coupling between the two lights. Clearly, East-West traffic can only flow when
both u; = ug = 1, and solutions show a synchronization between the two lights (with delay,
according to which direction has larger flow). Illustrations of solutions are excluded due to
the complexity inherent in a PDE system (i.e. the number of resulting state variables, for

example).

Futher analysis of resulting solutions is not necessarily beneficial in the context
of this investigation. For example, the sample problem illustrated in Figure 6.1 is perhaps
overly simplified by using only two traffic lights. More interesting conclusions may be drawn
with additional traffic lights affecting the existing North- and South-bound lanes. However,
this example satisfies the current objective, establishing a framework for future analysis.
This simplified example opens up a realm of PDE systems that may be explored in future

investigations.

6.4 Summary

This chapter explores some extensions to the the general problem statement of
Section 1.2 to expand the class of hybrid control systems whose performance can effectively
be optimized using the FSCT method. The focus of this chapter is on the processes by
which hybrid control problems can be transformed to fit within the confines of the FSCT
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formulation. It is demonstrated that this methodology easily extends to problems with
continuous controls or partial differential dynamics. Discrete states are also addressed, but
the success of the FSCT method on problems with dependent discrete variables may be

specific to the problem at hand.

Examples are presented for dual continuous-discrete control and partial differential
systems to illustrate the process of transforming the problem so that the FSCT method
can be effectively applied. Results from these examples are limited to emphasize more the
process. As illustrative examples, they demonstrate the direction one might take to solve
more complicated or relevant hybrid control problems that do not immediately fall within

the general problem statement.
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Chapter 7

Conclusions

This investigation is dedicated to the development of a new methodology for treating
hybrid control problems. The specific focus is on systems whose states are continuously
varying and subject to differential constraints, and whose controls are discrete and limited
to a finite set of values. The methodology is termed here the Finite Set Control Transcription
(FSCT) method, and it is effectively demonstrated in a number of applications throughout

this investigation.

The FSCT method is rooted in direct collocation and is a modified transcription
of the optimal control problem into a parameter optimization problem that can be solved
using any standard nonlinear programming (NLP) algorithm. In this work, SNOPT is
the selected NLP solver due to the facility of solving large optimization problems with a

relatively sparse Jacobian structure.

A primary distinction of this methodology is how discrete control elements of the hy-
brid system are optimized in the continuous context of nonlinear programming. Because all
of the parameters of the underlying NLP problem are optimized over a continuous spectrum
(while potentially bounded and subject to constraints), the FSCT method optimizes switch-
ing times of control variables instead of directly optimizing their values. By pre-specifying
a sequence of feasible control values over a trajectory, the time durations that each control
variable spends at each value is determined. The time durations for non-optimal control
values are driven to zero to eliminate them from the control history. As with other col-

location methods, state values at specified nodes are also included in the parameterized
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problem. Thus, the FSCT method optimizes states and times over a continuous spectrum

to arrive at solutions to hybrid control problems.

A unique advantage of the FSCT method is that it is capable of treating problems
with multiple independent control variables with ease. Complications necessarily arise when
multiple control variables are optimized over their feasible sets. In this methodology, the
result is a phenomenon of switching dependencies for constraint functions at each iteration
of the optimization. That is, a constraint equation involving some optimization parameters
at one iteration may involve a different set of parameters at the next iteration. It is shown
in this investigation that steps can be taken to ensure that this does not adversely affect

the convergence process of the underlying problem.

A number of different applications are explored to showcase the capability of the
methodology. Some simple examples are employed to demonstrate the basic utility of the
FSCT method. One- and two-dimensional problems demonstrate the method’s effective-
ness. Examples with complex dynamic sets are also presented to reveal the robustness and
relevance of the FSCT method. Although most applications in this investigation are rooted
in aerospace engineering, the methodology has applications in many other engineering and

non-engineering fields.

The scope of hybrid control problems that benefit from the FSCT method is also
investigated. The relevant class of hybrid systems is stretched by considering both discrete
and continuous controls, both continuous and discrete states, and dynamics described by
partial differential equations instead of ordinary differential equations. Successful solutions

are found with continuous controls and partial differential dynamics.

Future Work

This research effort opens the door to several areas in which future efforts may

further the results of this investigation. The following list summarizes some of them.
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e Further Development of the Methodology

— The Finite Set Control Transcription is presented in this investigation as an
extension of a traditional collocation (direct) method. However, the same ex-
tensions may also be applied to a direct or indirect shooting method. That is,
similar modifications can be made to shooting methods to treat controls that are
limited to finite sets. Some interesting insight might be gained by investigating

the advantages and disadvantages of FSCT-extended indirect methods.

— An investigation in mesh refinement may reveal the effects of node distribution
on FSCT solutions. In this work, an equal number of nodes is assumed for each
segment. A modified formulation may allow for a specified node count for each
segment. This may improve the accuracy of the ensuing solution, especially over

segments that are relatively long in duration.

— The FSCT methodology can be explored in more detail to understand its ca-
pabilities with extended classes of hybrid systems. In this investigation, some
considerations are presented with regard to how a combination of continuous and
discrete states in the hybrid system may be treated (Section 6.2). Further anal-
ysis may reveal new and more effective ways of optimizing systems with discrete

dependent variables.
e Further Application of the Methodology

— Many of the applications in this investigation merely demonstrate how the FSCT
method can be used for effective optimization. Further applications may investi-
gate these systems with more specific objectives. The spacecraft attitude control
system presented in Chapter 4 and the traffic flow problem in Chapter 6, for

example, are two applications that can be developed into more detailed analyses.
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— An additional relevant application exists in the field of petroleum engineering.
Smart technologies are in development for optimizing oil extraction from wells.
Finite set limited variables are used to control oil output. The extension of the
FSCT method to PDE systems is specifically directed as a stepping stone to this

more complicated problem.
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Appendix A

A Model Predictive Controller for Real-Time
Implementation

In Chapter 4, a Model Predictive Control (MPC) scheme is proposed to supplement
the FSCT method. Specifically, since the latter produces trajectory and control histories,
MPC techniques offer a methodology for real-time implementation of an optimal trajectory.
In this appendix, a basic background in MPC is presented. More complex, and perhaps
more robust, control designs are beyond the scope of this work, although developed in the

theory on Model Predictive Control.%°

First, a linear discete-time model is derived from the generalized continuous-time
hybrid control system. A model predictive controller exploits the linear discrete-time model
to express a real-time continuous controller, which is derived subsequently. Finally, an

extension is suggested for hybrid systems subject to finite set control.

