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ABSTRACT

A Perturbation Theory for Hamilton’s Principal Function: Applications to
Boundary Value Problems

by

Oier Penagaricano Munoa

Chair: Daniel J. Scheeres

This thesis introduces an analytical perturbation theory for Hamilton’s principal
function and Hamilton’s characteristic function. Based on Hamilton’s principle and
the research carried out by Sir William Rowan Hamilton, a perturbation theory is
developed to analytically solve two-point boundary value problems. The principal
function is shown to solve the two-point boundary value problem through simple dif-
ferentiation and elimination. The characteristic function is related to the principal
function through a Legendre transformation, and can also be used to solve two-point
boundary value problems. In order to obtain the solution to the perturbed two-point
boundary value problem the knowledge of the nominal solution is sufficient. The per-
turbation theory is applied to the two body problem to study the perturbed dynamics
in the vicinity of the Hohmann transfer. It is found that the perturbation can actually
offer a lower cost two-impulse transfer to the target orbit than the Hohmann transfer.
The numerical error analysis of the perturbation theory is shown for different orders

of calculation.
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Coupling Hamilton’s principal and characteristic functions yields an analytical
perturbation theory for the initial value problem, where the state of the perturbed
system can be accurately obtained. The perturbation theory is applied to the re-
stricted three-body problem, where the system is viewed as a two-body problem
perturbed by the presence of a third body. It is shown that the first order theory can
be sufficient to solve the problem, which is expressed in terms of Delaunay elements.
The solution to the initial value problem is applied to derive a Keplerian periapsis

map that can be used for low-energy space mission design problems.
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CHAPTER I

Introduction

1.1 Celestial Mechanics and Mathematics

Humans have been fascinated by celestial phenomena since the dawn of times.
Most civilizations have traditional tales and legends that explain the existence and
role of celestial bodies such as the Sun, Moon and star constellations. Even if these
stories and explanations are seldom accurate from a physical perspective, they have
played a central role in cultural developments worldwide. Celestial bodies were ob-
served in awe and their behavior was spiritually worshipped. It has been proposed
the burial sites such as the Stonehenge in Wiltshire County, England, were aligned
with the lunar lines, and were able to take into account the precession of the Earth
around its rotational axis (1). The Cromlech of Eteneta is a burial site on the slopes
of Adarremendi, Basque Country, that is the first thing that the sun shines on during

winter solstice(2).

Ancient Babylonians were among the first to study the motion and behavior of
celestial bodies, and actually record them. They realized of the periodic nature of or-
bits and recorded data in clay tablets, which required knowledge of angular distances
(3). Egyptians used a three-hundred and sixty five day calendar and aligned their

pyramids towards the North Star. They also developed basic trigonometric functions



to correlate the dimensions of the pyramids to sunrise and sunset angles(4).

Ancient Greeks developed astronomy as a branch of mathematics, and provided
several advances in the field. Their work is seen as pivotal today, as they strived
for the physical explanation of celestial phenomena, and in fact, the word ”planet”
comes from the greek word for wanderer. Eudoxus of Cnidus erroneously conjectured
an Earth centered universe that prevailed for several centuries in the western world.
Aristarchus of Samos proposed a heliocentric model of the Universe, and calculated
the sizes of the Earth, Moon and Sun, although these values were incorrect. However,
his heliocentric model was not well received and a geocentric model became standard
instead. Claudius Ptolemy’s research in the geocentric Universe became one of the

most influential works in astronomy for centuries to come (5).

Nicolaus Copernicus’ published De revolutionibus orbium coelestium in 1543, where
he proposed a heliocentric solar system that revolutionized the field of astronomy. Al-
though it was well received at first, it later encountered criticism and opposition and
the geocentric model prevailed as conventional wisdom until early 17" century. It
took several years and restless research by Galileo Galilei and Johannes Kepler to

establish the heliocentric Copernican theory (6).

Kepler discovered the three laws of planetary motion that bear his name, and was
able to describe the motion of planets around the Sun (7). Although these laws don’t
take into account the mass of the bodies and tidal perturbations that arise from other
celestial bodies, Kepler’s work laid the foundation for the present day research and
development in the field of astrodynamics and celestial mechanics. In order to solve
some of the problems encountered by Kepler, John Napier developed logarithms to

solve burdensome equations in a relatively fast manner. Exponential notation made



hand calculations much easier to compute, especially for problems where perturba-

tions were present (8).

Isaac Newton’s work led to the further understanding of the motion of bodies in
space by developing Kepler’s ideas. Newton’s law of universal gravitation determines
that every body of mass interacts with each other. His work established basic equa-
tions of motion for the two-body and three-body problems. He developed infinitesimal
calculus to help obtain the oblate spheroid shape of the Earth and took into account

the effect of the Moon’s gravitational attraction (9).

Joseph Louis Lagrange reformulated Newtonian mechanics by applying the con-
servation laws for momentum and energy, resulting in what is known as Lagrangian
Mechanics. This formulations allow simpler methods to obtain the equations of mo-
tion and to analyze a system. Lagrange was able to use this new framework to
formulate the motion of a body of negligible mass around two massive bodies, com-
monly known as the restricted three-body problem. While working on this problem
Lagrange encountered what are known as Lagrangian points , which are equilibrium

points in the restricted circular three-body problem.

Sir William Rowan Hamilton continued Lagrange’s work and reformulated a gen-
eral framework for classical mechanics, namely Hamiltonian mechanics. His research
led to the discovery of Hamilton’s principal function, an essential function in the
wave theory of light, and Hamilton’s principle, which allows to obtain the equations
of motion of a system and explicitly showing the relationship between coordinates
and momenta. He applied this principle to the motion of the Moon and several other

problems in optics and classical mechanics.



Hamilton’s proposed framework is convenient for solving several problems in ce-
lestial mechanics and draws advantages over other methods. He also developed a
technique to solve the initial value problem that arises from Hamilton’s principle and
principal function, aimed at solving as precisely as possible the trajectories of planets,

moon and asteroids in the solar system.

The fascination and desire to understand celestial phenomena and astrodynamics
has led to many important advances in mathematics and physics. Throughout his-
tory mathematical advances have been closely related to the development of celestial
mechanics, as many of the aforementioned were experts in both mathematics and
astronomy (as well as other areas of study), and developed mathematical methods to

help solve problems in celestial mechanics.

1.2 Two-Point Boundary Value Problems

Solutions to two-point boundary value problems are of significant importance in
the field of astrodynamics and have been subject to extensive research over the years.
Obtaining the trajectory of a comet, determining the required initial velocity of a
missile to hit its target, knowing the optimal velocity of a probe to perform a fly-by,
determining the orbital motion of the planets, and several other situations require one
to solve boundary value problems. However, the lack of procedures that automati-
cally converge to the desired solution remains as a fundamental difficulty in solving
these problems. Usually, solutions involve open ended iterative methods that often
have no guaranteed convergence and require a good initial guess. Examples of these
methods include the method of homotopy, multiple shooting combined with Newton’s

iteration, and a variety of other techniques (10).



The multiple shooting method is a numerical procedure to solve boundary value
problems that requires the nominal solution as the initial guess. However, the rate
of convergence slows down as the system becomes more nonlinear. Newton’s itera-
tion method obtains the solution of a function by converging on the solution through
multiple successive approximations. However, the function has to satisfy several re-

quirements and some initial guesses might cause the solution to diverge (10).

The method of homotopy is used to analytically solve partial differential equa-
tions and nonlinear ordinary differential equations. It is used in conjunction with
Newton’s method to analytically solve a function, and its performance is tied to the
chosen homotopy function (11). This can be a problem for non-trivial functions.
Ideally, analytical solutions are desired to solve two-point boundary value problems,

even if solutions involve integrating a set of equations by quadratures.

A further challenge for many problems with known solutions is when implicit equa-
tions must be solved iteratively to satisfy the two-point boundary value problem. In
the two-body problem this situation occurs when finding a solution to Lambert’s

problem, which involves iterating the semimajor axis of the transfer orbit (12), (13).

Johann Heinrich Lambert developed a solution for the Keplerian two-point bound-
ary value problem, finding a minimum energy orbit between two coordinates given a
specific transfer time. However, this technique does not take into account common
perturbations like mass distribution and tidal effects. Nevertheless, it provided a cru-
cial step in solving these type of problems and the nominal solution can be used by

a variety of numerical algorithms to solve more complex problems.

Even if Lambert’s problem can be used to solve the two-point boundary value



problem, specific two-point boundary value problems can be solved with different
methods. A special kind of two-point boundary value problem is the Hohmann trans-
fer, developed by Walter Hohmann, which is the minimum fuel two-burn orbit trans-
fer. This transfer is restricted to a 180 degree transfer, so even if often times this is
desirable, it does not always offer the best solution. Bi-elliptic transfers can offer a
less expensive alternative to Hohmann transfers, but the transfer time is much longer,

and therefore is more suitable for missions where transfer time is not important.

Guibout and Scheeres (2002) outlined a novel approach for solving two-point
boundary value problems for Hamiltonian dynamical systems using generating func-
tions for the canonical transformation (14). They also suggested using Hamilton’s
principal function to solve the two-point boundary value problem for the two-body
problem. This function is derived directly from Hamilton’s principle and yields so-
lutions to the equations of motion through simple differentiations and eliminations
(15). Although the generating function of the canonical transformation and Hamil-
ton’s principal function have different physical significance, they are intimately re-
lated. Hamilton’s principal function allows the initial and final endpoints and times
to be variable, that is, they are free to change without affecting the structure of the
function. Generating functions on the other hand, have invariable initial conditions,

viewed as constants of motion, only final endpoints being variable.

1.3 Initial Value Problems

The initial value problem has also been extensively studied for solving problems
in astrodynamics, as it allows to obtain the trajectory of a body in space over time.
The n-body problem originally formulated by Newton falls under this category, as

given some initial position and velocity vectors the trajectory is solved. A more com-



mon problem is the restricted three-body problem, where an object of negligible mass
orbits two massive bodies that are in orbit around each other, and is an accurate

representation of many planet-moon, star-planet, or binary asteroid systems.

Numerous methods and techniques have been developed to solve the initial value
problem, where the challenge lies in solving the equations of motion for a set of initial
conditions. Obtaining solutions can be straightforward by simply using a numerical
integration and propagation technique, however, choosing the right technique for each

specific problem can improve results.

Leonhard Euler developed a first-order integration method to solve simple prob-
lems, but it can be numerically unstable and the error can be significant, and it is
not suitable for difficult equations. For most systems the Runge-Kutta method is
widely used to integrate the equations of motion, however, error can build up over
long periods of time. Variational integrators alternatively can be used for Hamilto-

nian dynamical systems, as they preserve the symplectic structure of the system (16).

Solutions to the initial value problem commonly involve numerical methods. These
methods can accurately obtain a solution given some initial conditions and equations
of motion. However, numerical results alone become very limited as no qualitative
understanding is gained. Analytical solutions on the other hand give insight on how
the system evolves over time and a allow better understanding of its structure. Fur-
thermore, analytical results yield more accurate results for highly complex problems

that numerical methods would not.

Traditionally the restricted three-body problem is solved by numerically integrat-

ing the equations of motion, which are well known. Analytical analysis can be carried



out in the system to obtain Lagrange or equilibrium points and zero-velocity curves,
but the solution to the trajectory has to be solved numerically. Ross and Scheeres
(2007), and Grover and Ross (2009) developed an analytical framework to solve initial
value problems, and developed it for the planar restricted three-body problem using

the Picard iteration method (17), (18).

However, their proposed method is partially based on heuristics and simplifies the
problem by ignoring the changing periapse due to the tidal effects of a third body.
The ensuing results are not numerically accurate but they do capture the overall be-
havior of dynamics. Therefore their method is more suited for qualitative analysis
and is a useful tool for low-energy spacecraft mission design. Another drawback of
their method is that it can only applied to the planar motion. While this solves many
problems of interest, it is more desirable to have a full planar and non-planar motion

methods.

1.4 Perturbations

The solution to the Keplerian two-body problem is well known, the equations of
motion are integrable and there are six constants of motion that fully describe the
system. However, the only acting force is the gravitational pull of the primary mass
on the orbiting object, as commonly encountered forces such as irregular mass distri-
bution, third body tidal effects, and atmospheric drag are neglected. Although the
two-body problem provides a good approximation for problems with small pertur-
bations and short time durations, the solution deviates when perturbing forces are
large or time durations are long. For perturbed environments special perturbation

techniques are employed to obtain solutions that vary from analytical to numerical

methods (19).



Trajectories in space are usually perturbed from their nominal Keplerian orbits
and this has also been focus of research for centuries. Accurately modeling pertur-
bation forces is of crucial importance in many astrodynamics problems, and several
methods and models have been developed to solve a variety of perturbed environ-

ments.

Newton’s law of gravitation allows for gravitational effects from an infinite number
of bodies. Hence, a system with multiple bodies and their gravitational effects can
be modeled with accuracy. However, this model does not take into account the mass
distribution of the bodies nor other perturbing forces, which can have a significant
effect on the equations of motion. Obtaining the perturbing force vector can be very
difficult using Newton’s force balance method, and some systems are impossible to

analyze.

Pierre Simon Laplace developed the potential function, which is a scalar function,
that allows to obtain the perturbing force vector by simple differentiation (20). This
in turn allows to numerically integrate and propagate the equations of motion of the

perturbed system as long as the perturbing potential is known.

Adrien Marie Legendre discovered the Legendre functions which are a family of
solutions to Laplace’s equation and help solve problems of gravitational potential dis-
tribution for spheres. This allows to map the gravitational distribution of celestial
bodies and is particularly useful to obtain an accurate perturbation potential close

to such celestial body.

Lagrange developed the variation of parameters to obtain the Lagrange planetary



equations, which solve the perturbed secular and periodic terms of the orbit elements
(21). The orbit elements are expressed as time differentials and have singularity prob-
lems. Gauss also developed a variation of parameters approach, which is applicable
to non-conservative forces as the equations are expressed in terms of the perturbing

accelerations (22).

For the nominal two-body two-point boundary value problem, Lambert’s problem
is solved in order to obtain the desired solutions (although Kepler’s equation must
be solved numerically). Therefore, the solution to these types of problems is well
established and generally straightforward. Using analytical expressions would be use-
ful not only to obtain a closed form solution for the perturbed Lambert’s problem,
but to better understand the underlying structure of the system. Furthermore, this
possibility would allow for further development of mission design problems, such as
low energy trajectories. Therefore, obtaining a family of solutions in the vicinity of
the desired target can be very useful and important information. These results can
helps to better understand the dynamics of the system, even when perturbing forces

are present.

When a Hamiltonian dynamical system is altered due to the presence of perturb-
ing forces, the nominal solution no longer accurately solves the problem, and one must
usually resort to numerical methods. As stated, conventional solutions to two-point
boundary value problems involve numerical integration schemes and open-ended it-
erative solutions that do not necessarily converge. This type of solution focuses in
finding an optimal solution around the vicinity of the nominal solution and can be
accurately obtained. However, these numerical solutions do not portray an accurate
description of the system and its behavior, they focus on finding the most satisfying

numerical solution. While in practice this might be desirable, it does not obtain a

10



detailed analysis of the vicinity of the desired solution, which can be used to analyze

the system.

Hence, it might be practical and desirable to have a method that can analytically
obtain solutions to the perturbed problem. Several popular methods exist to solve
these kind of problems, however, they are either only suited for specific situations
or they are mathematically complex and burdensome. Kozai’s method for example
involves an averaging technique to solve Lagrange’s planetary equations, but it only
takes into account a first few zonal harmonics (23). Similarly Brower’s method only
takes into account zonal harmonic effects when calculating the perturbed orbit ele-

ments.

Von Zeipel’'s method can be used to reduce the Hamiltonian function through
canonical transformations into a form independent of periodic perturbed coordinates
(24). The reduced Hamiltonian function depends only on the constants of motion of

the perturbed system. However, this method can be complex and very cumbersome.

1.4.1 Hamilton’s work and Perturbed Dynamics

Sir William Rowan Hamilton developed a framework for classical dynamics that is
a reformulation of Lagrangian and Newtonian mechanics. This framework is widely
used and served as a base for other advancements is celestial mechanics and classical
dynamics. However, there were several aspects of his work that did not receive much
attention and have been ”forgotten”, and these works have been fundamental in the
development of the perturbation theories and boundary value problem solutions pre-

sented in this dissertation.

11



Hamilton’s principal function and Hamilton’s characteristic function have not
commonly been used and have been seemed as irrelevant and replaced by the gener-
ating function of the canonical transformation. However, these two functions can be
used to analytically solve boundary value problems, as they are functions of endpoint

states and times, and can be solved by simple partial differentiation.

Hamilton developed a perturbation theory to solve the initial value problem. His
findings were also based on the use of Hamilton’s principal function and used a similar
approach to the one developed in the dissertation. However, he based his develop-
ment in several assumptions and is only valid for small perturbations. Furthermore,
it only solves the problem to the first order, providing an approximate but not ex-
act solution. The method developed in the following chapters is not based on any

assumptions and provides an accurate solution to the perturbed system.

1.5 Original Contributions

In the dissertation, an analytical perturbation theory to solve the two-point bound-
ary value problem and the initial value problem is developed. The proposed method
arises from previous work done by Sir William Hamilton and his study of Hamiltonian
dynamics. Hamilton made several contributions to classical dynamics and success-
fully applied them to optics and celestial mechanics. He also developed two functions
that contain the full dynamics of a Hamiltonian dynamical system that are known as
Hamilton’s principal function and Hamilton’s characteristic function. However, these
functions have not found much practical consideration historically, but instead they

have been used for theoretical applications

Because of its structure, it is shown that Hamilton’s principal function can be
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applied to solve two-point boundary value problems. The characteristic function and
the principal function share the same structure, therefore the characteristic function

can also be used to solve two-point boundary value problems.

A perturbation theory is developed to analytically obtain Hamilton’s principal
function of a perturbed Hamiltonian dynamical system. Since Hamilton’s principal
function can be used to solve two-point boundary value problems, this theory allows
to analytically solve two-point boundary value problems, where given the initial and

final generalized coordinates and time, the endpoint generalized momenta are solved.

Similarly, another perturbation theory is developed to solve Hamilton’s character-
istic function for a perturbed Hamiltonian system, where given the initial and final

generalized momenta and times, the endpoint generalized coordinates are obtained.

Two-point boundary value problems can be reversed to solve the initial value
problem. Using the principal and characteristic functions the solution for an initial
value problem can be obtained. Through the perturbation method to solve two-point
boundary value problems, the perturbed initial value problem can also be solved an-

alytically.

In the nominal two-body problem Lambert’s problem is solved to obtain a solu-
tion for the two-point boundary value problem. The proposed perturbation theory is
applied to analytically solve the perturbed two-point boundary value problem. This
not only provides an accurate solution but also the possibility to obtain a family of
solutions in the vicinity of the nominal solution, which exposes the full dynamics of

the perturbed system.
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The perturbation theory is also applied to analytically solve the initial value prob-
lem for the two-body problem and the restricted three-body problem. The restricted
three-body problem can be viewed as a rotating two-body problem that is perturbed
by the presence of the third body. Therefore, an analytical solution for the restricted
three-body problem can be obtained, which is required to solve by quadratures at

each order.

