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ABSTRACT

Dynamics and Control of Satellite Relative Motion
in a Central Gravitational Field. (December 2006)
Prasenjit Sengupta, B.Tech., Indian Institute of Technology, Kharagpur;
M.S., Texas A&M University

Co—Chairs of Advisory Committee: Dr. Srinivas R. Vadali
Dr. Kyle T. Alfriend

The study of satellite relative motion has been of great historic interest, primarily
due to its application to rendezvous, intercept, and docking maneuvers, between
spacecraft in orbit about gravitational bodies, such as the Earth. Recent interest in
the problem of satellite formation flight has also led to renewed effort in understanding
the dynamics of relative motion. Satellite formations have been proposed for
various tasks, such as deep-space interferometry, and terrestrial observation, among
others. Oftentimes, the rich natural dynamics of the relative motion problem near a

gravitational body are exploited to design formations of a specific geometry.

Traditional analysis models relative motion under the assumptions of a circular
reference orbit, linearized differential gravity field (small relative distance), and
without environmental perturbations such as oblateness effects of the attracting body,
and atmospheric drag. In this dissertation, the dynamics of the relative motion
problem are studied when these assumptions are relaxed collectively. Consequently,
the combined effects of nonlinearity, eccentricity, and Earth oblateness effects on

relative motion, are studied. To this end, coupling effects between the various



v

environmental perturbations are also accounted for. Five key problems are addressed
- the development of a state transition matrix that accounts for eccentricity,
nonlinearity, and oblateness effects; oblateness effects on averaged relative motion;
eccentricity effects on formation design and planning; new analytical expressions for
periodic relative motion that account for nonlinearity and eccentricity effects; and
a solution to the optimal rendezvous problem near an eccentric orbit. The most
notable feature of this dissertation, is that the solutions to the stated problems are
completely analytical, and closed-form in nature. Use has been made of a generalized
reversion of vector series, and several integral forms of Kepler’s equations, without

any assumptions on the magnitude of the eccentricity of the reference orbit.
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Where the mind is without fear and the head is held high;

Where knowledge is free;

Where the world has not been broken up into fragments by domestic walls;

Where words come out from the depth of truth;

Where tireless striving stretches its arms towards perfection;

Where the clear stream of reason has not lost its way into the dreary desert sand of
dead habit;

Where the mind is led forward by Thee into ever-widening thought and action —

Into that heaven of freedom, my Father, let my country awake.

— Rabindranath Tagore (1861-1941), Gitanjali
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CHAPTER I

INTRODUCTION

The problem of relative motion between multiple satellites in orbit about an attracting
body, such as a planet, has provoked great interest for many years. In the context of
this dissertation, relative motion refers to the study of the dynamics of neighboring
satellites, with respect to one satellite, real or fictitious, which is designated as the
chief (also known as the leader, master or target, depending on the application). The
satellite whose relative motion is of interest, is designated as the deputy (also known
as the follower, slave or chaser). Though relative motion is not restricted to any
particular environment, the problem is particularly interesting in a gravitational field
associated with planets and their natural satellites. In this case, not only does the
problem become more complicated, several features inherent to a gravitational field
introduce rich dynamical behavior into the system. For example, it is possible in some
cases, to use the differential gravity field between to satellites to generate periodic or

quasi-periodic relative orbits.

An understanding of satellite relative motion is essential for two important
applications of space flight: 1) The problem of rendezvous in space, and 2) The
problem of formation flight. The first problem deals with the design of centralized
and decentralized algorithms to successfully dock a satellite (for example, the space
shuttle) with a structure (such as the International Space Station) in space. Such
algorithms require the modeling of relative motion, without the need to constantly

communicate with ground-based stations. The second problem is one in which

The journal model is Celestial Mechanics and Dynamical Astronomy.



the dynamics of the problem are exploited to place a number of satellites in a
Distributed Space System (DSS). The purposes of DSS include, but are not limited
to communication, space-based interferometry, and terrestrial observation. Some
examples of proposed Earth-specific missions that use these concepts are the Laser
Inteferometer Space Antenna (2006), Orion (How et al. 1998), and the TechSat 21
program (Martin and Stallard 1999). Examples of benchmark missions involving
formation flight in low Earth orbits and highly elliptical orbits are present in
Carpenter et al. (2003) and Curtis (1999).

The simplest model governing the dynamics of relative motion in a planetary
gravitation field is given by the Hill-Clohessy-Wiltshire (HCW) equations (Hill 1878;
Clohessy and Wiltshire 1960). These equations model relative motion between a
chaser and target vehicle, in a frame attached to, and rotating with, the target vehicle
(also known as Hill’s frame). The HCW equations assume that the target’s orbit is
circular, and the differential gravity field is linear, in the absence of perturbations.
Consequently, these equations constitute a constant-coefficient, sixth-order, linear
model, and are extremely useful for preliminary analysis for rendezvous and formation
flight. However, their scope is limited, in that large deviations are observed between
the predicted solutions and real trajectory, when the target’s orbit is non-circular and
due to the assumption that the distance between the chaser and target is negligible

when compared with the distance of the Target from the gravitational center.

The aim of the dissertation is to study the problem of relative motion by relaxing
the assumptions of the HCW model. In particular, the effects of a nonlinear
differential gravity field, eccentricity of the target’s orbit, and an oblate Earth,
on satellite rendezvous and formation flight, are studied. Th effects are studied

in conjunction with each other, thus also accounting for the coupling between



phenomena. Furthermore, some interesting results pertaining to the use of Kepler’s

equation (Battin 1999, chap. 4) to the problem of rendezvous, are presented.

In the following text, the organization of this dissertation, as well as the specific topics

that are dealt with, will be discussed.

Chapter II will introduce some preliminary concepts, terminology, and symbolic
notation pertaining to the problem of rendezvous and formation flight. A survey of
existing work on this subject will also be presented. The effects of Earth oblateness

effects will also be discussed.

Chapter III will analyze relative motion near a non-circular orbit, under the
assumptions of small relative distance (linearized differential gravity field), and a
central gravity field, without perturbations. The deviation from the classical HCW
solutions are will be analyzed and quantified, and this study will be shown useful,
for the design of satellite formations. This chapter will also introduce a meaningful

parameterization for relative motion.

Chapter IV will study the optimal rendezvous problem in the same context as Chapter
III. By simple extension, the theory developed in this chapter can also be used for
intercept maneuvers, or formation reconfiguration. The key result is an analytical
expression for the optimal control, and consequently, a solution to a problem originally

stated by Euler (1969).

Chapters V and VI study the problem of nonlinear formation flight, by analyzing the
effects of second-order nonlinearities in the differential gravitational field. Results
are obtained that are useful for relative motion where the satellites are seperated by

large distances and are in non-circular orbits. In particular, the geometric aspects



of relative motion are used to develop state transition tensors that can accurately
propagate the relative states. Furthermore, without additional computation, it is
shown that the results in Chapter V can accommodate oblateness effects by using
existing results in the literature. Chapter VI studies nonlinear formation flight in
the context of periodic relative motion. An analytical formulation for suitable initial
conditions will be presented, that accounts for nonlinearity effects, and are valid for
any eccentricity. New expressions for periodic relative motion are also developed, that

are useful for large formations in a central field.

In Chapter VII, the problem of average relative motion due to an oblate Earth,
will be analyzed in greater detail. The short-periodic variations in position and
velocity, induced by a oblate Earth are averaged, by the use of special integrals.
This development results in a set of concise, expressions for position and velocity,
that are useful for command generation where additional control effort for tracking

short-periodic variations is not desired.

Finally, the dissertation is summarized in the last chapter, and a few concluding

remarks on future work are presented.



CHAPTER II

PRELIMINARY CONCEPTS

2.1 Orbital Elements

2.1.1 Classical Orbital Elements

A comprehensive description of two-body motion is available in Battin (1999). In
this dissertation, it is sufficient to note that the orbit of any satellite is completely
determined by six elements, that arise as a consequence of integrals of motion
associated with the two-body problem. The most common set used is the classical
orbital element set, denoted by ce = {a e i h g I[}", where a is the semimajor axis
of the ellipse defining the satellite’s orbit, e is the eccentricity, ¢ is the inclination of
the orbit, h is the right ascension of the ascending node (RAAN), g is the argument
of periapsis, and [ is the mean anomaly. In the two-body problem, the first five
quantities are constants, and the mean anomaly is a linear function of time, given
by [ = lyp + n At, where [y is the mean anomaly at epoch, At is the elapsed time
since epoch, and n = /(1/a®) is the mean motion of the orbit. In the presence of
perturbations or control acceleration, the orbital elements are no longer constant, and

their rates can be obtained using Gauss’ equations (Battin 1999, chap. 10).

Very often, the true anomaly, f, or eccentric anomaly F, are used as the independent
variable element. The true and eccentric anomalies are related through geometry, by

the following equation (Battin 1999, chap. 4):

1 E
tan ! = te tan — (2.1)
2 1—e 2




The eccentric and mean anomalies are related by Kepler’s equation:
|=FE—esinkE (2.2)

Whereas solving for [, given e and E is straightforward, no closed-form solution to the
inverse problem exists, due to the transcendental nature of the equation. Solutions
using series expansions in eccentricity have been presented, as have algorithms to
obtain E in terms of [ numerically. Colwell (1993) provides a survey of existing

techniques used to solve Kepler’s equation.

2.1.2 Nonsingular Elements

Although the classical orbital elements are useful for describing satellite motion, their
use often causes singularities when the orbit is circular or near-circular (e ~ 0), or
the orbit is planar or near-planar (i ~ 0). For example, when the orbit is near-
circular, g and f cannot be independently obtained, because the direction of the
eccentricity vector is ill-defined. However, their sum, g + f is still well-defined, since
this is simply the angle between the radius vector of the satellite, and the line of
nodal crossing. Consequently, a nonsingular element set is found useful, which is
given by ;8 = {a A\ i q; g2 h} ", where A\ = g + [ is the mean argument of latitude.
The variables ¢; and ¢, are the components of the eccentricity vector, such that
@1+ 7q = eexp(yg), where 7 = /—1. Corresponding to the mean argument of
latitude, also defined are the true argument of latitude, § = g + f, and the eccentric
argument of latitude, ' = g + E. The use of nonsingular elements is essential for
solutions that are uniformly valid for 0 < e < 1. However, as will be shown in the
following chapters, their use also complicates analysis. It should also be noted that

the use of nonsingular elements does not avoid singularities introduced by near-planar



orbits. For such cases, the equinoctial element set (Broucke and Cefola 1972), or the
kinematic model (Junkins and Turner 1979; Sengupta and Vadali 2005; Gurfil 2005a),
are useful. In the kinematic model, Euler parameters are used to describe the position
of the satellite, instead of the orbital angles. The use of equinoctial elements, or the

kinematic model, will not be discussed in this dissertation.

2.1.3 Canonical Elements

A part of this dissertation will also use the Delaunay element set (Goldstein 1965,
chap. 9). The Delaunay elements are a set of canonical elements that are useful
for analyzing the problem of satellite motion in a Hamiltonian framework. In this
dissertation, it is more convenient to use the normalized Delaunay elements, with the

generalized momenta defined as:
L=+/a, G=1Ln, H=Gcosi (2.3)

where n = /(1 — €?). The generalized coordinates corresponding to L, G, and H, are

[, g, and h, respectively, as defined earlier.

2.2 Frames of Reference for Relative Motion

Consider an Earth-centered inertial (ECI) frame, denoted by N, with orthonormal
basis By = {i, i, i.}. The vectors i, and i, lie in the equatorial plane, with
i, coinciding with the line of the equinoxes, and i, passing through the North
Pole. Relative motion is conveniently described in a Local-Vertical-Local-Horizontal
(LVLH) frame, as shown in Figure 2.1 and denoted by £, that is attached to the chief

satellite. This frame has basis By, = {i, iy i}, with i, lying along the radius vector
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Fig. 2.1 Frames of Reference

from the Earth’s center to the satellite, i, coinciding with the normal to the plane
defined by the position and velocity vectors of the satellite, and iy = i, x i,. The
LVLH frame rotates with angular velocity w = w,i, + wyiy + wpip, and its current
orientation with N is given by the 3-1-3 direction cosine matrix comprising RAAN,
inclination, and true argument of latitude, respectively (Junkins and Turner 1986,
chap. 2). The angular velocity can also be expressed in terms of orbital elements and

their rates (Junkins and Turner 1979; Kechichian 1998).

Let the position of the deputy satellite in the chief’s LVLH frame be denoted by
o = &i, + Vig + (ip, where &, ¥ and (¢ denote the components of the position vector
along the radial, along-track, and out-of-plane directions, respectively. Then, the

most general equations modeling relative motion are given by the following:
0+t2wXxpot+wxp+twxwxog=fp—f+u (2.4)

where u € R3 is the external control acceleration, and fp and f are external forces



acting on the deputy and chief, respectively. In (2.4), (") and (") denote the first
and second derivative with respect to time. In this dissertation, it is assumed that
quantities describing the motion of the chief satellite are written without subscripts,
and those describing the motion of the deputy will either be written in terms of the

chief’s variables and relative position and velocity variables, or will have the subscript

‘D’.

It is assumed in this dissertation that the external forces are potential forces, and that
this potential function arises due to gravitational effects only. Due to the aspherical
nature of the Earth (and many celestial bodies), the gravitational force is no longer
simply of the inverse-square form. A full development of the theory is presented in
Kaula (2000). For Earth operations, it is sufficient to extend the development to
the first zonal harmonic term (due to the equatorial bulge), which has a coefficient
Jy = 1.08269 x 1073, since the terms contributed by higher-order zonal, tesseral,
and sectorial harmonics, are three magnitudes lower. Consequently, the gravitational

potential including oblateness effects is of the following form:

Rg

g S A <T>2 P, (sin ¢)] (2.5)

V(’I", ¢) = _;

In this equation, u = GMg, where G is the universal gravitation constant, and Mg
is the mass of the Earth. The quantities » and ¢ denote the radial distance and
latitude of the satellite, respectively; Rg is the radius of the Earth, and P; is the
second Legendre polynomial. Representative values that are used in this dissertation

are shown in Table 2.1.

The problem of relative motion is best studied by using simple models to begin
with, and subsequently modifying these models to better reflect physical realities.

Therefore, if it is first assumed that oblateness effects are absent and only a central
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Table 2.1 Representative Values

Variable Value

[ 398600.4415 km? /s?

Re 6378.1363 km
Jo 1082.6269 x 107
Js —2.44 x 107
J —1.70 x 1078
Js —0.18 x 10~¢

gravity field is active, then w, = wy = 0, and the frame £ rotates with angular velocity
0i,, = fip, since g is constant. The gravitational potential acting on the chief satellite

is therefore simply V = —pu/r, and that acting on the deputy is given by:
-4
Vp = L - (1 +2 4 2%) (2.6)

where rp = (r + &)i, + Uip + (ip. Using V and Vp as the potential functions
for gravitational forces, f, and fp acting on the chief and deputy, respectively, the

nonlinear equations modeling relative motion in the two-body problem are then given

by:
Y B ¥ R LG ) B (2.70)
(r+€2+024¢2 7
0+ 206 — 620 + b = — o ; (2.70)
[(r+ &) + 92 + (2]
= — He 3 (2.7¢)

(r+ €2+ 0+

Also useful are the equations for the radius and the argument of latitude (Battin
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1999, chap. 3):

=62 — L (2.80)
6=—2-0 (2.8b)
although r and 9 (and by extension, 9) can be obtained analytically from the true

anomaly, using r = p/(1 4 ecos f), and § = h/r?, where h = /(up) is the specific

angular momentum of the orbit, and p = an? is the semiparameter.

Observing that £/r = (£/0) - (o/r), the parenthesised term in (2.6) is the generating

function for Legendre polynomials with argument —¢/o. Consequently,

Vp = — +V(2.9)

5 g, 1=
T T

2 72

O ONGEEEE

NE

k=0

WE

Vo= IS (9) i) (210)

=
Il
@

where Py, is the kth Legendre polynomial. Equations (2.7) thus can be rewritten as:

T )Y
5—2919—<92+2T—3)5—919 = % (2.11a)
. N o oY
ﬁ+295—(92—7§)ﬁ+95 - % (2.110)
. 1 B _a_V
¢+ 50 = o (2.11c¢)

Higher-order Legendre polynomials in the perturbing potential can be generated from
lower-order ones, by using the recursive relation (k + 1)Pyy1(2) = (2k 4+ 1)2P(2) —
kPy_1(z), with Py(z) = 1 and Py(z) = z. The perturbing gravitational acceleration
OV/0p = {V/oc V)99 0V/OC}T contributes higher-order nonlinearities to the
system, and if ignored, allows the treatment of (2.11) as a tenth-order linear system

(additional equations are contributed by Keplerian motion).
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2.3 Hill-Clohessy-Wiltshire Model

If it is assumed that the chief’s orbit is circular, then r and 6 are constants given by
a and n, respectively. A rotating frame with these properties is also referred to as
Hill’s frame (Hill 1878). The resulting equations are referred to as Hill’s equations,
or the Clohessy-Wiltshire (CW) equations (Clohessy and Wiltshire 1960), who used
Hill’s results for the rendezvous problem, or as the Hill-Clohessy-Wiltshire (HCW)

equations. When the differential gravitation field is linearized (V = 0), the following

sixth-order, linear system is obtained:

£ —2n —3n% = 0 (2.12a)
J+2nE = 0 (2.12b)
C+n* =0 (2.12¢)

This system can be easily solved, although their exact solution is not of particular
interest at this point. It may be noted, however, that the out-of-plane equation
(2.12¢), is uncoupled with the in-plane equations, (2.12a) and (2.12b), and only has
periodic solutions. The fundamental matrix corresponding to the in-plane equations
has eigenvalues 0, 0, and 4+)n, resulting in periodic terms and secular growth terms

in the motion in the plane. Control inputs can also be included in (2.12), if necessary.