A.1 Linear Discrete-Time Model

MPC offers a method for tracking an arbitrary reference trajectory while optimizing
a performance index over a finite time horizon. A basic model predictive controller is derived

using a discrete-time, linear dynamic model of the form,

y(t+ A = A@)y(t) + Bt)u(t), (A.1)

2(t) = Cyb). (A.2)
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Here, z(t) is the measured output from the linear system. In general, then, the nonlinear

continuous dynamics,
y=flty u), (1.1)
must be transformed into the form of Equations A.1-A.2 through appropriate definitions of
A(t), B(t), and C.
Note that a standard linearization of Equation 1.1 about the origin yields

_of of

() = 52 (Ou(D) + 7 (Dult). (A3)

Then, applying the state transition matrix to the linearized dynamics of Equation A.3,

y(t+At) = B(t+ At Oy(t) + / Mt@(t + At,T)gi(T)u(r) dr (A.4)
= ®(t+ At t)y(t) + [/tt+At ®(t+ At,T)%(T) dr | u(t), (A.5)
where
O(t+ At,t) = ZZ:“ + A)D(t + At, 1),
(t,t) = I,

and u(t) is assumed constant over At to transition from Equation A.4 to Equation A.5.

Comparing Equation A.5 to Equation A.1,

Alt) = B(t+At,t),

B(t) = /tHAt(I)(t—i—At,T)af(T) dr

ou
of
®(t + At, t)%(t)At (for small At).

%

Finally, C is defined according to the observable characteristics of the system. For
example, consider a set of states representing positions and velocities of an object, as y =

[TT vT]T. If only the object’s positions are measurable outputs available to the controller,
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then C = [I 0]. If all states are available to determine the control law, then C' = I, such
that the output of the discrete-time model is a linearized approximation of all of the system

states. That is, C' is simply the Jacobian of z(t) with respect to y(t).

A.2 Control Law Derivation

The MPC law exploits the linear, discrete-time model to develop estimates for the
observation variables, z(t), at future time intervals, given the current state values. The
output predictions are determined for a finite horizon of future times, and current control
values are chosen so that these output estimates are as close as possible to desired values
of a nominal trajectory. In the traditional sense, the linear, discrete formulation allows
controls to be determined by solving a linear equation, holding constant the control values

over the increment At.

Let the estimate on the output at time ¢t + At, given the states at time ¢, be denoted
as 2(t + At|t) such that

z(t+ Atlt) = Cy(t+ Atjt)
= C AWy + But)]
— ClAWY) + Bu(®)).
In this notation, the symbol, *, indicates that the variable is estimated for a future time
value. Notice, however, that since the states are known at time ¢, so are all other definitions
at time ¢t. Thus, A(t|t) = A(t), B(t|t) = B(t), §(t|t) = y(t), and w(t|t) = w(t). This

notation becomes more important for estimates further in the future. Consider the estimates
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at time t + jAt:
2+ jAtl) = Cylt+ At
= C A+ (G- DA+ (- DAY

FB(t+ (G- DAt u(t + (j — 1)At|t)]

j—1
= [TAG+iat)| y(t)
© Ojfz j—2—k
+CZ II AGt+G—1-i)Atft)| B(t + kAtft)u(t + kAt]t)
k=0 1=0
+ CB(t+ (j — )At|t)u(t + (j — 1)At]t) (A.6)

Equation A.6 implies that any future estimate may be expressed as a function of y(t),
the controls w(t) through w(t + (j — 1)At), and the estimated values of the A and B
matrices through time ¢ + (7 — 1)At. Clearly, Equation A.6 can be simplified dramatically
by assuming that over the interval from ¢ to t + jAt, the matrices A and B are constant.
If so, all estimates A and B can be replaced by A(t) and B(t), respectively, and a closed
form can be realized. Depending on the length of the prediction interval, this assumption
may improve computational efficiency dramatically. In any case, it is possible to define

predicted outputs at discrete time intervals as

2(t+ Atft) |

Z=| 2(t+jAth) |,

2(t + pAt|t) |

where p is the prediction interval over which observation variables are compared to nominal
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values. Likewise, the controls at the discrete time intervals are collected as

u(t)

U = u(t + jAt)

| w(t+ (p— 1)AY) |

Then the output can be expressed as
Z =Gy(t)+ FU. (A.7)

In Equation A.7, a linear relationship is defined between the current states, the current
and future control values, and estimates of the future output. The matrices G and F' are
defined according to Equation A.6. Next, consider the nominal trajectory, y,,(t), to which
the control law must track. Then, Cy, (t) may be evaluated at the discrete intervals ¢

through ¢ 4+ pAt and placed in a vector denoted as Z,.

Define a cost function of the form

g= %(zn _2TQ(Z - Z) + %UTRU.

It is observed that, with appropriate definitions of Q, R, Q and R, this cost function is a

linear approximation of
t+pAt
i= [ -9 Q9+ " Rudr
which penalizes both deviations in trajectory states away from the nominal and excessive
control usage. Thus, J can then be minimized according to user defined weight matrices Q
and R to produce a tracking trajectory that also minimizes control over the prediction inter-
val. To implement the model predictive controller in the traditional sense, the minimizing
control,
U= (F'QF +R)"' FQ(Z, - Gy),

is evaluated at every interval, and the set of entries in U associated with w(t) is implemented.

Notice that this control law imposes no constraint on the values of w at any time.
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A.3 Extension to the Hybrid Control System

The finite set control nature of the hybrid system in which u; € U; motivates a
minor modification to this MPC design to realize a hybrid controller. First, consider an
alternate formulation of Equation A.7 in which it is assumed that w(t 4+ jAt) = u(t) over

the entire prediction interval.

Z = Gy(t) + Fu(t) (A.8)

Indeed, this is a common alternative MPC formulation, and an altered cost function can be

minimized to directly determine w(t).

Observe that, since J is minimized at each interval, w may still take on different values at
each interval, even though the prediction equation assumes otherwise. Also note, that in the
hybrid control scenario, when controls are limited to a finite set of values which necessarily
change less regularly than continuous variables, the prediction formulation of Equation A.8
is not unrealistic. More importantly, this formulation removes the control variables of U

that are ultimately not implemented.

The model predictive control law for the hybrid system is defined according to

uw = arg min J.
uclUnu

Simply stated, the implemented control at the current time is simply the feasible control

combination that minimizes the cost function.