Ross and Scheeres found applications in low-energy spacecraft mission design prob-
lems for analytical solutions in the restricted three-body problem. However, their
method is based on heuristics and best suited for qualitative analysis, and is restricted
to planar motion. The proposed method in this dissertation is based on fundamental
Hamiltonian dynamics and the derivation is consistent and thorough. Accurate nu-
merical results can be obtained for the restricted three-body problem and this can be
applied to accurately solve low-energy spacecraft mission design problems. Further-
more, the method developed in this dissertation is not restricted to planar motion

and spans all 2n dimensions of phase space.

The research presented in this thesis has produced several conference and journal
papers, including those that are under the review process or to be submitted in the

near future:

Hamilton’s Principal Function for the Two-Body Problem Solution by Penagari-
cano and Scheeres presented at the 2006 AAS/AIAA Space Flight Mechanics Con-
ference in Tampa, Florida, showed that the principal function can be used to solve
two-point boundary value problems and introduced the analytical form of the princi-
pal function for the two-body problem as a function of the endpoint coordinates and

times (25).
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A Perturbation Theory for Hamilton’s Principal Function: Applications to Two-
Point Boundary Value Problems by Penagaricano and Scheeres was presented at the
2007 AAS/ATAA Space Flight Mechanics Conference in Sedona, Arizona, introduced
a perturbation theory to solve perturbed two-point boundary values using Hamilton’s

principal function, and showed its validity through numerical simulations (26).

A Symplectic Keplerian Map for Perturbed Two-Body Dynamics by Penagaricano
and Scheeres was presented at the 2008 ATAA/AAS Astrodynamics Specialists Con-
ference in Honolulu, Hawaii, introduced a perturbation theory to analytically solve
the perturbed initial value problem based on Hamilton’s principal and characteristic

functions (27).

A Perturbation Theory by Penagaricano and Scheeres was presented at the IAF
International Astronautical Congress in Glasgow, Scotland, and was later published
in Acta Astronautica. The paper introduced the perturbations theories for the two-
point boundary value problems, and the initial value problem, establishing a clear

link between them (28).

Additionally, there is one paper under review and another one ready to be sub-
mitted. The former introduces the perturbation theory for the two-point boundary
value problem, and develops it in a thorough manner. It also shows how to apply
the theory to solve the perturbed Hohmann transfer and the perturbed Lambert’s
problem. The latter paper develops the initial value problem and applies it to solving

the restricted three-body problem for the out-of -plane motion.
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CHAPTER 11

Hamiltonian Dynamics

In the first half of the 19th century, Sir William Rowan Hamilton introduced a
general framework for classical mechanics. This framework was derived from the pre-
vious work of Joseph Louis Lagrange in the development of Lagrangian mechanics at
the end of the 18th century. The Hamiltonian dynamics framework is yet another re-
formulation of Newtonian mechanics, and while the Lagrangian framework introduces
the conservation of energy and momentum into the system, Hamiltonian dynamics

defines the momenta as an independent parameter in the equations of motion.

Both the Lagrangian and Hamiltonian mechanics have advantages and shortcom-
ings, and each are suited better for different systems, although the frameworks are
interchangeable. Most common celestial mechanics system such as the two-body
and the three-body problems are better suited to be analyzed using the Hamiltonian

framework.

2.1 Lagrangian Mechanics

Lagrangian mechanics is a reformulation of Newtonian mechanics and takes into
into account the laws of conservation of energy and conservation of momentum. Co-

ordinates that are independent of each other are used in order to avoid constraints
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between coordinates and to simplify the system. These coordinates are called gener-

alized coordinates and their time derivatives are known as generalized momenta.

The Lagrangian, L, is a basic function introduced by Lagrange and defines the
dynamics of the system. The Lagrangian function of an n-dimensional system is
expressed in terms of generalized coordinates ¢, generalized velocities cf and time t,

and is defined in terms of the kinetic and potential energies:

L(m,t):cr(&)—x/((j,t), (2.1)

where T is the kinetic energy and V is the potential energy of the system. The
equations of motion of the system are obtained by satisfying the Euler-Lagrange

equation:

d [OL oL
at (a?) T (22)

2.2 Hamiltonian Dynamical Systems

Hamiltonian mechanics is a further development of Lagrangian mechanics and
therefore another reformulation of Newtonian mechanics, and was introduced by Sir
William Rowan Hamilton in the 18" century. The equations of motion in a Hamil-
tonian dynamical system are of first order and define a 2n dimensional phase space

of generalized coordinates and generalized momenta.
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2.2.1 Phase Space

Phase space is a mathematical space where all the states of a dynamical system
are encompassed. Each state of the system is represented by a unique point in phase
space. For a Hamiltonian dynamical system the phase space is represented by gener-
alized coordinates ¢, and generalized momenta p, which are canonical variables and
independent of each other. Therefore the phase space is of dimension 2n for an n

dimensional system.

The extended phase space contains time as an independent variable, therefore the
triplet (¢, p, t) represents such space. The extended phase space is of dimension 2n+ 1

for an n dimensional system.

The phase space and extended phase space are important in the study of Hamil-
tonian dynamics since they both represent a set of canonical variables for a system.
Such canonical variables can be obtained through canonical transformations. A La-
grangian dynamical system can be transformed into a Hamiltonian dynamical system
by means of Legendre transformations, thus eliminating the generalized velocities and

replacing them with generalized momenta, which are canonical variables.

2.2.2 Principle of Least Action

Leonhard Euler described the term action as the effort nature has to do to pre-
serve the structure of the system, implying that natural phenomena occur such that
this effort is stationary, and adopts the easiest configuration for the dynamics of the
system. The action integral of the system can be represented mathematically by the

equation
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2.2.3 Hamilton’s Equations

The Hamiltonian function, H, contains the dynamics of the system and is obtained
through a Legendre transformation of the Lagrangian. This transformation allows to

express the Hamiltonian in terms of generalized coordinates and generalized momenta:

H(G,p,t) =7 -P— L(T,q,1), (2.4)

where the generalized momenta p are defined as

7 94 2.5
P % (2.5)

A system is a Hamiltonian dynamical system if there exists a Hamiltonian func-
tion, H(q, p,t), such that it satisfies Hamilton’s equations of motion. The Hamiltonian

can be obtained from a variation of the Lagrangian:

oL oL

_ 0Ly OL.. 0L
071" o

8§ + —=0t. (2.6)

oL ot
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Taking the definition of generalized momenta in Eq. 2.5, the Euler-Lagrange

equation in Eq. 2.2 can be rewritten as:

d oL

—

ﬁp_ﬁqi o

(2.7)

and rearranging Eq. 2.7, the time differential of the momenta can be written as:

oL
dq; 7

p= (2.8)

which can be substituted in Eq. 2.6, and the variation in the Lagrangian becomes

6L = poq + poq + %—fat. (2.9)

The terms inside Eq. 2.9 can be manipulated by simple chain rule differentiation:

—)

o (7d) = o4 + 407, (2.10)

and Eq. 2.9 can be written as

- N o 0L
5L = §G + 6 (ﬁgf) — 3P+ 0t (2.11)
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Rearranging and using simple algebra, Eq.2.11 becomes

D e, o, OL
0 (L — pq) = poq — Gop + aét. (2.12)

The left hand side of Eq. 2.12 is the variation of the Hamiltonian in Eq. 2.4,

hence,

: - oL OH OH OH
—0H = pog — Gop + —Ot = — | — 00+ —0p + — Ot | . 2.1
0 poq — Gop + BT ot 8@75Q+ ﬁép%— 5 ot (2.13)

Equating terms in Eq. 2.13 yields Hamilton’s equations of motion:

- OH . o0H
7= __ p— —— 2.14
7= 55 P R (2.14)
and,
o0H oL
W—_E. (2.15)
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2.2.4 Hamilton’s Principle

Sir William Hamilton formulated the principle that carries his name, and argued
that the solution to a Hamiltonian dynamical system exists if the action integral in
Eq. 2.3 is stationary between two specified endpoints in phase space: it satisfies
dA =0 (29). It can be shown that the condition for A = 0 is equivalent to the path

in phase space satisfying Eq. 2.14:

6A = / (8—€5§+ 8—L.5q'*) dt. (2.16)

The second term in the integrand can be manipulated by the relationship given

by the chain rule:

d [ OL oL - d [ OL
— | —900)| = —=d6d+ — | — | 4q. 2.17
dt(a@ q) 9 dt(aa) I (217)

Substituting the above equation in Eq. 2.16 yields

t1 t1
oL d (0L oL
o7 ai \ o) 0 F qt (2.18)

to

Since the endpoints are specified, it follows that 0y = 6¢3 = 0 and Eq. 2.18

becomes
t1

oL doL\ ] .

to
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and Eq. 2.19 is satisfied if

d (OL\ 0L
4 (a_q) -5 =0, (2.20)

which is the Euler-Lagrange equation given in Eq. 2.2. As stated, the solution to
the Euler-Lagrange equations correspond to the equations of motion of the system,
therefore Hamilton’s principle of stationary action states that the equations of motion

of a dynamical system will be such that the action integral is stationary dA = 0 (29).

2.2.5 Symplectic Structure of Hamiltonian Dynamical Systems

Hamilton’s equations of motion given in Eq. 2.14 can be expressed in a more

compact form:

oOH

X -
X’

I
<

(2.21)

where X is the state vector consisting of generalized coordinates and momenta, and

J is the block of identity matrices:

J = . (2.22)

23



The system is symplectic if the Jacobian of the system, M = g—ié, satisfies the

following equation (30):

MYIM = J. (2.23)

Due to its form, a Hamiltonian dynamical system has a symplectic structure (30).

2.2.6 Generating Functions

Generating functions transform a set of canonical variables (¢, p,¢) with a Hamil-
tonian H (g, p,t) into another set of canonical variables (@, 13, t) with a Hamiltonian
K (Q, ﬁ, t), via canonical transformations preserving the symplectic structure of the
Hamiltonian dynamical system. There are four types of generating functions, and a

total of 4™ different generating functions, equally distributed among the four types.

The first type of generating function, £y = Fi(q, @, t) depends on the new and old

set of generalized coordinates and satisfies the following conditions:

=2 p-_ (2.24)
Jq oQ
OF,
K=H+—" (2.25)

The second type of generating function, Fy(q, 13, t)=F) + Cj P depends on the
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old generalized coordinates and new generalized momenta and satisfies the following

conditions:

L OF, =~ 0F
=92 _ e 2.6
r=5 Q °F (2.26)
0F,
K=H+ 22, .
+— (2.27)

The third type of generating function, F3(p, Q, t) = F1 — ¢- p'depends on the old
generalized momenta and the new generalized coordinates and satisfies the following

conditions:

7=-25 ) (2.28)
op oQ
OF;
K=H+22 .
+ (2.29)

The fourth type of generating function, Fy(p, P, H=F—q p+ Q- P depends on

the old and the new generalized momenta and satisfies the following conditions:

. 0F, = OF,
_ 9% g-=2 2.30
T oP (2:30)
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. OF,
K=H+—". (2.31)

2.2.7 Hamilton-Jacobi Equations

The Hamilton-Jacobi equations can be viewed as yet another reformulation of
Newtonian mechanics. The solution to these equations allows to obtain the gener-
ating function of the system, which in turn can be used to obtain the equations of

motion through simple differentiation.

—

For the first type of generating function, F(q, Q,t), the corresponding Hamilton-

Jacobi equation is

L OF oF,

For the second type of generating function, F(q, ﬁ, t), the corresponding Hamilton-

Jacobi equation is

L OF, OF,

—

For the third type of generating function, F3(p) Cj, t), the corresponding Hamilton-

Jacobi equation is
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o (—8—1;3,1), t) L9y (2.34)

—

For the fourth type of generating function, Fy(p, P, t), the corresponding Hamilton-

Jacobi equation is

H (-8—1;*,39, t) Loh (2.35)

2.3 Hamilton’s Principal Function

Sir William Rowan Hamilton first formulated the existence of a fundamental func-
tion that fully describes the behavior of a Hamiltonian dynamical system in phase
space (31), (15). This function is known as Hamilton’s principal function and is
intimately related to the generating function of the canonical transformation. The
Hamiltonian of a dynamical system has a principal function associated with it, and
the equations of motion can be obtained by simple differentiation of Hamilton’s prin-
cipal function (32). The principal function is built from the action integral between

two specified points in phase space:

A= /L (cf, 7 t) dt. (2.36)

A solution for a Hamiltonian dynamical system exists if the action integral in Eq.
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2.36 is stationary: it satisfies A = 0, and the corresponding path in phase space that
satisfies Hamiltonian equations of motion in Eq. 2.14 (29) . Note that performing

this variation also requires ¢ = 0 and 6t = 0, which means that

6q(to) = 0q(t1) = 0. (2.37)

Hamilton’s principal function is defined as the action integral evaluated along
a trajectory in phase space that yields a stationary value of A (0A = 0) between
two specified endpoints. Using Eq. 2.4 the action integral can be expressed in the

following form:

t1

W (G divtot) = [ 73~ H @) dt. (239)

to

where it is assumed that the generalized velocities are related to the generalized
coordinates and generalized momenta, ¢ = ¢ (¢, ). By definition, the action integral
evaluated along a path that connects two specified point in phase space is equal to
Hamilton’s principal function, W (g0, i, to, t1), where ¢y and ¢ are the generalized
coordinates at times ¢y and t; respectively. These two sets of generalized coordinates
are connected by a path in phase space that makes the action integral stationary. Note
that Hamilton’s principal function is defined by the endpoint generalized coordinates
and times. In order to derive the governing equations for W, consider a variation of

the action integral’s that yields
SW = [ 04— H (¢, ) ot} (2.39)
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OW = py - 0¢y — H(qh,p1)dt — po - 6Go + H (qo, po)dto. (2.40)

On the other hand, by simply taking the variation of W (g, 41, to, t1) the following

equation can be obtained:

ow ow ow ow
oW = - 0qp + ——0t - 0q) + ——0t;. 2.41
aqo qo + ot 0+ 55 a4, Q1+ ot 1 ( )

Eqgs. 2.40 and 2.41 can then be equated to obtain following relationships:

_‘0 - T i3> (242)
0

Pr= 5= (2.43)

and,

_%TWO/ + H ((j{bﬁ(bto) =0
(2.44)

%Tml/ +H((jlaﬁlatl) = 0.

The expressions in Eqgs. 2.42, 2.43 are the two boundary conditions that the
principal function must satisfy, while Eq. 2.44 shows the pair of partial differential
equations that must hold true for WW. Substituting for the momenta in the Hamilto-

nian, Eq. 2.44 becomes:
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_%TMO/ +H(%7_%7t0) =0

(2.45)

%%+H(@7g%vtl) =0.

Therefore, it can be said that Hamilton’s principal function transforms the initial

state of the system (qo, po, to) into a final state (g1, p1, t1).

2.3.1 Energy Surface of Hamilton’s Principal Function

Hamilton’s principal function transforms the state of the system ¢, py at a time
to into some later state ¢, p; at time ;. In addition, for a conservative system the
canonical variables ¢, p’ are restricted to the energy surface £ = H, and cannot leave
that surface during the transformation. That is, if ¢y, g1 and t; — ¢y are unchanged
then the energy, a direct function of these variables, is unchanged. This implies that

the gradient of W with respect to the energy is zero (33):

ow

Hamilton’s principal function involves moving endpoints and an energy surface,
therefore it generates a transformation that maps a point on the energy surface £ = H
of the extended phase space to another point on the same surface. Since there exists
a constraint on how Hamilton’s principal function changes as a function of ¢ and ¢j,

the following condition holds (33):
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‘ oPW
a%z‘&%j

= 0. (2.47)

2.4 Hamilton’s Characteristic Function

In his study of dynamics, Hamilton proved the existence of another fundamental
function that contains the solution to a dynamical system (31). This function is
known as Hamilton’s characteristic function and is directly related to Hamilton’s

principal function:

Q(Po, p1,tos t1) = W(qo, i, to, t1) + Podo — P11 (2.48)

Hamilton’s characteristic function, QQ, can be obtained using a Legendre transfor-
mation to change the dependent canonical variables from (g, ¢1) to (po, p1). As with
the principal function, the conditions on the characteristic function can be obtained

by calculus of variations. Let the characteristic function undergo a variation:

0Q = 0W + poddo — PrOG1 + GodPo — q10P1, (2.49)

where

W = prdqy — podgo — H(q1, p1)otr + H(qo, o) dto. (2.50)
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Therefore, plugging the variation of the principal function in Eq. 2.50 in Eq. 2.49

yields

0Q = Godpo — q16p1 — H(G1, p1)6t1 + H(qo, Po)dto. (2.51)

The variation of the characteristic function along the trajectory in phase space
that yields a stationary action integral is
_0Q oQ oQ oQ

0po + =—0p1 + —0dtg + —0dt;. (2.52)

50 = <
Q 850 851 8tO 8t1

Therefore, equating Eq. 2.52 and Eq. 2.51 the two boundary conditions and

partial differential equations that the characteristic function must satisfy are

_ % - 2.53
a Ipo " Ip1 ( )
and
0Q L 0Q Q 0Q
8t0 H(ﬁﬁ(),p(b to) = 0, 8t1 + H( aﬁl ,pl,tl) =0. (254)
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2.5 Analogy between Principal, Characteristic, and Gener-

ating Functions

Hamilton’s principal function, Hamilton’s characteristic function, and the gener-
ating functions for the canonical transformation are intimately related to one another
(34). The characteristic function arises from a Legendre transformation of the prin-
cipal function (31). This is analogous to the first and fourth type of generating

functions, which differ by a Legendre transformation.

The transformation from the principal function to the characteristic function
changes the independent variables of the fundamental function from the endpoint
generalized coordinates to the endpoint generalized momenta. Similarly, the first and
fourth type of generating functions differ by a Legendre function that changes the

function from generalized coordinates to generalized momenta.

However, there is a fundamental difference between Hamilton’s principal and char-
acteristic functions and the generating functions. Both the principal function and the
characteristic function describe the system from one endpoint to another in phase
space. Since both functions satisfy the equations of motion of the Hamiltonian dy-
namical system, the endpoints are dynamic, and can be change without affecting the
structure of the functions. In essence, Hamilton’s principal function and characteris-
tic function transform the system from a point in phase space to another point that

satisfies the same equations of motion and Hamiltonian.
The generating function of the canonical transformation transforms the system

from a set of canonical variables to another set of canonical variables that might have

different equations of motion and a different Hamiltonian. The transformation is also
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time dependent.

The analogy between the generating function and principal and characteristic
functions is that they all transform between two sets of canonical variables. However,
the principal and characteristic functions transform one point in phase space to an-
other under the same Hamiltonian, while the generating function transforms between
two set of different variables that have different Hamiltonians. Furthermore, the prin-
cipal and characteristic functions involve dynamic endpoints that can go forwards or

backwards in time, while the generating function only goes forward in time.
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CHAPTER III

Perturbation Theory for Hamilton’s Principal

Function

Hamilton developed a perturbation theory for a general Hamiltonian dynamical
system (35). However, Hamilton’s perturbation method is developed for first order
solutions and makes assumptions about the system while not stated in general terms.
Consider the generalized coordinates and momenta of an n-dimensional Hamiltonian

dynamical system:

(3.1)

where dg; and dp; are the i"* direction components of ¢ and § respectively. Following
the Einstein convention, the d¢;’s and dp;’s are dropped. The state vector is defined

as T =[7 p]. Let the i component of the state vector be defined as X; = (q;, p;)-
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3.1 Perturbation Theory for Hamilton’s Principal Function

An unperturbed system with a Hamiltonian function H(z;, ¢) has a solution that
is provided by Hamilton’s principal function W (qo;, qs, to, t1) (15). A perturbing
force that preserves the Hamiltonian structure of the system results in a dynamical
system with a Hamiltonian H(z;,t) = HO(z;,t) + eHW (x,,t), where € is a small

parameter (35).