2.4 Tschauner-Hempel Model

If the objective is to study relative motion in the framework of an elliptic reference
orbit, then (2.12) are no longer useful. If the nonlinear equations, as shown in (2.7)

are analyzed, then it is observed that the coefficients of the states are periodic, but are
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related implicitly to the independent variable, time. These equations become more
amenable to analysis by performing two steps: 1) changing the independent variable
to the true anomaly, and 2) scaling the relative position by the radius of the chief.

The first step results in the following transformation:

) :f'(’)=\/g(1+ecosf)2(’) (2.130)

= ]%(1 + ecosf)?’[(l +ecos f)( ") —2esinf(") (2.13b)

where (') and (”) denote derivatives with respect to f. The second step results in a
scaled position vector, p = zi, +yig+ zi, = @/r, with x = §/r, y = 9/r, and z = (/r,

respectively. Consequently,

/

p’:(l—i-ecosf)g—esinfg (2.14a)
p p

/! /

p”:(1—|—€COSf)Q——2€Sing—6(30ng (2.14b)
p p p

Using the scaled states and the new independent variable, it can be shown that (2.7)

reduce to the following form:

0ot 1+2 _ 1
=2y = Atccosf) (1 _d3) (2.15a)
! / y 1

2 = — |1 - — 2.15b
vt (1+ecosf)< d3) (2.156)

z 1
L S - 2.1
z TTccosf) (ecosf+ d3) (2.15¢)

where d = /[(1 + x)? + y*> + 2%]. If z,y,2 < 1, the term 1/d® can be expanded as a

series of Legendre polynomials, in the same manner as shown in (2.10), resulting in
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the following equations:

z” 0 -2 0 x —3/(1+ecosf) 0 0O x
y ¢+ 12 0 0 y ¢t 0 00 Yy
2" 0 0 0 2! 0 0 1 z
Z O PPx/p)S y ¢+ 0" Pala/p){ —ay
P 1—|—ecosf y? + 22)
z -z
y? + 2% — 22
3 _
Jasecos) T oy p+0 () (2.16)
2wz

If second- and higher-order terms are neglected in (2.16), then the resulting equations
are known as the the Tschauner-Hempel (TH) equations (Tschauner and Hempel
1965). The TH model is thus concisely written as three, second-order, linear equations
with periodic coefficients, and is valid for all eccentricities of the reference orbit.
Although de Vries (1963) solved the TH equations treating e as a small parameter
and only retained first-order terms in eccentricity, the TH equations admit analytical
solutions that are valid for all eccentricities, in terms of a special integral (Carter and
Humi 1987; Carter 1990), also known as Lawden’s integral (Lawden 1963, chap. 5).

The solutions to the TH equations, and their uses will be discussed in Chapter III.

2.5 The Geometric Method

Relative motion is completely analytically described by the use of orbital elements
of each satellite. The geometric method (Alfriend et al. 2000) and the unit sphere

model (Vadali 2002; Sengupta et al. 2004) are nonlinear models that require the orbital
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elements of both satellites to be propagated individually. In the former approach, the

relative position is given by the following equation:

& D T
9 p=CCL 0 -4 0 (217)
¢ 0 0

In the second approach, relative motion between satellites is studied by first projecting
the position of the satellites onto a unit sphere, and subsequently extended to the
physical space. Unlike the TH equations, where the relative position is scaled by
the chief’s radius, on the unit sphere, the position along the radial, along-track and

out-of-plane directions, denoted by x.s, yus, and z,s, respectively, are given by:

xus ]- 1
Y ¢ =CCLQ 0 2 =2 0 (2.18)
Zus 0 0

Sengupta et al. (2004) have shown that some reduction of computation labor can
be achieved, if the true anomaly of the chief is used as independent variable. The
same objective was achieved by Sabol et al. (2003), but in a time-explicit manner.
In this case, a Fourier-Bessel expansion of the true anomaly in terms of the mean
anomaly was used. However, for eccentricities of 0.7, terms up to the tenth order in
eccentricity are required in the series. Ketema (2005) also used an approach similar
to Sengupta et al. (2004), but employed a nesting function to solve Kepler’s equation
iteratively. Furthermore, a numerical procedure to obtain periodic relative motion

was presented.

It is clear that given the orbital elements of the reference satellite, once the initial

orbital elements of the chief and deputy corresponding to the respective initial states
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are known, the relative trajectory can be completely determined. As a consequence,
given the initial orbital elements of the chief, and the differential orbital elements
corresponding to the relative states, the relative trajectory can be determined without
the requirement of position and velocity data of the deputy in the ECI frame.
However, the relationship between orbital element differences and relative states
is nonlinear, and in general the former cannot be obtained from the latter in a
straightforward manner. Relative motion can also be characterized in a linear setting,
by the use of differential orbital elements (Garrison et al. 1995; Alfriend et al. 2000;
Vadali et al. 2001; Schaub 2004). Due to the nonlinear mapping between local
frame Cartesian coordinates and orbital elements, errors in the Cartesian frame are
translated into very small errors in the orbital angles. Although the geometric method
uses a non-Cartesian, curvilinear coordinate frame, in the linear case, under the
assumption of small elemental differences, this is the same as the rotating Cartesian
frame. Alfriend et al. (2000); Vadali et al. (2001); Schaub (2004) approached the
problem by linearizing the direction cosine matrix of the orientation of the Deputy
with respect to the Chief. Garrison et al. (1995) used true anomaly as the independent
variable to obtain analytical expressions for relative motion near high-eccentricity

orbits.

In this dissertation, two definitions of the differential orbital element set used to
characterize a relative orbit are used. The first uses classical orbital elements, and is

defined as:
doe = {a/a de 6i 5h 6g 6y} " (2.19)
The second set is defined as:

ors = {a/a 50 i 0qy 0go Oh}T (2.20)
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It should be noted that both definitions scale the differential semimajor axis by the
semimajor axis of the chief’s orbit, to make it dimensionally equivalent to the other
differential elements. The use of the classical orbital element differences, as given
by (2.19), will be restricted to the analysis of eccentricity effects on relative motion
geometry (Chapter III), since they very easily relate to the physics of the problem.
The latter definition, as given by (2.20) will be used everywhere else because the
results in this dissertation are intended to be uniformly valid even for circular orbits.
Finally, when analyzing the problem of relative orbit design and parameterization
(Chapter III), and averaged relative motion (Chapter VII), 61 will be used instead of
00.

2.6 Effects of the J; Perturbation

The presence of Earth oblateness effects complicates the study of satellite motion,
as well as relative motion, by causing the orbital elements of a satellite to change
with time. The effects on the orbital elements, to the first order in J;, have been
studied by Brouwer (1959) and Kozai (1959), and are classified as secular growth,
short-periodic, and long-periodic perturbations. If the study of the change of orbital
elements is limited to that due to the first-order secular component, it can be shown
that orbital elements a, e, and ¢ can be considered constant and the elements [, g,
and h show secular growth. These elements are known as mean elements, and will
henceforth be denoted by an overbar (for example, @ denotes the mean semimajor
axis). If the short-periodic and long-periodic perturbations are also included then the

instantaneous elements, also known as osculating elements, describe the true orbit.

While Brouwer (1959) posed the problem of orbital element variation as a solution
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to a Hamiltonian system perturbed by J;, Kozai (1959) obtained the secular, short-
and long-periodic behavior by a process of averaging. Furthermore, Brouwer (1959)
derived generating functions for the short- and long-periodic variations, to the second-
order in Jy, by the use of Delaunay elements. Consequently, the osculating elements
can be obtained from the mean elements by the addition of periodic variations that

are also dependent on mean elements.

It should be noted from (2.3) that the Delaunay elements L and G are identical when
the orbit is circular, and the Brouwer transformation loses validity for e < 0.05.
This problem has been dealt with using a variety of techniques. Smith (1961)
reformulated the problem in terms of ECI coordinates without the singular terms,
and analytically determined the required correction to these coordinates. Lyddane
(1963) modified Brouwer’s theory in terms of Poincaré variables, instead of Delaunay
elements. The Poincaré variables are a set of canonical variables that are nonsingular
for zero eccentricity or inclination, and are written in terms of Delaunay elements as

shown below:

L, V2(L — G)cos(g+ h), V2(G — H)cosh
l+g9g+h, —+/2(L—G)sin(g+h), —/2(G—H)sinh

Similarly, Aksnes (1972) modified Brouwer’s theory by using Hill’s variables, that

(2.21)

use 7, r, and 6, instead of L, [, and ¢; while Hoots (1981a) used a set of ‘position
elements’, that are valid for the circular and/or equatorial case. However, the exact
formulation used is not important. As shown by Gim and Alfriend (2003, 2005), the
short- and long-periodic variations in nonsingular or equinoctial elements can also
be obtained by using the generating functions in Brouwer (1959), if the partials of
these variables with respect to the Delaunay elements are known. Consequently, this

dissertation will only refer to the transformation from mean to osculating elements
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as Brouwer theory, irrespective of the element set used.

This dissertation (and many other works) limit results to the first order in J only,
since an inclusion of second order terms is meaningless without the inclusion of tesseral
and sectorial harmonics and higher order zonal harmonics in the potential. However,
other works in the literature do extend analysis to O(JZ) and higher. For example,
Déprit and Rom (1970) obtained analytical expressions for short- and long-periodic
variations through O(J3), and for secular variations through O(Jy). In their work,
eccentricity expansions were made, limiting usage to near-circular orbits. Coffey and
Déprit (1982) devised a computational procedure using symbolic algebra to extend

the theory for 0 < e < 1.

The effects of J, on formation flight manifest themselves by the introduction of
differential relative acceleration terms, and by a precession of the rotating frame.
the short-periodic variations in a, e, and ¢ also have an effect on relative motion. The
complete nonlinear description in the presence of J; perturbations has been developed
by Kechichian (1998), although the system of equations presented therein cannot be
solved in closed form. Simplified, linear relative motion models that include J; effects
were developed by Vadali et al. (2002) and Schweigart and Sedwick (2002), but their
use is limited to circular reference orbits and small relative orbits only. The STM
formulated by Gim and Alfriend (2003), using the geometric method in nonsingular
orbital elements, also accounts for first-order J, effects. This STM can completely
characterize linear relative motion in eccentric orbits. A similar result was obtained

by Yan et al. (2004), but by utilizing the unit sphere formulation for relative motion.
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2.7 Summary

In this chapter, several useful concepts have been introduced, with the relevant
background. The equations presented here will be periodically revisited in future
chapters that use these preliminary concepts as a starting point for several interesting
results. The discussion of the rendezvous problem is reserved until Chapter IV, to

place it in proper context.
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CHAPTER III

THE GEOMETRY OF FORMATIONS IN KEPLERIAN ELLIPTIC
ORBITS WITH ARBITRARY ECCENTRICITY

3.1 Introduction

A formation refers to the special case of relative motion, where initial conditions
on the relative states obtained such that the resulting relative motion is bounded
and periodic. General two-body motion between two satellites, expressed in the
rotating frame is always bounded, though not necessarily periodic. For formation
flight, boundedness refers to local boundedness, or 1:1 resonance, where the periods
of all the satellites in the formation are equal to each other. In Chapter II, the HCW
equations were presented, and it can be shown that these equations admit a special

class of solutions that are periodic in nature, given by:

&n = kysin(nt + 1) (3.1a)
¥y, = 2k cos(nt + ) + ko (3.10)
(= kzsin(nt + ) (3.1¢)

where ki3, 1, and ¢,, are arbitrary constants, and the subscript ‘h’ is used to
denote periodic solutions to the HCW equations. These solutions are obtained when

the following condition is satisfied:

where the subscript ‘0" is used to denote initial conditions. However, (3.1) are not

useful, and (3.2) is no longer a valid condition, when the chief’s orbit is eccentric, since
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the HCW equations do not account for eccentricity effects. The use of these equations
for formation flight, is therefore limited. Inalhan et al. (2002) obtained a boundedness
condition for the linear problem for arbitrary eccentricities, by providing an explicit
equation relating the initial conditions at perigee. For all other cases of epoch, the
initial conditions can be obtained by matrix operations. Gurfil (2005b) posed the
bounded-motion problem in terms of an energy-matching condition and presented an
algorithm for optimal single-impulse formation-keeping. The boundedness condition
in Gurfil (2005b) is presented as the solution to a sixth-order polynomial equation in

one variable, and is valid for general two-body motion.

State transition matrices that reflect the effect of eccentricity, have also been derived,
and are presented in Melton (2000); Broucke (2003); Wolfsberger et al. (1983);
Yamanaka and Ankersen (2002). Melton (2000) used a series expansion for radial
distance and true anomaly, in terms of time. However, for moderate eccentricities,
the convergence of such series requires the inclusion of higher-order terms. Other state
transition matrices are obtained from the TH equations, and use the true anomaly f

as the independent variable, and are therefore implicit in time.

The linear relationship between relative motion in the rotating frame, and differential
orbital elements, as shown by the geometric method (Alfriend et al. 2000), allows
the characterization of small orbital element differences in terms of the constants of
the HCW solutions, viz. relative orbit size and phase. This feature has also been
used by Vadali et al. (2001) to design formations in near-circular orbits. The basic
zero-secular drift condition is satisfied by setting the semi-major axes of the deputy
and chief to be equal. The characterization of relative orbit geometry is achieved by
relating the rest of the orbital element differences to its shape, size, and the initial

phase angle.
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Even though relative motion near an arbitrary Keplerian elliptic orbit is well-
represented in the literature, the characterization of formations in such orbits has still
not been addressed completely. Schaub (2004) related the differential orbital elements
to the constants of the HCW solution for near-circular references orbits. Lane
and Axelrad (2006) parameterized relative motion in terms of integration constants
and differential orbital elements, but their use in the design of formations remains

unexplored.

This chapter presents a meaningful parameterization for formation geometry near
arbitrarily eccentric orbits. These parameters are directly related to orbit shape and
size, in the sense that changing these parameters provides useful and direct insight
into the relative orbit geometry, for arbitrarily eccentric orbits. These parameters are
derived using the TH model as a basis. This model is useful in deriving a simple linear
relationship between the initial conditions that lead to bounded motion, for arbitrary
eccentricity and epoch. By simple manipulation, the similarity between the TH model
and the geometric method as proposed by Alfriend et al. (2000) is revealed, and the
linear relationships between the new parameterization, constants of integration of the
TH model, and differential orbital elements, are developed. Furthermore, by the use
of Fourier-Bessel expansions, the effects of eccentricity on formation geometry are
characterized. The use of the new parameterization intuitively reveals these effects,

and schemes for formation design are suggested that accomodate eccentricity effects.
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3.2 General Solution to TH Relative Motion Equations

The TH equations are re-stated below:

3T
"2 ———— =0 3.3
v 4 (14 ecosf) (3:30)
y" + 22 =0 (3.30)
2+ 2=0 (3.3¢)

Equations (3.3) have the following general solution (Lawden 1963; Carter and Humi

1987):
z(f) = %cosf(l + ecos f) + dysin f (1 + ecos f)
+dssin f (1 +ecos f)I(f) (3.4a)
y(f) = —%Sinf(2+ecosf) + % (1+ecos f)?
+% [(1+ecos f)*I(f) + cot f] + da (3.4b)
2(f) = dscosf+ dgsin f (3.4¢)
where
! 1
1) = /fo sin? f (1 + ecos f)2 df (3.5)

As shown in Carter and Humi (1987), (3.5) is easily evaluated in terms of the eccentric
anomaly, F, which is related to the true anomaly by (2.1). However, I(f) has a
singularity for f = kn, k € Z, which can be removed, as shown by Carter (1990), by

integrating (3.5) by parts:

B ! cos f cot f
I(f) = 26/}00 (1+eCOSf)3df_ (1+6008f)2 +cy

cot f
(1+ecos f)?

= 2 J(f) - +e; (3.6)
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where ¢ is an arbitrary constant. Carter (1998) has shown that the state transition
matrix formulated utilizing J(f) also has singularities when e = 0, which can be
removed if J(f) too, is integrated by parts. Yamanaka and Ankersen (2002) have
shown that J(f) may also be conveniently rewritten in terms of Kepler’s equation, to
be uniformly valid for 0 < e < 1. As will be shown later, this step also demonstrates
the unity between the TH solutions and the differential orbital element approach
(Alfriend et al. 2000), by revealing a linear relationship between the constants of
integration of the former approach, and differential orbital elements of the latter

approach. The integral J(f) is rewritten as:

3e 1 sinf(2+ecosf)
_2_775K(f) * om2 (1+ ecos f)?