Note that if each control variable, u; may assume m; possible values, then there are

m possible control combinations, where
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The implemented control is determined by evaluating J for each control combination, se-
lecting the minimizing combination. This extension resembles the concept of dynamic
programming, and can become computationally intensive for many control variables and/or
feasible control values. The control law is most effective for n, and m; (and therefore m)

reasonably small to reduce the number of computations per interval.
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Appendix B

Background for Libration Point Formation Missions

Libration point formation missions are the subject of Chapter 5 and the primary
motivating application for the development of the FSCT method explored in this work. For
the interested reader, this appendix serves to provide additional background and context on
the unique aspects of these types of missions. This background reveals the motivating force
for finding a new collocation method that can treat sensitivities and limitations associated

with the dynamic environment and interferometry mission requirements.

The appendix is separated into three major sections. In the first, the present state
of the literature addressing libration point formations is surveyed. The methods applied to
the problem to date are reviewed. The second section explores the dynamics of the regime
in further detail. Although the equations of motion for the Circular Restricted Three Body
Problem are presented in Chapter 5, additional context is warranted. Assumptions, advan-
tages and disadvantages, and accuracy are addressed. Finally, a discussion on the challenges
and limitations of libration point formation missions provides reasoning for exploring new
tool sets for acquiring useful control solutions. The classical method of Lyapunov is briefly
introduced to demonstrate how continuous techniques may fail in this dynamic regime.

Additionally, considerations into the present state or propulsive technology are addressed.

B.1 Previous Work Towards Libration Point Formations

In the early 1980s, the Space Shuttle first demonstrated the capability of forma-

tion flying in conjunction with the use of its remote manipulator arm.%! In its infancy,
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formationkeeping was performed by the Shuttle pilot on-board, who implemented velocity
corrections manually with a control stick. Since that time, the aerospace community has
been motivated to improve satellite capability for autonomous formation flying, in support
of both Shuttle operations and unmanned spacecraft formation missions. As the literature
has developed to address more and more issues associated with satellite formations, both
NASA and the U.S. Air Force have realized the benefits of multiple spacecraft architectures,
where the functionality of a single spacecraft is distributed among a number of satellites

flying in close proximity.

In many cases, multiple spacecraft missions offer a means for reducing cost and risk
while increasing flexibility and responsiveness. If several smaller spacecraft can perform the
mission of a larger, monolithic platform, launch and design costs will be lower. In addition,
a formation of spacecraft can potentially be reoriented or augmented with other members
to modify or increase the architecture’s capability after launch. This is rarely possible with

a single spacecraft platform.

In some cases, a multiple spacecraft architecture can perform missions that sin-
gle spacecraft simply cannot. Deep-space imaging is a prime example. Several missions,
such as Terrestrial Planet Finder (TPF) and the Micro Arcsecond X-ray Imaging Mission
(MAXIM), seek to investigate distant planets, stars, black holes, etc. To focus on deep-space
objects so far away, studies'® 17 have indicated that images must be able to resolve angular
offsets as small as 0.1 micro-arcsecond. Atmospheric effects significantly reduce the ability
of Earth-based telescopes (limiting resolution and blocking particular wavelengths), and a
single space platform housing a telescope large enough to accomplish this would be impos-
sible to launch. The clear solution is aperture synthesis, using a collection of telescopes to
produce the same angular resolution as a single telescope the size of the collection. With
telescopes on board several smaller, launchable spacecraft, a formation properly spaced and

oriented will be able to accomplish what nothing else can do.
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Linear DCB X-Array

Figure B.1: TPF Interferometer Candidate Formations: Linear DCB and X-Array

NASA’s Terrestrial Planet Finder 116 missions have the primary objective of seeking
out Earth-like planets around nearby stars and characterizing their ability to sustain life.
There are two complimentary missions: a coronagraph will be used for imaging in the
visible spectrum, a formation flying interferometer for the infrared spectrum. Significant
challenges exist in deconvolving planet signatures near their parent stars, to include the
small angular offset of approximately 50 micro-arcseconds. Trade studies have determined
baseline requirements for precise spacecraft formations near Lo with between three and five
spacecraft, carrying 3-4 m aperture telescopes. Two promising architectures of the TPF
interferometer are the Linear Dual Chopped Bracewell (DCB) and the X-Array, both of
which consist of four spacecraft carrying 3.8 m telecopes and one serving to combine the
signals. Figure B.1 illustrates a rendering of these two likely configurations, ranging in size

from 60 m to 240 m.

The Micro Arcsecond X-ray Imaging Mission!” intends to place possibly 20 or more
spacecraft in a formation near the Sun-Earth/Moon Ly point. It is a concept proposed for
the Structure and Evolution of the Universe (SEU) Black Hole Imager mission. In order
to provide images that can resolve accretion disks around black holes, spacecraft would be

placed as far away as 1 km (the diameter of the formation), with a core spacecraft in the
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center of the formation. A pathfinder mission with less aggressive formation requirements

may lead the way to the ambitious objectives of MAXIM.

These missions, among others, propose spacecraft formations operating near the
collinear L; and Lo libration points of the Sun-Earth/Moon system. The nature of interfer-
ometry, along with the unique sensitivities of the dynamic regime near the libration points,
motivate significant study into the formationkeeping aspects of the missions. While a lot
has been accomplished in the realm of formation control to address the dynamical issues
of libration point formations, the field is still quite open for determining methods of gener-
ating trajectories and control strategies that safely and effectively maintain the formations
necessary to perform deep-space imaging. Previous efforts in formation control appear in
the literature as early as the mid-1980s, focusing first on Earth orbiting formations. More

recently, extensions have been made to libration point formations.

B.1.1 Earth Orbiting Formations

Vassar and Sherwood%? presented some of the earliest work in formation control,
motivated by attempts to automate formationkeeping operations with the Space Shuttle.
Assuming a circular orbit, linearized (Clohessy-Wiltshire) equations of motion simplified the
derivation of an optimal discrete-time closed-loop controller. These results were extended
by Redding, Adams, and Kubiak% and later by Kapila, Sparks, Buffington, and Yan.%*
The former added a discrete-time linear quadratic regulator for disturbance rejection and
a traveling elipse approach to stationkeeping. The latter modified the impulsive control
solutions of Vassar and Sherwood to pulse-based control laws to account for advances in
propulsion technology. Kapila et al. also guaranteed closed-loop stability for the linear

controller.

Additional work using a linearization about a circular orbit was accomplished by

Ulybyshev and Sabol, Burns, and McLaughlin. Ulybyshev5® investigated long-term station-
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keeping of satellite constellations using unique state variable assignments appropriate for
prescribed intersatellite spacing. Sabol et al.% propagated linearized equations of motion

with perturbations to determine the stability of various formation designs.