Due to basic existence theorems the system H (x;,t) = H O (z;,t) +eH M (z;,t) has
a solution defined by a principal function W (qo;, g1, to, t1). A Taylor series expansion
of this solution assuming e can be arbitrarily small, allows the principal function to

take the form

W=wO4+ew® 4 2Ww® 4 4 erw® 4 (3.2)

where W is the a order element of the principal function corresponding to the
perturbed system. By definition the full principal function satisfies the boundary

conditions

oW oW
8QOz" b 3([11"

Poi =

Applying this to the perturbed W the perturbed momenta can be defined as
2,(2)

p; = pgo) + epl(.l) +ep,” + .+ e"pgn) + .., (3.4)

balancing orders of € the momenta and principal function are related at each order:
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(@) _ _OW (@) _ W

i Y= — 3.5
pOz 8(]0@ ) D1 aqh ) ( )

where pz(-a) is the a order element of the momenta. The Hamiltonian of the system is

a function of x; = (¢;, p;) and can be expressed as the following:

H(zy,t) = HO (25, 1) + eHD (25, 1),
(3.6)

=Y (qz,pz + Api, )“Hm (q“pl AP )

N

where Ap; = > eapga). Therefore the Hamiltonian of the system can be expanded
=1

in a Taylor series about the principal function of the unperturbed system. Using the

Einstein Summation Convention this expansion is expressed as

N
H(z;,t) = HO (2", 1) + Z 57 e Ap;AprAp...,

Op;Op1Op;... } 2O

N
—I—EH(I)( ) Z ai 9HW) ‘ (O)AijpkApl..-,

Op;OpOp;...

The expression in Eq. 3.7 can be collected in powers of e:
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0 ©) 1 0 © 2
H(aut) = HO 0,0+ |22] o0+ HOEO0.0] + [22] o2
1 §2HO 1, @), aH® (1 3| 0H© (3) , 92HO (1,2
Teomon |l P o P }“ {%‘ oo T oo P
1_93HO 1, @, 1), aH® (2) , 102H® (2,2
6 9p,0p0m1 |, Ps Pk Py + o Ot NEETE 2P Pr ]+
4 | oHO (4) | 92HO 1,3 , 192H® (1, (1)
te {%j x$>pj +6Pj8pk L O Tk +58pj8pk L O Tk +
1_93HO @, M0, 2 , 1 9*HO n, ®, 1) 1) , oW )
2 9p;Opidpi |, (0)pJ Py i +ﬁ8pj8pk8pzapm’ (0)pJ Py Py P+ Oy (,?)pj *
92HM 1,2, 1_935O (1, (1) (1)
90, 0p% x$>pj Dy, +66pj8pk8pl (o)pj PP |t
wlom@| L em®| -1 ]
Lt la”j Lol 5 L}y?) S [
(3.8)
The action integral of the system is now
97 0 1
WO £ ew® ¢ 4w 4 f (pg )+ epg b b+ e”pg ") ) dq;
to
(3.9)

t1
—-/H (ql" O+ e+ ,t) dt,

to

where the Hamiltonian is as expressed by Eq. 3.8. Taking the variation in end points

and time of Eq. 3.9 under the assumption that the trajectory satisfies the Hamiltonian

38



equations of motion for the perturbed system leads to

SW = — (pé?’ ot el 4 ) dqoi + (pﬁ? o 4 ) 51

+H (qol-,pé?) + ...+ e"pgz) + ..., t) Oto — H (qli,pl(?) + ...+ e"pg?) + ..., t) Oty.

(3.10)

However, it also known that the variation of the principal function can be ex-

pressed as:

ow ow ow ow
— - - —0ty. A1
ow aqo 5q0 + 81&0 5t0 + aql 5(]1 + (‘%1 5t1 (3 )

Equating the 6ty and ¢, in Eqs. 3.10, 3.11 leads to the following expressions:

(0) n oW ™ 0 n(n
—%Vto + ... +€ a‘gio + ... —H(qol-,p(()i) +..+e€ p(()i) +..,tg) =0,

(3.12)

(0) n OW (™) " (n
a‘g;o + ... Fe€ ava(; +...+H(q1i,p§? + ... +e€ pgi) +..,t1) =0,

where by definition the momenta at each order is:
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0) _ _ aw® ©) _ aw©®

Poim = = 5q0; I T oq
(3.13)
m) _ _ aw (n) _ awm
Poi” = T oq0; Pii" = g
Using the expanded Hamiltonian in Eq. 3.8, Eq. 3.12 can be rewritten as
ow () 0 ow o1 (0 1 0
g;o - H(O)(xo(i)’t) e [ va‘;o - BI;()j (o)p(()j) - HO ($éi)>t):|
Lom
2 |ow®  9HO (2 1 82HO 1, (1) _ aH®M (1) _
e { Pt Bpos x5 07~ 21 9po; Fpox z ) 0j 0k~ "dqo; x(()o)pOj:| +...=0,
and, (3.14)

(0) 0 (1) (0) 1 0
B0 O )+ | B S o)+ 1O )]

0
T

(1)

0
Tipi

(2) + 4 92H
(0)£1g 2! Op1;0p1k
Tim

+e2 [8W(2) oH(

1, oHWM
ot1 6])1]' plk +

Op1j

p(l)] +...=0.

0) 1]
)

From the unperturbed system it is known that the nominal solution W satisfies

40



oW () oW (0
S —HO (27,1) =0, =+ H (+7.1) =0, (3.15)
0 1

Hence, Eq. 3.14 yields the following expressions for increasing orders of e:

dto Ipo;

1. aww  9H©) p(l) _ H(l)(x((](z)’t) =0,

o

aw ) aH ()

Py +HO (g 1) =0,

ot op1; 0
1 P1j ‘rl(wz
2 - ow® 5O (2 1 82HO 1, 1) _ aH® 1 _ 0
) Oto Opo; |..(0)40] 2! Opo;Opor; | . (0)£05 L0k Opo; | . (0F 05 ’
Lom Lom, Lom
(3.16)
ow® | gHO 2 | 1 82HO @, (1) , oH® 1 _
oty Ap1; |, @1 + Op1;0p1k P15 Pk + Op1; P = 0,
Tim Tim Tim

Following Hamilton, note that the total derivative of W (® with respect to t, and

t1, can be expressed as the following (36):
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dw (@) aw () AW (@) dgo;
dtg Oto Oqo; dto ’

(3.17)

dw (@) gy (a) + OW (@) dqq;
dt1 BT Oqr; dti *

Where qo; and ¢i; lie along the nominal trajectory. By definition %40 — 21

dto Opoi xo(gz
and Cglli = % o since the expansion is about this nominal solution. Also from Eq.
7
Tim
awe (@) aw _ (a)
3.5 G = —Pyi and “5— = py; ", therefore Eq. 3.17 becomes
aw'® _ aw@ (o) 9H
dto —  Oto Poi Bpoi | 0
Lom
(3.18)
dw(®) _ aw () (a) O0H
a — on TP Op1i | (0)°
Tim
OH : : (0) oH : : (0)
where 5= o 158 function of (qoi, py;’) and 3 0152 function of (qu;, py;’ ). There-
om om

fore, by substituting the right hand side of Eq. 3.18 into Eq. 3.16 total time derivative

expressions for the W(®)’s are
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dw® (.0 5 _
dw @ 1)(,.(0)
dy +H (1) = 0,
2 - daw® 1 92HO 1), (1) _ 9H® 1) _
: dio 21po;opor |, P05 Pok ™ “apg; | 0 Poj ’
om om
daw® 1 92HO 1), (1) + OHW 1 _ 0
dtr " 2 dpyopan |, P15 Pik T o | o P1i T
Im Im
(3.19)
O dw (™ (n)

0 n—
dto :FO (Iél),W(O),W(1)7’W( 1))7

(n) n 0 n—
o = FM D wo wo ey,

As it can be seen, at each order W(® apparently needs to satisfy two equations
simultaneously. Hence:
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to
e WO = [HOE 1), t)dt,

t1

t1
WO = — [ HO @), t)dt,

to
to
2. 2) _ 192HO 1, (1) , aH® (1)
€ we _tf |:§apjapk NOR] b+ dpj mmpj ]dt’
1 m m
t1
2) _ 102H© @, 1) , oHD (1)
W = _tf |:§apjapk Lol Pr T op; MO ]dt’
0 m m
(3.20)
to
e WO = — [FOEO @), WO weD)dr,
t1

t1
wm = [FO (O @), 6, WO, wr-D)qt,

to

However, these two simultaneous equations are one and the same, as can be seen
by reversing the limits of integration. Hence, at each order W is defined by only

one equation:
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t1
e WO =— [HOGE 1), )dt,

to

t1
2. 2 _ _ 192HO) 1, (1) ;| gD (1)
€ W — {£|:2 apjapk mr(r?) j pk; _'_ apj %(7?)17] dt?
(3.21)
t1
e WO = [FOEO @), L, WO L WD)t
to

These equations allow to recursively solve for the principal function of the full sys-
tem once the nominal solution W is known, since at each order W(® is a function
of WO WM W=D In order to solve the two-point boundary value problem,
the partial derivatives of W with respect to qo; and ¢i; need to be taken. However
this requires the knowledge of an analytical expression for state vector of the nominal

system which is not always possible.

3.2 Perturbation Theory for Hamilton’s Characteristic Func-
tion

In his study of dynamics, Hamilton proved the existence of another fundamental

function that contains the solution to a dynamical system (31). This function is

known as Hamilton’s characteristic function and is directly related to Hamilton’s

principal function:
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Q(poi, pris to, t1) = W(qos, q1i» to, t1) + Poidoi — P1idui- (3.22)

A Taylor series expansion of this solution assuming e can be arbitrarily small,

allows the characteristic function take the form

Q=00 +eQW +2QY + ..+ QW 4 .., (3.23)

where Q) is the a order element of the principal function corresponding to the
perturbed system. By definition the full principal function satisfies the boundary

conditions

(3.24)

Applying this to the perturbed @ the generalized coordinates can be defined as

g = qi(o) + eqi(l) + 62(]2-(2) + ...+ e"qi(n) + ..., (3.25)

balancing orders of € leads to

q(‘?‘) = Q) q(‘.”) = _8Q(a)
02 apOi ’ 1z apli )

(3.26)
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(a

where ¢ ) is the « order element of the momenta. The Hamiltonian of the system is

a function of x; = (¢;, p;) and can be expressed as the following:

H(zg,t) = HO (25, 1) + eHD (24, 1),
(3.27)

= H(O) (ql(o) —+ Aqi,pi, t) + EH(I) (qZ(O) + Aq:'apia t) ;

where the change in the generalized coordinates is Ag; = évj ani(a)‘ Therefore the
Hamiltonian of the system can be expanded in a Taylor sgr:iles about the principal
function of the unperturbed system. Using the Einstein Summation Convention this
expansion is expressed as

N
H(.Z'Z’t) — H(O)(x(o) t) + Z 1 oo H(0)

a! 0q;0q,0q;... ’x(o)
m

AgiAqrAqg...,
(3.28)

—i—eH(l)(x(O) t)+e i iLH(l)‘
] a! 0q;0q,0q... mr(r?)

AgiAqAq...

The expression in Eq. 3.28 can be collected in powers of e:
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H(zi,t) = HO(zO(t), 1) + € [85;9) o ¢V + HO(x] )(t),t)} +e {85{;9 o a7+
+%ngHaf: x7§g>qj('l)ql(fl) T agl(jl) ‘xkg)qa(‘l)] +é {ag—q(jo) x7§?>qj(3) + ‘3;%?2 <0)qa(‘1) e
N Y LN P RRT T N
vt [S0] P+ G| 00+ 15
nga(;,i 2 4 %82;55:2«11 (O)q]( qq )] AR
Lt en [%ﬁj) w7§?)q§") + 8gf;j> (O)qj(” by } T
(3.29)
The action integral of the system can be expressed as
QU +eQW 4 ...+ QM 4 ... = :{pid <Qi + eqﬁl) + ...+ e”ql(")>
(3.30)

— fH ( +, qz( S+ Enqi(n) + --->Pi,t) dt + poiqoi — P1iQiis
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where the Hamiltonian is as expressed by Eq. 3.29. Taking the variation in end
points and time of Eq. 3.9 under the assumption that the trajectory satisfies the

Hamiltonian equations of motion for the perturbed system:

6Q = —poid (qo(?) ot + ) + prid (qg) ot )

)

+poid (qo(io Fot gl + ) — p1id <Q§?) Fot g + )

+ (C_I(()?) + eq(()? 4o+ e"qé?) + ) poi — (q%?) + eqS) + ..+ e"qﬁl) + ) dpi;.
(3.31)

However, the variation of the characteristic function can also be expressed as:

0 0 0 0
= Q +—Q5t0+—Q5p1+ Q

5 - _v
Q 8])0 Po 8150 8])1 8t1

5ty (3.32)

Equating the 6ty and dt; in Egs. 3.31, 3.32 terms leads to the following expressions:

(0) n (n) 0 n(n
632150 + ...+ € 8(6%0 + ... = H(q(()z) + ...+ € qu) -+ ...,p(]i,t(]) = 0,

(3.33)

(©) n (n) 0 n \n
8§tl +...+e€ —agtl + ... +H(q§i) +...+e¢€ q%i) + ,,,,pli,tl) =0,
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where by definition the generalized coordinate is

0) _ 9Q® (0) _ 9
0i = Bpo; hi = T opn
(3.34)
(n) _ 9™ (n) _ _oQm
0i  — “Opos Ni = T opy,

Using the expanded Hamiltonian in Eq. 3.29, Eq. 3.33 can be rewritten as

80 0 /.. (0) 80  aH©)
o — HOV (g, t) + € [ T Oao;

a5y — HO (8, t)}

o

1 1) _ o™

(2) 1 92HO©
o) Qo5 ok~ “po;

T
x(()% 0j 2! 9q0;9q0k

2 190Q®  oHO
+e { dto 9qo;

q(l)] +...=0,

R

and (3.35)

1) 1)(,.0)
oty oty 9q1; 0) qu + H( )(xli 7t):|

7

000 | gO (2" 4) 4 ¢ [an 4 9H©

m

S CORrY ()

.qlk‘ 3101]‘

2 2 17 (0)

()+ 1 9%°H
20

lmqu

20 KAl 2! 9q1;0q1,
im

2 [9Q® | aHO
+e [ oty 0q1;

q(l)} +...=0.

1

From the unperturbed system the nominal solution Q) satisfies
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oQW 90
gT ~HO (zé?’, t) —0, gt + HO (xl(?), t) —0. (3.36)
0 1

Hence, Eq. 3.35 yields the following expressions for increasing orders of e:

1. QW sHO ) @) ..0) 4
€ Dt dq0; | (0 10 HY(24;,t) =0,
om
QW | 9HO 1) (1) (0 4y _
oty 0q1; m(O)plj + HW(z)7,t) =0,
Im
&2 QR HHO) (2 1 92HO 1 (1) o™ (1) _ 0
: Oto 9q05 |0 107 2! 9q0;9qok x(O)qoj ok Opoj |, (@207 T
0om om om
(3.37)
Q™ | 9H®O 2 | 1 82HO 1 @1 , oM 1 _
oty 9q1; |, (0)11j T3 0q1;9q11 I(O)qu Gy T dp1j I(O)qu =0,
Im Im Im

As with the principal function, the total derivative of Q(® with respect to ¢, and

t; can be expressed as the following:
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dQ@ Q@ Q) dpo;
dto Oto Opo; dto ’

(3.38)

dQ@ Q@) Q@) dpy;
dty ~— Oty Op1; dt1 *

where po; and py; lie along the nominal trajectory. By definition, the time differentials

dpoi _ _ OH dpvi _ _ OH : :
of the momenta are do = |0 and = o0 since the expansion
m m

is about the nominal solution. Also from Eq. 3.26 the boundary conditions of the

Q@ () and Q)

o = Qo; o = —¢\%, therefore Eq. 3.38 becomes

characteristic function are

dQ@ 9@ (o) 9H
dto — Olo 07 dqo; | . (0)?
Lom,
(3.39)
A _ 9Q@) (o) 9H
d = o TN ogr; MO
Im
oH : : (0) oH : : (0)
where £ o 82 function of (qo;, py;’) and Bpri |, 0 158 function of (qu;, py;’). There-
om om

fore, by substituting the right hand side of Eq. 3.39 into Eq. 3.37 the total time

derivative expressions for the Q(®’s are obtained:
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(1) 0
WO — HO () 1) =0

G+ HO@y) 1) =0

dQ® 1 92HO® m 1) _ oHM W _
dto 2! 8q0j8q0k xo(gz 05 10k 6p0j Z‘(()(:7)1 07
d® | 1 92HO 1 (1), aH® 1 _
dtq 2! 0q1;0q1 m(O)qu Gy + Op1j |0 113 0
1m im

(3.40)

(n) n =
00— FM (20 QO QW . QD)

dtg

(n) n n—
L — KR, Q0,0 ., Q)

As it can be seen, at each order Q@ apparently needs to satisfy two equations

simultaneously. Hence the characteristic function at each order is
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to
e QW= [HOGED @), t)dt
t1

t1
QW = — [HO (1), t)dt,
to

to
2. 2) _ 192HO 1 1) . oW 1)
€ Q()_tf [Eanan ORY) @+ dp; m<0)qj ]dt’
1 m m
t1
2) _ 192H© @ 1), o™ (1)
Q¥ = _tf [5 og;0ar | , 0% Ik T on; L0 ]dt’
0 m m

(3.41)

to
€ - QM = — [ FO (D), 1,QO, ..., Q"1

t1

t1
QW = [ FO (0 1),t,Q0, ...,Q"=)dt,

to

However, these two simultaneous equations are one and the same, as can be seen
by reversing the limits of integration. Hence, at each order Q® is defined by only

one equation:
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t1
e QW =— [HOE" @), t)dt,

to

t1

2. 2) _ 192HO) 1 1) , aH® 1)

e Q( )= _f:f |:§ 0q;0q1. |, (0) ik + Op; x(O)qj :| dt’
0 m m

(3.42)

t1
e QW =[G (1),,Q0, ..., Q0 V)dt.
to

In order to solve the two-point boundary value problem, the partial derivatives of
@ with respect to py; and py; need to be taken. However this requires the knowledge
of an analytical expression for state vector of the nominal system which is not always

possible.
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CHAPTER IV

Perturbation Theory for the Two-Point Boundary

Value Problem

The two-point boundary value problem connects two points in phase space, (qo;, poi, to)
and (qq;, p1i, t1). For a Hamiltonian dynamical system, there are four kinds of bound-
ary value problems. The first kind of two-point boundary value problem involves
obtaining solutions for the endpoint momenta given the endpoint coordinates and
times. The second and third kind involve solving one endpoint coordinate and mo-
mentum given the other endpoint coordinate and momentum. The fourth kind of
two-point boundary value problem involves solving for the endpoint generalized co-

ordinates given the endpoint momenta and times.