J(f) = (3.7)

where, K(f), as defined by Yamanaka and Ankersen (2002), is Kepler’s equation:

! 773 . .
K(f) :/f0 Wdf: (E —esinE) — (Ey — esin Ey) = n At (3.8)

The constants are rearranged for convenience in the following fashion: ¢; = d;/e —
d3/n?, ¢y = dy + dscy, c3 = eds, ¢4 = dyfe + dscy/e + dy, and 56 = ds 6. Then, the

solutions to the TH equations are:

z(f) =cicos f(l4+ecosf)+cosin f(1+ecos f)

2c3 3e

e 1—2—ngsinf(1+ecosf)K(f) (3.9a)

y(f) = —cysinf (24 ecos f) + cacos f (2 + ecos f)
—%(1+€COSJC>2K(JC)+C4 (3.9)
2(f) =cscos f + cgsin f (3.9¢)

The relative velocity components are as follows:

2(f) = —ci(sinf+esin2f) + ca(cos f + ecos2f)
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~ 3Becs sin f L cos F + e cos a
[( j oS+ Qf”“f)] (3100

n? | (1+ecosf
Y (f) = —ci(2cosf+ecos2f)— co(2sin f + esin2f)
—% ll - %(zsianresinzf)K(f)] (3.100)
2(f) = —cysinf+cgeos f (3.10¢)

It is clear that the states at any value of true anomaly can be written in the form

x = L(f)c where ¢ = {c;---¢s} ', and the (j, k)th entry of L is the term with ¢, as a

coefficient, in the expression for the jth component of the state vector. In particular,

let the initial conditions be denoted by xo = {0 yo 20 2 ¥} 24} ', specified at arbitrary

initial true anomaly fy. It can be shown that det L = 1, and if M denotes the inverse

of L, then M = adjoint L. It follows that ¢ = M( fy)xo, where:

&1

C2

C3

Cq

Cs

Ce

I
(e + cos fo)xg — ? sin fo (1 + e cos fo)z}

(2cos fo + e+ ecos® fo)yh (3.11a)

le ,_.dwl o

3 sin fo(1 + ecos fo + €?)
7 (1+ecos fo)

1
e sin fo(2 + e cos fo)y, (3.110)

Ty + —(cos fo — 2e + e cos® fo)x},
n

2

(2 + 3ecos fo + €*) xg + esin fo (1 + ecos fo) xf + (1 + ecos fo)> y3.11c)

_%(2 + ecos fy) %xo + (1 — ecos fo)zy + esin foy,

+yo (3.11d)
cos fo 20 — sin fo 2, (3.11e)
sin fo 20 + cos fo 2, (3.11f)

As shown by Yamanaka and Ankersen (2002), the state transition matrix for the TH

equations is easily formulated by noting that x(f) = L(f) M(fs) Xo.
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3.3 Mapping Between States and Differential Orbital Elements

In the geometric description for relative motion, the position in the LVLH frame is
written in terms of differential orbital elements by linearizing the direction cosine
matrix that orients the deputy LVLH frame with respect to the chief LVLH frame.

Alfriend et al. (2000) have shown that:

¢ =6r (3.12a)
¥ =1r(d0 + Shcosi) (3.12b)
¢ =r(disinf — dhsinicosf) (3.12¢)

Dividing by r to get the corresponding normalized states, the following equations are

obtained:

x=0r/r (3.13a)
y =00+ dhcost (3.13b)
z = disinf — dhsinicosf (3.13¢)

Following the development in Schaub (2004), it can be shown that:

1
o _ %sinf(l—i—ecosf)élo——QCOSf(l—l—ecosf)ée
r 1 1
e . oa
+ 1—2—77331nf(1+ecosf)nAt - (3.14)

wherein the fact that the mean anomaly difference, §l is the sum of its initial value,
0lp, and the difference in mean motion propagated over the elapsed time since epoch,

has been used:

a
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Using (3.8), nAt = K(f), a direct correspondence between (3.14) and (3.9a) is

observed:
2a
da = Fc;; (3.16)
n
(5[0 = ?CQ (317)
be = —n’cy (3.18)

Comparing the expression for z from (3.13) with (3.9¢), the following are obtained:

dising — dhsinicos g = ¢; (3.19a)
dicos g+ dhsinising = cg (3.190)
Consequently,
§i = sin g ¢5 + cos g ¢g = sin by 2 + cos O z; (3.20)
dhsini = —cosgcs +singcg = —(cos by zg — sin by ;) (3.21)

where 6y = g + fo. Finally, comparing the expression for y from (3.13) with (3.9b),

the following result is obtained:
ol
0g = ¢4 — n—; — dhcosi (3.22)

Thus, the orbital element differences (to the first order) can be obtained by
substituting ¢;_¢ in the above equations. Let doe = {da de di dh dg (5[0}T denote
the vector of differential orbital elements. Let cec denote the orbital elements of
the chief. Then the equations relating differential orbital elements to the constants
of integration as shown above, may be summarized by doe = N(cec)c, where the
matrix N has as its entries, the coefficients of the integration constants comprising

the differential orbital elements. Consequently, the relation doe = N(ceqc)M( fo)xo
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yields the differential orbital elements in terms of the initial conditions. It can be
shown that det N = 2n%a/(esini) and det M = 1; this means the mapping from
relative Cartesian coordinates to differential orbital elements is singular when the
reference orbit is circular or equatorial (e = 0 or i = 0, respectively). In particular,
if e is a small number (or zero), then calculations for 6ly and d¢g from (3.17) and
(3.22), respectively, yield large numbers (or are undefined) due to e appearing in the
denominator. However, their sum is a small number, consistent with assumption of
small orbital element differences. This problem may be solved by using nonsingular
orbital elements. The solutions to the TH equations, and the development of
differential nonsingular orbital elements in terms of the initial conditions are presented
in a later section. The singularity due to e = 0 also ceases to be a problem if
the parameterization developed in this chapter, is used. However, for the following
sections, results are shown using the classical orbital element set since they are more

concisely expressed in terms of these elements.

3.4 Drift per Orbit due to Mismatched Semimajor Axes

If a (and consequently, ¢3) is not zero, then from (3.9) it is evident that x and y will
grow in an unbounded fashion, due to the presence of K (f), which is an increasing

function. After one orbit of the chief, the drift in  and y directions are thus:

67T03

Tanite = T(fo + 27) — x(fo) = —Fe sin fo (1 + ecos fy) (3.23a)

g = y(fo + 21) — y(fo) = —62503 (1 + ecos i)’ (3.23h)
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The drift in the unscaled coordinates, in terms of differential semimajor axis, can be

calculated to yield the following:

3
Earift = —°T esin foda (3.24a)
n

Vit = —3% (1+ ecos fy) da (3.24b)

It should be noted that ¢ remains bounded. Thus the total drift in position, denoted

by Oarite 1:

N|=

1 3
Odrift = (fgrift + ﬂirift) 2= 7 da (1 + €* + 2ecos fo) (3.25)

This drift is maximum at f; = 0, and minimum at fy = 7, and is bounded as shown

below (Carpenter and Alfriend 2005):
/1—e 1+e
3mda 1—+€ S Odrift S 37 da 1—e (326)

3.5 Periodic Orbits

Periodic solutions may be obtained by choosing initial conditions such that c3 = 0,
since the rest of the terms in the solution are sinusoids, and therefore, periodic.

Consequently, (3.11c¢) results in the following relation for bounded relative motion:
(2 + 3ecos fo + €*) 2o + esin fy (1 + ecos fo) vh + (1 + ecos fu)* vy = (3.27)

In unscaled coordinates, this is transformed into the following linear condition for

bounded relative motion, for arbitrary eccentricity and epoch:

(24 ecos fo) (1 + ecos fy)? (%) + (1 +ecos fy) (5 g)

—esin fo (1 + ecos fj)? (g) + esin fy <19\/g) =0 (3.28)
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Equation (3.27) is satisfied for an infinite combination of initial conditions, except
when fy = 0 or fy = m. Furthermore, when e = 0, this reduces to the well-known

Hill’s condition for periodicity. Without loss of generality, one may choose:

, (2 + 3ecos fo + €%) esin fj ,
Yo =~ 3 Y0~ Ty
(1+ ecos fo) (14 ecos fo)

(3.29)

With ¢3 = 0, the expressions for the trajectory are considerably simplified. Upon
substituting (3.29) in (3.11), the constants may be rewritten in terms of dimensional

position and velocity with f as the independent variable,

(cos fo + ecos2fy) sin fy ;o &

_ - — 20
c1 (1 +ecos fo)? Zo (1+ e cos fo)xo ) cos fo ) sin fp (3.30a)
(sin fo + esin2fp) cos fo . & &
= = — — 3.30b
“ (1 +ecos fo)? x0+(1+ecosf0)x0 p81nf0+pcosf0 ( )
S _(2+ecosf0) esin fy I
T (I+ecosfo) \1+ecosfy ° °
,19 /
= ?0(1 + ecos fy) — %(2 + ecos fp) (3.30¢)

4

cs = 20C08 fo — 2zpsin fo = @(cos fo+e) — % sin fo(1 4+ ecos fo)  (3.30d)
p p

!
6 = zosin fo+ z,cos fo = @ sin fo + @ cos fo(1 + ecos fy) (3.30¢)
p p

Using (3.30), new relative orbit parameters, 01 3, o, and ¢ may be defined:

o= (§+&) = % (n?de® + €*0l3) 2 (3.31a)
1
02 = 9o(1 4+ ecos fo) — & (2+ecos fo) =p (5g + dhcosi+ ﬁ(%) (3.31b)

03 = [(1 + 2ecos fo + €?)¢G + (1 + ecos fo)*¢? — 2esin f (1 + ecos f)COC(')}%

= p (5% + oh?sin? i) ? (3.31¢)
5
Yo = tan™! (g—?) — fo=tan™" (—Z(i) (3.31d)
0

L (1 + ecos fo)Co
fo = tan™ <(1 + ecos fo)p — @SinfoCo> e
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— tan~! (— 5h§1,m) tg (3.31e)
(3

Using these relative orbit parameters, the most general solution for periodic motion
near a Keplerian elliptic orbit with linearized differential gravity, denoted by the

subscript ‘p’, is given by:

z,(f) = E Lsin(f + 1) (1+ ecos f) (3.32a)
yo(f) = %cos(f + o) (2+ecos f) + % (3.32b)
2(f) = ? = sin(f + ¢o) (3.32¢)

The constants ¢;._g may be expressed using the design parameters, as shown:

= &Sini/}(), Co = &coswo, cy = @, cs = @smgbo, ce = @cosqﬁo (3.33)
p p p p

p

Obviously, the most general form of periodic solutions to the HCW equations are a

special case of (3.32).

Two advantages of using the new parameterization have been mentioned earlier, viz.
their uniform validity for 0 < e < 1, and the fact that o; and p3 are obviously size
parameters, oo is a bias parameter, and ¢y and ¢, are phase angle parameters. The
differential orbital elements may also be rewritten in terms of the parameter set.
These relations are useful, for example, if Gauss’ variational equations are used to
initiate a numerical procedure for formation establishment or reconfiguration. Such
an approach was used by Vaddi et al. (2005), to establish and reconfigure formations
near circular orbits, using impulsive thrust. Upon substituting (3.33) into (3.16)-

(3.22), and setting c3 = 0, the following are obtained:

da=0 (3.34a)
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de = —nc; = ~ A o (3.34b)
a
0i =singcs + cosgeg = % cos(¢pg — g) (3.34¢)
p
1 i —
O0h=——(—cosgcs +singcg) = —@w (3.34d)
sin i p  sing
3
(510 = 77—02 = &Q COS 'lb() (3346)
e ae
l
6g:@—5—§—5hcosi (3.34f)
p n

Corresponding expressions for nonsingular orbital elements are presented in a later

section.

3.6 Eccentricity-Induced Effects on Relative Orbit Geometry

The most general form of periodic motion in the setting of the HCW equations is

given (3.1), written in a slightly modified form:

&n = kysin(T + ) (3.35a)
O, = 2k cos(T + ) + ks (3.35b)
Ch = kssin(T + ) (3.35¢)

where 7 = nt is the normalized time or mean anomaly, though in the case of the
HCW equations, this is equivalent to true anomaly since eccentricity is assumed zero.

The relative orbit obtained from the solution to the TH equations has a trajectory in
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the local frame whose components are given by the following expressions:

o =1y, = o18in(f + o) (3.36a)
Uy, = 1Yy, = 201 cos(f + o) (1& féi)ozf;;f) + i egzos 7 (3.36b)
Co=T2p =10 sin(f + o) (3.36¢)

" P (1 +ecos f)

Eccentricity effects may be studied by expanding 9, and ¢, as Fourier series. In this
section, the effects of eccentricity are analyzed by using both true anomaly, and time

as the independent variable.

3.6.1 True Anomaly as the Independent Variable

The Cauchy residue theorem is now used to resolve the periodic terms in the
denominator of (3.36), into a Fourier series of terms composed of coskf and sinkf,
k =1...00. This is similar to the approach used in Battin (1999, chap. 5) to obtain
a series expansion of eccentric anomaly in terms of mean anomaly. As an example,

an expansion of 1/(1 + ecos f), of the following form is desired:

1

_— = k 3.37
(1+ ecos f) %—i_;%cos / ( )

The coefficient 7, is obtained in a straightforward manner, as follows:

1 27 d 11 (27 1
S __/ i = 1 (3.38)
21 Jo (L4+ecosf) 2mn ), n

The procedure to obtain ~,, k = 1...00 is slightly more involved. The following

integral is considered:

L [*" exp(gkf)df
/0 (3.39)

Lyk:; (1+ecosf)
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The integral I, can be solved by the change of variable, exp(yf) = x. Furthermore,

a new, eccentricity-dependent term is introduced, as shown:

1—-n e Ly 14 55
_ ] _opy e a0 Yo 3.40
< 1+n 2( 46 86 646 () ( )

The change of variable to y results in the following equations:

exp(gkf) = x"* (3.41a)

df:—idx (3.41b)
e 1 e

1+ecosf:1+§ (x%—;) za(x—l—s)(x—irl/s) (3.41c)

Using (3.41), I,x reduces to the following form:

Yy X" dx
me Jo (x +e)(x +1/e)

- 217 <f<kf§> - %} (342)

where subscript ‘C’ denotes integration over the unit imaginary circle centered at

Ly

zero. Observing that ¢ < 1 and 1/e > 1, Cauchy’s residue theorem is made use of, to

show that:
k
X" dx
A A T— | 3.43a
o (3.43)
jf X (—e)* (3.43b)
c(x+e) J '

Upon substituting (3.43) in (3.42), the following is obtained:

%—@k (3.44)

I, =2
oy
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Since vy, is simply the real part of I, and I is real, the following series is obtained:

1 1

2 e}

Similarly, it can be shown that:

(2+ecosf) e (2+n+n?
O Tres) = "' airm
2 > -
—|—m k:2(—€)k 1COSk?f (3.46(1)
. . (24ecosf)  (3+mn) . 2 - k-1
Sll’lfm = (1+17) Slnf+(1+n> kz:;( 5) 1Sln]€f (346b)

Using these series, the periodic solutions are resolved as the following:

Uo(f) = {—%Ql cos ¥y + %92} (3.47a)
2
{%Ql cos g — 2%@2} cos f — Ei) i Z; 01 sin g sin f
b o) [Hercosvo (1 4 mesbcosks —nessin sk
C(f) = —%Q;; sin ¢g + ﬁ@g (n cos ¢g sin f + sin ¢ cos f) (3.470)
—l—ﬁgg ;(—5)'“1 (ncos ¢p sinkf + sin ¢y coskf)

It is observed that both the ¢ and ¢ components of motion have constant terms, a
primary harmonic, associated with relative orbit size parameters, and higher-order
harmonics. Thus the five effects of eccentricity are immediately recognized. The first
effect is obviously the presence of higher-order harmonics, whose amplitudes decrease
by a factor of € successively. For non-zero eccentricities, this causes deviation from

the well-known circular shape of the HCW solutions.

The second effect is that of amplitude scaling, as may be observed by the presence of
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terms dependent on 7 in the amplitudes of the primary harmonics in both ¥ and (.
Consequently, as eccentricity increases, for the same choice of o013, the orbit tends

to shrink in the along-track direction and expand in the out-of-plane direction.

Third, a phase shift is introduced. This is readily observed by recasting (3.47b) as:

Cp(f) = —%Qg sin Cb() + ﬁ (Sin2 ¢0 + 772 COS2 QSO)% 03 sin <f —+ 50) (348)
2 1 > .
+— (Sin2 b0 + 1° cos® ¢ )2 0 (—e)* tsin (kf + ¢
7 +7) 0 0)” 03 ; ( 0)
where
do = tan™" (% tan ¢0> = ¢ + %2 sin 2¢ + %4 (sin 2¢g + %sin 4¢0) + O(e%) (3.49)

Furthermore, the phase angle of the deputy also affects its amplitude.