The Clohessy-Wiltshire equations effectively describe relative motion only in two-
body orbits very near to circular. The full non-linear two-body equations of motion were
applied by de Queiroz, Kapila, and Yan,%” who used Lyapunov-based control techniques to
guarantee exponential convergence in position tracking for spacecraft formations. They also
considered adaptive control for constant or slowly-varying unknowns in spacecraft masses,
disturbance forces, and gravity forces to achieve globally asymptotic convergence on track-
ing errors. Although the full nonlinear model is applied, an inherent assumption in standard
nonlinear control techniques is that continuous control solutions are feasible for implemen-

tation.

Schaub and Alfriend®® used Gauss’s variational equations of motion to derive impul-
sive feedback control solutions intended to correct tracking errors in terms of mean orbital
element differences between spacecraft in formation. Recently, Guibout and Scheeres%?
modeled a spacecraft formation as a Hamiltonian dynamic system to generate an accurate

polynomial approximation of the system dynamics.

In addition, work has been accomplished to optimize the performance of spacecraft
formations. Kong and Miller® used a second-order indirect multiple shooting method to
determine minimum energy solutions to cluster initialization and reorientation problems.
Costate estimates for initial guesses were obtained using the solution to the linearized

quadratic tracking problem. Similarly, Scott and Spencer” 7

investigated optimal low-
thrust reconfigurations with a combined linearized dynamics and calculus of variations ap-
proach to examine trends of a basic single transfer. Massari, Armellin, and Finzi™® used a
direct optimization algorithm (single shooting) with linear, time-varying differential equa-

tions to describe relative motion in a general elliptical reference orbit. Optimal trajectories
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were generated for low-thrust reconfigurations, and “dynamic refresh” was proposed for

real-time control when ideal and real trajectories diverged.

B.1.2 Libration Point Trajectories and Formations

While research in Earth orbiting formations is useful, many additional challenges
arise in placing formations in a three-body (in general, n-body) dynamic environment.
Interest in libration point formations has motivated significant work4? 277477 to character-
ize and negotiate this unstable and highly sensitive regime. For interferometry missions,
the formation requirements are even more restrictive, and existing literature highlights the
difficulties in designing trajectories and control strategies to effectively operate in this en-

vironment.

Early investigations focused on designing trajectories for spacecraft near libration
points. Howell and Keeter?® used target point and Floquet approaches to determine im-
pulsive maneuvers at discrete time intervals to maintain trajectories. Although work was
based in the Circular Restricted 3-Body Problem (CR3BP), it was extended to more com-
plex models. Barden and Howell ™ applied dynamical systems theory to discover trajectories
based on halo orbits and Lissajous trajectories. It was distinguished by a focus on the center

manifold, as opposed to simply the stable and unstable manifolds.

Continuous control techniques have also been developed for arbitrary reference tra-
jectories in the CR3BP. Scheeres and Vinh*® developed a non-traditional continuous con-
troller achieving bounded motion near a halo orbit by exploiting the local eigenstructure of
the linear system. Along with Hsiao,%6 they developed a stabilizing control law intended for
a low-thrust ion engine. Gurfil, Idan, and Kasdin®"4® designed a relative position controller
using nonlinear adaptive control techniques with a neural network based element compensat-
ing for model inversion errors. Gurfil and Kasdin®? also derived a time-varying continuous

linear quadratic control law with linearized dynamics about an arbitrary reference. They
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recommended plasma eletric propulsion, recognizing the necessity for micro-thrusting ca-
pability. Luquette and Sanner?* designed a Lyapunov-based nonlinear controller based on
the relative states between two spacecraft. This extended the work of de Queiroz et al. to

the three-body problem.

Continuous control techniques were extended to a more complete dynamic model,
as well. Marchand and Howell® applied existing linear (LQR) and nonlinear (feedback
linearization) methods to spherical and aspherical formulations. Baseline propulsive re-
quirements were established, again highlighting the restrictively low thrusting requirements,
bringing into the forefront the limitations of existing propulsion technology. In subsequent
work, 425053 they investigated further input and output feedback linearization for non-
natural formations, along with insights into naturally existing formations, generalizing to

an n-body dynamic model which included solar radiation pressure.

Some efforts have been specifically applied to particular libration point missions.
Folta, Hartman, Howell, and Marchand” applied continuous nonlinear control to the
MAXIM formation requirement specifications. Gomez, Lo, and Masdemont”” investigated

impulsive manuevers to maintain nominal paths for the TPF mission.

Efforts to optimize the trajectories for libration point formations are also observed.
Marchand, Howell and Betts®® used numerical optimization techniques to find optimal
discrete (impulsive) control laws. Infeld, Josselyn, Murray, and Ross®” use their Legendre
pseudospectral method on Sun-Earth and Earth-Moon Ls point trajectories in the CR3BP

to minimize fuel consumption.

In summary, the work to date can be characterized by

e the dynamic model used to describe the motion,

e the class of the control scheme, and
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e the optimality of the controller’s performance.

The dynamic model for libration point orbits is at a minimum the CR3BP, but more com-
plete models incorporate other planetary and solar effects (using ephemeris data for other
bodies, solar radiation pressure, etc.) Control schemes can also be characterized by whether
a linearization of the dynamics is required to derive it. Control schemes can either be dis-
crete (impulsive) or continuous, where both are potentially impossible to implement. While
impulsive control assumes state discontinuities, continuous control solutions may requires
prohibitively small control accelerations. Finally, some work has used various optimality

schemes in their derivation (LQR, numerical approximations) while others have not.

B.2 Dynamical Description

Libration points are best understood in the context of a 3-body model. Conse-
quently, the Circular Restricted Three Body (CR3B) model is used in this investigation.
Therefore, the assumptions of the CR3BP are presented, along with arguments for their
relevance. For completeness, the assumptions are relaxed to form a more general n-body
model that would be equally effective for additional libration point analysis with the FSCT
method.

With each model, a relative set of the dynamics is necessary for effective description
of a spacecraft formation. This is primarily due to the scale of the problem. To quantify
this, consider a spacecraft formation whose primary gravitational effects are attributed to
the Sun and the Earth. An expected distance from the Sun to the formation is O(10%) km,
while from the Earth to the formation is O(10°) km. On the other hand, the relative distance
between spacecraft may be less than 1 km. Common reference frames, with heliocentric or
geocentric origins, may not capture the fidelity of the relative motion between spacecraft.