4.1 Two-Point Boundary Value Problem Solutions for Hamil-
ton’s Principal Function

In order to solve the first kind of two-point boundary value problems, Hamilton’s

principal function can be used (37). Given the generalized coordinates qg;(to) and

¢1i(t1), the solution for the required momenta py;(ty) and py; (1) that connects the two

points needs to be obtained by taking its partial derivative of the principal function
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with respect to the endpoint generalized coordinates:

oW oW
Poi = —%(QOuQM,to,tl% P = @(QOh(hiathtl)' (4.1)

At each order, the principal function and the generalized momenta are related by

the following:

N oW (@) N oW (@)
p(.) _ (@) _ _
o Jqo;

(4.2)

Thus if W is computed to the N** order, an approximate solution to the two-point

N
boundary value problem can be obtained to that order using W = Y~ W to find

a=1

N
pi= > eo‘pga). Hence, at each order the perturbed momenta is expressed as
a=1
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t1
1 (1) 0
e oph) == = o (O (t), 1)t

)
0

t1

1 (1) 0
pgz) - agzh‘ - _8311- fH(l) (l’( )(t)7t)dta

)
0

t1

2. 2 .  aw® 9 192H© 1 1, oW (1)
€7 0i — Oqo; 8q0i£{ |:28pj8pk 2(0) J k ap; f(o)pj :|dt,
t1
2 _oaw®» _ 9 192H© 1 (1) . oM (1)
i ™ 9qu 8q1¢£{ |:28pj8pk 7(0) j Yk + ap; f(o)pj :|dt,
(4.3)
t1
n . n) _  awm _ 0 n (0) 0 n—1
€ - Poi” = — 9q0i _BQOith( )(xz (t)7t7 W( )77W( ))dtv
0

7

t1
n (n) n 0 n—
Py = = 0 th()(x()(t),t,W(0>,...,W( Ddt,
0

The general form Eq. 4.3 can be expressed as
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t
_far@

Poi = 001
to
(4.4)
t1
(@)
Pu = a5:117; )
to
where the function F' is defined as
OF@  9F@ gz
Jqo; 8xj Opqoi
gF@  gF@ g,z
- ad (4.6)

0q1; - 8x§0) i’

since F' can be expressed as F(® = F(®) (t, xg»o)(t, Zoi, t0)>.

Fig. 4.1 illustrates the problem in the presence of a perturbation. In order to
take the variation of z(® with respect to qo, there are constraints that have to be
taken into account. For this problem, the two-point boundary value problem, the
endpoint generalized coordinates are fixed, even if the path in phase space of the
dynamics differs from the nominal. Therefore, any variation of ¢;, d¢g; = 0, and this
fact imposes a constraint on the dynamics of the system. Under these circumstances

2 is a function of the constraint and the proper chain rule needs to be applied.
The subscript b in the partial derivative corresponds to the constraint case that

solves the boundary value problem using the nominal solution. This partial derivative

consists of direct and indirect parts. The direct part comes from the state transition
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Figure 4.1: Ilustration of the constraint endpoint

matrix, while the indirect part is the necessary variation to ensure that dq(t;) = 0.

4.1.1 Constrained Partial Derivative for Hamilton’s Principal Function

In order to solve the aforementioned constrained partial derivative, consider the

state vector of the nominal solution at some arbitrary time 7 € [tg, ;] expressed as

«

20(r) =2 (1,0 (0,90 (1), ). (47)

The state vector at time 7 is dependent on the state at a time t € [t;,7]. A

variation to the state vector at time ¢ yields
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The state vector at time 7 due to variation in the state at ¢ is therefore

(0) (

25 (7,450 (1) + 04a (1), 5 (1) + 0pa(t), 1) = (1) + d;5(7). (4.9)

The variation on generalized coordinates at time 7 is

3 (1) 4 6q;(7) = ¢;(1) O + ;0000 (1) + Pjnra)palt)+
+57 [Pap0da(t)0qs(t) + Pjinya)s0pa(t)dqs(t)+ (4.10)
00 (nt8)0Ga(1)0Ds(t) + Pjnta)nts)0Pa(t)ps(t)] + ...\
where ®;;(7,t) is the state transition matrix and ®;;x. (7,t) are the higher order par-
tials of the state transition matrix or state transition tensors. Note that these tensors
can be solved for from the nominal integrable solution. The dimension of the state

vector 1s 2n.

For this type of two-point boundary value problem, ¢;(t;) = ¢1; is fixed and the
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variation dg;(7) vanishes when 7 = ¢;, hence, d¢;; = 0. This condition imposes an
n-dimensional constraint on the system, allowing to obtain the solution for the other
n variables.

Assuming that the momenta can be expressed as a function of coordinates only,

pi(t) = f(qy,qy,-..), allows to express the variation of the momenta as a power series

of the following form:

5p2(t) = Ciﬁ,éqﬁ,(t) + C'Z-wéq,y(t)éqw(t) + ... (411)

where the (s are coefficient tensors to be determined by boundary conditions. Plug-

ging Eq. 4.25 into Eq. 4.10 and combining terms, following result is obtained:

60;(1) = [ @5y + Pjtnsa)Can] 007 (t) + 5 [®jrp + Pi(nsayyCart

+Pjy(n+8)Cpy + Pinra)n+s) CaryCpst (4.12)

+2(I)j(n+a)ca7¢] 5q,y(t)5q¢(t) + ...

Therefore §g;(t;) = 0 and using this boundary condition the coefficient tensors in

Eq. 4.12 can be solved at each order:
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Con(t1,t) = =50 (B, 1)y (11, )

Ca“ﬂ/) (tlv t) = _%q)j_(i—l—a) (tlv t) [(I)j“ﬂl) (tlv t) + Qq)j(”‘l'a)df(tlv t>Ca’Y+
(4.13)

+D; (40 (n+8) (1, 1) Can (t1, 1) Cay (t1, 1)

The tensors are functions of the state transition matrix and state transition tensors
from t to t;. In order to solve these it is necessary for unique inverses to exist,
which are not always guaranteed. If these tensors are singular they correspond to
the existence of multiple solutions to the nominal two-point boundary value problem.
Discussions on how to solve the problem in the presence of singularities were explored

by Guibout (38). Hence, the constrained partial derivatives take the form

(0)
abxj

g0~

(1,t) = (I)j’Y(Tv t) + (I)j(n-i-a) (T, t>Ca'y(t17 t),

82 x;O)

Tty (T 1) = 3 [P0 (T, 1) 4 Pjntays (7, 1) Con (11,) + Py (7, 8) Ca (11, 1) +

(I)j(n+a)(n+6) (7-7 t)Ca’y(tla t)Cﬁé(tla t) + 2(I)j(n+a) (7-7 t)Ca’de (tla t)} )

(4.14)

63



The solution at each order can be obtained by the knowledge of the nominal so-
lution 7© since W™ = W™ (W), Thus the expressions in Eq. 4.3 can be solved
using quadratures. From a practical standpoint, the state transition matrix and state
transition tensors can be obtained numerically. Park and Scheeres 2005 derive a

scheme to obtain numerical expressions for these tensors (39).

4.2 Two-Point Boundary Value Problem Solutions for Hamil-

ton’s Characteristic Function

To solve the fourth kind of two-point boundary value problems, Hamilton’s char-
acteristic function can be used. Given the generalized momenta py;(to) and py;(t1),
the solution for the required generalized coordinates qo;(to) and gy;(¢1) that connects
the two points needs to be obtained by taking its partial derivative of the principal

function with respect to the endpoint generalized momenta:

o 0
qoi = —Q(Ponpu,to,tl), Gi = ——Q(powpmtmtl)- (4.15)
Opo; Opri

At each order, the characteristic function and the generalized coordinates are

related by the following equations

(@) aQ(oe) (@) aQ(oe)
= s q i = — .
Opo; ! Op1i

(4.16)

Thus if @) is computed to order N an approximate solution to the two-point
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N
boundary value problem can be obtained to that order using @ = Y ¢*Q® to find

a=1

N
g =3 ¢ Therefore the perturbed coordinates at each order are:
a=1

1
€ q(()i) =

(1)

d; =

2
€ : q(()i) =

2 _
i =

e 07

4

(n) - —
‘ Op1i

aQ(l)
Ipoi

_ 0w _
op1i

aQ(2)
Ipoi

_0Q® _

Ip1i

aQm
Opoi

0 ¢
~ Opoi f
to

aQm

HOO @), 1dt,

(2

¢
)
Ip1i

1
HO (20, t)dt,

to

t1

_ 9 192HO) 1 (1), ag® (1)
3p0it{ [2 94;0r | z(0) 1 U~ T Jq; f(())qj dt,
t1
_ 8 192HO 1 @), aH® O ¢
= 8p1it{ |:2 9q;0qy, 7(0) j 4y, + Ip; f(o)qj ’

(4.17)

t1
n 0 .
311?01' t{ G( )(ZL'Z( )(t)a L, Q(O), e Q( 1))dt,

t1
n 0 .
— aguth( )(g;i( )(t),t, QO ....QU V),
0
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The general form of Eq. 4.17 is

t

1
_ oG ()
qoi = = J “ope;
to
(4.18)
t1
(@)
i = 68(;12' ’
to
where the function G with respect to momenta is
@ o (0)
oG _ 8G(0) O ; ’ (4.19)
Ipoi (91‘5.) oo
2G@ g 9,z
= it (4.20)

Op; B 81’5-0) Oppri

since G(@) = G@ (t, xgo) (t, zo;, to)). In order to take the variation of ZEg-O) with respect
to po, there are constraints that need to be taken into account. Since the two-point
boundary value problem is being solved, the endpoint generalized coordinates are

fixed, even if the path in phase space of the dynamics differs from the nominal.

Therefore, any variation of py;, dp1; = 0, and this fact imposes a constraint on the

(0)

dynamics of the system. Under these circumstances x;" is a function of the constraint

and the proper chain rule has to be applied.

The subscript b in the partial derivative corresponds to the constraint case that

solves the boundary value problem using the nominal solution. This partial derivative
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consists of direct and indirect parts. The direct part comes from the state transition

matrix, while the indirect part is the necessary variation to ensure that dp;(t;) = 0.

4.2.1 Constrained Partial Derivative for Hamilton’s Characteristic Func-

tion

The derivation of the constrained partial derivative for Hamilton’s characteristic
function follows along the same lines as for the principal function. Recall that the
state vector of the nominal solution at some arbitrary time 7 € [¢y, t1] can be expressed

as

2 (1) = 2 (r, ¢ (). PP (1) 1). (4.21)

As with the principal function the state vector SL’g»O) (1) is dependent on the state

at a time t € [t;, 7]. A variation to the state vector at time ¢ yields

z;(t) = 29 (t) + 0, (¢). (4.22)

J

The state vector at time 7 due to variation in the state at ¢ is therefore

(0) (

25 (7,45 () + 04a(8), P (1) + 0pa(t), 1) = (1) + da5(7). (4.23)

The variation on generalized momenta at time 7 is
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pi(T) O +6p; (1) = pj (1) + D(40) 0P (t) + Pjadga(t)+

+ 55 [Pjnta) 80P ()0D5(E) + Pjamisdaa(t)ops(t)+  (4.24)

+@j(n+a)30pa(t)0qs(t) + q)jaﬁéqa(t)éqﬁ(t)] + .

where ®;;(7,1) is the state transition matrix and @, (7,t) corresponds to the state
transition tensors. For this type of two-point boundary value problem the momenta
at t1, p;j(t1) = pij, is fixed and the variation 0p;(7) vanishes when 7 = ¢, hence,
0p1; = 0 imposing a constraint on the system. The generalized coordinates can be
expressed as a function of generalized momenta only, ¢;(t) = f(p-,py,...), and the

variation of the generalized coordinates can be expressed as a power series:

0qi(t) = Kin0p~(t) + KinypOp (1) 0y (t) + ... (4.25)

where the K’s are coefficient tensors to be determined by boundary conditions. Com-
bining Eq. 4.25 and Eq. 4.24 leads to the general expression for the variation of the

generalized momenta:
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0p;i (1) = [®jy + PjaKar] Oy (1) + 5 [Pty ntv) + Piatniv) Kay+

P17 880 + Pjap Koy Kps+ (4.26)

200 Koy 0py (£)dpy (t) + ...

Since 0p;(t1) = 0, and using this boundary condition, the coefficient tensors, K’s

in Eq. 4.26 can be solved at each order:

KOC’Y (tla t) = _cbj_al (t1> t)q)j(N-i-’Y) (tla t)>
Koy (t1,t) = =550 (t1,1) [ s (t1,1) + 2@jamr) (1, 1) Kay+

(4.27)

+@jap(te, 1) Koy (t1, 1) Kpy(ti, 1)]

The tensors are functions of the state transition matrix and state transition ten-

sors from t to t;. Hence, the constrained partial derivatives take the form
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0 2©
b—](Tv t) = (I)j(n—l-’y)(Tv t) + ®j0(77 t)KCW (t1> t)’

ObPoy

85 IE;O)

ameame (7o) = 5 [P e (T 1) + Py (7, 6) Kan (tr, 8) + Py (7,1) Ky (tr, £)+

(I)jaﬁ (Tv t)Ka’Y<t17 t)K55<t17 t) + Qq)ja(Tv t>Ka“/¢ (tlv t)] >

(4.28)

As with principal function, the solution at each order can be obtained with the
knowledge of the nominal solution #(© since Q™ = Q™ (Q). Hence, the expres-

sions in Eq. 4.17 can be solved using quadratures.

4.3 Numerical Error Analysis of Perturbation Theory for

The Two-Point Boundary Value Problem

Carrying out a double integral by means of quadratures inevitably leads to numer-
ical errors in calculations. In order to obtain highly accurate results in a perturbed
system, it is important to understand how these errors alter the solutions that are
obtained numerically. The calculations for the integrals involved in the perturbed
solutions are carried out by simple quadratures, or using the midpoint rule. An

integrand f(t) integrated from t, to ¢; can be expressed as:
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t1

i = to (- to)? d2F
24N dr?

to =1

: (4.29)
1=¢

where € lies on the interval defined by the limits of integration|[ty, ¢;]. Assuming that
there is a difference A between the calculated first-order theory result and the true
solution, the true solution can be expressed as

Py =i+ Apl, (4.30)

where p(()l) is the numerically obtained first order solution, Ap(()l) is the difference

between the calculated and true solutions, p(()l)* is the true first-order solution:

t1

V) /dpo . (4.31)

to

The first order calculated solution is:

N
D=3 (4.32)
i=1

In Eq. 4.29, the parameter {e[to, t1], hence, £ = ty results in the following ex-
pression for the numerical error 5p0 substituting po * and po by the integral in Eq.

4.29:
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EPRC W
5,0 _ (=)’ d [ OH } (4.33)

o= TouNe aez | ag

(i —t)?d [ PHD dg
~ 24N? dt Og2  dty

t=to t=to

From the Hamiltonian dynamics theory it is clear that % = —pp, and Eq. 4.33

becomes

W (ti—t)?* d [0*HW
0 t=to
Therefore expanding Eq. 4.34 yields
t1 —to)® [OPHW O*HW 9
Ap((]l) _ (t1 —to) 2 Po (4.35)

24 N2 g3 (po)” + g} 0—qopo '

The result in Eq. 4.35 implies that the first order error is dependent on the time
of flight, the integration time-step, the perturbing function and the nominal initial
velocity of the orbiting particle. For a specified two-point boundary value problem,
the numerical error is a function of the chosen step size for that particular numerical

integration:

1
Apél) x w3 (4.36)
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Similarly for the second-order, the actual solution can be expressed as an integral:

t1

pd = / dpy’”, (4.37)

to

and the numerically obtained solution is

N
pd =3 (4.38)
=1

The numerical second-order error is can be obtained substituting p(()z)* and p(()2) by

the integral in Eq. 4.29:

A (()2) _ _(tl _ t0)3 d2 |iap(1)* (1)*:|

@ 4.39
24N di2 | ag ¥ (4.39)

t=to

Eq. 4.39 can be further expanded by plugging the expression for p(()l)* in Eq. 4.31:

t1 t1
Apt? = _Mcﬁ _ o*H" t — oH dt
0 24N2  (t2 g} dqo
t t

(4.40)

Eq. 4.40 can be further expanded:
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2UNZ dt | ag DO dq0  Iqo

Apy? =~

)3 d g, (D* 97 (1)

t=to

Eq. 4.41 takes the following form:

Ap® — (ts — to)’ a?)H(l)p(l)* ap(()l)* *HW P 262H(l) OHW (4.42)
T 0o t2—F—F—| &
i 24N? oqs " dq0 O o5 Iqo

For the second-order solution, it is also assumed that there is a difference A
between the calculated second-order theory solution and the true solution, hence, the

true solution can be expressed as:

N
o =+ ap = "ol + Apf?. (4.43)
=1

Where p(()? is the numerically computed solution that depends on the numerically

computed first order solution pgl). Therefore Eq. 4.38 can be expressed as:

@1y N @) CIE e T R o O IR i % %
o * . AV 7 o 0
> oo ) =D o =AY =) el ()= o e o) 27(1)* ; (Api ) ,
i=1 i=1 i=1 i=1 OP; i=1 (9<pi )
(4.44)
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where each pg) can be expressed as:

o 0 (pﬁl)* - Apy!
Poi =
0 dqo

) <p2(1>* _ Ap(n) . (4.45)

(2

Eq. 4.45 can be further expanded:

()= (1) (1) (1)
@ _ Op;" 1« Op; 1« OAp; " 1) OAp; 1)
Po;im = b, — _Api ———D; + _Api . 4.46
0 dqo Jqo 0qo 0qo ( )

Therefore, differentiating Eq. 4.46 with respect to p(-l)*

(2

yields

t1
o o om0
O = o 92 dt. (4.47)
op; 4o ‘G

to

Plugging Eq. 4.47 into 4.42 leads to the final expression for Apéz) that can be

analyzed:

2) o
ZApo, p") = opy) =Y Soon (4.48)

Investigating Eq. 4.48, the second order error depends on the numerical error from
the integration routine, which as with the first order is proportional to ﬁ However,
there is additional numerical error caused by the first order integration numerical

error, which is carried over. Therefore it is necessary to obtain the first order numer-
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ical solution as accurately as possible in order to obtain an improved second-order
solution, otherwise, a second-order solution could lead to a larger error than the first-

order solution, defeating the purpose of higher order solutions.

4.4 Analytical Example: 1-Dimensional Particle Dynamics

To illustrate the described perturbation theory, one-dimensional particle motion
is an appropriate example. A particle moves along a straight line with constant
velocity, and the set of initial conditions (xg,vg,tp) and final conditions (xy, vy, 1),
represent the endpoint generalized coordinate and momentum. The obvious choice is
for the position to be the generalized coordinate and the velocity to be the generalized
momentum. The Hamiltonian of the system and the endpoint positions and velocities

are:

1,2
H=3v

__ T1—X0
Yo = t1—to ’
v, = T (4.49)

t1—to

T = X + Uo(tl — t()),

To = T1 — Ul(tl — to)

The principal function of the nominal system described by Eq. 4.49 is,
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QI Sy (4.50)

If the nominal system is altered by a constant acceleration that results in the

Hamiltonian H = %vz — eax, the new system and its solution can be described by the
following set of equations:

H=HY+eHY = 1 — ea,

Vo = v(()o) + ev(l) = —ﬁi:foo — e%a(tl — to),
v = v%o) +elt) = et esa(t; —to), (4.51)

T = X + Uéo) (tl — t(]) + E%G(tl — t0)2,

To = T1 — U§0) (tl - to) - E%Q(tl - t0)2.