Fourth, the formation is rendered off-center, due to the presence of constant terms in
the ¥, and ¢, components of motion. The bias depends on the phase angles 1y and
¢o of the deputy. While the bias in ¢, cannot be controlled since g3 is specified by
relative orbit design requirements, the bias in 9, can be removed by an appropriate

choice of p,.

The appearance of higher-order harmonics in 9, and (,, but not in £, causes the
fifth effect - that of skewness of the relative orbit plane. When formations require
the phase angles in the along-track and out-of-plane to be equal, the radial motion is
in-phase with the along-track, and consequently, out-of-plane motion. Consequently,
a plot of the out-of-plane motion vs. the radial motion would result in a straight line.
However, due to eccentricity effects, higher-order harmonics appear in (,, but not in
§p- This causes deviations in the plane normal to the along-track direction. This will

be demonstrated in the context of Projected Circular Orbit solutions.
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3.6.2 Time as the Independent Variable

In this section, time is treated as the independent variable, since this is what is
directly observable with time-tagged data. Use is made of the normalized time 7,
which is the same as the mean anomaly. In this case, the relative motion expressions
are qualitatively the same, i.e., they exhibit the same properties as in the previous
section. However, in the quantitative sense, the equations are different. In this section

use is made of the following relations (Battin 1999, chap. 5):

coskl = Z Im(—ke) cos(m + k)E (3.50a)
sin kl = Z Jm(—ke)sin(m + k)E (3.500)

where J,, are Bessel functions of the first kind of order m (not to be confused with

the zonal harmonic .J;), and

Jn(V) = ,,Z; szm(p_. 8: T py2im (3.51)

It can then be shown that:

V(1) = (Ago1costyy+ Byos) + Z |:(Ak91 cos g + Byoo) cos kT
k=1
—Cj sin o sin kr] (3.52a)

Co(T) = Spossingy + o3 Z (Sk sin ¢g cos kT + T}, cos ¢ sin k) (3.520)

k=1

where,

e
Ay = —2—772(3 + 2n%) (3.53a)
1—kn* 1+k
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3—7]2

By = T (3.53¢)

By = k% [Teir (ke) — Jp_1(ke)] (3.53d)

Cp, = %J’“ge) — 0 [Jip1(ke) — Jo_1(ke)] (3.53¢)
3e

Sy = — oz (3.53f)

S, = —kinQ eea(ke) — Jos (ke) (3.539)

7, - 20 (3.53h)

Even though C} and T, have e in the denominator, the computation of these

expressions do not cause problems as e — 0, because of the following expansion:

Ji(ke) = 2o
= ke)* i1k >1 54
be = 2 g iy k) e (3:54)

m=0

The expansion of &, in terms of harmonics of the mean anomaly is straightforward
since the equations relating cos f and sin f to cos kl and sin kl are provided in Battin

(1999):

§o(T) = o1sinyhgcos f + 01 cosygsin f

2 o0

2
= —epsinyy + igl sin vy g Jr(ke) cos kl
e
k=1

—1)01 COS Yy Z [Jktr1(ke) — Jx_1(ke)] sin ki (3.55)
k=1

Consequently, using a numerical procedure, table lookup, or truncation of the series
to the desired order of eccentricity, (3.52a), (3.52b), and (3.55) provide time-explicit
expressions for bounded relative motion, which can perform as excellent reference

trajectories for formation-keeping.
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3.6.3 Correcting for Bias

The problem of bias correction is now studied in detail, for the two choices of the
independent variable. Although a bias correction is not strictly necessary, it is useful
to study eccentricity effects on bias, because this may cause a close approach between
the deputy and chief. Since the bias in (, cannot be controlled, only the bias in 9, is
examined. An examination of (3.47a) suggests the following choice of gy, to correct

for bias:

02 = €01 CO8 Yy (3.56)

Equation (3.52a) suggests the following condition:

02 = [e(3 +21%) /(3 — n*)] 01 cos iy (3.57)

However, the bias corrections suggested by (3.56), and (3.57) have different
interpretations. Equation (3.56) does not offer meaningful physical interpretation, in
the sense that it is the average of a quantity of a variable that is a nonlinear function of
time. In this sense, Equation (3.57) is physically more significant, since this correction
will imply that the deputy spends equal amounts of time on either side of the chief
in the along-track direction. It is obvious that both interpretations converge as the
chief’s orbit eccentricity decreases, and have vastly different intepretations for high

eccentricities.

This point is illustrated by Figure 3.1, for a chief’s eccentricity of 0.6. Let o, = 1/2,
03 = 1 and 99 = ¢9 = 0. For a circular reference orbit, these correspond to the
HCW initial conditions for a projected circular orbit. If oo = €01 cosy, then the

variation of ¥, with respect to 7 is shown by the dashed, green line. It is therefore
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Fig. 3.1 Effect of Bias Corrections on Along-Track lotion, e = 0.6

not immediately apparent that this implies the deputy is on either side of the chief
in the along track direction, for equal portions of the true anomaly. Moreover, the
motion is not symmetric with respect to the i, vector since |9,(—10)/01] < 201 and
|9 (m —0)/01] > 201. If 02 = [e(3+21?)/(3 —n?)]o1 cos iy, then, the variation of ¥,
is depicted by the dotted, red line. This shows values that are greater than 2p; for
regions near the chief’s perigee, and less than 2p; for regions near the chief’s apogee.
However, the time-averaged value is zero. Thus if the mission requires the deputy
to be near the chief in the along track direction for large periods of time, this bias

correction is suitable.
The following condition is now examined:

02 = €01 cos Yy (3.58)

This condition ensures that equality |[J,(—v0)| = |[Jo(m — 1)|. This may be
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demonstrated by direct substitution in (3.36), which leads to ¥,(—1o) = 20; and
Vo(m — 19) = —2p;. The use of this correction results in the solid, blue line in
Figure 3.1. It should be noted that motion subsequent to this correction is also

bounded between £2p;.

Other versions of bias correction exist in the literature. Vaddi et al. (2003) and
Melton (2000) employ a correction that is valid for low eccentricities. Inalhan et al.
(2002) describe a process for obtaining initial relative velocity for symmetric motion,
by posing the problem as a linear program. However, any of the corrections derived in
this section, are valid for arbitrary eccentricity. For example, using (3.31) and (3.58),

results in the following:

esin fy

_ /:—
Yo = 2% (1+ecos fo)"

(3.59)

3.7 Corrections to HCW Initial Conditions

It is of interest to study the deviation induced from the classical HCW solutions due

to eccentricity. The different cases are analyzed individually.

3.7.1 Leader-Follower Formation Modified by an Eccentric Reference Orbit

In the Leader-Follower Formation, the deputy is at a fixed distance from the chief,
along the reference orbit. In the classical HCW environment, this is obtained by
setting k; = k3 = 0, and kg = d in (3.35), where d is the desired separation of the
deputy from the chief. However, if 97 = p3 = 0 and g = d in (3.36), then the
deputy-chief separation varies from d/(1+¢) to d/(1 —e), with a time-averaged value

of cod. Consequently, the correct choice for g, should be gy = d/By = 2n*d/(3 — n?).
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Irrespective of whether or not the distance is corrected for, care must be taken
that a value of p, is chosen to ensure that the minimum separation meets design

requirements, because as eccentricity increases, the minimum separation decreases.

3.7.2  Projected Circular Orbit Modified by an Eccentric Reference Orbit

Projected Circular Orbits (PCO) are obtained in the HCW equations by setting
2k; = ks = p, and ¥y = ¢ in (3.35). Consequently, 92 + (? = ¢°>. However,
PCOs can never be obtained near an eccentric reference, as is evident from (3.36).
It is possible, however, to choose initial conditions such that the relative orbit is as
circular as possible, at least to the first harmonic. Assuming that oo = ep; cos )y is
chosen as the zero-bias condition, then g; = /2 is sufficient to ensure that maximum
and minimum values of ¥,,(7) are consistent with HCW conditions. However, the new

phase angle for the first harmonic of ¥, (7) is now QZO, where:

Cy

A1+6

tan gy = tan ¢ (3.60)

For consistency, it is desired that the first harmonic of {,(7) also have the same phase
angle as ¥,,(7), so that to the first harmonic, a corrected-PCO is obtained. The phase

angle of the first harmonic of (,(7) is denoted by ¢o, where:

~ S
tan ¢g = — tan @y (3.61)
T
Consequently,
T1 ~ T1 ~ T1C'1
t =t =t = ¢t 3.62
an ¢ S an ¢ S an g AV an 1 (3.62)
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Finally, though out-of-plane bias cannot be controlled, its amplitude can be corrected

so that the time average of (,(7) is equal to p. Consequently,

4%
(5% sin® ¢g + T7 cos? ¢y)

03 = (3.63)

o=

It is also possible to ensure that maximum (,(7) does not exceed o. From
(3.36), the extrema of (,(f) occur when cos(f + ¢g) + ecos¢y = 0, or when
f = —¢o £ cosTH(—ecosdy). Of these, the negative sign corresponds to minimum

Co(f) and positive sign to maximum (,(f). Thus if
03 = (—e sin g + v/ 1 — €2 cos? ¢0> 0 (3.64)

then the maximum deviation in the out-of-plane motion will be bounded by +0. An
issue with this approach is that by placing bounds on the maximum out-of-plane
motion, its minimum is also naturally reduced, which may bring the deputy very

close to the chief.

Figure 3.2 shows examples of a formation initiated with the corrected and uncorrected
initial conditions, for a reference orbit with e = 0.2 and e = 0.7, with ¢y = 0°. In
these figures, the ideal PCO is shown as a dashed-dotted, black line. If the (3.35)
are used to generate initial conditions for a PCO, then these will result in unbounded
motion since (3.29) is not satisfied. However, if (3.35) are used to generate initial
conditions for all the states excluding ¥, and (3.29) is used to generate an initial
condition for ¥, the result will be a relative orbit that is bounded, but without a
circular projection. The extent of this deviation is depicted by the dashed, red line.
The solid, blue line depicts the result of applying the amplitude correction developed
in this section, and the bias correction from (3.58). In both cases, bias in the out-of-

plane direction is absent, but as shown in Figure 3.2b, bias in the along-track direction
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Fig. 3.2 Near-PCO Relative Motion with HCW and Corrected Initial Conditions,

0= 1km, ¢ = 0°
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is significant. The corrections developed in this chapter successfully keep along-track
motion bounded to the desired value of 1 km. It should also be observed that for high
eccentricities, as shown in in Figure 3.2b, projected motion resembles a triangle; this
may be exploited for mission design. The bias in the y direction, which is a function
of cosy, and consequently is maximum when ¢, = 0°, is removed entirely, as is

shown in Figure 3.2a.

Figure 3.3 shows the effects of eccentricity, if ¥y = 90°. In this case, bias in the
along-track direction is absent, but out-of-plane bias, which is a function of ¢y, is
maximum. While there is no significant difference upon application of the corrections
in Figure 3.3a, the amplitude correction is evident in Figure 3.3b. As eccentricity
increases, the deputy’s maximum displacement out of the plane increases to several

kilometers. The amplitude correction limits this excursion.

The effect of eccentricity on the three-dimensional character of the relative orbit is
shown in Figure 3.4. This figure corresponds to initial conditions consistent with
Figure 3.2, for three values of eccentricity. The solid, blue line shows the out-of-plane
vs. radial motion for a circular reference, which will be a straight line, since the
phase angles have been chosen to be equal. However, the dashed, red line, and the
dashed-dotted black line, which correspond to e = 0.3 and e = 0.8, respectively, show
that the effect of higher-order harmonics causes increasing deviation from the relative

orbit plane.

3.7.3 General Circular Orbit Modified by an Eccentric Reference Orbit

The General Circular Orbit (GCO) is obtained in the HCW sense by requiring that
£ + 92 + (2 = p?. Consequently, k; = 0/2, ks = 1/30/2, ks = 0, and ¢, = ¢,. These
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Fig. 3.3 Near-PCO Relative Motion with HCW and Corrected Initial Conditions,

0= 1km, ¢y = 90°
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Fig. 3.4 Effect of Eccentricity on Relative Orbit Plane

conditions lead to a relative orbit that is circular on a plane (local in the rotating
frame). For an eccentric reference, the initial conditions need to be modified, since
using the HCW initial conditions do not lead to GCOs. The modifications derived
in this section only account for the first harmonic in the Fourier-Bessel expansions of

(3.36).

Upon choosing g3 = (v/3/2) 0/+/(S} sin® ¢g + T} cos® ¢y), it is evident that (Z(7) =
(3/4) g*sin®(f + 50). Thus, 01 = 0/2 remains a valid choice to obtain a GCO-like
relative orbit. The phase angles are chosen in the same fashion as those for the PCO.
Figures 3.5a and 3.5b show near-GCO formations for a reference orbit with e = 0.2, for
1o = 0° (maximum y-bias), and ¢y = 90° (maximum z-bias), respectively. The legend
in the figures is consistent with the previous section, as is the choice of boundedness
condition. Furthermore, similar to the previous section, the corrections are able to

eliminate bias in the y direction, but not in the z direction.
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Fig. 3.5 Near-GCO Relative Motion with HCW and Modified Initial Conditions,

e=0.2 0=1km



3.8 Relative Orbit Design Using Nonsingular Elements

20

The theory in this chapter is now extended by the use of the nonsingular element set

Ors = {a \giq g2 h} ", as given by (2.20). A solution to the TH equations using 6 as

the independent variable is easily obtained, by observing that (3.9) may be rewritten

as:
- N 2 3
x(0) = (¢icosf+cysinf)a+ % [1 - 2—773045 K(@)}
y(0) = (—c¢sinf+cyeos0) (1+ a) — % o’ K(0) + ¢4
2(0) = c5co86 + cgsinb
where,

a=14¢q cosf+ qgysinf =1+ ecos f

0 =qi1sinf — gy cosf = esin f

The arbitrary constants ¢; and ¢, are evaluated as follows:

€1 = c€1C08g—cCcysing

3
- T a [a1(1 + cos® 0y) + g2 sin O cos by + (2 — ) cos O] o
0
1
n2

[ql sin 6y cos By — q2(1 + cos? fy) + sin 90} T

1
—— 01 (1 + cos? ) + ga sin b cos By + 2 cos o] 1/
n

Co = c18ing—+cocosg

3
= ~ o [q1 5100 cos O + ga(1 + sin® G) + (2 — n*) sin by | zg
0

? [Ch(l + sin? 0o) — g2 sin 6y cos 6y — cos 90} T
1
?

[ql sin 6 cos By + q2(1 + sin? fy) + 2sin 90] Yo

(3.650)

(3.65b)

(3.65¢)

(3.66a)

(3.66b)

(3.67a)

(3.67b)
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where ag and (3 are (3.66) evaluated at § = y. The constants c¢5 and ¢g are already

nonsingular, and ¢, is rewritten as:

1 3
1+ O%O:BO + (2 — ao)xy + Boyo | + yo (3.68)

4 = ——
2
n

Furthermore, K () is Kepler’s equation rewritten in nonsingular variables:

K@) =(F—qsinF+qcosF) — (Fo—qsin Fy +gacos Fo) =X — Ao (3.69)

The differential nonsingular orbital elements, dq1, dg2, and d Ay can be written in terms

of the initial conditions as shown:

0y = cosgde—esingdg
= (3q1 + 3cosby)ro — qayo — q2 cot i cos Oy zg + sin Oy (1 + ¢ cos Oy + ¢ sin O 2,
+{q1 + cos (2 + q1 cos By + g2 sin By) } yy + ga cot i sin by 2, (3.70a)
0qa = singde+ ecosgdg
= (3q2 + 3cosby)zo + q1yo + g1 cot i cos By 29 — cos By (1 + ¢1 cos By + g2 sin Oz,
+{q2 +sinby(2 + q1 cos by + g2 sin By) } yy — g1 cot i sin by 2, (3.700)
0N = 0g+ dly

1
= coti (cosbyzo — sinby zy) + m@ —n —n?+q1cos by + qasin ) zo + Yo

1
_m {277 +20% 4 (g1 cos Oy + qosin 6y ) (1 + gy cos by + go sin 90)} xq
1 . )
—l—m(ql sin 0y — go cosby) (2 + q1 cos Oy + g2 sin by)yo (3.70¢)

Equations (3.70) are free from singularities when e = 0, but are more complicated

than the corresponding expressions for the classical orbital elements.