A simple solution is to adopt a local point as the origin of the reference frame.
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Let there be a spacecraft in the formation that is termed the chief. For an inter-
ferometer formation, for example, the chief may be the spacecraft designated to coordinate
the incoming signals from the surrounding telescope-bearing spacecraft. In this case, the
chief acts as the combiner. Regardless of its duties, let the chief serve as the reference point
for a set of equations of relative motion. That is, every other spacecraft in the formation is
termed a deputy, and its states are measured relative to the chief. To simplify the dynamics

significantly, let the following assumption hold for all situations:

Assumption B.2.a. The chief spacecraft shall lie along a natural trajectory.

Note that under this condition, the chief does not require any external control to remain
along its course. Note also that because of this assumption, the chief does not need to be
an actual satellite. A virtual point along a natural trajectory acting as the reference point
for relative motion may also serve the purpose of the chief spacecraft. Whether an actual
or virtual spacecraft, in most cases, the chief’s path is along a bounded trajectory, such as
a halo orbit. Since this is not a necessary restriction in developing the dynamics, however,
it is not included in the assumption. Thus, it can be inferred that this is not a restrictive

assumption. Any general problem can be stated relative to the moving point identified as

the chief.

B.2.1 Circular Restricted 3-Body Problem
Consider a dynamic regime governed by the following assumptions.
Assumption B.2.b. Two primary bodies constitute the gravitional forces act-

ing on a third body. The primaries are considered to be point masses, and the

mass of the third body is negligible in comparison to that of the other two.

Assumption B.2.c. The smaller primary moves in circular motion about the

larger. This ensures that the distance between the two primaries remains con-
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stant, and the vector pointing between the primaries rotates at a constant an-

gular rate.

These are the fundamental assumptions of the CR3BP, useful for describing satellite motion
in an Earth-Moon or a Sun-Earth regime, for example. For the purpose of this work, let
the first primary be the Sun, and the second a combined Earth/Moon mass acting at the

Earth/Moon barycenter.

The equations of motion for the CR3BP, applying these assumptions, are presented
in Section 5.2. Absolute equations are presented and modified into a relative set of equations,

in which a deputy spacecraft’s position and velocity are measured relative to the chief.

B.2.1.1 Dimensionalized vs. Nondimensionalized Equations

In most literature, the CR3BP equations of motion are presented in nondimension-
alized units, modifying Equation 5.1 slightly, and introducing a parameter, u, to describe
the ratio between masses (or distances) of the two primaries. It is noted that the equa-
tions presented in Section 5.2 are dimensionalized instead. However, for completeness, the

nondimensionalized equations are presented.

Let the following characteristic quantities be defined:

ro= ro+re
m* = mg+mg
1 1
t* — - = —,
noow

where rg and rg are the distances of the Sun and Earth/Moon, respectively, from the

barycenter. For simplicification, introduce the mass ratio y as

Mg o
,LL = m* = T—*
meo e
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Finally, nondimensionlized states and time can be identified through the characteristic quan-
tities.

T z r t
£:7>n2%7C:77p:773ndT:§
r

Using the derivative abbrevation (-)" = d(-)/dr, Equation 5.1 in a nondimensionalized form

appears as
é/ 1_M §c+,u L €C_1+,u 772 fc
g 3 TNe - T3 M +2 _gé + Ne : (B'l)
/" Poe 2 Pde Ce 0 0

Notice that the angular rate, w, disappears due to cancellations with the characteristic time,

t*.

B.2.1.2 Libration Points and Some Natural Trajectories

Equations 5.1 and B.1 have five equilibrium points, known as libration points. Three
of the points, Ly, Lo, and Ls, lie along the same line as the two primary bodies, and
are therefore termed collinear libration points. The other two, Ly and Ls, or triangular
points, make up equilateral triangles in the orbital plane with the two primaries. Thus,
the triangular points are located at positions [ 7 (] = {(% — u) (i?) 0}. The collinear
points, with L; between the two primaries, Lo beyond the second primary, and Lg in front
of the first primary, are more difficult to determine. Along with the triangular points, they
make up the roots of a quintic polynomial equation which cannot be solved analytically.
For a given value of i, any nonlinear equation solver can be used to determine the collinear

points.

Although the collinear equilibria are inherently unstable, near these points exist
several families of trajectories that exhibit bounded motion, such as halo orbits or Lissajous
trajectories. It is not within the scope of this work to survey all of the types of natural

motion existing near libration points. Recall, however, that in Chapter 5, the chief trajectory
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is a halo orbit. The techniques used to determine the initial conditions for this orbit follow

the work of Howell,?®7®™ and are not repeated here.

B.2.1.3 Accuracy of the CR3BP Equations of Motion

The CR3BP equations of motion of Equations 5.1 or B.1 are based on Assumptions
B.2.b and B.2.c. Thus, it is assumed that in the Sun-Earth/Moon system, the second pri-
mary orbits the first with circular motion. In actuality, the Earth’s orbit about the Sun has
an eccentricity of approximately 0.0167, according to Vallado.® In addition, gravitational
effects exist from other bodies, most notably the other planets and dwarf planets in the
Solar System. The assumptions of the CR3BP clearly degrade the accuracy of the dynamic

model, and the question remains as to the extent.

Consider the collinear libration points, L, Lo, and Ls, from the Sun-Earth/Moon
circular restricted problem. Naturally, with perturbations due to other gravitational ef-
fects or solar radiation pressure, a spacecraft located near these equilibrium points will
quickly diverge from there. To quantify the extent of these perturbations near the libration
points, refer to Figure B.2, which illustrates the magnitude of the major acceleration effects
near each of the collinear libration points over the year 2008. Ephemeris data from the
Jet Propulsion Laboratory is used to calculate the gravitational accelerations at the three
points, indicating the extent of the effects due to each planet in the Solar System, plotted
logarithmically. For this analysis, the libration points are calculated as relative distances
from the Sun and the Earth/Moon barycenter. This is to say that even though the dis-
tance between the Earth and the Sun changes according to the eccentricity of its orbit, the

libration points are calculated such that

L.
—* = constant.
T

Since from these points, the distance to each body, including the Sun and the Earth, changes

with time, the gravitational effects will vary over the course of a year.
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It is apparent that for spacecraft near L; or Ls, the primary acceleration effects
come from the Sun, the Earth, and the Moon. However, Jupiter, Venus, Mercury, Saturn,
and Mars still contribute gravitational effects greater than 1071 m/ s?. To put this in con-
text, previous and current work demonstrate control solutions with magnitudes less than
1079 m/s® (see Section B.3.1). This indicates that extra planetary effects are significant
players in defining the dynamic environment for libration point spacecraft formations. Nat-
urally, the effects of the Earth and Moon drop dramatically at Ls. However, the argument

remains the same with regard to the significance of extra planetary effects.