The principal function for the solution of the perturbed system is

1(zy —m)* 1 1
W (21 = 20) + s (xo + @)t —to) — € —a*(t —to)°. (4.52)

T2 — 1 2 24

It can be shown that Eq. 4.52 is the principal function given for the solution of

the system by satisfying the required boundary conditions:
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ow __ __ T1—T0 1
~omg = Vo= 5—— — €§a(t1 - t(]),

t1—to
(4.53)
fey = 01 = 3o+ egalti — to).
Application of the perturbation theory leads to the following relationships:
t1
WO = [ax(t)dt,

to

(4.54)

where the position coordinate of the unperturbed system as a function of time is

x(t) = xo + T (t — tp), and the perturbing acceleration a is constant. Therefore,

integrating the equations in Eq. 4.54 yields the following expressions for W) and
w®:.

WO = Lla(zo + 21)(t — o),
(4.55)

W(2) = —iaz(tl — to)g,

and WO + eW® 4+ W = . To solve the two-point boundary value problem it

suffices to differentiate W with respect to x¢ and x;.

In this example it is possible to find an analytical solution for the principal function

and then differentiate it to solve the two-point boundary value problem:
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t1—to

t1 t1
Y P S P -
o 0

(4.56)

W o gr— o f (=] g = Lagt, — ¢
vy’ =af =af 0 = zalti —to).
to to

8(21 t1—t

aw®R _ aw®
Note that S— = %— = 0.
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CHAPTER V

Perturbation Theory for the Initial Value Problem

Hamilton’s principal function, W (qo;, q1:, to, t1) can be used to solve the two-point
boundary value problem given the initial and final generalized coordinates and times.
Similarly, given the initial and final generalized momenta and times, a different kind
of two-point boundary value problem can be solved by using Hamilton’s characteristic

function Q(po;, p1i, to, t1)-

5.1 Perturbation Theory for the Initial Value Problem

In the previous chapter a perturbation theory was developed to solve two-point
boundary value problems for Hamilton’s principal and characteristic functions. The

a order term for both perturbation theories are

t1
W / FO (@@ (1), 6, WO, weD)dt, (5.1)
to

t1

Q) = / GO (), £,Q, ... V)t (5.2)

to
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For the initial value problem the initial endpoint generalized coordinates and mo-
menta are fixed, while the final endpoints are perturbed. From the two-point bound-
ary value problem, the final perturbed coordinates are momenta can be approximated
to the a order by the following:

t1 ty
w  [OFr® aG@

= dt L= dt. 5.3
plz aqn ) QIZ aplz ( )

to to

When solving the two-point boundary value problems the final endpoint is fixed,
creating a constraint on the system. The solution to the constraint can be obtained

by using the fact that the endpoint is fixed at time ¢;. If the constraint of the state

at the final time is removed, the term g;fi should be the backwards state transition

matrix ®(7,t;), therefore the partials of /' and G with respect to the coordinates and

momenta at t; are

OF (@ OF @
0qui B 8x§0)

(I)xq(Ta tl), (54)

9G (@) oG (@)
Op1i B 61’5.0)

D, (7, 11), (5.5)

where the state transition matrix is defined as

q>qq q>qp

(I)(T, tl) = y (56)
q)pq (I)PP
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and the terms ®,, and ®,, are

Matrix identities allow to write the state transition matrix as

O(1,t) = Hty, 1) = —JOTJ.

Hence, the a order term of the perturbed state is

D, @
i o] = [raw rop | M ]

to Py Ppg (t1,7)

5.2 First-Order Perturbation Theory

(5.8)

(5.9)

The first order perturbed terms of the principal and characteristic function are

t1 t1
wd = —/H(l)(xgo),T)dT, QW = —/H(l)(xgo),f)dr. (5.10)
to to

Therefore, the correction terms to solve the different first-order two-point bound-
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ary value problems are

t t
W __0QY _ [oHY ox; W _ oW FOHW Oz,

qy; =

R — T,
Opui ox j Opui

to to

Combining the two terms in Eq. 5.11 the first-order perturbed state can be ob-

tained:

1 aSL’u

—pyy o0

Yol = / HY Y g4, (5.12)
o)

ql’l to

By manipulating the above equation by the state transition matrix properties, the

first order term of the perturbed state is

() i

D _ (1) 1)
o= /J [H Hp ]
Py;

(I)T _ @T
w ” dr. (5.13)

B ZTIK Z T

Therefore the first order perturbed state at time ¢; can be expressed as:

o7 @7

o) = / [—HO HO)| P (5.14)
T T

éqq épq

Grouping the term leads to the following expression for the first order state vector:
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t1
2V = / [®(ty, ) JHD]" dr. (5.15)

to

The first order solution to the perturbed state is then:

t1
21 = Bty t0)2Y) +€ | | N(ty,7)dr| (5.16)
0

t

T

where N(t1,7) = [CI)(tl, T)J HS’] . The integration must be carried out over the time
defined by the nominal system, and along the nominal path in phase space. Hence,
in order to calculate the perturbed state of the system the knowledge of the nominal

system and the perturbed form of the Hamiltonian is needed.

5.2.1 Symplectic Structure of the Perturbation Theory

In order for the Hamiltonian structure of the perturbed system to be preserved, the
perturbation theory must conserve the symplectic structure of the dynamical system.

The Hamiltonian form of the equations of the motion of the perturbed system is

b= J— (5.17)

where the perturbed state and Hamiltonian are expanded by a power seriesz = (0 +

exM, H(x,t) = HO (2 ¢) + eHY(z,t), and the J is the block matrix:
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J = . (5.18)

For the nominal system, the dynamics of the system satisfy the equations of motion

of the following form:

=J : (5.19)

which have a symplectic structure and from which the nominal solution 2 (¢; z) can
be obtained. The equations of motion of the full perturbed system can therefore be

approximated to the first order by

oHO)

(4 _ 0 ) g
(t; o, €) = 2 + ed pe

] . (5.20)

The first-order solution to the initial value problem is be of the form

t1
T = (I)(tl, to)l’o + E/q)(tl, T)JHQ(CO)CZ’T, (521)

to

where H” = 81;;0) o The system is symplectic if the Jacobian of the system
xT

M = g—i; satisfies the following:
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MYIM = J. (5.22)

For the initial value problem, the state at the initial time is the same for the
nominal solution and the perturbed solution, zy = x((]o). Therefore the first-order

solution can be rewritten as

t1
z = D(ty, 1) |20 + e / O(to, 7)JHOdr | | (5.23)

to

The Jacobian of the perturbed system then becomes

t1
= O(t,t0) [+e/<1>_1(7, to) JHO® (7, to)dr | . (5.24)

to

8:171

M= —
8:1:0

Therefore the symplectic condition for the state transition matrix can be checked:

MTJM =

t1
I+ [®T(r,t)HY JTdT(r, 1))

to

[+ € [ @7 (7, 10) HY (7, t5) | 0 (11, t0) J(11, o)

(5.25)

Since the unperturbed system is is a Hamiltonian dynamical system, it is sym-

plectic, ®T(t,t0)J®(t1,ty) = J and Eq. 5.25 becomes
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t1

MTIM = [I+e / T (7,t0) HO d(r, to)} JIT+e / O (7,t0) HO JT o1 (7, 1)

to

(5.26)

For an approximation of a perturbed system to the first order, the system must

be symplectic to the first order and the following condition must be satisfied:

t1 t1

/ 7 (7, t0)HO) J" o~ (7, o) JdT + / JO (7, 10) JHY ®(7, to)dT = 0.

to to

The following relationships can be obtained from M7*JM = J:

JT(I)(_T) (T, to)J = (D(T, t(]),

—® = Jo .

Therefore Eq. 5.28 becomes

t1 t1

/ O (7, t0) HD®(7, to)dr — / 7 (7, 1) HO) (7, to)dr = 0.

to to

Therefore, the system is symplectic to the first order.

87

(5.27)

(5.28)

(5.29)



88



CHAPTER VI

Perturbed Rotating Two-Body Problem

6.1 The Two-Body Problem

The two-body problem determines the dynamics of two point masses, mg and

my, interacting with each other. The combined gravitational parameter of these

two-bodies is u = G(mgy + my), where G = 6.67 x 107" N(m/kg)? is the universal

gravitational constant and the two bodies follow the equations of motion

50 B Tmo — Tmil S K Tmil — Tmo
'mo = — - - 3 T'm1 = 5 5 3
Mo "m0 — T'm1 my T'm1 — Tmo

where 7,9 is the position vector of mgy and 7,,; is the position vector of m;.

position vectors are relative to the origin of the coordinate system.

6.2 Keplerian Two-Body Problem

(6.1)

Both

Kepler’s problem is a special case of the two-body problem, where one of the

bodies is assumed to have negligible mass (my = 0) and the other body is a point

mass at the center of mass of the system. The massive body is therefore stationary
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and the particle orbits the central body. The equations of motion of the orbiting

particle with respect to the central body are

=y

= — 7, (6.2)

where ;13 = Gmy is the mass parameter of the main body and 7 is the position vector
of the particle with respect to the center of mass. The equations of motion can
be expressed in terms of the of the force potential function U, which is convenient
to analyze perturbations on the system. For the Keplerian two-body problem, the
equations of motion become a simple expression

ou

r = ﬁ’ (63)

where U = & is the force potential function for the Keplerian two-body problem,

which is a Hamiltonian dynamical system, where the Hamiltonian is defined as

HolpoH (6.4)

where the generalized coordinates and momenta (g;, p;) are the relative position co-
ordinates and momenta of the particle (7, ¥) respectively. The Keplerian two-body
problem is commonly viewed as a nominal solution to most systems encountered in
celestial mechanics. However, it only takes into account the gravitational effect of

the central body as a point mass, and other effects such as tidal effects, mass dis-
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tribution, and aerodynamic drag are negected. Nevertheless, for most systems the
Keplerian two-body problem offers the best approximation, and perturbed systems

can be modeled by adding higher order terms.

6.3 Delaunay Elements

In the two-body problem, it is convenient to express the trajectory of the orbiting
particle in terms of the orbit elements, as they give a better qualitative understanding
of the system than the position and momentum coordinates. Delaunay elements are
a set for canonical variables of the two-body problem, and can be expressed in terms

of the classical orbit elements (a,e,i,,w, M) (40):

hd = Q, Hd = Gd COS’L’7 (67)

where a is the semimajor axis of the orbit, e is the eccentricity, ¢ is the inclination,
Q) is the right ascension of the ascending node, w is the argument of periapse, and M
is the mean anomaly. The Delaunay elements can be divided in two subsets, where
lq, g4, hq are the generalized coordinates and L4, G4, Hy are the generalized momenta.

The position vector of the orbiting particle can be expressed as
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cos(gq + f) cos hy — sin(gq + f) sin hy cosi
=17 cos(gq+ f)sinh + sin(gq + f) coshgcosi |, (6.8)

sin(gy + f) sini

where f is the true anomaly of the particle orbit and the distance from the center of

mass to the orbiting particle r is

a(l —e?)
re=—.
1+ ecosf

The true anomaly, f, can be obtained through the following relationships with
the eccentric anomaly, E:
f 1+e E

tan = = tan — 1
an o T tan o, (6.10)

and the mean anomaly of the orbit is

M =E —esinFE. (6.11)
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6.4 Poincare Elements

The set of Delaunay elements for the two-body problem become singular for cir-
cular orbits, where the eccentricity e = 0. The Poincare elements for the two-body

problem are related to the Delaunay elements by (40)

ly =lqg+ ga + ha, Ly = Lq,
Gp = \/2(La — Gq) cos (gq + ha), Gy = \/2(Ly — Gg) sin (ga + ha), (6.12)
hy, = \/—2Gq4(cosi — 1) cos hy, H, = \/—2G4(cosi — 1) sin hy.

6.5 The Restricted Three-Body Problem

[saac Newton first studied the influence of gravitational attraction between nu-
merous bodies in order to study a system that included the gravitational effects of the
Earth and the Moon on another body. In this problem the three bodies are assumed

to be point masses and only first-order gravitational effects are taken into account.

The restricted three-body problem assumes that one of the masses in negligible
and does not affect the motion of the other two. The two massive bodies are in an
orbit around their center of mass and a third particle is in orbit around the two point

masses.
The restricted circular three-body problem further assumes that the two massive

bodies are in a circular orbit around their center of mass but the particle is in an

elliptical orbit around the bodies. The equations of motion of the particle can be
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expressed relative to the barycenter or one of the bodies of interest.

The most common form of the equations of motion are expressed in the synodic

frame, which is a rotating frame where the origin is in the barycenter of the system:

T — 2y —r = _(1_57)«%)96_5) - E(Z‘J’;é_g)’
R S (= VR TR (6.13)
1 2
e B
1 2

The parameters in Eq. 6.13 are normalized by the distance between the primary

and the secondary and their orbit period around the barycenter.

Another interesting frame of reference is the inertially fixed frame in one of the
massive bodies. This frame offers the possibility to study the motion of the particle
with respect to one of the bodies while the other body has a smaller effect on the
particle. The equations of motion of the particle with respect to the primary in the

inertial frame are

_ _ 6.14
TTTME TR R TR Roap (6.14)

where 7" is the position vector of the particle relative to the first body, 77 is the
position vector of the first body with respect to the barycenter, and 75 is the position
vector of the second body with respect to the barycenter. The first term of Eq. 6.14
is known as the direct part, as it represents the effect of the central body on the

particle. The second term is the indirect part as it represents the effect between the

94



______________

Figure 6.1: Hlustration of the restricted three-body problem

central and secondary bodies and the effect between the secondary and the particle.

6.5.1 The Jacobi Integral for the Restricted Circular Three-Body Prob-

lem

There are ten known integrals for the restricted three-body problem, and eighteen
are needed to completely and analytically solve the problem. Therefore, the equations
of motion are solved through numerical integration. The Jacobi constant is a widely
used constant of motion for the restricted three-body problem, which only exists in
the synodic frame. The Jacobi integral is important for stability analysis and finding
equilibrium points of the system. The Jacobi integral or constant for the restricted

three-body problem is commonly expressed as the position and momentum variables

L #] ; (6.15)
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where 1 and 9 are the gravitational parameters of the two bodies, ¢’ is the momen-
tum of the particle in the synodic frame, (x,y) are the cartesian coordinates of the
particle in the plane of the orbit of the bodies around the barycenter, 7" is the position
vector from the first primary to the particle, and 7} and 75 are the position vectors

of the bodies from the barycenter.

6.6 The Perturbed Rotating Two-Body Problem

The restricted circular three-body problem can be expressed as a perturbed ro-
tating two-body problem, where a particle of negligible mass orbits a central point
mass and a perturbation arises from the gravitational pull of the third body, which is
rotating along with the central body around the barycenter of the perturbed system.

The equations of motion for the nominal (Keplerian) two-body problem are

—

= T
= —,ulﬁ, (6.16)

where p; is the gravitational parameter of the central body and 7”is the position vector
of the particle with respect to the central body. The Hamiltonian of the Keplerian

system is

"= - £ (6.17)
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To introduce the third body into the system, it is expressed as a perturbing force
that changes the Hamiltonian of the two-body system with the following first-order

perturbing term:

7 (6.18)

Therefore, the acceleration on the particle due to the perturbation of the third

body is

Ty — T — 1T Ty — T
Hois—==3 —H275 =13
|7y — 7 — 7| |7y — 71

(6.19)

ISIN

The first term of Eq. 6.19 is the acceleration of the particle from the third body

and the second term is the acceleration between the two massive bodies.

6.6.1 The Jacobi Integral for the Perturbed Rotating Two-Body Problem

Eq. 6.15 gives the Jacobi constant for the restricted three-body problem:

ij*‘ﬂ% . (6.20)
7| |7 T

However, for the perturbed rotating two-body problem is convenient to express the
Jacobi integral as a separate function of the nominal and perturbed system. Delaunay

elements allow this to happen and the Jacobi integral can be expressed as:

97



Figure 6.2: Ilustration of the rotating perturbed two-body problem

2 .
OJ - _% - ¢H+ EH(l)(l>gaha La G> H)a (621)

where ¢ is the angular rate of the orbit of the two massive bodies and R is the
perturbing part of the Hamiltonian function, and is used in order to not to confuse it
with the angular momentum Delaunay element H. To show that the Jacobi integral
is constant consider the time rate of change:

2

CJ:EL_¢H+€H(1)(l7g7h7L7G’H>' (6.22)

Eq. 6.22 can be expanded with the appropriate chain rule
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¢ h e [OR OB, OBy OR; OR. OR

i gl tagd T et ark T agC t g |- (623)

The Delaunay elements Xp are related to the Jacobi integral with the following

relationship

oC;

Xp=J—-L 6.24
b= ox,’ (6.24)

where J is the block matrix of the identity matrix. The equations of motion for the

Delaunay elements is therefore

_ocy _ p? OR o _0C; _ _ _OR
l=% =5 tean L=-%"=—¢%,
. 9C; _ _OR N 9Ccy, ___8R 9
9= %c ~ ‘> G =% €3g 1 (6.25)
‘_8CJ__‘ OR '__801__@
h=%7 =0+ e5x H == e
Therefore Eq. 6.23 can be written as
. ) : ) .
_ [ _r2or | jor , oru> _ om
CJ—E[ Datlamtar —a? Tt
(6.26)
OROR | OROR | OROR _ OROR _ OROR _ OROR| _
+e? [a oL T agoc T onom oL ol oG ag o on| = O-



Therefore the Jacobian for the perturbed two-body problem is constant.

6.6.2 The Perturbed Circular Restricted Three-Body Problem

This section describes how the restricted circular three-body problem can be
viewed as a perturbed rotating two-body problem, where the tidal effects from the
third body’s gravity is modeled as a perturbing force. If yet another perturbation
is added to the three body system that preserves the Hamiltonian structure of the
system, the problem still remains a perturbed two-body problem and can be modeled
as such. Other common perturbations include higher order gravitational forces, solar

radiation pressure, and the gravitational forces of other bodies.

The perturbed two-body problem where two or more perturbing forces are present,
and where one of the perturbations is due to the gravitational effect of a third body,
can be modeled as a perturbed three-body problem. If several more bodies are present,
the perturbed two-body problem can be modeled as a restricted multiple body prob-
lem (restricted three-body problem, restricted four-body problem...), where the extra

bodies act as perturbing forces.

To model the perturbed restricted three-body problem, the Keplerian orbit is still

the nominal system. The equations of motion of the nominal system are therefore:

—

- T
T= =g, (6.27)

100



where 7 is the position vector from the central body of the two-body problem to the
orbiting particle, and p4 is the gravitational parameter of the body. The Hamiltonian

of the Keplerian system is the same as the one given by Eq. 6.17

"= - £ (6.28)

The third body is introduced into the system as given by Eq 6.18, and the addi-
tional perturbing potential can be added. Therefore, the perturbing potential for the

system is:

1 —»_—»
HO =y | —— = 25 U, (), (6.29)
ol men

where U, (7) is the potential that perturbs the restricted three-body problem. There-
fore, the acceleration on the particle due to the presence of the third body and the

perturbation to the restricted three-body problem is

) -7 U,

— . 6.30
Pl —7—mp ~ "m—np " oF (6.30)

a=

The first term of Eq. 6.30 is the acceleration of the particle from the third body,
the second term is the acceleration between the two massive bodies, and the third

term is the perturbation acceleration to the restricted three-body problem.
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Modeling the perturbing acceleration terms for the perturbed two-body problem
as given in Eq. 6.30 yields a perturbed restricted three-body problem, where the

perturbing potential is U, given in Eq. 6.30.