The most general form for periodic relative motion is also modified, since f cannot
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be uniquely determined. Therefore, (3.32) are rewritten as:

zo(f) = % sin(f + o) (1 4+ ¢1cosf + gosin0) (3.71a)
yo(f) = %003(9—1—2/10) (2 + g1 cosf + go sin 6) —i—% (3.71b)
2(f) = % sin(0 + ¢o) (3.71c)

where,

o = (&2+€2)°

a
= 7—] [ (1 - 772) O + 2 (02001 — 1q2) 6Xo — (1dq1 + Q25Q2)2
g% + 5q§] ’ (3.72a)
02 = Uo(1 + q1 cos by + gasinby) — &,(2 + g1 cos by + g sinbp)
- (I+n+n? 1
=p |:5h COs 1t + W (qz5q1 - qléqQ) + ﬁé)\o (372b)

03 = [(1+2q1 cos by + 2gosin by + q7 + ¢3)¢5 + (1 + q1 cos by + g sin ) >
1
—2(q18inf — gy cos ) (1 + ¢y cos By + g2 sin 6y) (¢ 2

= p (0i% + Oh?sin®i)? (3.72¢)

¢0 = tanfl (2-2) — 90

2 [ +1) (6q1 + ¢26X0) — 1 (10qs + QQ5Q2>:|
= tan"! 3.72d
[(1 +1) (g2 — ¢16X0) — @2 (10q1 + ¢20¢2) ( )
_ (1 + @1 COS 90 + @2 sin 00)40 )
=t 1 Y
¢0 an ((1 + d1 COS 90 + q2 sin 90)€6 — (fh sin 90 — (2 COS 00) CO 0
I sin i
= tan~! (—5 ;l,nl) (3.72¢)

Conversely, the orbital element differences dqy, dgo, and d\g may be written in terms

of the design parameters o;. 3, V9, and ¢g, as shown:

0q1 = qqu& coshg — (1 — qf)& sin gy — ¢ (@ — 0h cos z> (3.73a)
p p p
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0qy = Q1Q2% sinty — (1 — q%)% cos g + ¢ (% — dh cos z> (3.73b)

1 2
0Ny = % — O0hcosi — M% [ql cos g — ¢ sindjo] (3.73¢)

(14n)
It should be noted that though the use of nonsingular orbital elements eliminates
problems with e — 0, they are still not suitable for use when ¢ — 0. For example,

cot i appears in (3.70).

Even though the Fourier-Bessel expansions with respect to f and 7 as independent
variables, as given by (3.47a), (3.47b), (3.52a), and (3.52b) are only meaningful for
e # 0, the fact that they are written in terms of variables that cannot be determined
independently of g for very low eccentricities also requires some attention. It can be
shown that by using 6 or A as independent variables, uniformly valid expansions can
be written. This is demonstrated by the expansion of 1/(1 + ecos f). With 6 as the

independent variable,

o0

1 1 1 2

k
- - -4z — k
14 q1cosf + gosinf 1+ecos f 77+77;( )" coskf

1 2

- 4+ = Z(—g)k (cos kg cos k@ + sin kg sin kO)
KO

- -4 Z ——— | (qugcos k@ + qop sin k)
7 n;< 1+77) 1

where,

Qe+ 70k = (@ + g q)" (3.74)

When A is to be used as the independent variable, the approach is similar. In this
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case,
1 3 7]2 00 B, ‘
- e kA kX 3.75
1+ qicosf + gosinf PYE + ; ok (g1 cOS kX + qopsinkA)  ( )
where,
B 1
k [era(he) = Jos(ke) (3.76)

ok kn2ekh—1
From (3.51), the lowest power of e in Ji(ke) is eF. Therefore, e is not present in the

denominator of the above expression, as can be shown by the following expansion:

Jpr1(ke) (—1)m hr2ml  ovmit
k-1 Z 2k+2mt il (k +m + 1) (q1 + QQ) (3.77a)

m=0
Je-1(ke) _ i (—1)m hram-t

ekt 2k2m=lml(k+m —1

i (¢ +a3)" (3.77b)

m=0

3.9 Summary

This chapter studies the effects of eccentricity on the shape and size of relative orbits.
No assumptions are made regarding the value of eccentricity, although nonlinearity is
treated separately in Chapters V and VI. Parameters based upon the relative orbit
shape and phase angle are used to study these effects, since these are more meaningful
than the differential orbital elements by themselves. The key effects are identified as
those that lead to amplitude and phase changes, and introduction of bias. Corrective
schemes are proposed that exploit the effects of eccentricity, and in some cases, these
lead to relative orbits very close or similar to those predicted by the HCW equations.
Since the effects of eccentricity are studied both in a qualitative and quantitative
fashion, these results can serve as excellent models for future mission design. The

approach in this chapter unifies the solutions to the T'schauner-Hempel equations, and
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the relative motion description using differential orbital elements. The linear mapping
between the relative orbit parameters and differential orbital elements can be used to
design impulsive or continuous maneuvers for the establishment of such formations,
at low cost, since they include the full effects of eccentricity. Furthermore, tracking
orbits obtained from the time-explicit formulation for periodic relative motion will

result in lower costs than those obtained from the HCW equations.
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CHAPTER IV

OPTIMAL RENDEZVOUS NEAR A KEPLERIAN ORBIT

4.1 Introduction

In this chapter, a novel analytical solution to the problem of optimal rendezvous
is developed. The theory is also applicable to formation reconfiguration, since
reconfiguration is simply a form of rendezvous where the final position and velocity
are not the origin of the rotating Cartesian frame. The development does not assume

small eccentricity of the reference orbit, and uses results developed in Chapter III.

The optimal rendezvous problem has been of historical interest, especially due to
Lawden’s primer vector theory (Lawden 1963). Billik (1964) used a differential
games approach to design optimal thruster programming laws for the HCW equations.
Edelbaum (1964) formulated and solved the optimal rendezvous problem in terms of
small orbital element differences. Gobetz (1965) also used a similar linearization in
orbital element space, with the additional assumption of a near-circular target orbit,
but used a nonsingular element set that extended the validity of the laws to those
cases where eccentricity and inclination are zero - known singularities in the classical
orbital element set. The elements used by Gobetz are similar to the equinoctial
elements (Broucke and Cefola 1972). Alfriend and Kashiwagi (1969) formulated
the open-loop, minimum-time rendezvous problem for elliptic orbits, using the TH
equations. Jezewski and Stoolz (1970) formulated the constant-thrust orbital transfer
problem, by expressing the gravity field as a third-order polynomial in time by using

two measurements of position and velocity and solving for the polynomial coefficients.
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Solutions to the continuous-thrust optimal rendezvous problem in a linearized gravity
field, using the TH equations as a base, have been explored extensively by Carter and
Humi (1987); Carter and Brient (1992); Humi (1993), among others, although these
references characterize the problem, but do not solve it. Euler (1969) approached
the rendezvous problem by attempting to find an open-loop optimal control to the
TH equations, for the standard low-thrust, limited-power quadratic cost function.
However, a completely analytical solution could not be found, and results were
obtained by restricting the equations to first order in eccentricity. Carter (1994)
proposed a method to solve the problem posed by Euler (1969), but the procedure
requires the numerical integration for a key matrix, for a complete solution. In this

chapter, the problem posed by Euler (1969) is solved in closed form.

The problem of optimal bounded, low-thrust rendezvous, using the HCW equations,
was solved by Guelman and Aleshin (2001). Recent work by Palmer (2006) provides
an analytical formulation for optimal transfer paths, also based on the HCW
equations. Zanon and Campbell (2006b) developed an approximate solution for
optimal open-loop, bounded-input control for rendezvous near elliptic orbits, using
Carter’s solution (Carter 1998) to the TH equations as a basis. In this work, spline
approximations were used for certain key integrals; however, as will be shown in this

chapter, these integrals can be solved in closed form.

4.2 Problem Statement

The Tschauner-Hempel (TH) equations for rendezvous near a Keplerian orbit with

arbitrary eccentricity, can be written in the following state-space representation:

x' = A(f)x+ B(f)u (4.1)
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where x € X C R, ue U CR} A: Ry — R B : Ryy — R and the

following hold:

O
X = p ={zr y 2 2 z’}T, B=(1+ecosf)? ’
P 13
3/(1+ecosf) 0 0 0 20
O3z 13 ~
A= _ , A= 0 0 0|, @=]1-200
A Q
0 0 —1 0 00

In the above, O3 and 13 denote the 3 x 3 zero and identity matrices, respectively.
It should also be noted that the actual control acceleration u,pp is obtained by the

following transformation:

— Ly .
uappl(f) - p2 (f) (4 2)

The optimal control problem is posed as the following:

fr
min J = % /f 0 u' Rudf (4.3)
x(fo) = x0, x(fr) =Xz (4.4)

with fr specified, and where R € R3*3 > 0. Althought this cost function is not
strictly appropriate for low-thrust, high-specific impulse thrust devices (Marec 1979,
chap. 1), the choice of true anomaly f instead of mean anomaly (time) [ as the variable
of integration is a natural choice for penalizing control effort at the perigee, and the
difference between their use is only apparent at high eccentricities. Additionally,
the use of f results in readily integrable functions, as will be shown later. For the
linear-quadratic (LQ) problem posed, it can be shown that the necessary conditions

for optimality (Lewis and Syrmos 1995) yield the following conditions for the control
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and costates, denoted by A:

XN =-AT(HA (4.5a)
u=-R'B'A (4.5b)
For the augmented linear system comprising states and costates, the values of x and

A at any time are given by the state transition matrix (STM) ®. Consequently, the

initial values of A can be found by the following:

! A —BR BT
e R A e T A
N Og —AT A A(f) A(fo)
(I)xx (ﬁx)\
P = = Xo = @\ (fr, fo)xr — @\ (fr, fo)®uu(fr, fo) X0 (4.6)
D,, P

Thus, the LQ problem can be solved if ®,,, ®,,, and ®,, are determined.

4.3 Solution to the Problem

While not immediately obvious, the matrices can be evaluated analytically. This
is possible because the TH equations themselves have closed-form solutions. The
solutions to the unforced TH equations are given by (3.9) and (3.10). Let ¢ =
{c1 -6} denote the vector of integration constants in (3.9) and (3.10). As shown
in Chapter III, the relationship between the states and the integration constants can
be expressed as x = L(f)c where the entries of the matrix L can be obtained from
the terms corresponding to the constants of integration in (3.9) and (3.10). This
matrix has determinant 1, and the constants of integration can then be calculated by

its adjoint, as shown in (3.11), to yield the relation ¢ = M( fo) x¢9. The STM for the



60

unforced equations can then be written as:

x(f) = L(f)M(fo)xq (4.7)

The STM for the costates can be obtained by observing that the Hamiltonian system
comprising x and A leads to a state transition matrix that is symplectic in nature. If

I denotes the symplectic matrix of appropriate order, (4.6) implies

P3P = (4.9)
P, P, O¢ 1g o D O 14
or, = (4.10)

Resolving the matrix multiplication, and comparing the block matrices on both sides

leads to four equations, one of which is:

However, if x is not present in the cost function (as is the case considered here), A

does not depend on x, and ®,, = Og. It follows that

&,,(f fo) = [®L(f, fo)] =M (/LT (fo) (4.12)

From (4.12) and (4.5b), the solution to the forced system is:

!
X(f) - (I):m:(fa fO)XO - /f (sz(.ﬂ S)B(S>R_1BT(S)(I))\>\(81 fO)AO ds

= ®,.(f, fo)xo + Pur(f, fo)Xo (4.13)
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It follows that:

f
Bo(f.f) = — / ®,.(f,5)B(s)RB (5)®1s(s, fy) ds

fo
!
- —L(f)( i M(s)B(s)R™'B" (s)M ' (s) ds) L' (fo) (4.14)
= —L(/)[W(f) = W(fo)] L' (fo) (4.15)
where, W(f) = [ M(f/)B(f)R™'B'(f)M'(f)df (4.16)

It is evident that the problem can be solved completely if W(f) is evaluated. It is

also worth noting that W (f) is symmetric. It can be shown that:

O O
B(/)R'B"(f)=(1+ecos f)° (4.17)
O R

Though it appears at the outset that the integration process is complicated due to
the presence of terms containing (1 + e cos f) in the denominator, integration can be
performed by changing the independent variable to E. This step can also be used to
solve the integrals presented by Zanon and Campbell (2006b), as was shown in Zanon

and Campbell (2006a). The matrix W (f) may be rewritten as:
W(f) = W) () + W) K2(f) + WO K(f) + WO(f) - (4.18)

The components of W3 (f) are presented in Appendix A, where it is also assumed

that R is a diagonal matrix, with entries R; 3. For the sake of brevity,

W(fr, fo) = W(fr) — W(fo) (4.19)
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4.4 Dependence of Cost on Final Value of True Anomaly

For given initial and final conditions, xy and X7, and epoch fy, the cost is purely a
function of the final value of the true anomaly, fr. From (4.3) and (4.5b), the optimal

cost is given by:

fr
T(fr) = / XT(/)B(RBT(HA(S) df

fo

N | —

DO | —

fr
/f A @] (f, fo)B(R™BT(£) @ (1, fo) Ao df

To ease notation, L(fy) = Lo, L(fr) = Ly, M(fy) = My, and M(fr) = My.
Furthermore, since A is a constant, the use of (4.12) and (4.16) results in the following

equation:

1 _
JT* = 5){ LoWLJ X (4.20)

Using (4.6) and (4.15) yields the following expression for the optimal cost:

* 1 1
J" =5 Mrxy — Moxo)' W (Mrxr — Moxo) (4.21)

Since J* > 0 for all possible choices of initial and final conditions x7 and xg, W_l

must be positive semi-definite. In fact, J* = 0 implies that either 1) Mrxy = Myx,
or 2) W s singular. The first case is only possible if x; = ®,.,.(fr, fo)Xo, or if the
desired states arise from the natural evolution of the state from the initial states. The
second case arises if at least one eigenvalue of W s zero, or if at least one eigenvalue
of W is infinity. Since W comprises only bounded periodic terms and K(f), which
increases with f, this must mean K(fr) — oo, and consequently, fr — oo. This
agrees with the physics of the problem, since in both cases, control required is zero.

Therefore in the cases where control is required, W ! and W are positive definite.
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Furthermore, since W is symmetric and block diagonal in structure, methods such

as the Cholesky decomposition may be used to find the inverse.

4.5 Numerical Simulations

T 0.8
3 o8
5]
5]
D o6
=
[72)
[o]
O 0.4
I
=
0 02
b 0
0.2
0
1 0.4
Reference Orbit
8 . "~ Eccentricity

(fT-fO)/(2TE) 5 0.8

Fig. 4.1 Optimal Cost of Reconfiguration as a Function of Eccentricity of the

Reference and True Anomaly Gap

The availability of the analytical solution to the LQ problem allows the examination
of the dependence of the cost of rendezvous on the final value of the true anomaly.
Since the control and costates are known functions, the Hamiltonian corresponding
the LQ problem reduces to a function of one variable, f. Therefore, solving for the
zeros of this Hamiltonian provides a necessary condition for a maneuver with the
smallest true anomaly change, and as a consequences, a solution to the minimum-
time problem. In this case, it is observed that solving for the zeros is particularly
difficult due to the complicated nature of the Hamiltonian, because the true anomaly

expresses itself through various orders of harmonics. However, additional insight
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into the problem may be obtained by studying Figure 4.1. In this figure, a sample
reconfiguration from xo = {0 10 0.50 1}" to xp = {020 1 0 2} is chosen, with
fo = 35°. This figure shows the optimal cost for rendezvous, scaled by the maximum
cost, as a function of the eccentricity of the reference orbit, and the final value of true
anomaly. It is observed that the cost for rendezvous decreases as the gap between
initial and final true anomaly increases. This is a consequence of the fact that W
comprises K (f) which increases with true anomaly, and that the cost depends on
w Furthermore, it can also be seen that depending on the final true anomaly, the
cost for rendezvous can be significantly high. In this case, when e ~ 0, it is best to
wait for target to complete one or more revolutions about the gravitational center, to
obtain lower costs. Finally, it is observed that the rendezvous cost displays pitchfork
bifurcation, with reference orbit eccentricity as a parameter. While it is apparent
that for low eccentricities that the cost is minimum when the target completes one or
more revolutions, for high eccentricities new minima appear approximately half-way
between complete revolutions. In this case, these regions correspond to the apogee.
Although Figure 4.1 is the result of just one set of initial and final conditions, the

qualitative behavior of the cost does not change with other boundary conditions.

4.6 Summary

This chapter derives an analytical solution to the LQ rendezvous problem. The
solution can be easily extended to intercept maneuvers, since in this case, one set of
final conditions on relative velocity are exchanged for another set of final conditions on
the costates corresponding the relative velocity, and state transition due to the forcing

function will still require the evaluation of W. Furthermore, the analytical solution
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to the initial costate values can serve as an excellent guess to solve the nonlinear
rendezvous problem using an open-loop control derived using shooting methods, or

with higher-order methods for feedback control.
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CHAPTER V

SECOND-ORDER STATE TRANSITION FOR RELATIVE MOTION
NEAR PERTURBED, ELLIPTIC ORBITS

5.1 Introduction

In this chapter, the problem of nonlinear relative motion is analyzed. The purpose
is to develop a suitable method for state transition that is valid for large relative
orbits. In spite of the extensive literature related to the rendezvous problem and
formation flight, the effects of nonlinearity are yet to be modeled fully. Nonlinearity
in the HCW equations were treated as perturbations and the system was solved
by Knollman and Pyron (1963); London (1963), and with particular application to
formation flight and periodic motion, by Richardson and Mitchell (2003); Vaddi et al.
(2003); Gurfil (2005b). By representing relative motion using spherical coordinates,
and by the use of perturbation techniques, Karlgaard and Lutze (2003, 2004) solved
the HCW equations perturbed by second-order differential gravity terms with a
circular reference. In their approach, a frequency correction was introduced to ensure
validity of the solution. Kasdin et al. (2005) used a Hamiltonian formulation to obtain
solutions to a similar problem, but with J, perturbations, also with a circular orbit
assumption. Gurfil and Kasdin (2004) presented differential equations that model
nonlinear relative motion in the configuration space, assuming a central field, by using
a series representation for eccentricity effects. Yan (2006) presented expressions for Jo-
perturbed relative motion coordinates, correct to the second order in .J5, by using the
higher-order generating function from Brouwer theory. Consequently, small element

differences up to the third order were also included, to ensure consistency between the
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magnitudes of second-order J,, and nonlinearity effects. A map for relative position
propagation using second partials from the unit-sphere approach, was also derived.
However, the general case of nonlinear relative motion using state variables and one

independent variable has not been solved.