B.2.2 Ephemeris Model

An alternative to the simplified 3-body model is a general n-body model using
Ephemeris data to compute the relative locations of the planets. The relative motion of an
n-body system can be described by

n
P = —erc +G ; m (7"35 - :3> . (B.2)
i#j,c
This computes the acceleration of the ¢*® body relative to the j*" body, where Tje=Tc—T;
and r = |r|. In the case of the Sun-Earth/Moon libration formation, let the cth body be the
chief satellite, whose mass, m., is negligible. The j** body, from which the chief dynamics
are measured, can either be the Sun or the Earth. As seen from a non-accelerating point,
such as the Solar System barycenter, the acceleration of the chief can be modeled as
n
fo=—)_ G—?r (B.3)
i—1 ic
Again, the dynamics desired describe a deputy spacecraft relative to the chief spacecraft.

Using either Equation B.2 or B.3, by assuming negligible mass for all satellites, the relative

dynamics between chief and the I*" deputy is
fody = =) Gmi | g — |
i=1 ridl Tic



Once this is placed in first-order form, including a term for external control accelerations,

the dynamics can be expressed as

yl = .f(tvylvul)7

just as with the CR3BP. In this case, however, the time element is not related to an epoch,

tog, but rather represents a Julian date indicating the locations of the planetary bodies.

B.2.3 Pros and Cons of the Two Models

It has already been demonstrated that the CR3BP has limitations in accurately
modeling the dynamics near libration points. Since potential control accelerations are on
the same order of magnitude as some of the perturbing bodies (beyond the two primaries
considered in the 3-body model), it is crucial to consider those bodies when constructing a

dynamic model.

The numerical methods presented in this work are equally effective in any dynamic
regime. That is, the underlying methods do not need to be altered to account for a different
set of dynamics. Therefore, in demonstrating the solution methods, it is most beneficial
to use a simpler dynamic model to validate the technique and to gain insight into the
solutions. The CR3BP model, then, offers an excellent platform off of which to develop

solution methods.

B.3 Challenges and Sensitivities for Libration Point Formations

Some of the sensitivity of the dynamic regime near libration points has already been
implied. It has been stated that extra planetary gravitational accelerations have an impact
on the dynamics on the same order of magnitude as potential control accelerations. This is
demonstrated presently, highlighting the importance of a high fidelity model in accurately

describing satellite motion. In addition, consideration is given to even more sources of
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sensitivity that contribute to the challenge of the problem. They can be demonstrated in

either dynamic environment, so for simplicity the CR3BP model is used.

It is conceivable that operating requirements on an interferometer formation may

involve tight constraints. In that light, the following assumptions are introduced.

Assumption B.3.a (Formation Size Constraints). The relative distances

between spacecraft (deputy-chief and deputy-deputy) are constrained.

Assumption B.3.b (Formation Orientation Constraints). The orien-
tation of the formation plane is constrained in inertial space or relative to a

particular body.

Assumption B.3.c (Formation Rotation Constraints). The formation

must rotate within the formation plane at a constrained rotation rate.

Assumption B.3.d (Spacecraft Orientation Constraints). The attitude
of each spacecraft is constrained relative to a point in inertial space, a particular

body, and/or other spacecraft in the formation.

At this point, Assumptions B.3.a-d are left in a general form. That is, tolerances are not
assigned to quantify the constraints imposed. It should be understood, however, that the
nature of interferometry implies that these constraints are significantly restrictive. At a
minimum, it is safe to say that size, orientation, and rotation requirements should keep

spacecraft in formation as close as possible to a set of nominal values.

B.3.1 Tracking a Nominal Trajectory with an Unconstrained Control Scheme

One way of addressing Assumptions B.3.a-c is to identify trajectories for each space-
craft that satisfy the nominal values of the formation size, orientation, and rotation con-
straints. A spacecraft can be assigned to track a nominal trajectory, and any number of

continuous or discrete control laws may be used to ensure stable tracking.
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As an example, consider a deputy spacecraft in formation around a chief in the Ly
halo orbit used in Chapter 5. A nominal trajectory is assigned to the deputy to ensure
a constant distance between spacecraft and a constant rotation rate. In this case, let the
nominal be a circular trajectory about the chief in the gg-Z% plane. For the sake of this
example, the nominal formation parameters are arbitrarily chosen. The nominal trajectory

can be expressed as a function of time as

vy (1)
where
0
rp(t) = | €OS I QWg;tO)) km
sin (F — QWS):O))

and v, = 7, to satisfy a traditional matching constraint. The constant, tpe,, represents the
period of the chief’s halo orbit. At t = tg, the deputy spacecraft’s actual states coincide
with the nominal trajectory, that is, y(t9) = y,,(to), so that control is only required to
maintain the formation. Observe the tracking control law that result using a traditional

continuous control scheme.

B.3.1.1 Lyapunov-Based Controller

A continuous control law can easily be derived through a standard nonlinear Lya-
punov analysis. From Equation 1.1, the form can easily be modified to separate the control

terms, which appear linearly.
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Error dynamics can be defined to relate the actual trajectory to the nominal. Let the error

in the position states be e, = r — r,, and for the velocities, e, = v — v,,. Thus,
é, _ T—Tn | | V-V,
e | |v—v, | | flt,r,v)—v,+u
€y
Af+u |’
Defining the control law,
u = _A?_ K.e, — Kyey,

where K, = KI > 0 and K, = K1 > 0, the velocity error dynamics reduce to
e, =—K,e, — K,e,.

With the decrescent, positive definite Lyapunov function

analysis can show that

and

lim e, = lim e, = 0.
t—o0 t—o0

This control law offers asymptotically stabilizing control to track to an arbitrary
trajectory from any epoch position and velocity. Of course, when the epoch values are along
the trajectory as in this example, the error dynamics will remain at zero while the control
cancels out the natural dynamics. This, of course, is in the presence of no perturbations.
Figure B.3 displays the resulting control history from a simulation of this scenario over a

time period of 60 days (approximately a third of the halo orbital period).