6.7 Orbit Transfers and Impulsive Maneuvers

Orbit transfers are an important aspect of the two-body problem. Isaac Newton
studied the different orbits that a celestial body could occupy, but did not envision
artificial satellites nor the impulsive nature of certain orbit transfers. The goal of an

orbit transfer is to minimize the cost of the maneuver.

6.7.1 The Hohmann Transfer

Walter Hohmann developed an orbit transfer method that yields the fuel optimal
two-impulse solution for the two-body problem (41). The transfer takes a particle
from a circular orbit to a another circular orbit in the same plane, while the transfer
angle is always 180 degrees. The impulses are assumed to be instantaneous, which is
not feasible in real situations. The semi-major axis of the transfer orbit that takes

the particle between the two circular orbits is

[7o] + |7

: (6.31)

g

The transfer time for transfer orbit is half the period of the transfer orbit, since

the transfer angle is exactly
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Ty =my |2 (6.32)

The impulsive change in velocities are tangent to the orbit either along the di-
rection of the velocity vector or in the opposite direction. The initial impulse occurs
along the velocity vector if increasing the size of the orbit, and opposite to the velocity

vector if decreasing. The final impulse is in the same direction as the initial impulse.

AV = |2 — [
) o
(6.33)
AVy = & L.
2y
The total cost of the impulses is the sum of the impulsive changes:
AVyg = AVy + AV, (6.34)

6.7.2 The Bi-Elliptic Transfer

The Hohmann transfer is the most fuel efficient two impulse transfer, and in most
cases the most fuel efficient impulsive transfer. However, there are certain cases in
which it is not the most fuel efficient impulsive transfer. The bi-elliptic is the fuel-
optimal three impulse maneuver for the two-body problem. The bi-elliptic transfer
requires less AV for the same initial and final positions if the ratio of final to the

initial semimajor axis is greater than 11.94 (41).
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The bi-elliptic transfer consists of a transfer between two circular orbits by first
going to an intermediate orbit of higher energy, where an intermediate impulse is
carried out. Therefore, there are two transfer orbits, one that takes from the initial
orbit to the intermediate orbit, and one that takes from the intermediate orbit to the
final orbit. The bi-elliptic transfer always consists of two 180 degree transfers, for a

total of three impulsive maneuvers.

The semimajor axii of the transfer orbits are

a — 2L 1]
6.35
gy = }ﬁ‘-l—}f‘é‘ ( )
_

where ayy is the semimajor axis of the first transfer orbit and a;; is the semimajor

axis of the second transfer orbit. The impulse maneuvers are

AV = [P — L [ B (6.36)

The total transfer time is

T, =y |20 4y [ 2 (6.37)

104



6.8 Lambert’s Problem

Lambert’s problem represents the two-point boundary value problem for the two-
body problem. Given two position vectors 7, 71, and a transfer time 17" = t; — to, the
problem is to find a solution for the orbit that joins these two position vectors in the

given time span.

Based on geometric reasoning, Johann Heinrich Lambert formulated the theorem
that bears his name, which claims that the orbital transfer time depends only upon
the semimajor axis, the sum of the distances of the initial and final points of the arc

from the center of force, and the length of the chord joining these points (12):

This theorem was proven by Joseph Louis Lagrange and gave mathematical form

with the following equation for elliptic, parabolic and hyperbolic orbits (42):

;

a*?[(a — sina) — (3 — sin 3)] E <0,

VI =t =1 3360 = (5= )" E—0.  (639)

105



where F is the Keplerian energy of the system, t, and ¢; are the initial and final
times, «, (3, 9, v are related to the transfer orbit angle, ¢ is the chord length between
the initial and final position vectors, and s is a parameter that contains the initial

and final position vectors:

e |70 |+ |7 |+ |7 — 70|

__ 6.40
Sin \/ 4a 3 ( )
sin /5 \/|7’0|+|7“1|—|7’1—7“0|’ (6.41)
Y |70 |+ 7|+ |7 —70

h=- = 6.42
S111 2 \/ _4a ) ( )
) |F0|+\F1\—|F1—F0|

h- = 6.43
sin 5 \/ P ) ( )

R+ A+ =7

(6.44)

Cc = Fl—FQ . (645)

Eq. 6.39 is known as Lambert’s equation in its elliptic, parabolic and hyperbolic
forms, and provides a constraint relating At to 75 and 77, through a. For a given
2PBVP Lambert’s equation defines a semimajor axis for the transfer. Solution for
this a is known as Lambert’s Problem. Many techniques exist to solve Lambert’s
problem, which include the use of universal variables, f and g series, and other iter-
ative methods. A detailed description of the techniques can be found in Battin (12)
and Vallado (13).
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6.8.1 Solutions to Lambert’s Problem

Battin developed the equations for the endpoint velocities to solve the two-point
boundary value problem for the two-body problem. Once the semimajor axis of the
orbit that connects the two points in the given time is found, the velocity vectors can

be obtained with the following equations (43):

1 —To

. i
%:(B—A)ﬁ+(A+B)|F1_FO : (6.46)
> 71— T0 T

1/1:(A+B)|F1_FO|—(B—A)|Fl|, (6.47)

where the terms A and B will vary depending on whether the orbit is elliptic,

parabolic, or hyperbolic

\/%cot% E <0
A= I E=0 (6.48)
\\/_I%coth% E >0,
( \/gcotg E <0,
B={ [ E=0, (6.49)
\ \/_I%coth% E > 0.
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CHAPTER VII

Example: Solving the Perturbed Two-Body

Two-Point Boundary Value Problem

The two-body problem is a Hamiltonian dynamical system, and it can be analyzed
by the tools offered by Hamiltonian dynamics theory. The perturbation theory for
Hamilton’s principal function described in Chapter I11 can be applied to solve the

perturbed two-body two-point boundary value problem.

In a Hamiltonian form, the set of generalized coordinates can be chosen to rep-
resent the position vector 7 of the orbiting particle and the generalized momenta to
represent the velocity vector v. Therefore the Hamiltonian of the Keplerian two-body

problem is equal to the Hamiltonian of the system:

R gt g——— (7.1)

where i is the gravitational parameter of the central body and a is the semimajor

axis of the particle’s orbit.
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7.1 Hamilton’s Principal Function for the Two-Body Prob-

lem

Hamilton’s principal function solves the two-body problem by obtaining the end-
point momenta through simple differentiation, and since the two-body problem is a
Hamiltonian dynamical system, Hamilton’s principal function can be used to obtain
the solution for the problem for the two-body problem. Hamilton’s principle implies
that there must exist a principal function relating the initial state at ¢, to the final
state at ;. The principal function needs to satisfy the following partial differential

equations:

_%TVZ + H(T(]iu _%7t0) = 07
(7.2)

%T‘/Il/ + H(’l“li, oW tl) = 0,

87‘11' ’

where the Hamiltonian H is given by Eq. 7.1.The principal function also needs to

satisfy two partial differential equations:

ow

Vo; = _07“0,-’ (7-3)
ow

V1 = 87”11'. (7-4)

If Hamilton’s principal function for the two-body problem is known, then the two-

point boundary value problem can be solved analytically.

Theorem 1. For a specific energy level E, Hamilton’s principal function for the two
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body problem is

4

Via (o +sina) — (84 sin 8)] + 42 (t1 — to) E <0,

W (ros, a5 to, t1) = ¢ /Sp [\/g—\/% E =0,

\ V—=pa [(6 +sinhd) — (y +sinh )] + 4= (¢ — to) E >0,
(7.5)

where the angles and parameters are defined as:

Sing:\/\/%—i-\/rfﬂ—\/(ru—miﬁ (7.6)
2 4a ' i

sing = \/\/7‘7824- \/7%’4_ VAT TOi)2, (7.7)
a

/.2 /02 )2
sinh% _ \/ Toi + 1 + (T’lz TOz) ’ (7.8)
—4aa

4

sinh

6:\/W+W—ﬁ 7o)
2 —4a ’ '

, (7.10)

. Ve VrE 4 V(i — o)
N 2

C = 4/ (Tli—’f’ol‘)z, (711)

where the semimajor axis, a, is related to the total energy /Hamiltonian of the system
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a=_t (7.12)

Proof: Hamilton’s principal function, W, needs to satisfy the following two partial

differential equations:

—5 E <0,

ow

o0 0 E =0, (7.13)
\% E > 0.

Differentiating W with respect to t; the following expression is obtained:

2 E <0,
ow
9 _ _ 7.14
o, 0 E=0, (7.14)
S E > 0.

Therefore Eqs. 7.13 and 7.14 satisfy the two partial differential equations. Recall

that the energy equation for the Keplerian two-body problem is
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B oW
E = 2a—H<7‘Z, aﬁ). (7.15)

Next, it must be shown that W satisfies the two boundary conditions described in

Chapter 2. Differentiating W with respect to qg; the following expression is obtained:

W da | OW 9P
da Oro; OB Oro; E < 0’
ow
= OW 0s oW J(s—c) -
aTOi ds Orp; + (s—c) Oro: E = 07 (7]_6)
ow oy | ow o5
\ 67 8T0i a9 67”01' E > 07

which is equal to the following expression:

Ja [(1+c0sa)887‘;—(1+cos,6)§—6] E <0,
ow
_ o Os d(s—c) o
87‘02- N S’LL [%% oroi %\/% 9q0; :| £ =0, (717)
| VHa [(1+cosh5)%—(1+cosh7)% E <0.

The partial differential equations of the angle quantities with respect to the po-
sition vectors in Eq. 7.17 are included in Appendix A. The partial of the principal

function with respect to rp; can therefore be written as :
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1 a B\ _roi a BY__rii—roi

VE [(COtE_COtg)%gijL(_COtE_COtE)ﬁ} E <0,
ow
— I 1 1 r0i 1 1 T1i—T0i E=0
Oro; 2 [(ﬁ S_C) \/T’_gi * (ﬁ * \/;\/(Tli—T()i)Q)] ’
N {(coth%—cothg)ﬁ—i%—(—coth%—cothg)%] E <.
\ 1 =704

(7.18)

Eq. 7.18 can be collected in a compact form as the following expression:

W _(4-B)"% _(4+B)
Oro; r3; (r1; — 70i)?

i — Toi

, (7.19)

where the A and B parameters in Eq. 7.19 are expressed as:

)
V15 cot § E <0,

A={ JE E=0, (7.20)

\ \/ =z coth 3 E >0,
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)
\/ﬁcotg E <0,

B= B E =0,

2(s—c)

\ ,/_%acoth% E > 0.

(7.21)

Similarly, differentiating W with respect to ry; the following relationship is ob-

tained,
(
VHa [(1 + cos a)a‘zfi‘i —(1+ cosﬁ)a‘i’;] E <0,
T =0 VB[ — ) E=0,
\ \/——W[(1+cosh5)887‘;—(1+cosh7)8871 E > 0.

Eq. 7.22 can be collected in the following form:

ow i —Toi T'Li
= (A+B)——2_ _(B-4 :
ory; ( ) V(115 — 10i)? ( ) Y% T%i

(7.23)

where A and B are given by Eqgs. 7.20 and 7.21. To verify that this W indeed satisfies

the boundary conditions, Eqs. 7.19 and 7.23 are compared to the solution to the two-

point boundary value problem. Richard Battin goes through a detailed procedure by
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the use of geometry to obtain the following solution (12), (43):

i —Toi

Voi = (B~ A)— % + (A+ B) , (7.24)
T0i (715 — 70i)?

Vi=(A+B)— 1% (g gk (7.25)
(10 — T0s) T1i

It becomes apparent that Eq. 7.19 is the negative of Eq. 7.24 and Eq. 7.23 is
exactly equal to 7.25. From Hamilton’s theorems it is known that Eq. 7.19 has to
be the negative of the initial velocity, and that Eq. 7.23 has to be equal to the final
velocity. Therefore the proposed W function satisfies the required conditions to be

the Hamilton’s principal function of the two-body problem.

7.1.1 Energy Constraint

The principal function is restricted to the energy surface £ = H, where H is the
Hamiltonian of the system. The degeneracy condition that holds for the principal

function is (33)

PW

87’02‘ 87’1]‘

—0. (7.26)

Therefore, there exists a zero-valued eigenvalue with corresponding left and right

eigenvectors.

Theorem 2 1. The velocity vectors vg; and vy; are the left and right eigenvectors cor-
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responding to the nullspace of i

Oro;0ry; °
Proof:
0PW PW oW
07“0,07“1,- 1 0r0,-8r1i 87’“ ( )
Eq. 7.27 can also be expressed as:
PW 0 |[10W oW J |1,
— vy = — = —v7 | . 7.28
07“0,07“1,- v 87“0,- [2 87’“ 87'12} 8r0i |:2,UM:| ( )

The energy equation for the two-body problem is equal to the Hamiltonian of the

system given by 7.1

1
E=-v2- 1t (7.29)

Therefore Eq. 7.28 can be expressed as

o [1, 0
87“0,- 2 L or 0i

E+ - ]:Q (7.30)

2
V T

as 1o; and ry; are independent and the energy is fixed. Thus, the second partial of

Hamilton’s principal function is

117



*W

U1y =
8r0i8r1i

Similarly, the left eigenvector expression can be written as:

Vo

oW ) [ww 8W} ) {1 2}

87’02'87’12' B 8r1i 587’02' . 87’02' B 87’12' ivm ’

Substituting the relationship given by Eq. 7.29 in Eq 7.32 gives:

o I1, )
87“1,- 2 0i 8r1i

i
E+——| =0,
VT(ZJJ

and therefore Eq. 7.32 becomes the following:

o W
o 87“0,- 8r1i

(7.31)

(7.32)

(7.33)

(7.34)

7.2 Perturbation Theory for the Two-Body Problem Hamil-

ton’s Principal Function

The Hamiltonian of the Keplerian two-body problem is given Eq. 7.1. If a pertur-

bation is present from an integrable potential, the new Hamiltonian can be expressed

as:
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1
H= o - L L HO®, (7.35)

where H®(r;) is the perturbation term of the Hamiltonian, a function of position
vectors only, and is the difference between the perturbed and unperturbed Hamil-
tonians. Since the Hamiltonian of the system is only quadratic in the momenta,

the total principal function will be simplified as 5 OH__ and for o = 3,4, ..., 00 it

Za’l}]a’l}k

vanishes. Therefore the perturbed principal function is,

w = _ffl [H(l)(ri(t))dﬂ )

(7.36)
t1 [a—1
we) = 1 [ o @)l (t)dt a=2..n,
to | B=1
where the first order perturbed velocity vector is
FoHW ()
M) = VT 7.37
v Or;(r) Bprilt) (7:37)
t
and the i component of the initial velocity, vy; = —%. Therefore the required initial

velocity can be obtained in order to solve the two-point boundary value problem for

the flight time t; — tg:
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(7.38)

Therefore, at each order, the correction to the initial momenta of order o depends

on the momenta of order (o — 1).

7.3 Implementation of Perturbation Theory to Numerical

Simulations

The theory described in Chapter IV allows to solve perturbed two-point boundary
value problems using Hamilton’s principal function. The perturbation theory yields
the required change of the initial velocity in order to hit the intended target. In
the two-body problem there are several known analytical solutions to solve two-point
boundary value problems. These include the Hohmann and bi-elliptic transfers, as

well as Lambert’s problem, which are described in Chapter VI.

In order to successfully implement the perturbation theory, the initial and final
position coordinates and times must be defined: (r(()?), TS), ty — tp). Once the param-
eters are defined the nominal Keplerian two-body problem must be solved and the

initial and final velocities obtained along the nominal trajectory in phase space.
If a perturbation is introduced to the system, the nominal solution is no longer

valid to solve the two-point boundary value problem, the initial velocity obtained

through the nominal system will drive the particle to a point other than the intended
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target TS). Therefore, the initial velocity vector must be corrected in order to hit the

desired target.

Assuming that the mathematical form of the perturbing potential is known and
that the perturbing force preserves the Hamiltonian structure of the system, the per-
turbation theory can be applied to solve the perturbed two-body two-point boundary
value problem. As seen in Chapter VI, the knowledge of the nominal solution along
the mathematical form of the perturbing potential is sufficient to solve the perturbed

problem.

The nominal solution can be obtained by integrating the equations of motion us-
ing a Runge-Kutta integration function in MATLAB, ode45, where initial conditions
are given. The time step size of the integration method has to be also defined. The
MATLAB ode4b function will yield the positions and velocities of the nominal system

at every time step.

The nominal solution can be used to solve for the the higher order required veloc-
ities given in Eq. 7.38. The equations for the corrected velocities must be solved by
quadratures and starting with the first order solution, as each order is dependent on
the solution of the smaller orders. One must choose the order at which to truncate
the perturbation theory, as the higher orders will get computationally more burden-
some. The quadratures to solve the integrals can be carried out by functions already
offered by MATLAB such as the trapezoidal rule can be coded in MATLAB using

the extended Simpson’s rule, or Boole’s rule.

Once the correction term velocities are calculated using Eq. 7.38, it is added to

the nominal velocity such that the corrected initial velocity has the following form:
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Figure 7.1: Ilustration of the corrected two-point boundary value problem

N
’U((;;) = ’U(()?) + Z v(()?). (7.39)
a=1

The corrected velocities yield a trajectory xl(*) that hits the intended target rﬁ)) in
the desired transfer time T = t; — t5. The situation is illustrated in Fig. 7.1, where
it is shown that if no correction is made the nominal initial velocity will transfer the
particle to a point other than the intended target. The correction to the velocity allow
the particle to hit the originally intended target despite the presence of a perturbing

force.
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7.4 Perturbation Theory for the Hohmann Transfer

For certain missions, the Hohmann transfer is the desired transfer method between
two orbits. However, the Hohmann transfer only accurately solves the problem at the
nominal level, if there are perturbations presents the particle will deviate from the
nominal path. Therefore, using the nominal solution, the initial impulse will drive

the particle to a point other than the intended target.

Fig. 7.2 illustrates the Hohmann transfer in the presence of a perturbation. The
nominal solutions obtains AV, and AV that takes that particle from the initial orbit
To; to 71; in the given transfer time T = t; —t, through the trajectory #(». The figure
also shows what happens when the system is perturbed: the perturbed trajectory
starts at the same orbit as the nominal solution, but when the nominal AV} is applied
the perturbed transfer orbit follows a trajectory that in the transfer time t; — to will

hit a point other than the desired target 77.

The perturbation theory allows to obtain the solution that will let the particle
achieve the nominal target r%o) despite the presence of a perturbation. The expressions
in Eq. 7.38 allow to obtain the correction terms for the initial velocity that will let
the particle reach its target. Therefore the required velocity to go from the position

at to, 7o, to the position at t1, 7, AVj; is

AV = AV 4 ol) 4ol + ol (7.40)

The solution obtained by the perturbation theory allows for the particle to hit

the desired target for the transfer time 7" = t; — ¢y point as seen in Fig. 7.3. When
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Figure 7.2: Hlustration of the nominal and perturbed Hohmann transfer

the particle reaches ry; a second burn is needed to enter the target orbit. However,
this final burn will be different from the nominal impulse AVj;. This problem can
be solved by knowing the momenta at t; and substracting the circular velocity of the

particle necessary to orbit in the target orbit:

AV = ). (7.41)

7.5 Perturbation Theory for Lambert’s Problem

As with the Hohmann, the perturbation theory can be applied to Lambert’s prob-
lem, which solves the two-body two-point boundary value problem. Lambert’s prob-

lem obtains the orbit that connects two points in space for a transfer time, T' = t; —t,
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Figure 7.3: Hlustration of the corrected Hohmann transfer

and the velocities required to connect those two points are given in Chapter 4. The
nominal solution does not take into account perturbations such as oblateness and

third-body tidal effects.