This chapter solves the relative motion problem to the second-order, by formulating
a nonlinear map that can be used to find the relative states from differential orbital
elements, that is accurate to the second order, and can therefore be used for large
relative orbits. A method for solving the inverse problem is also devised, thereby
leading to the formulation of a linear-quadratic map between the initial relative
states, and the relative states at a desired time, using differential orbital elements
as an intermediary. Furthermore, it is shown that simply isolating the quadratic map
is sufficient for use with STMs that take into account .J, perturbations, since for many
cases, quadratic terms and terms with J, are of the same order, and for large relative
orbits, nonlinearity effects dominate. A nonsingular element set is used to ensure

uniform validity even when the eccentricity of the reference orbit is small or zero.

5.2 Nonlinear Relative Motion

The nonlinear relative motion equations in a central field have been presented in
Chapter II, and are given by (2.7), or their scaled equivalent, by (2.15), and in
perturbed form, by (2.16). The system of equations restricted to quadratic terms
were presented by Euler and Shulman (1967). For the special case of periodic
relative motion, this system can be solved (Sengupta et al. 2006). However, for
the more general case where periodicity conditions have not been enforced, it is not

yet known whether a method using a frequency correction can successfully be applied.
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A formulation for relative motion equations with a circular reference orbit has been
presented by Bond (1999), where the only assumption on the chaser orbit is that its
eccentricity is low. Using the methodology described therein, it can be shown that all
solutions are stable and bounded, which is true for any two satellites orbiting around
a central body. The local in-plane growth term, for the simplest case of relative
motion between two circular orbits, is given by sin(Ant), where An is the difference
between the mean motions of the chaser and target. This term can be expanded using

a Taylor series comprising terms up to an arbitrary order:
. 1 3
sin(Ant) = Ant — E(An )+ ... (5.1)

Since terms comprising t*, k = 1...00 arise from the expansion process, standard
perturbation methods cannot be used successfully to obtain a uniformly valid solution

(Alfriend et al. 2002).

To circumvent the problems associated with an analytical solution to the perturbed
system, the geometric method is used. Each orbit is uniquely defined by a set of
nonsingular orbital elements, s = {a 0 i q; ¢ h}", as defined in Chapter II. Use
is also made of the geometric equations, as given by (3.13). If it is assumed that
the orbital elements of the deputy are not much different from those of the chief,
then the direction cosine matrix of the deputy can be expanded in a Taylor series,
using the chief as a reference. For example, the differential inclination 47, if assumed
small, allows expansions of the type cosdi ~ 1 — §7%/2 and sindi ~ di. Using these
approximations, the relative position is given by:

§ = or— r (C082 6 + cos® i sin® 0) Sh* — gsin2 6 6i* — 2662

+rsinisin @ cos 0 6h §i — rcosi dh o0 (5.2a)
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v~ (r+0r) (60 + cosidh) + gsiDQisinﬁcosﬁth - gsin6c0865i2
—rsinisin® 0 6h §i (5.2b)
¢ =~ (r+0r)(sinfdi—sinicosfdh) + gsinicosisinﬁ 5h?

+rsinisin@ oh 60 + r cos 6 6i 660 (5.2¢)

It should be noted that if only linear terms are considered in (5.2), then the out-of-
plane dynamics depend only on differential RAAN, A, and differential inclination,
01, and are therefore uncoupled from the in-plane dynamics. The inclusion of second-

order terms introduces coupling effects.

To obtain the second-order map for the position variables, the expansions of ér and
06, are required. The first quantity is obtained by considering the equation of the

radius of a satellite, which is written in terms of a, ¢1, ¢», and 6, as follows:

22
- a(l — qi QQ)‘ (5.3)
(14 ¢y cosf + qasinb)

For the sake of brevity, the functions o and 3, defined in (3.66) are used. Using these

functions, it is easily shown that:

Oa B Ja Oa

op B . op
L _a-1 == —_— = A4
50 — ¢ b o0, sin 6, 20 cos 6 (5.4b)

Using (3.66) and (5.4) to calculate the partials of r with respect to the orbital
elements, the differential radius or is obtained using a Taylor series expansion to

the second order, in the differential elements da, dq;, dge, and §6:

) ) 1 1
O on 24 By L (204 cos) 6y — —— (2420 + 1 sin6) b
T a Q n°Q nta
1
—ﬁ(oz2 — 3o+ 2n?) 66% + Tl (n* cos® 0 + 2qiacos O — o*) dq;
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1 5
3 2(7]2311129+2q2asin9—a2)5 _|_é_a(59
a

1 oa 1 oa
—— (2q1a + n? cos 9) — o0 — —— (2q2a + n?sin 9) — ¢
o a n%a a

(2q1aﬂ—|— 2n?Bcosh —n asm@) 00 6qq

(2q2aﬁ + 2n*Bsinf + n*a cos 8) 00 6q-

O./
9
n*a?

+ (qla sin @ + goav cos 0 + n? sin 6 cos 9) 0q1 0qo (5.5)

The second quantity, 06, is required in terms of its initial value, §6y. Since 8 = g + f,
it follows that 060 = dg + 6f. By the use of (2.1) and (2.2), the differential true

anomaly, correct to the second order, is given by:

§f = dy6l+d.de+ dySl* + de. 5€* + dye 0l Se (5.6)
where,
1
d; = ﬁ(l + ecos f)? (5.7a)
1
d. = ? sin f (24 ecos f) (5.7b)
dy = —$ sin f (1 + ecos f)* (5.7¢)
1
dee = o sin f (2e + 5cos f + 6e cos® f + 2¢* cos® f) (5.7d)
n
1
dje = —$(e —2cos f — 2ecos® f)(1+ ecos f)? (5.7¢)

Use is made of the mean argument of latitude, A, which allows one to use the relation
0l = X — dg. The following equations are also required to obtain 06 in terms of

nonsingular elements:

e*dg ~ —esingdq +ecosgdgy +sing cosg (5qf — 5q§)

— 0829 0q1 0¢s (5.8a)
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1 1
ede =~ ecosg5q1+esing(5qQ+§Sin295q3+5008295q§
1
) sin 29 0q; 0go (5.80)
0 15 da?
0N = g+ InAt =0\ + —§—a+—5i n At (5.8¢)
2 a 8 a?

where 0\ is the initial mean argument of latitude difference. Kepler’s equation using
nonsingular elements is used to denote elapsed time:

02 3
K 2 7
(02, 01) /01 (14 g1 cosf + qo2sin6)? v

= (Fy — q18in Fy + go cos Fy) — (F} — ¢y sin Fy + ¢o sin FY)

= A — A = AAt (5.9)

where F is the eccentric argument of latitude, and A = ¢ + [ = n, for the two-body

problem. The following equations relate the true and eccentric arguments of latitude:

(141 —¢3)cos0 4+ qigosind + (1 4+ n)q

cos F' = 5.10a
(1+n)(1+ qicosf+ gasind) ( )
1+n—q7)sinf 0+ (1
sinF:< +1n —qi)sinf + qqo cos +'( +1)qo (5.10)
(14+1)(1 4 g1 cosf + gosin6)
1+n—gj)cosF in F — (1
COSQ:( Rl q2)cos_ +Q1Q2Si1 . (1+n)q (5.100)
(I14+n)(1—qicosF — ggsin F)
1+n—gi)sinF F—(1
sin@:( + 71— g7)sin F' + qigp cos (1+1n)g (5.10d)

(14+7n)(1 —q cosF —qasin F)

Let ors = {da/a 60 6i 6g1 dqa (5h}T denote the vector of differential orbital elements,
as defined in (2.20). In the two-body problem, all orbital element differences are
constant, except 60. Equation (5.6) and dg are used to compose 66, and (5.7) and
(5.8) are used to write 60 in terms of the nonsingular element differences, dq;, dqa,
and 0. The quantity 0\ is rewritten in terms of its initial value, d\g, which can be
obtained from ¢6y, using the inverse of the process described above. Consequently,

the propagation of the differential orbital elements can be written in the following



72

form:
1

where G € R%%6 is the transition matrix for the differential orbital elements, and
H € R%%6%6 is the next-order tensor for transition. In (5.11), the operator ® denotes

the dyadic product, i.e., in indicial notation this equation is equivalent to:
1
(5131(02) = Gij (92, 01) 51’Ej (81) + 5Hijk(92’ 81) 613](91) (5778k(91) (512)

with repeated indices implying summation. The components of G and H are given

in Appendix B.

The expressions for relative velocities require the formulation of the quantities 46 and

0r. These quantities can be calculated by taking the variations upto the second order

in = f=/u/pPa? and i = \/u/pp.

5.3 Formulation of the State Transition Matrix and Tensor

Let x = {z y z 2’ ¥ 2/} denote the state vector. The nondimensional relative
velocities are given by p’ = dp/df. In the two-body problem, 6 and f differ by a
constant, g; therefore a derivative with respect to # is equivalent to a derivative with

respect to f.

The objective is to obtain a mapping between the state vector at § = 65, and the state
vector at @ = 61, that includes quadratic nonlinearities. Consequently, an expression

of the following type is required:

x(02) = @) (0, 0) x(61) + 5@ (05, 61) @ x(6h) @ x(0) (5.13)
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In this equation, &) € R is the STM for linearized relative motion. The second
term contains ®? € R*6*6  which is a third-order tensor for state transition,
accounting for second-order nonlinearities. Since a matrix is also a second-order

tensor, both 1) and ®?) will be referred to as state-transition tensors (STTSs).

The evaluation of the STTs is performed via the use of the mapping between the
Cartesian LVLH states and differential orbital elements. Using (5.5) in (5.2), and

using some more algebra, results in the following mapping between x() and dus:
1
x(0) = P(0)éms(0) + EQ(Q) ® ors(f) ® dms(6) + O (|5rs(0)|3) (5.14)

where P € R%*% and Q € R%*%*¢ are provided in Appendix C. To formulate the
expressions for @) and ®?, an inverse map from x to s is required. Therefore,

the objective is to solve for dms in terms of the given state vector, x, at any value of

6.

5.3.1 Inverse Map from States to Differential Orbital Elements

It is stated at the outset, that an inverse map for the linear system has been provided
by Gim and Alfriend (2003). However, for better accuracy, an inverse map that is
quadratic in the states, is sought. From the vis-viva integral (Battin 1999, chap. 3),
the relationship between a, orbit energy, £, and the velocity and position of a satellite,

is given by:
=—— (5.15)

It is shown in Sengupta et al. (2006), that by using position and velocity scaled in the

sense of the TH equations, the energy difference between two neighboring orbits as a
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function of the true anomaly of the reference orbit, can be written in the following

form:

77255 2 2

TE = (2+3ecosf+e*)r+esinf(l+ecosf)a’+ (1+ecosf)y
1
—|—§[—(1—e2)x2—|—(2+3ecosf+62)y2+(1+ecosf+ezsin2f)z2

+(1 + ecos f)* (2 + 9 + 2%) + 2esin f (1 + ecos f)(x2’ + yy + 22)

+2(1 + ecos f)*(zy — yx’)} +0 (]p|3) (5.16)

where £ is used to denote the orbital energy of the chief. The third- and higher-order
terms in (5.16) are contributed by Legendre polynomials of equivalent order, and
contribute relative position terms only. From (5.15), the semimajor axis difference
can also be written in terms of the energy difference. To the second order, the equation

relating the two quantities is as follows:

M M 2 3
Sa = 587 5& 283 5E% + O(0E?) (5.17)
Sa 5E 5E\?
— R —— — 1
or, - 3 + < 5) (5.18)

Upon substituting (5.16) in (5.18), and keeping terms up to the second order, an
expression for the semimajor axis difference is obtained, in terms of the relative

position and velocity components.

However, the procedure for determining expressions for the remaining five differential
orbital elements is far more complicated, because the vis-viva integral is the only
constant of two-body motion that relates a single orbital element to the states of a
satellite. The remaining integrals - the eccentricity and angular momentum vectors
- yield equations in multiple orbital elements, and furthermore, these equations have

to be rewritten in inertial coordinates to introduce inclination and RAAN.



5

A related approach is to first solve for the position and velocity of the deputy in the
ECI frame, given the relative states, and then convert the ECI position and velocity
to the orbital elements of the chief. Vadali et al. (2002) present a set of nonlinear
equations that can be used to calculate relative position and velocity in B, when the
relative position and velocity in A, and position and velocity of the chief in NV, are
provided. Consequently, for the inverse operation, as required by the first step of this
approach, a series of nonlinear equations in relative states is obtained. The second
step of conversion from the deputy’s ECI position to the deputy’s orbital elements,

further complicates the approach.

Both methods discussed in this section result in a set of nonlinear equations, which can
be solved using numerical techniques, but are not amenable to closed-form analysis.
In this chapter, a reversion of series is chosen as a feasible transformation, since
|p| < 1, second-order terms in |p| are much smaller in magnitude than first-order

terms.

5.3.2 Inverse Map Using Series Reversion

The reversion of series for a function of one or many variables (Feagin and Gottlieb
1971), can also be written using tensors of increasing order (Turner 2003). In the
present case, following the development in Turner (2003), a reversion of series is
applied on (5.14), comprising linear and quadratic terms only. Series reversion leads

to the following approximate solution for dis(f), for a given state vector x(#), and 6:

si(0) = P~ (6) x(6) ~ ;P (6) {Q(0) © [P (O)x(0)] @ [P~ (6) x(6)]}

+0 (|x(0)) (5.19)
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Let R(#) = P~(#). Furthermore, let S(6,6,;) be a tensor such that its operation on

the vector x(6,) is given by:

S(QQ, 91)®X(91)®X(91)
= Q(02)®[G (62, 01) P~ (61) x(61)] @ [G (B, 61) P (61) x(61)]

= Q(02)® [G (02, 6:) R(01) x(01)] @ [G (6. 01) R(61) x(6,)] (5.20)

From Appendix B, it is observed that when 6, = 01, G(0s,0;) is the identity matrix.
The matrix G(6s, 6,) is introduced to facilitate the formulation of the STT, as will be

made clear later. The above equation can be written in indicial notation as follows:

Siie(Oa,01) 2;(01) 24, (01)
= Qijr(02) G, (02,01)R,;(61) 2,(61) Gy, (62, 01) R, (61) ., (61)

= Qum(02) Gy, (02,01) R, ;(01) G, (02, 01) Ry (01) ,(01) 2, (61)  (5.21)

In the above expression, j, k, [ and m are repeated indices and can therefore be

interchanged. It follows that:
Sije(02,01) = Qupn(02) Gy, (02,01) R, ;(01) G, (02, 01) R 1. (61) (5.22)
In matrix notation, this is rewritten as:

Si(0a,01) = [G(0,01) R (01)] ' Qu(0:) [G(0a,01) R (01)]  (5.23)
Si1 o+ Sie Qi1 - Qig
where, S; = : : , Q= : :
Siet -+ Sies Qisr -+ Qico
It is obvious that S;;x = Six;. Upon substituting the tensor S(6;,6,) from (5.22) in

(5.19), the following equation is obtained from which d1s can be calculated from the
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state vector at 6 = 6, :

&a&):E@Qﬂmy—;m@na@ﬂg®xwg®n@ﬂ+ouq@W)(5%)

Substituting (5.24) and (5.11) in (5.14) evaluated at 6 = 6, leads to the following

expression:

X(QQ) = P(QQ) G’(027 01) (sIE(Ql) + %P(Qg) H(HQ, 6)1) X 5IB(61) X 5ns(91)

+%Q(92) ® [G(0,01) d18(01)] @ [G(02, 01) d18(01)]

+0 (|618(601)[°) (5.25)

= P(6y) G(02,0,) R(6:) x(6))

‘%sz) G(02,0:1) R(61) [S(01, 61) @ x(61) @ x(61)]

+%P(92)H(92,91) ® [R(61)x(61)] @ [R(61)x(61)]

+%Q(02) © [G(02, 00) R (0)) x(01)] @ [G (0, 0,) R(0,) x(0,)]

+O(|x(61)]%) (5.26)

Upon comparing (5.26) with (5.13), and by using (5.22), the following expressions for
the STTs are obtained:

(IDE;)(QQ,Ql) = Py(0:) Gyy(02,01) Ry;(61) (5.27a)
02 (02,61) = Syjp(0s,01) — Pyp(02) G,y (02,00) R, (601) Sy (61, 601)

2

+P,,,(02) H,,,,(02,01) Ry;(01) R, (61) (5.27b)

Thus, x(605) can be obtained in terms of x(6;), if the matrices P, R, and tensor Q are

known. Furthermore, let S() denote a tensor such that Sijr(0) = —Ru(0) Six(0,0).
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Then, (5.24) reduces to the following form:
— 1—
om(0) = R(0)x(6) + 55(6,0) © x(0) @ x(0) + O (1x(0)*) (5.28)

The tensors R and S are presented in Appendix C. It is worth noting that da/a

obtained from (5.28) matches the expression obtained from (5.18).