Notice that the unconstrained law derived using nonlinear control theory requires a

magnitude of the control acceleration never exceeding 2.5 x 107% m/ s? over the duration
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Figure B.3: Lyapunov-Based Controller for an Arbitrary Libration Point Trajectory

of the simulation. It is an underestimate to say that these magnitudes are extremely small.
These control results are consistent with previous efforts in this realm by other authors,
bringing to the forefront several potential issues. First, these small control acceleration
requirements support the claim that the perturbations due to extra planetary accelerations
cannot be ignored. Because planets like Jupiter and Venus perturb the motion of a space-
craft near a libration point even more than the control accelerations would as compared in
the CR3BP, required control accelerations will be distinctly affected by extra bodies beyond
the Sun and Earth/Moon.

A more important concern regarding these control magnitudes constitutes the main
motivation for this research effort. Such small magnitudes brings into question the capabil-

ities of existing propulsive technology. Is it possible for a spacecraft to deliver the required
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actuation to control (maintain and maneuver) spacecraft in formation near libration points?
The remaining discussion seeks to answer this question while framing the motivation for

this investigation.

B.3.2 Current Capability of Propulsive Technology

With recent trends in spacecraft design towards micro- and nanosatellite platforms,
there has been considerable effort to reduce the lower bounds on thrust on secondary propul-
sion systems for orbit maintenance and precision pointing/flying. This is timely, as libration
point formation control presents one of the more restrictive sets of propulsive requirements,

as exhibited by the commanded control accelerations required in Figure B.3.

In current operations, the smallest thrust magnitudes are produced by pulsed plasma
thrusters like those used on EO-1, which operate with thrust levels as low as 90 to 1000
uN. 42 However, some exciting new technologies using on-board lasers can potentially pro-
duce even smaller thrust levels.'® 22 For example, Gonzales and Baker have investigated
laser ablation of aluminum to see a thrust range between 0.5 nN and 5 puN. Similarly, a
laser plasma thruster (LPT) developed by Phipps and Luke is characterized by a 1 nN/s

impulse for as small as 100 us pulses.

A high-level description of the niches for various thruster technologies is presented
by Gonzales and Baker,?’ and is reproduced in Figure B.4. On-board Laser Ablation
Thrusters (OLAT) are compared with Field Emission Electric Propulsion (FEEP), pulsed
plasma thrusters (PPT), micro-PPT, and colloid thrusters in terms of thrust magnitudes

and specific impulse.

With the sample control requirements developed in Section B.3.1 along with some
basic (order of magnitude) estimates on potential spacecraft sizes, one can gain a sense of
how well these potential propulsive capabilities can meet the challenge. Control require-

ments obviously vary according to the specific conditions of a formation, and the values for
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Figure B.4: Niches for Current Thruster Technology 2°

propulsive capabilities presented are only approximations. Accordingly, no precise conclu-
sions can be drawn from the data. However, even a ‘back of the envelope’ calculation can

serve to highlight a potential discrepancy between requirement and capability.

In Table B.1, several propulsion technologies are compared in terms of their mini-
mum thrust and minimum specific impulse. These two characteristics give the best sense of
how precise and how efficient control actuation can be. A baseline technology is also listed
as a representative value used in analysis of Chapter 5, in the theoretical range of currently
flight-ready technologies. The associated minimum thrust acceleration is shown as if a sin-
gle thruster is placed on either a 500 kg or 1000 kg satellite. In addition, an estimate is

provided of the total mass consumption over a year of continuous thrusting using the ideal
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Table B.1: Thruster Technologies Against Spacecraft Size Estimates

mo = 500 kg mo = 1000 kg
365 days 365 days

min. min. cont. thrusting cont. thrusting
Technology | Thrust Isp Thrust Acc. Am Am/mgo | Thrust Acc. Am Am/mo

(N) (s) (m/s%) (kg) (m/s%) (kg)
PPT 9.0E-5 800 1.8E-7 3.62E-1 | 0.07233% 9.0E-8 3.62E-1 | 0.03617%
uPPT 5.0E-5 400 1.0E-7 4.02E-1 | 0.08036% 5.0E-8 4.02E-1 | 0.04019%
Colloid 1.0E-6 100 2.0E-9 3.22E-2 | 0.00643% 1.0E-9 3.22E-2 | 0.00322%
FEEP 9.0E-7 | 4000 1.8E-9 7.24E-4 | 0.00014% 9.0E-10 7.24E-4 | 0.00007%
OLAT 1.0E-9 200 2.0E-12 1.61E-5 | 0.00000% 1.0E-12 1.61E-5 | 0.00000%
LPT 1.0E-13 | 200 2.0e-16 1.61e-9 | 0.00000% 1.0E-16 1.61E-9 | 0.00000%
Baseline 1.0E-6 | 1000 2.0E-9 3.22E-3 | 0.00064% 1.0E-9 3.22E-3 | 0.00032%

thrust equation, 3

Av = Ig,g0In <mf> ,
mo

where the accumulated Awv is the constant thrust acceleration integrated over one year,

go = 9.8O7m/52, and Am = mg — my.

The thrust accelerations of Table B.1 should be compared to the control profile in
Figure B.3. Clearly, on-board laser technology offers a window for potentially actuating
the precise control requirements derived from libration point formation analysis. However,
it should be apparent that with the potential exception of the OLAT or LPT technologies,
the minimum thrust accelerations from existing propulsive technology may not be able to

produce thrust magnitudes as small as an unconstrained control law would require.

Concluding that the thrust capability of a technology is on the same order of mag-
nitude as the desired control does not sufficiently reveal whether it can effectively actuate
the types of control histories of Figure B.3. The control histories require varying control
accelerations over time, and the required precision of the control acceleration is most likely
several orders of magnitude smaller than the total magnitudes displayed. Combined with
the fact that some of these technologies are relatively new and untested, there is some

uncertainty in how well a thruster can perform.
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This uncertainty motivates the consideration of how existing propulsive technology
could be used to control libration point formations. Without relying on a capability that
may not be available on the same timeline as a libration point mission, a reasonable approach
is to assume a baseline propulsive capability, and then determine how it can be used to
meet theoretical or actual mission requirements. The baseline entry in Table B.1 serves this

purpose.

B.3.3 Addressing the Discrepancy Between Desired (Unconstrained) and Fea-
sible (Constrained) Controls

This investigation seeks an alternative control scheme that does not place the onus

on propulsive technology for delivering maintenance and maneuver control to a spacecraft

formation, specifically near libration points. The problem can be generalized as answering

the following question:

In what ways can a spacecraft be controlled when the available thrust accelera-

tion level is larger than the desired (unconstrained) control solution?

In other words, there is an active lower bound on the thrust magnitude. In this investigation,
considerations are limited to cases where the desired control is always smaller than the

available control. Thus, there is no need to address an upper bound on thrust.