The solution to Lambert’s problem allows to obtain the positions and velocities
at times to and t; given a transfer time 1" = t; — tq. When a perturbation is present
the initial velocity obtained from solving Lambert’s problem will lead the orbiting
particle to be at point other than the desired target at ¢;. Fig. illustrates the nom-
inal two-body two-point boundary value problem solution and what happens to the

trajectory when the orbit is perturbed.

The perturbation theory allows to change the nominal initial velocity in order to
hit the desired target in the given transfer time. This situation is illustrated in Fig

7.5. The nominal system goes from 7’((]?) to TS) in time 7" = t; — 1y, the initial and final
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Figure 7.4: Ilustration of the nominal and perturbed two-body 2BVP

velocities are vé?) and v&?) respectively. However in the presence of a perturbation

the particle will be at rg*) as shown in Fig. 7.4. With the perturbation theory, a
correction to the initial velocity can be obtained:

vl = ol + o ol 4 (7.42)

where vé? + ’U(()?) + ...+ vg;) + ... are calculated from Eq. 7.38, once the nominal

trajectory is obtained.
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Figure 7.5: Ilustration of the nominal and perturbed two-body 2BVP

7.6 Contour Map for the Nominal Two-Point Boundary Value

Problem

In order to analyze the perturbed two-body two-point boundary value problem,
the perturbation theory for Hamilton’s principal function can be applied to obtain
the required change in initial velocity necessary to hit the target point, and therefore
have a ”corrected” two-point boundary value problem. If the goal of the mission is
to go from 7r¢g; to ry; in a transfer time T = t; — gy, one can calculate the nominal
trajectory in phase space and use that result to obtain the necessary AV, to solve the

perturbed case.
The theory is useful to solve individual cases of two-point boundary value prob-

lems, and might offer fuel savings in certain situations, however not much insight to

the problem is gained with such approach. Instead, the behavior of the system in the
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vicinity of the solution can be studied by simultaneously solving multiple two-point
boundary value problems. This can be done by solving the nominal problem that
transfers a particle from rg; to r1; in time T' = t; — ty while calculating the total im-
pulse, AV, of the transfer. Solutions in the vicinity of the problem can be obtained
by slightly deviating the final position 7y; and the final time t¢;. This method will
allow to obtain a contour map of the total impulse cost of the transfer around the

vicinity of the solution.

An example of this method is illustrated by Fig. 7.6. Consider a spacecraft
on a circular low-Earth orbit. The desired maneuver is a Hohmann transfer to a
circular geocentric orbit, where the transfer angle is © = 180 degrees. The goal is to
study what happens in the vicinity of the solution at ry;, therefore several Lambert’s
problems have to be solved simultaneously. In order to do that, the transfer angle
and transfer time are slightly deviated by A© and AT from the Hohmann solution,
as illustrated in Fig. 7.6, while the initial position remains the same for all orbits,
.

In order to carry out this procedure, the Hohmann transfer needs to be solved
first yielding the nominal solution for the transfer. The total transfer impulse, AV,
and the transfer time, Ty, to go from initial position vector, r¢;, to the final position
vector, ry;, are obtained. Simultaneously, the transfer is deviated by an angle A©®
and transfer time AT while transferring to the same intended orbit. By solving for
the required transfer impulse for several points in the (A©, ATy) space, where the
point (0, 0) corresponds to the Hohmann transfer, a contour map of the vicinity of the

Hohmann transfer can be obtained. The contour lines would illustrate the different

impulse levels AV

Consider then a spacecraft in a circular low-Earth orbit where the desired ma-
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Figure 7.6: Hlustration of the vicinity of the Hohmann transfer

neuver is a two-impulse transfer to a circular GEO orbit, one at the beginning of
the transfer and one at the end. The distances are normalized by the Earth-Moon
semimajor axis D = 3.844 x 10° km. Therefore the initial and final semimajor axes
of the circular orbits are ag = 0.01743 and a; = 0.11 respectively. The normalized

radius of the Earth is therefore Rr = 0.01665.

The masses are normalized by the total mass of the Earth-Moon system. Therefore
the gravitational parameter of the Earth and Moon are p; = 0.98785 and o = 0.01215

respectively. The mass of the spacecraft is assumed to be negligible.

The time parameter is normalized by the Moon’s orbit period around the Earth,
Ty = 2.3606 x 10° seconds. The Hohmann transfer time from a low-Earth or-
bit to a geocentric orbit is Ty = 0.0508. The total impulse for this transfer is
AVy = AVy+ AV) = 2.3634 + 1.4294 = 3.7928
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Figure 7.7: AV Contour map around the Hohmman Transfer

The equations of motion for the nominal trajectories are solved by using the ode4b
function in MATLAB, which is a Runge-Kutta numerical integrator. The time step

of the integration is At = 1E — 5, and the relative tolerance is 1E — 9.

Figs. 7.7 and 7.8 illustrate these contour maps for the nominal two-body two-

point boundary value problem solutions. The values of the contour lines are relative

to the Hohmann transfer results, the relative Hohmann transfer impulse being zero.
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7.7 Implementation of Perturbation Theory to Perturbed

Contour Map

The goal of the application of the perturbation theory is to create a velocity im-
pulse contour map of the perturbed system, allowing to find the most fuel efficient
trajectory. If the perturbation is relatively small, the optimal solution of the per-
turbed system should be close to the nominal solution in the transfer angle-time
space (AO, ATy). If the perturbation is relatively large, the perturbed optimal solu-

tion could be far from the optimal nominal solution in the angle-time space.

As shown by the perturbation theory developed in Chapter IV the nominal so-
lution is sufficient to obtain the perturbed solution. The perturbation theory yields
the necessary change in the initial nominal velocity in order to hit the desired target.
A contour map of the perturbed system allows to obtain the fuel-optimal solution in

the transfer angle-time space.

In order to build the contour map, several steps must be taken. First, the ranges
of the angle shift A©® and transfer time shift ATy, where the origin, (0,0), belongs
to the Hohmann transfer have to defined for the contour map, as well as the number
of points to build the contour map. The initial position is the same for all transfer

orbits, which corresponds to the initial Hohmann transfer position, ré?).

When the transfer parameters are set, the trajectories can be obtained for the
nominal Keplerian orbits. These nominal trajectories can be used for the perturba-
tion theory to obtain the correction velocity terms that will yield the desired target,
and the trajectories in phase space of the perturbed system. The correction terms,

AVO(ia)’s, yield a change in velocity to solve the perturbed two-point boundary value
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problem, § VE](Z-*):

N
AV = AV + 3T AV, (7.43)

a=1

The corrected impulse AV[; yields a trajectory such that the particle will be at
the intended TS) despite the presence of a perturbation. The second impulse to enter
the target orbit can be obtained from the local circular velocity, V¢, and the veloc-
ity of the particle when reaching the target point, Vl(i*), which is obtained from the

perturbation theory:

AV = Vie = VY, (7.44)

where V¢ is the local circular velocity of the target orbit. Therefore, the total trans-

fer impulse of the perturbed two-point boundary value problem is:

N
AV = AVy + AV =AY + YAV + Vie = 1. (7.45)

a=1

These results can be used to build a contour map of the total cost of the transfer
as a function of the transfer angle and transfer time. It is important to note that

the accuracy of the results will depend on the order to which the theory is solved.
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Obtaining solutions for higher orders of the theory is computationally burdensome as
higher order state transition tensors are involved. However, for small perturbations
first order theory is usually sufficient, but for larger the perturbations higher orders

might be needed to accurately solve the problem.

7.7.1 Numerical Errors in LEO to GEO Transfer

Consider again a spacecraft going from a low-Earth orbit to a geostationary orbit
on a Hohmann transfer. The oblateness parameter of the Earth is increased by a
factor of 100 to show how the theory performs in a more perturbed environment,
therefore the oblateness parameter Cyy = —0.1. The orbit transfer occurs between
a low-Earth orbit with a semimajor axis ay = 0.01743, to a geocentric orbit with a
semimajor axis a; = 0.11. The transfer time is Ty = 0.0508.The goal is to show the
accuracy of the theory for the first two orders compared to the true solution with

different time steps for the numerical simulations.

The nominal solution is calculated by integrating the equations of motion using
the ode4b function in MATLAB, the integration time step is At = 1E —6, the relative
tolerance of the numerical integration is 1 £ —13. The correction to the initial velocity
is calculated by quadratures of the integrals given by the perturbation theory. The

quadratures are obtained using basic mid-point rule:

t1

/F(t)dt = (t; — to)F <t° _g tl) . (7.46)

to

For the 0" order (nominal) solution, the final position error is 2.4516 4 km, and
the relative error of the initial velocity that solves the two-point boundary value prob-

lem is 0.0720.
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Figure 7.9: Semi-Log Plot of Initial Velocity Error

Fig. 7.9 shows the relative error in the calculation of the initial velocity for varying
degrees of time-step calculations first-order and second order corrections using the
perturbation theory. It’s interesting to note that in order to obtain accurate results,
small time steps must be taken in the quadrature scheme. This makes sense as the
order of calculation is increased the correction term will be smaller for each order,
resulting in more sensitive numerical accuracies.

Fig. 7.10 shows the error in the final spacecraft target as the integration step sizes
vary for first and second order calculations for this highly perturbed example. The
errors for both first and second orders level-off for Aty = 1E — 4, however, At is at

least an order of magnitude smaller for these cases.

These results imply that the first order results need to be calculated very precisely
in order to have accurate second order results. Second order calculations depend di-

rectly on the first order, so the larger the error in the first order, the worse the result.
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This can be seen for the case of At; = 1E — 4, where the initial velocity calculations

actually diverges with the second order.

7.7.2 Example: Perturbed LEO to GEO Hohmann Transfer

Figs. 7.7 and 7.8 illustrate a contour plot of the nominal two-point boundary
value problem for the two-body problem. The contour lines represent the total AV
cost of the low-Earth orbit to geocentric orbit transfer for different coordinates trans-
fer angle-time (AO, ATy). These coordinates represent the deviation in the transfer
angle and transfer time from the Hohmann transfer. Note that despite this devia-
tion, the transfer is still a low-Earth orbit to a geocentric orbit transfer, while finding
solutions to the Lambert’s problem instead of solving the Hohmann transfer. This is

illustrated in Fig. 7.6.

For the Keplerian transfer, where no perturbing forces are present, it is expected

136



that the least costly two-impulse transfer will be the Hohmann transfer. Fig. 7.7

shows that this is the case on a larger scale where nonlinearities are present.

Fig 7.8 shows a more detailed illustration around the Hohmann transfer. The
region around the nominal solution shows linear variations around the origin due to
the very close proximity to the origin. Dynamics in this case are in the linear region,
as the range of values for A© and ATy are very small. Recall that Ty = 0.0508 for
the low-Earth orbit to geocentric orbit Hohmann transfer. The contour lines indicate
the deviation from the total Hohmann transfer cost, AV. As expected, the minimum
occurs at the Hohmann transfer point (A©, ATy) = (0,0), and it increases as we

deviate from the nominal solution.

The Moon’s phase angle with respect to the inertial frame centered at the Earth
influences the results obtained from the perturbation theory. The tidal effect of the
Moon’s gravity on the spacecraft differs as a function of the Moon’s position with
respect to the spacecraft. The initial phase angle of the Moon is chosen to be ® = 7,
since this phase angle has the most significant influence of all quarter-phase angles
0,3, m, 37”) Earth’s higher order gravitational field also causes the actual results to

differ from the nominal solution. Earth’s oblateness parameter is Cyy = —0.001.

The correction terms for the initial impulses are calculated to the first order, as
it it sufficient for a small perturbation such as Earth’s oblateness. The quadratures
are calculated using the midpoint rule given in Eq. 7.46. The time step used for the
calculation is At = 1E — 5.

Fig. 7.11 shows the total AV contour of the corrected transfer in the presence of
perturbing forces. The theory is used to find the necessary change in AV's to solve

the perturbed two-point boundary value problem. As it can be seen, the contour has
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Figure 7.11: Detailed AV Contour map of the perturbed 2BVP solution

now shifted to another region of (A©, ATy). The total AV of the transfer is also
less than the Hohmann transfer AV. This implies that depending on the perturbing
forces and their effects, one can find more cost efficient transfer using the theory and

the subsequent approach to solving two-point boundary value problems.

7.7.3 Physical Explanation of Perturbed Contour Map Results

Fig. 7.8 shows smooth and consistent yet tilted ellipsoids around the Hohmann
transfer solution (AO, ATy = 0,0). Although at first this ”tilt” might not appear

intuitive, it makes perfect sense from a dynamical standpoint.

The figure tells us that if the transfer angle is less than 180 degrees (A® < 0), the
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optimal transfer time must be shorter than the Hohmann transfer time because it will
require less change in energy to get there. Since the target final position is closer to

the initial point, the time to get there should be less than the Hohmann transfer time.

Conversely, if the desired transfer angle is greater than 180 degrees (A© > 0)
a longer transfer will require less change in energy, making it more fuel-efficient for
two-impulse transfers. The further the target point is from the Hohmann transfer the

greater the transfer time to get there.

Fig. 7.11 shows the total AV contour of the perturbed two-body two-point bound-
ary value problem. The new fuel optimal target point is now located at (A©, ATy)
= (—0.00175,—0.00023), which implies that the solution has shifted to a target point
further away from the Hohmann transfer final position and the transfer time is greater

than Ty.

Note that this results are only an example as the perturbation effects depend
on the phase angle of the Moon. Different phase angles will offer different results.
However, for this particular case (® = 7) the shift in transfer angle and time also
offer a more fuel optimal transfer than the Hohmann transfer. The contour lines
indicate the relative total cost of the transfer. The transfer cost for this example
is AV = —0.0024115, which is about 0.06% lower cost than the nominal Hohmann
transfer cost. The total cost of the perturbed Hohmann transfer is AV = 3.7905,

therefore the perturbation method offers a saving.
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CHAPTER VIII

Example: Solving the Perturbed Two-Body Initial

Value Problem

The initial value problem involves solving the variables of the equations of motion
given a set of initial conditions for these variables. For a Hamiltonian dynamical
system, solving this problem involves obtaining the generalized coordinates and mo-

menta over time [g;(t), p;(t)] given the initial set of conditions [qo; (o), poi(to)]-

Solutions to the initial value usually involve numerical integration methods, how-
ever these methods do not give a qualitative interpretation of the system. Obtaining
qualitative solutions allows to further analyze the system, and this can be applied to

mission design analysis problems.

8.1 Perturbation Theory for the Two-Body Problem Hamil-

ton’s Principal and Characteristic Functions

As described in Chapter V, the difference between the nominal and perturbed
generalized momenta at t; can be obtained from the perturbation theory developed

for the principal function by differentiating with respect to the generalized coordinates
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at tli

t1
(1) _ [ o0HW Ohy;
P1 9q; Opqri
to

(8.1)

Similarly, the difference in the generalized coordinates at t; can be obtained from
the perturbation theory developed for the characteristic function, by differentiating
the characteristic function with respect to pq;:

8H(1) 8pr
ql’ Opj ab:l?h 2

a—1 B) (a—B)
aq (C“ ) aqi (6)
qu =3 f LZ_:I (apo q; + “opy, q; )] dt.

to

Therefore, combining Eqgs. 8.1 and 8.2 leads to the perturbed state of the system

at tl-

8.1.1 First-Order Perturbation Theory for the Two-Body Initial Value
Problem

Analyzing the perturbed initial value problem for the two-body problem to the
full order can be burdensome and impractical. Therefore, the perturbed system can
be conveniently to analyzed with a first-order perturbation theory. In the two-body

problem, the perturbation analysis becomes an easier problem, as it reduces the
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perturbation integrals to a simple compact form. The first order perturbed state
term for the two-body problem at state ¢; is:
t1

) = / (s, )7 HO] dr, (®.3)

to

where J is the identity block-matrix, and ® is the state transition matrix. The first

order solution to the perturbed state is therefore:

t1
11 = D(ty, to):i"'((]o) +e /N(tl, T)dr |, (8.4)
to
@17 . .
where N(ty,7) = |®(t1,7)JHy | . Delaunay elements offer a practical set of canoni-

cal variables to solve the two-body initial value problem, as they are a function of the
classical orbit elements. Recall the set of Delaunay elements that describe Keplerian

orbits:

la=M Ly = \/ua (8.5)
ga =w Gg=Lqv1—e? (8.6)

hd =0 Hd = Gd COS'é, (87)

The first order perturbation terms of the Delaunay elements with respect to the

nominal system can be obtained by the following integral:
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Eq. 8.8 allows to predict the first-order perturbed Delaunay elements for the two-

body problem.

8.2 Implementation of the First-Order Perturbation Theory

to Numerical Simulations

The goal of applying the perturbation theory in the two-body problem is to accu-
rately predict the Delaunay elements of the perturbed system for an arbitrary time.
First of all the nominal system is defined, where the gravitational parameter of the
central body is p;. The initial orbit of the particle must be defined, which will yield
the initial orbit elements. These orbit elements can be used to obtain the initial
position and velocity vectors, as well as the Delaunay elements. With the given in-

formation, the nominal solution can be obtained from well-known two-body equations.

The nominal solution is then used for the perturbation theory, allowing to obtain
the perturbed Delaunay elements for a specified time. For perturbations that are
relatively small, the first order theory is sufficient to solve the problem. For larger

perturbations, higher orders of the theory will solve the problem with better accuracy.
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However, higher orders also mean more complex numerical algorithms involving state

transition tensors, increasing the burden on the numerical calculations.

Despite the first order perturbation theory being best suited for small perturba-
tions, it can also be used for larger perturbations or for simulations where the time
period is large. Instead of carrying out the integral given b y the perturbation theory
from the initial time ¢ to the final time ¢;, the simulation time can be broken into
smaller time frames, such that the perturbation is applied several times over that

time span. From calculus,an integral can be divided into several integrals:

1 2

]V Ft)dt — / F(t)dt + / F(t)dt + ..+ ]v Ft)dt. (8.9)

0 1

For the perturbation theory, if the integration limits are divided into smaller
intervals allows to create a feedback system that improves the first-order solution,
especially when perturbations are relatively large. The feedback system can be sum-

marized as follows:

1. Obtained the nominal solution from ¢, to t.

2. Obtain the perturbed solution from ¢, to t, using the nominal solution.

3. Calculate the Delaunay elements of the perturbed system.

4. Calculate the perturbed orbit from the result given by the perturbation theory.

5. The perturbed orbit at this time step is the nominal orbit for the next time

step.

6. Obtain the nominal solution from t, to t. using the perturbed orbit at ¢, from

the previous time step as the initial conditions.
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7. Obtain the perturbed solution from ¢, to t. using the "new” nominal solution.
8. Calculate the Delaunay elements of the perturbed system.
9. Calculate the perturbed orbit from the result given by the perturbation theory.

10. The perturbed orbit at this time step is the nominal orbit for the next time

step.
11. Repeat the process starting with ¢, until the final time is reached.