The properties of the state transition matrices and tensors can easily be verified. For

example, the first-order STT has the following properties:

1. @(1)(91,91) - 16
2. ®W(0,,0,) = [®@1(0;,0,)]

3. @ (6s,0,) = DMV (6s,0) @1 (0, 61)

Noting from (5.27b) that ®1)(6y,6,) = P(6) G(6,,6,)R(6;), the first property is
verified, if it can be shown that G(f,6,) = 1g. This can easily be observed from
Appendix B, wherein the fact that K (6;,6;) = 0 is used. The second property can be
verified, if it can be shown that [G(f,6;)]”" = G(6:,6,). This can also be observed
by using K (0, 6,) = —K(01,65), in Appendix B. The third property may be verified

by the following steps:

W (0s,60,) = P(#s)G(bs,60,) R(6;)
= P(63) G(05,60,) G(6s,6,) R(6)
= P(03) G(63,0.) R(62) P(62) G(6-,6:) R(6:)

= ®W(hs,6,) WV (6,,6,) (5.29)

where the fact that G(63,601) = G(0s, 02) G(0s, 0;) is easily demonstrated by observing
that K(eg, (91) = K(ed, 92) + K(¢92, 91)
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The properties of the second-order STT can also be verified using similar steps. In

particular, the following can be shown:

2. ‘1’532'11(91792) =~ (0,,0,) @2,
32 (05,60,) = @ (05, 0,) D2 (65, 0,) + @
3. ijk:( 3, 1) il ( 3 2) ljk( 2, 1)+

(02,01) @) (01, 02) B (61, 602)

(o (03, 02) @[ (62, 01) @) (62, 01)

ilm

For the sake of completeness, the following relations can be used to transform between

the dimensional and scaled states:

e | _| pal D P\ (5.30a)
| @ V(/p) B, 13 /(1u/p) a1 P

P (1/p) a 13 Dy o (5.300)
| P —(/p) By Vp/w)/als | | @ |

where o and (3 are defined in (3.66). The matrices in (5.30) are denoted by T(#) and

T~1(0), respectively.

Since the analysis in this chapter uses nonsingular orbital elements, evaluation of the

intermediate tensors are still singular for equatorial orbits. This is easily observed

from the expressions in Appendix C, some of which comprise coti and csci. The

formulation using either equinoctial elements or kinematic states is more complicated

and is beyond the scope of this dissertation. A state transition matrix for the linear,

Jo-perturbed case, that uses equinoctial elements, is presented in Gim and Alfriend

(2005).
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5.4 Oblateness Effects

The most significant advantage of the formulation in the previous section is that the
second-order STT can very easily be used with more accurate first-order STTs that

also account for J,-induced oblateness effects.

It is first necessary to compare the order of the terms arising due to J; and nonlinear
differential gravity. Sengupta et al. (2006) show that if the states of the TH equations
are scaled by o/(1 + €cos f), instead of /(1 + €cos f), where gy represents the size
of the relative orbit, then the second-order terms in z, y, and z have € = gy/p as a
coefficient, where the overbar indicates the use of mean elements. Consequently,
€ is a measure of nonlinearity. Similarly, as shown in Kasdin et al. (2005), the
linear terms that arise due to the inclusion of terms with J; in the gravitational
potential, have J = Jy(Rg/P)? as their coefficient, where Rg is the radius of the
Earth. Scaling the states by 0o/(1 4+ €cos f) leads to |p| = O(1), and consequently
both linear and quadratic terms are of the same order, and the effect of J; and
nonlinearity can be studied by comparing ¢ and J. Assuming a reference orbit with
a = 13,000 km, and e = 0.3, and using the values from Table 2.1, calculations show
that J = 3 x 10~*. For small relative orbits, the inclusion of second-order terms
may not lead to significant improvement in the accuracy of the propagated states,
since oblateness effects dominate. However, second-order terms may be required when
the chief’s orbit is highly eccentric, even when the relative orbit is small, since the
nonlinear terms also have (1 + ecos f) in the denominator of (2.16), and can be
significantly dominant. In all cases of relative motion involving large relative orbits,
the inclusion of second-order terms is necessary for an accurate description of relative

motion.
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The above analysis also shows that the second-order terms can be limited to their
representation in mean elements, and the inclusion of short-periodic and long-
periodic variations are not necessary. If ™8 denotes a mean element, then the
corresponding osculating element is given by 1 = B[l + O(J;)]. Consequently,
82 = O(e)+0(eJ2)+O(J2). Since the mean to osculating conversion employed in Gim
and Alfriend (2003) is correct to first order in Jy, and €.J; ~ J3, only secular growth
terms need to be incorporated in the higher-order terms. Therefore, in Q, the mean
elements @, €, and 7 are used instead of the osculating semimajor axis, eccentricity,
and inclination, respectively. Furthermore, the RAAN, argument of periapsis, and
mean anomaly, are propagated by their respective mean secular rates, denoted by hs,
s, and I;. In terms of nonsingular elements, the following equations are obtained

(Gim and Alfriend 2003):

G, = ecos(go + gsAt) = Gy cos(gs At) — Gy sin(gs At) (5.31a)
Ty = esin(go + §sAt) = Gy sin(gs At) + Gog cos(gs At) (5.31b)
X=X+ (s + 1,) At (5.31¢)
where
: 3—_ 9=
9 =7 Jn(l —5cos” 1) (5.32a)
M,=n |1+ %777 (=1 +3cos®i’) (5.32b)

and i = /(p/@*). Tt should be noted that since the RAAN does not appear in of the

elements of Q, its secular rate is not required.

For consistent analysis, notation is borrowed from Gim and Alfriend (2003), with the
understanding that the true argument of latitude is the independent variable, instead

of time. This is easily accommodated for, as the time can be obtained from the true
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argument of latitude without the inverse solution to Kepler’s equation, by using (5.9)
and (5.10). Additionally, the state vector in Gim and Alfriend (2003) is defined as
{£V ¢ £9¢ }T; consequently it is necessary to use the matrix T as defined in (5.30)
to transform between scaled and unscaled states, as well as to define the permutation

matrix I1, whose nonzero entries are:
Iy = g3 = g5 = Ilyp = 54 = Tlgg = 1 (5.33)

Lastly, the differential orbital element set used in Gim and Alfriend (2003) does not
scale the differential semimajor axis. Therefore, the scaling matrix I'(1s) is also

defined, whose nonzero entries are:
Fyp=a, Tpp=T33 =Ty =15 ="T¢ =1 (5.34)
The inverse matrices II™! and I'""! are easily obtained by inspection.

Let 3(0) be the first-order geometric map between d1s(f), and the unscaled states,
as defined in Gim and Alfriend (2003). It follows that the map between x() and

drs(0) is given by:
x(0) = T~1(0) L X(0) T'(1rs) d18(0) (5.35)

The osculating differential nonsingular elements can be written in terms of the initial

mean differential nonsingular elements, denoted by éms(6;), by the following equation:
T (15) 018(62) = D(6s) (62, 1) T'(T6) 078(6, ) (5.36)

where D(0) = 9d1s(0)/0618(6), and @ is the state transition matrix mapping initial
mean nonsingular element differences at 67, to the element differences at 65, as given

in Gim and Alfriend (2003). In the absence of .J, perturbations, ®; = G, and ¥ = P,
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as defined in the appendices.

To include second-order terms in the map from initial mean orbital element differences

to the osculating relative states, it is first necessary to define E as the following matrix:

1

E=T &.T (5.37)

where T' = I'(18). It can be shown that:

Sij = e,/ 1=1,j=2...6 (5.38)

Appending the tensors Q and H to (5.35), where the overbar denotes mean elements,

and using (5.37):

x(62) = T~'(6:) LS (6) D(6) Bo(6, 6,) T 578(61)

+55(0,) F(0s,00) @ 575(6) © 678(01)
%6(92) ® [2o18(0))] ® [E 618(6,))] (5.39)
= P(0,0) 618(0)) + ,Ql60,0:) © 6T8(0) @ B(6)  (5.40)

where,

P(6,0,) = T (6,)ILX(6;) D(6,) ®=(05,6,) T (5.41a)

éijk<627 91) = izl<92) Fljk((%, 91) + @zlm<92) Elj Sk (5.41b)
In (5.37), it is necessary to use ®, instead of G, even though it appears at the
quadratic level in (5.41b). This occurs because the structure of ®¢ in Gim and Alfriend

(2003) introduces terms of the order of T'K (65,01)% /m?, which can become O(.J) after
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a few orbits.

The structure of (5.40) allows a straightforward application of a reversion of series on
(5.40), as outlined in the chapter, by using P and Q in place of P and Q, in (5.24).

It should be noted that for the initial conditions, ®z = 14 and Fijk =0.

The propagation of the states using the second-order tensor does not require
additional computation, since the matrices 3, D, and ®; are already available in

the literature, and are required even in the linear case for the perturbed model.

5.5 Numerical Simulations

5.5.1 Validation of the Inverse Transformation from Relative States to Differential

Orbital Elements (No Oblateness Effects)

The effectiveness of series reversion to obtain initial differential orbital elements, using
P, Q, R and S in (5.19) is tested in this section by way of an example. Consider a

reference orbit with the following orbital elements:

a=13,000km, 6y =0.1rad, 1 = 0.87266 rad
(5.42)

¢ = 029886,  qo = 0.02615, A =0.34907rad

Relative motion is established by selecting the following arbitrary initial relative

position and velocity in the LVLH frame:

— —3.0331km, W= —12.967km, (= 3.0837km
50 0 CO (543)

£o = —10.3931m/s, Uy =4.3801m/s, (o= 37.6743m/s

The relative position and velocity of the deputy are converted to the position and

velocity in the ECI frame, using the procedure outlined in Vadali et al. (2002). These



85

60

40

Out-of-Plane (km)

Along-Track (km) o

=20 10
-1 Radial (km)

Fig. 5.1 'Trajectory in the Rotating Frame

are used as initial conditions to integrate the ECI equations of motion due to a central
field without J; accelerations. At each instant, the ECI position and velocity of the
chief and deputy are converted to their respective orbital elements, and the former is
subtracted from the latter to provide the true differential orbital elements. The ECI
positions and velocities of the two satellites are also converted to the relative position
and velocity in the LVLH frame of the chief. This relative trajectory is shown in
Figure 5.1, with the circle denoting epoch. The relative distance involved is more
than 50km and the chief’s eccentricity is 0.3. For a relative orbit of this size, it is
not expected that linear analysis, for either the inverse transformation from relative
states to differential orbital elements, or as a tool for state transition, will provide

satisfactory results.

The orbital elements are now calculated over a period of 10 orbits of the chief,
using the inverse mapping derived, as shown in (5.24). The results are shown in

Figures 5.2a-5.2f. In all figures, the solid line indicates differential orbital elements
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obtained using only the linear part of the transformation, given by R(6)x(6). The
broken line shows the differential orbital elements obtained using the second-order
map. The errors are shown on a logarithmic scale to bring out the accuracy of
the second-order method. The relative distance is large, and the second-order map

reduces errors by three magnitudes on an average.

5.5.2 State Transition Including Oblateness Effects

To account for oblateness effects, the initial mean orbital elements of the chief’s
trajectory are selected as shown in (5.42). These are converted to osculating elements
using Brouwer theory, and then to ECI position and velocity. Relative position and
velocity of the deputy are selected as shown in (5.43). The integration of the ECI
equations include the Jy accelerations, and is performed for 10 orbits of the chief.
The relative trajectory in this case is not expected to match Figure 5.1 due to the
inclusion of Jy effects; it is sufficient to note that the relative orbit size is of the same

order as that in the non-Js case.

The initial mean orbital element differences are calculated using series reversion
on (5.40). This reversion is straightforward since 6, = 6, and the inverse of
the matrices are known. The mean differential orbital elements obtained from the
linear transformation are denoted by dms;, and those obtained using the quadratic
correction are denoted by dms,. These are shown as the second and third columns of
Table 5.1. When compared with the exact mean differential orbital elements (Column
4 of Table 5.1), it is obvious that the second-order transformation shows a marked
improvement over the linear inverse transformation. The position and velocity for

10 orbits are obtained by using dms; and the linear part of (5.40), and dnsy with
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Table 5.1 Comparison of Initial Mean Differential Orbital Elements

Mean Element 1st-Order 2nd-Order Exact
Difference (0msy) (0msy)

oa —0.43937 km 0.19993 km 0.20000 km

06, —0.15601 x 10~2rad —0.15526 x 10~2rad —0.15526 x 10~2rad

0i 0.50006 x 1072rad ~ 0.50000 x 10~2rad ~ 0.50000 x 102 rad

51 0.81355 x 10~ 0.11479 x 103 0.11452 x 1073
0¢ag 0.13376 x 1072 0.13415 x 1072 0.13415 x 1072

0ho 0.21037 x 103rad  0.19994 x 10~3rad  0.20000 x 1073 rad

the complete linear-quadratic map in (5.40). The position error from either map is
calculated from the norm of the individual radial, along-track, and out-of-plane errors,
and is shown in Figure 5.3. It is immediately obvious that the linear map quickly
loses validity, as indicated by the solid, blue line. The error using the linear-quadratic
map (broken, red line) is approximately 10m after 10 orbits, or approximately 0.03
per cent. The lack of accuracy of dms; results in the large errors for the linear map

seen in Figure 5.3.

5.5.3 State Transition with Exact Initial Differential Orbital Elements

If it is now assumed that the initial mean differential orbital elements are known
exactly, as given by Column 4 of Table 5.1, then propagation of these elements to

obtain relative position and velocity results in the errors shown in Figure 5.4. The
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Fig. 5.3 Position Errors from First-Order and Second-Order STTs, with Oblateness

Effects

solid, blue line, indicating the use of the linear map, shows a marked improvement
from Figure 5.3. The error after 10 orbits is approximately 200m, which is
approximately 0.44 per cent of the orbit size. The error from the second-order map
(broken, red line) does not show improvement over Figure 5.3, although it is still one
order of magnitude lower than that from the linear map. The position error with
the inclusion of the quadratic map, as shown in Figure 5.3 and Figure 5.4, are nearly
identical, because the initial mean differential orbital elements used in both cases,
as shown in Column 3 and Column 4 of Table 5.1 are nearly equal to each other.
The remaining error, although small in magnitude, is a result of ignoring third- and
higher-order terms in the development of the theory in this chapter, as well as second-

and higher-order J, perturbations.
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Fig. 5.4 Position Errors from First-Order and Second-Order STTs, with Oblateness

Effects, with Accurate Initial Conditions

5.6 Summary

A second-order tensor suitable for satellite relative motion calculations has been
developed using reversion of a vector series relating differential orbital elements, to
relative position and velocity. This tensor can be used to obtain state transition
representations, accurate to second-order, and it is shown that its use reduces
position errors between analytical propagation and integration by upto two orders of
magnitude in comparison with the errors from the linear propagation. The tensor is
applicable to cases where a two-body model for satellite motion has been assumed, as
well as one perturbed by oblateness effects. In the latter case, no modification to the
theory is necessary since the effects of second-order nonlinearities can be of the same
order as perturbations due to oblateness effects, and higher-order coupling between
these two effects can be neglected. Finally, the use of nonsingular elements extends

the validity of state transition to any value of eccentricity of an elliptic reference orbit.
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CHAPTER VI

PERIODIC RELATIVE MOTION NEAR A KEPLERIAN ELLIPTIC
ORBIT WITH NONLINEAR DIFFERENTIAL GRAVITY

6.1 Introduction

As shown in Chapter I1I, The HCW equations, (2.12), admit a special set of solutions
that result in bounded relative motion. The applicability of the HCW conditions
is limited in the same sense as the HCW solutions, to a circular reference orbit
with a linearized gravitation field without perturbations. Modifications to the model
must be made to account for the realities of the system, which manifest themselves
as a violation to the underlying assumptions. In this chapter!, the conditions for

periodicity are derived when these assumptions are violated.

Previous work, limiting attention only to the two-body problem, may be categorized
into those that deal with 1) nonlinear differential gravity, 2) noncircular reference
orbit, and 3) the combination of nonlinearity and noncircular orbits. Assuming a
circular reference orbit, conditions for periodic motion correct through the third order
in differential gravitation terms were derived by Richardson and Mitchell (2003). A
condition for the linear, eccentric case was derived by Inalhan et al. (2002); although
an explicit formulation was only provided for orbit initiation at apogee or perigee, the
condition for epoch at any other location on the chief’s orbit could be obtained by
a matrix inversion. In Chapter III, a generalized linear condition was derived, using

the TH equations.