Referring again to Table B.1 it is apparent that the fuel consumption is very small
for the types of thrusters considered. Recall that the percentages listed are for a thruster
activated continuously for an entire year, and that these percentages would be even smaller if
considering specific impulses greater than their minima. A simple conclusion from this result
is that maintenance-type maneuvers on a spacecraft formation will contribute negligible
mass change on the spacecraft. These conditions motivate another key assumption for this

effort.
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Assumption B.3.e (Finite Control Acceleration). The control available

to a spacecraft is limited to constant acceleration in the direction of thrust.

Because the mass of the spacecraft remains constant, control can be represented as an
acceleration as opposed to a thrust. Because the desired acceleration magnitude is always
less than the deliverable acceleration magnitude, a thruster only operates at its minimum
value. Thus, thruster control is always at a constant value of the acceleration. Either the
thruster produces the acceleration associated with its minimum thrust (when turned on),

or it produces zero acceleration (when turned off).

The coupling of Assumptions B.3.d and B.3.e cannot be ignored. When a control
acceleration can only have two values (on and off ), the direction of the thrust vector becomes
crucial. However, the spacecraft orientation is constrained in some way in order to perform
the mission. Thus without even considering the attitude dynamics problem, the spacecraft

orientation has a significant impact on the translational dynamics problem!

Further assumptions are required regarding the orientation constraints on a space-
craft, but for this discussion, it suffices to consider some possible configurations of the
spacecraft structure. For this hypothetical discussion, consider a two-dimensional space-
craft depicted with two different thruster configurations in Figure B.5. For both, the pri-
mary structure of the spacecraft is assumed to be a rigid box. In the first configuration, a
thruster is located on each of the four spacecraft faces to deliver translational acceleration
to the vehicle. If each thruster operates at an acceleration level of T when activated, then

the following control accelerations are possible:
Ug, Uy € U= {-T%,0,T"}. (B.4)

Note that a net acceleration of zero results when either corresponding direction thrusters
are both on or both off. In the second configuration, thrusters are located on the corners

of the spacecraft surface, as well. Depending upon the angle at which the thrusters are
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Figure B.5: Two Thruster Configurations

placed, significantly more acceleration magnitudes—both smaller and larger than T*—can

result by turning on specific combinations of thrusters.

B.3.3.1 Variable Thrust Through Gimballing

An extention of the hypothetical structure configuration considers the gimballing
of thruster outlets to vary the thrust vector. It is observed that gimballed thrust offers
a solution to the constrained control problem. Consider, for example, the configuration
displayed in Figure B.6, representing thrust acceleration contributions in the & axis only.
Notice for this example, that one thruster contributes acceleration purely in the & direction
at magnitude T, while the other two present acceleration along —& according to 1™ cos 6.
Let all three thrusters fire simultaneously, where 6 is allowed to vary between 0 and 90
degrees. Since the gimballed thrusters move together, it is observed that translational
accelerations in ¢ and rotational acceleration terms cancel, leaving the thruster system to

only operate in the &-direction. The system produces control accelerations according to

uy =T (1 —2cosb).
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Figure B.6: Thruster Gimballing

The control acceleration, u, varies continuously with 6 from —7™ to T* without relying on

any variation in the control acceleration delivered from each thruster.

Naturally, this control actuation system can be extended with six more thrusters to
provide the same performance in the - and 2-directions for a three-dimensional structure.
Using gimballing in each axis, the control acceleration histories of Figure B.3 can easily be
realized regardless of what the acceleration magnitude, 7%, is. With a secondary propul-
sion suite like this, a spacecraft attitude can be in any orientation and still implement a

stabilizing control law.

Unfortunately, it may not be feasible to implement such a thruster configuration.
Continuous control laws require continuous activation of the entire control suite, and fuel
resources may deplete too rapidly. In addition, although this is a simple theoretical solu-
tion, the implementation of this may be extremely difficult. Slight misalignments would
cause coupling with attitude dynamics, potentially introducing unwanted complications in

the problem. Note that although 7™ can be arbitrarily large, the larger T* becomes, the
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more fuel is consumed, and the more precise # must be to generate a particular control
acceleration. Also, spacecraft design may have limitations on the number and placement of
thrusters. The surfaces of the spacecraft represent prime real estate for payloads equally as

necessary for mission operations.

It is potentially interesting to investigate this scheme further for implementation
issues in libration point formations. However, due to the potential feasibility considerations
listed above, the concept is abandoned in this investigation in pursuit of dynamic solutions

that do not require the precision in control accelerations of an unconstrained control law.

B.3.3.2 Finite Burn Control Solutions

In the absence of thrust vector gimballing, the solution space is limited to control
solutions that exhibit finite, constant burns in each thrust direction. When on, the thruster
produces acceleration of magnitude T*; when off, zero thrust. In addition, the vector of
thrust (pointing direction) is necessarily constant in a spacecraft body-fixed reference frame,

and the attitude of the spacecraft is a crucial element to any control solution.

An appealing advantage of finite burn control is that it is easily implemented on a
real spacecraft. Regardless of how the solution is derived, a control history simply commu-
nicates when to fire each thruster, and the thruster only operates at its minimum thrust

setting when firing.

A general trend in the literature leaves a separation between control theory and
actuation implementation. This is to say that many control solutions presented in the liter-
ature, although quite elegant, can only be approximated with actual hardware. Hardware
limitations always exist: thrust levels have minimum and maximum values, measurements
can only be taken at finite intervals, impulses are impossible. In many cases, the implemen-
tation approximations are sufficient. However, the application driving this research is not

considered to be one of them.
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This effort presents a novel approach to optimal control, where implementation
issues are considered as part of the solution process. Thus, the solutions presented in this
work, although perhaps not as elegant, present the optimal implementable control solutions

given an existing set of hardware.

Another aspect of these finite burn solutions to consider is that the solutions natu-
rally do not exhibit the same quality of performance as theoretical solutions. For example,
the Lyapunov-based controller of Section B.3.1 guaranteed asymptotic tracking of a refer-
ence trajectory. That is, the limits in tracking errors in both positions and velocities are
zero. In contrast, a finite burn solution can make no such claim. Certainly, the control is
constrained to such a great extent that it would be impossible to guarantee perfect track-
ing. From a theoretical perspective, this is a great disadvantage. However, from a mission
perspective, finite burn solutions represent the best possible performance with actual hard-
ware. Mission designers can use the solutions and solution methods presented in this work

to determine performance capabilities and expectations for future missions.
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