The pattern shown above allows for the perturbation theory to obtain feedback
on the "new” nominal solution for each time step and solve the perturbed problem
for the next step. This allows to make the time steps arbitrarily small and therefore
minimize the amount of error in the presence of a relatively large perturbation. The
accuracy of results will depend on the amount of time steps taken. This method
yields the perturbed Delaunay elements at each time step, and can be compared to a
solution calculated by numerical integration of the equations of motion to check for

accuracy.

8.2.1 Application of the Perturbation Theory to the Restricted Three-
Body Problem

The restricted three-body problem is of particular interest for the initial value
problem theory. As seen in Chapter VI, the restricted three-body problem can be
viewed as a rotating two-body problem perturbed by the presence of a third body.
The perturbation theory can be used to analytically solve the restricted three-body
problem. In this case The nominal orbit is a Keplerian two-body orbit while the third
body is introduced as a perturbation. All the orbit elements are calculated from the

central body in the Keplerian problem, although that is not necessary.
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The equations of motion for restricted three-body problem can be expressed from
one of the bodies as the origin, as was shown in Chapter VI. This allows for a simple
implementation of the theory using the Keplerian two-body problem as the nominal

solution, while introducing a third body as the perturbation.

The perturbation theory is used to obtain the Delaunay elements from the central
body in the presence of a perturbation. The coordinates and velocities of the re-
stricted three-body problem can be obtained by viewing the problem as a perturbed

two-body problem perturbed by the presence of the third body.

Analytically obtaining the Delaunay elements can be used to design low-energy
spacecraft trajectories by developing a Keplerian map (17). The Keplerian map con-
sists of a map of the argument of periapse versus the semimajor axis of the orbit
at each periapse passage of the spacecraft. Fig. 8.1 shows a Keplerian map for an
orbit with semimajor axis a = 1.35 and eccentricity e = 0.23. Both the semima-
jor axis and the argument of periapse can be obtained from the Delaunay elements,
while the periapse passage occurs when the mean anomaly, which is the Delaunay ele-

ment [, is equal to zero. The "holes” in the map correspond to stable resonant islands.

The Keplerian map allows to identify regions where transfer trajectories are pos-
sible. This application is most useful for long duration spacecraft missions where
multiple orbit transfer are necessary. Examples include spacecraft missions to multi-
moon planets and multiple fly-by missions. The goal of such maps is to minimize fuel
use and use the gravitational pull of the bodies to perform orbit transfers. Ideally,
these missions would require no fuel to accomplish objectives, however in real life

some fuel would probably be used.
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BT Keplerian Map for the Restricted Three-Body Problem: a = 1.35, e =

0.23
8.2.2 Low-Energy Spacecraft Mission Design

The results obtained by the perturbation theory for the initial value problem can
be used to design low-energy spacecraft mission design. Ross and Scheeres (2007) de-
veloped a framework where they derive a Keplerian periapse kick map to find escape

and capture trajectories for multi-moon missions (17).

Moreover, Grover and Ross (2008) further applied the results obtained by Ross
and Scheeres to design realistic Jupiter-Europa-Ganymede mission (18). They ac-
knowledge that no-fuel trajectories are not feasible due unrealistic time-of-flights,

and develop a methodology to obtain low-thrust control inputs for desired targets.

However, the methods developed by Ross and Scheeres and Grover and Ross are

best suited for qualitative analysis, which is important for mission design problems.
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The proposed theory in this thesis leads to a method to accurately solve initial value
problems that they are approximating for low-energy mission design problems. By
obtaining solutions that are quantitatively accurate the mission design problem be-

comes more practical and the solution is no longer needed to use as an initial guess.

Additionally, their methods are restricted to the planar problem which limits mis-
sion design options by eliminating orbits that are inclined. The perturbation theory
and method developed in this thesis are valid for the full dynamics of the system,
including out of plane motion. This fact allows for a wider range of possible trajec-

tories in low-energy mission design problems.

8.3 Numerical Example: Planar Perturbed Two-Body Prob-

lem

Consider a spacecraft orbiting the Jupiter-Europa planet-moon system, where
the planet is of mass m; = 0.99994333, and the moon’s mass is ms = 0.00005667.
The nominal system is the Keplerian two-body problem where the particle orbits the
planet with a semimajor axis a = 1.35 and eccentricity e = 0.2. The initial position

occurs at the periapsis of the nominal orbit around Jupiter.

The nominal orbit is obtained by integrating the equation of motion using the
4" order Runge-Kutta integration function, ode45 in MATLAB. The time step size
for the numerical integration is At = le — 5, and the nominal orbit is updated 1,
10, and 100 times for different simulations, using the feedback algorithm described

in the previous section. The relative tolerance of the numerical integration is 1£ —13.
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The perturbation theory is applied using the nominal solution obtained by Runge-
Kutta numerical integrator described above. The quadratures in the perturbation
theory are solved by using the extended Simpson’s rule, and the time step size is
At = 1E — 5. The perturbation theory is carried out using 1, 10, and 100 updates

per orbit for different simulations.

The actual orbits of the spacecraft are calculated using the ode45 using a time
step size At = 1E — 5 and a relative tolerance of 1E — 13. Each orbit is broken
into 1000 segments of equal size in time, and the perturbed equations of motion are

integrated from segment to segment.

Figs. 8.2, 8.3, 8.4 show the argument of periapse after 10 nominal orbits of the
particle around the planet, with 1, 10, and 100 integration steps per orbit respectively.
The figures contain the quantities nominal and perturbed quantities, along with the
calculation by the theory. The figures show how the results improve by increasing

the integral steps.

Similarly, Figs. 8.5, 8.6, 8.7 show the the Keplerian energy term, L, after 10
nominal orbits of the particle around the planet, with 1, 10, and 100 integration steps
per orbit respectively. The figures contain the quantities nominal and perturbed
quantities, along with the calculation by the theory. The figures show how the results
improve by increasing the integral steps.

In order to build a periapsis Keplerian map the argument of periapsis and the
semimajor axis of the orbit are calculated at each true (perturbed system) periapsis,
or when the true mean anomaly is zero, [ = 0. Fig. 8.8 shows the Keplerian map
obtained from the theory, while Fig. 8.9 shows the actual Keplerian map. The maps

are obtained through 1£4 nominal Keplerian orbits.
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However, these two figures are not as interesting as they lack the clear ”swiss
cheese” structure where resonant islands are clearly identified. Fig. 8.10 shown earlier
offers a better illustration of the ”swiss cheese” structure where the "holes” represent
stable resonant islands. This latter case is for the same semimajor axis a = 1.35,
but the eccentricity is e = 0.23, build through 1.5F4 nominal orbits. Theorbits of
the spacecraft are calculated by the extended Simpson’s quadrature method for the

theory and using a time step size At = 1F — 4 and a relative tolerance of 1F — 13.

8.3.1 Numerical Example: Non-Planar PerturbedTwo-Body Problem

Consider a spacecraft orbiting a central body of mass m; = 0.99. The semimajor
axis of the orbit is a = 0.5, the eccentricity e = 0.2 and the inclination is 2 = 7. The
system is perturbed by the presence of a third body of mass ms = 0.01. The nominal

system is a Keplerian orbit and the initial position is set at the periapsis of the orbit.
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The nominal orbit is obtained by integrating the equation of motion using the
4" order Runge-Kutta integration function, ode45 in MATLAB. The time step size
for the numerical integration is At = le — 5, and the nominal orbit is updated 1,
10, and 100 times for different simulations, using the feedback algorithm described

in the previous section. The relative tolerance of the numerical integration is 1£ —13.

The perturbation theory is applied using the nominal solution obtained by Runge-
Kutta numerical integrator described above. The quadratures in the perturbation
theory are solved by using the extended Simpson’s rule, and the time step size is
At = 1E — 5. The perturbation theory is carried out using 1, 10, and 100 updates

per orbit for different simulations.

The actual orbits of the spacecraft are calculated using the ode45 using a time
step size At = 1E — 5 and a relative tolerance of 1E — 13. Each orbit is broken
into 1000 segments of equal size in time, and the perturbed equations of motion are

integrated from segment to segment.

Figs. 8.11, 8.12, 8.13 show the change in longitude of the ascending node of
nominal system, the actual perturbed solution, and the solution calculated by the
perturbation theory. Similarly, Figs. 8.14, 8.15, 8.16 show the change in the angular
momentum projection element, H, which is directly proportional to the cosine of the

inclination of the orbit.

The figures show that the accuracy of the theory increases as more steps per orbit

are calculated.
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8.4 Application of the First-Order Perturbation Theory to

the Perturbed Restricted Three-Body Problem

The perturbed restricted three-body problem where one of the bodies has a higher
order gravity field can be modeled as a perturbed rotating two-body problem, where
the gravitational tidal force of one of the bodies and the higher order gravity field act

as perturbing forces.

In order to illustrate the perturbed restricted three-body problem, let the central
body be an oblate body with an oblateness parameter, C50. The equations of motion

of the particle with respect to the first primary are expressed as:

2

To; — T —T1; To;i — T'14 /J,3020RB
-—=
2 )

(2

.. /r’
F=—— + — g — — 8.10
'ul7“3 'u2|7’2i—7“i—7“1i|3 'u2|7“2¢—7’1i|3 ( )

where r; is the position vector of the particle from the central body, r; and ry;
are the position vector of the first and second primaries from their barycenter, and
Rp is the radius of the first primary. The nominal system is a Keplerian orbit of the

particle around the first primary.

Consider a spacecraft orbiting a central body of mass m; = 0.5. The semimajor
axis of the orbit is a = 0.1, the eccentricity e = 0.1, while the inclination is zero, mak-
ing it an equatorial orbit. The system is perturbed by the presence of a third body
of mass my = 0.5, and by the oblateness parameter of the first primary C50 = —0.1,
which is 100 times greater than the Earth’s. The mean radius of the primary is,
Rp = 0.01665 The nominal system is a Keplerian orbit and the initial position is set

at the periapsis of the orbit.
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The nominal orbit is obtained by integrating the equation of motion using the
4" order Runge-Kutta integration function, ode45 in MATLAB. The time step size
for the numerical integration is At = le — 5, and the nominal orbit is updated 1,
10, and 100 times for different simulations, using the feedback algorithm described

in the previous section. The relative tolerance of the numerical integration is 1E —13.

The perturbation theory is applied using the nominal solution obtained by Runge-
Kutta numerical integrator described above. The quadratures in the perturbation
theory are solved by using the extended Simpson’s rule, and the time step size is
At = 1E — 5. The perturbation theory is carried out using 1, 10, and 100 updates

per orbit for different simulations.

The actual orbits of the spacecraft are calculated using the ode45 using a time
step size At = 1E — 5 and a relative tolerance of 1E — 13. Each orbit is broken
into 1000 segments of equal size in time, and the perturbed equations of motion are

integrated from segment to segment.

Figs. 8.17, 8.18, 8.19 show the change in argument of periapse of the nominal sys-
tem, the actual perturbed solution, and the solution calculated by the perturbation
theory. Similarly, Figs. 8.20, 8.21, 8.22 show the change in the angular momentum

element, G, which is directly proportional to the cosine of the inclination of the orbit.
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Figure 8.17: Argument of periapse for the Perturbed R3BP: 1 Step per Orbit
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8.5 Interpretation of Numerical Results from Perturbation

Theory

The perturbation theory for the initial value problem was applied to the restricted
circular three-body problem, which is viewed as a perturbed rotating two-body prob-
lem. The system is simulated as a two-body problem where the introduction of the

third body acts as a perturbing potential.

The nominal and the perturbed system are obtained using the ode45 4™ order
Runge-Kutta integrator in MATLAB, with an integration time step size of At =
1E — 5. The quadratures in the perturbation theory are calculated using the ex-

tended Simpson’s rule.

The values of the Delaunay elements using the perturbation theory were obtained
by using 1, 10, and 100 steps per orbit, obtaining values of the Delaunay elements
for each step. Taking several steps per orbit allows to create a feedback system for
the perturbation theory by keeping the integration intervals small, therefore smaller

orders of the perturbation theory can be used without incurring in significant errors.

It is shown in the numerical examples that the results from the first-order per-
turbation theory improve as more steps per orbit are taken. The examples presented
show the validity of the first-order perturbation theory, even when the perturbing

effects are not small and the simulation times are several orbits in length.
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CHAPTER IX

Conclusions

The dissertation ” A Perturbation Theory for Hamilton’s Principal Function: Ap-
plications to Boundary Value Problems” presents a theory to obtain perturbed the
Hamilton’s principal and characteristic functions for a Hamiltonian dynamical sys-
tem. The perturbation theory is further developed to solve two-point boundary value
problems. The two-point boundary value problem can be reversed and converted into
an initial value problem. Consequently the perturbation theory can be used to solve

initial value problems.

The perturbation theory arises from Hamilton’s principle and his original work on
dynamics. Sir Rowan Hamilton discovered a fundamental function that contains the
dynamics of a Hamiltonian system. The equations of motion can be obtained through
simple differentiation and eliminations of this function, which is called Hamilton’s
principal function. A similar function called Hamilton’s characteristic function can

be used to obtain the dynamics of the system in a similar manner.
Chapter III describes the derivation procedure of the perturbation theory for

Hamilton’s principal and characteristic function. The principal function is expanded

around the nominal solution by a small parameter e. The Hamiltonian of the nominal
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is also perturbed, and using the required boundary conditions and partial differential
equations that the principal function must satisfy, it is shown how to obtain the per-

turbed principal function.

Similarly, Hamilton’s characteristic function is expanded around the nominal solu-
tion by the same small parameter €. The characteristic function can also be obtained

by solving a different set of boundary conditions and partial differential equations.

Chapter IV develops the perturbation theory in chapter III to solve perturbed
boundary value problems. It is shown in chapter /I that Hamilton’s principal and
characteristic functions can solve boundary value problems. Using this fact, it is
shown that the perturbed Hamilton’s principal and characteristic functions can each
solve a specific type of principal function. In order to successfully solve perturbed
two-point boundary value problems the endpoint constraint has to be taken into ac-

count, and it is shown how to solve the problem.

Chapter IV develops the perturbation theory for the two-point boundary value
problems to solve the initial value problem. The endpoint constraints are removed
and the results for the principal and characteristic functions are combined to solve

the initial value problem.

In chapters VI, VII, andVIII the perturbation theories are applied to the two-body
and three-body problems. It was shown that a Hohmann transfer might save fuel
when perturbations are present by analytically finding a family of solutions around

the nominal transfer.

Additionally, the restricted three-body problem is solved by obtaining analytical
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solutions for the perturbed rotating two-body problem. These results can be used to

derived a Keplerian periapse map for low-energy spacecraft mission design.

Hamilton’s principal and characteristic functions have traditionally been used to
solve the initial value problem, and generating functions have been favored to solve
these type of problems. However, the principal and characteristic functions have dif-

ferent underlying structures and solve different problems.

Solving the perturbed two-point boundary value problem analytically offers a
qualitative and quantitative tool that offers a unique insight to perturbed problems.
Solving the initial value problem analytically also proves to be useful in understand-
ing the behavior of perturbed systems, which can be applied to designing systems of

interest.

Sir Hamilton developed a first order perturbation theory using Hamilton’s prin-
cipal function. This perturbation theory was used to solve the initial value problem.
However, it makes assumptions about the system that are not valid for large per-
turbations, and the method is cumbersome and valid only to the first order. The
proposed theory in this thesis completes Hamilton’s work by expanding it to higher

orders and developing it in a straight-forward manner.

9.1 Future Work

The work developed and presented in this dissertation can be further applied and

developed to solve other problems, as well as applied in different areas.

Higher order solutions: The numerical simulations for the two-point boundary
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value problem were developed to the second order, while the initial value problem
was developed to first order. Introducing higher order solution could lead to more
accurate solutions, especially for highly perturbed environments. However, this will
lead to computational complexities as higher order state transition tensors have to be
implemented. Park and Scheeres developed a method to do these calculations (39) .

Software package: The perturbation theory has been applied to solve specific prob-
lems, and computer algorithms were developed. A complete software package could
be developed to solve any perturbed Hamiltonian dynamical system using higher or-

der perturbation theory.

Formation flight problems: Guibout and Scheeres developed a method to solve
formation flight problems using the generating function for the canonical transfor-
mation (38). The generating function was used to solve the two-point boundary
value problem and design formation flight trajectories. Due to the similarities be-
tween the generating function and the principal function, the perturbation theory for
hamilton’s principal and characteristic functions can be applied to solve perturbed

formation flight problems.

Optimal control problems: Optimal control problems can be modeled as Hamil-
tonian dynamical systems. Park and Scheeres used generating functions to solve
optimal control problems (44). Due to similarities between the generating function
and Hamilton’s principal function, Hamilton’s principal function can be used to solve

optimal control problems.
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APPENDIX A

Partial Differential Equations of Parameters in

Lambert’s Theorem

The following equations show the relationship between the angles in Lambert’s

theorem and the position vectors through the chord ¢ and the parameter s:

sin & = i, (A.1)
2 2a
sin =/ C (A.2)
2 2a
cos e =, [1- > (A.3)
2 2a’ '
s—c
—=4/1- A4
cos 3 5o (A.4)
sinh 2 = [ —— (A.5)
e TV e '
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~y S
h-=,/1+— A
cOS 5 +—2a’ ( 7)

1) s—c
h—-=4/1 . A8
cosh 2 + —oa (A.8)

The following equations are the partial differential equations of the angles in Lam-
bert’s problem with respect to the initial and final position vectors, the semimajor

axis,:

dn_ 2 1esyn(oy g doa
8a_w/1—%2 2a 2a? acos%_ a
B LB
v _ _Z = Al
9 atan 5 (A.10)
v 2 1 s \ V2 s 1 sinh 3 1 0
A — — ) =—-= = —— tanh — A1l
da 1+ 52 (—2@) <2a2) a cosh 3 a MY ( )
o) 1 )
- h= A12
da atan 2 ( )
88 1 ’Fi (Fg —Fl)
e ———_—.,_—-—_2Pr: A.13
87’1 2 |’f’1| |’f’2—’l“1| ( )
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APPENDIX B

Partial Differential Equations of Third Body

Effects with Respect to Delaunay Elements

Consider the set of Delaunay variables for the two-body problem:

,u
g=w G=LV1—e? (B.2)
h = H = G cosi. (B.3)

The third body tidal perturbation potential for the two-body problem can be

written as

1 (T — 7)) - 7
:/”L2 — - — — )
\7”2—Fl \7”2—7‘1\

R

(B.4)

where 7 is the distance from the main primary to the orbiting body, 7 is the position
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vector of the primary with respect to the barycenter of the two massive bodies and 7%

is the distance from the barycenter of the two massive bodies to the secondary body.

The position vector of the orbiting particle with respect to the main primary can be

expressed in terms of the Delaunay elements:

cos(g + f)cosh —sin(g + f)sinhcosi
=1 | cos(g+ f)sinh+sin(g + f) coshcosi |
sin(g + f)sini

where the distance from the main primary to the orbiting particle is

a(l—¢€?)
 l4ecosf’

(B.5)

The true anomaly, f, can be obtained through the following relationships with

the eccentric and mean anomalies:

tani 1+e nE
2 1—e¢ 2’

and

[=F —esin k.
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The partials of the perturbation with respect to the position coordinates and ve-

locities are

OR OR |0ror Or| Of OF

a5 [Ea—f + a—f} 9E Ol (B.9)
OR OROT
OR OROF

9L ~ o |or |daoL afoEoe ) on| T af \oE 9e T oe ) oL
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de " Of de ' Of OF Oe
(B.12)
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where the following partials occur:
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