Portions of this chapter were published by Sengupta et al. (2006). The author of
this dissertation retains copyright.
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Literature on establishing initial conditions for formations amply shows the
importance of addressing the effects of eccentricity as well as nonlinearity. To this end,
Anthony and Sasaki (1965) obtained approximate solutions to the HCW equations
by including quadratic nonlinearities and first-order eccentricity effects. Vaddi et al.
(2003) studied the combined problem of eccentricity and nonlinearity and obtained
periodicity conditions in the presence of these effects. However, these conditions lose
validity even for intermediate eccentricities, primarily because of the higher-order
coupling between eccentricity and nonlinearity. Recent work by Gurfil (2005b) poses
the bounded-motion problem in terms of the energy-matching condition. Since the
velocity appears in a quadratic fashion in this equation, velocity corrections to the full,
nonlinear problem can be obtained in an analytical manner, without assumptions on
relative orbit size. However, the more general problem of period-matching is reduced
to the solution of a sixth-order algebraic equation in any of the states, assuming the
other five states are known. This approach requires a numerical procedure to obtain a
solution, starting with an initial guess. The sixth-order polynomial has multiple roots,
some of which have no physical significance. Euler and Shulman (1967) first presented
the TH equations perturbed by nonlinear differential gravity with no assumptions on
eccentricity. It was claimed in their work, that these equations could not be solved

analytically.

If orbital elements are used to describe relative motion, then the boundedness
condition is straightforward since the only requirement is that the semimajor axes
of all satellites in the formation be equal. Though much work has been done on the
problem of formation flight using orbital elements, in many ways, the use of relative
motion equations in the LVLH frame is preferred over orbital element differences.

It is easier to obtain local ranging data directly, than to have the position and



95

velocity of either satellite reported to a terrestrial station and translated into orbital
elements. This also allows the use of decentralized control algorithms for the control

of formations.

The work in this chapter studies the perturbed TH equations by treating second-
order nonlinearities. In effect, the problem posed in Euler and Shulman (1967) is
solved, for the case of bounded relative motion. These results are valid for arbitrary
eccentricities and implicitly account for eccentricity-nonlinearity effects. The exact
analytical solution, while complicated in appearance at first, leads to an elegant form
of expressions for relative motion. Furthermore, the terms that lead to secular growth
in the perturbed equations are easily identified as those that also lead to secular
growth in the unperturbed equation, as observed in Carter (1990). Consequently,
collecting these terms and negating their effects leads to a valid condition for periodic

orbits.

6.2 Problem Description

A modified form of (2.16) is used in this chapter. Upon scaling the true position by
the radius of the chief satellite, an additional scaling by the following dimensionless

parameter is introduced:
€= — (6.1)

where, oy is some measure of the relative orbit size. This is similar to the
approach followed by Alfriend and Kashiwagi (1969), although only the linear TH
equations were considered in their work. For low eccentricities, gy may be the

circular orbit radius as predicted by the HCW solutions. Without loss of generality,
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00 = \/zfg + 92 + () < a. The scaled relative position vector is now defined as

p=2(1+ecosf) (6.2)
©o

The use of this new parameter as a scaling factor slightly modifies (2.16). In this

case, the equations of motion are as follows:

z” 0 -2 0 x —3/(1+ecosf) 0 O x
y' ¢+ 12 0 0 y ¢t 0 00 Y
2" 0 0 O z' 0 0 1 z
y? + 22 — 222
= e;(l +ecos f) 2xy + O(€?) (6.3)
2xz

From (6.3), it is evident that if the terms of order e and higher are ignored, then the
equations reduce to the unperturbed TH equations. It should be noted that the small
parameter €, as shown in (6.1) depends not only on the size of the relative orbit, but
also on the eccentricity of the reference. Furthermore, the quantity (1 + ecos f)
appears in the denominator of the nonlinear terms. These reflect the fact that

eccentricity and nonlinearity effects in formation flight are coupled.
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6.3 Solution Using a Perturbation Approach

A straightforward expansion (Nayfeh 1973, chap. 2) of the following form is

considered:

z(f) = wo(f) +exs(f) +---
y(f) = yo(f) +epa(f) + -+~ (6.4)
2(f) = 2(f) +enl(f) +---

Lindstedt-Poincaré or renormalization techniques are not required since a frequency
correction is not necessary. As shown in Chapter III, the linear TH system is 27-
periodic. Furthermore, in fully nonlinear relative motion, periodic motion between
two satellites is only possible when the two satellites have the same mean motion
and the period of relative motion is also 2w-periodic?.  Consequently, higher-
order corrections to the frequency must necessarily be zero, since the coefficient

corresponding to each correction is an increasing power of the small parameter.

Equation (6.4) is substituted in (6.3), with perturbations up to order e included.

Collecting terms of the same order, the following two systems are obtained:

3I0
0=2yp— ———==0 6.5
‘rO yO (1 + ecos f) ( CL)
Yo + 2z =0 (6.5b)
z +20=0 (6.5¢)

2In all other cases, motion, though bounded, is quasi-periodic (Gurfil and
Kholshevnikov 2006)



98

and,
31y 3 (Y2 + 22 —222)
" _ 9l — — —\J0 0 0 6.6
17 (1+ecosf) 2 (1+ecosf) (6.6a)
3ZoYo
Y+ 20 = ———— 6.6b
Yt en (14 ecosf) (6.65)
?)ZL'()ZO
! = — 6.6
ata (14 ecosf) (6.6c)

6.3.1 Solution to the Unperturbed System

The approach followed in this section is for epoch at a general initial value of true
anomaly f;. In a later section, the explicit formulation for f; = 0 (periapsis) and
fi = m (apoapsis) will be presented. This considerably simplifies the expressions

obtained.

Following the approach in Chapter III, use is made of the function J(f) to write the

following solution to the homogeneous zeroth-order system:

xo(f) = cicosf (1+ecosf)+eysinf (1+ecosf)

ey |2esin f (1 + ecos f)J(f) — % (6.7a)
yo(f) = —asinf (24 ecosf)+cacosf (2+ ecosf)

+2c3(1 + ecos f)2I(f) + ¢4 (6.7b)
20(f) = cscos f+cgsin f (6.7¢)
zo(f) = —ci(sin f +esin2f) + ca(cos f + ecos2f)

: 19

+cs |:26(COSf +ecos2f)J(f) + (szrll Lj—tfosslr})j)] (6.7d)
Uo(f) = —c1(2cos f+ecos2f) — ca(2sin f + esin2f)

—2¢3 [6(2 sin f +esin2f)J(f) — (1—|—CZ—SCJ;Sf)} (6.7¢)

20(f) = —cssinf + cgeos f (6.7f)
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The function J(f) is used rather than K(f), since it is consistent with the
development of the forced TH model as shown in Carter and Humi (1987); Carter

(1990). In terms of the eccentric anomaly, this function is given by:

I

1+ecosf)3
9\-5/2 | 3¢ 2\ o €
= —(1—-¢) ?E—(ljte)smEjLZstE (6.8)

The first-order periodicity condition, (3.27), is satisfied for infinite combinations of
initial conditions, and for resolution, a constraint is required. One suitable constraint
may be to keep the initial states as a given and calculate the minimum velocity
impulse required to obtain a periodic orbit. A similar approach has been used by
Inalhan et al. (2002), wherein the Av for formation insertion is minimized by posing
the problem as a linear program. The problem may also be posed as one where the

2-norm of the impulse, with components Az and Ay], is minimized:

min ®(Axg, Ayg) = ( Azg + Ay62)1/2

subject to : U(Axzf, Ayy) = Lo, + ls (25, + Axp) + 15 (yo, + Ayg) = 0(6.9)
where

Iy =e*+3ecos f; + 2
lo = esin f;(1 + ecos f;)

Is = (1 +ecos f;)?

By minimizing ®+/¢ ¥, where ¢ is a Lagrange multiplier, the following unique solution

is obtained:

Arj = lio, + laxg, + l3yp,) (6.10a)

__2<
12+ 12
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[
2 3

Irrespective of the manner in which the initial conditions are established, the result

is the most general (linear) periodic solution, as shown in (3.32).

6.3.2 Solution to the Perturbed System

Having obtained initial conditions for periodicity in the unperturbed system, its
periodic form is now substituted in (6.6). The solutions to these equations are similar
to (6.7), with additional particular integrals. The equation in z;(f) is considered

separately, due to its tractable nature:

3Tp2)p

(Fecosf) 3p1pssin(f + o) sin(f + ¢o) (6.11)

2tz =
Solving (6.11) yields:

21(f) = bscos f + bgsin f + %plpg [3cos(thg — Po) + cos(2f + g + ¢)]  (6.12)

Since there are no secular growth terms in (6.12), an arbitrary choice may be made
for the constants of integration b5 and bg. Although not necessariy, one option is
to remove terms with cos(f) and sin(f), i.e., to ensure that the mean value of the
z amplitude is the same as that predicted by the linear equations. Therefore, the

following choices for the initial conditions are made:

1 3
21, = 51P3 C08(2fi + Yo + Go) + 5 p1ps cos(vho — o) (6.13a)

21, = —pip3sin(2f; + Yo + ¢o) (6.13b)
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As a result,

z(f) = gmpg cos(ho — ¢o) + %plp:} cos(2f + 1o + o) (6.14)

Carter and Humi (1987) developed the TH equations in the presence of a forcing

function. Utilizing this result, it can be shown that the x; and y; solutions are:

z1(f) = bicosf (1+ecosf)+bysinf (1+ecosf) (6.15a)
+b3 {Qesinf (1+ecos f)J(f) — a fZSC{)Sf } ¢/¢2

yi(f) = —bysinf (2+ecosf)+bycosf (24 ecosf) (6.15b)
+2b3(1 4 ecos )] +b4+3// 1+:Ué,gé;,;sf
—1—(12 [(1—|—ecosf — df — /sm 2 7 }

where ¢ =sin f (1 4 ecos f), and
A = §/(y2+22—29v2)s.inf df—§(1+ecosf)2/—$pyp df
2 P P e (1+ecos f)
3
+E /xpyp(l +ecos f) df

5
= Ao—l—Z(Ack coskf + A, sinkf) (6.16)
k=1

The coefficients, {Ag,A¢, -+ Aoy, As, -+ - A, } are provided in Appendix D. The
complete solution of (6.15) requires the evaluation of the integrals of cos(kf)/®?,
sin(kf)/®?, cos(kf)/sin? f, and sin(kf)/sin® f, k = 1...5. These integrals can also
be evaluated in terms of J(f) and sinusoidal functions of the true anomaly, and are
presented in Appendix D. Though it may appear that the terms in the appendix are
not defined for f = nm, it should be noted that when multiplied by the appropriate
coefficient, the logarithmic terms, and terms containing f explicitly, cancel each other

for and value of f, and are therefore ignored from further analysis. Consequently, the
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analytical solution to the perturbed system can be constructed.

From Appendix D and the solution to (6.15a), the secular growth terms are identified
as those which contain J(f). It follows that setting the combined coefficient of J(f)
to zero will prevent secular growth to the second order. Collecting the coefficients of

J(f) in x1(f) results in the following condition:

2 2
2ebs + 2eMg — 5(2 + e Ao, + —(2+ DA, —2(2 — HA,,

3e
2
—@(8 — 24e* + 13e*)A,, — = — (32— 80¢® + 50e* —5e%)A,, =0 (6.17)
(& e
or by = —21 (2pf cos 21 + p3 cos 2¢0) — 2p1pa COS Yy — 1 (pf +2p5 + pg)
1
—5; (201 + 205 + p3) (6.18)

The seemingly complex integrals involved in the equation actually reduce to fairly
simple expressions. Ignoring the terms containing J( f), since they are rendered absent

by the choice of b3 in (6.18), the integrals may be rewritten as the following:

A 3 ' 1 4
n(f) = ¢/E df:ZGksmk‘f—i-mkonkcoskf (6.19a)

3
si(f) = // Hx:z;f :kz Ey sinkf + Fy coskf) (6.19b)
slf) = {(Hecosf [5a- [ ]
= Q,+ Z (Qrsinkf + Qy coskf) (6.19¢)
k=1

The coefficients are presented in Appendix D.

The initial conditions for the perturbed system, x1, = {21, y1, 2}, ¥{.} ', integration

constants b = {b;---b;} ", and initial values of the forcing function, are related by
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the following:
x;, = Ab+w (6.20)

It follows that:

Lll L12 L13 0

i Loy Loy Loz 1 (6.21)

Ly Ly Lgg O
Lz Lsy Ls3 0

It can be shown using the matrix L from Chapter III, that detA = 1. The initial
values of the forcing functions are given by w = {p; (51 + s2) p} (=2p1 +3s})}"

evaluated at f = f;.

Initial conditions are required that will lead to the particular value of bs specified
in (6.18). This provides one constraint on the initial conditions. If only a velocity
correction is required, one may choose z;, = y;, = m’ll = 0. By substituting the by 3

obtained from solving (6.20) into the last equation for g/ , the following is obtained:

[ )
A2y, = l—l(pl + Li3bs) + Z_Z(Pi + Lysbs) + Lssbs — 2p1 + s}
3 3
e(cos f; + ecos2f;) esin f;

’ ’ 663
—é6.22
(14 ecos f;)? b (1—i-ecosﬁ)pl—i_s1+ (1+ecos f;) )

It should be noted that the apparent zero-eccentricity singularity in (6.18) is removed
by the e multiplier in (6.22). The quantity A specifies the correction to the initial
conditions required to negate secular growth arising from second-order differential

gravity. Consequently,

Ax' = Lha(fi) + L' (fi) + 3y (f)] (6.23a)

__2[
15+ 13
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AY =~ alf) + L' () + by (R + b (623

To convert this to initial dimensional relative position and velocity, (&;, 9;, ¢, Si, 1%,

Q), the following transformation may be used:

( )

fi Z;
Qo
. S . 6.24
Vi (1+ecos f;) Yi ( a)
Cz' Zi
\ Vs
( . A
.. m [ .
J; ¢ = 0oy /p—(l +ecosfi){ y ¢+ 0o Ee sin fi ¢y, (6.24b)
G 2 2;

\ 7

6.3.3 Epoch at Periapsis/Apoapsis

The expressions are simplified greatly if it is assumed that f; = 0 or f; = m. At these

values of f;, I = 0. The condition for periodicity in the linearized field reduces to:

(2xe
(I1xe

~—

Yo, = — o, (6.25)

~—

where the positive and negative signs denote f; = 0 and f; = 7, respectively. These
are obtained in an equivalent fashion by Inalhan et al. (2002). Since Iy = 0, it is

now unnecessary to evaluate pj. From the expressions for Ly, A., and A, that are

Ck

presented in the appendix, it is observed that:

n(0) = _(1—‘16) (Ao + ZAck> (6.26a)

1 1
— 5o {prcost)o—pr (5e+e” +2) cos2
3

3 1 3
—p1p2(3+6)608wo+ P’ - %2 +4p3 +2p2
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ot

p(m) = 1o (Ao + Z(—l)’“Ack> (6.26b)

k=1

1 1
= = LIPS%OS?%_ pr (—5€+62+2) cos 2y
3 3 3

1
3 _ ) cos 9 2 L 99 9 9 9 9
+p1p2 (3 —€) ¢o+2m 1P T s g

By substituting py, s§ = E14+2F>+3F3 and bs in (6.22), the initial condition correction

1s:

/ 1(62:F2€—4)Pl2_1(2i€)( 2 2) 16032(3082(250
i Ty 1+e A(1xe) 2T T T 1
_1P12(362i8e+6)0082@/}0_p1p2(26j:3)coszp0 (6.27)
4 l+e 1+e '

6.3.4 Second-Order Analytical Expressions for Relative Motion

Since the the choice of the constants by, by, and by is arbitrary, they may be chosen
to yield a suitable second-order equation for relative motion. Equation (6.15b) is now

reconsidered. Upon substituting (6.18) in (6.15b), it can be shown that:

eb1

vi(f) = (—2b1+Q1+E1)sinf+(—7+Q2+E2)sin2f+(Q3+E3)sm3f

+ (2by + Q1 + F) cos f + (%+@2+F2> cos 2f + (Q4 + F3) cos 3 f

- <%b2 + by + @0) (6.28)

It is observed that Q3 = —E3 and Q4 = —F3. The values of by, by, and by can be
chosen such that the coefficients of sin f and cos f, and the constant term are zero.

In this event,

b1 = (Ql + El) (629&)

N | =

by = —%(@1+F1) (6.29b)
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by = —Qy— — (6.29¢)
Consequently,

n(f) = (—GTQI - 67? +Q2+E2) sin2f + (—GTQl — eTFl—i-GQ—i-Fg) cos2f

e* 5 . e , 1 .
= —gpf sin2f + 1/1P2 sin(2f + o) — §(2 — e?)pTsin(2f + 2¢)

—}lpg sin(2f + 2¢0) (6.30)

Now, (6.15a) is considered, after the removal of secular terms. In this case,

z1(f) = bicosf(l+ecosf)+bysinf(1+ecosf)
+Gysin f 4+ Gosin2f + Ggsin 3 f
—f-m [HO + (H1 — bg) COSf —f- HQ COS 2f

+Hjcos3f + Hycos4df] (6.31)

It can be shown that

1
T ocos ) Ho+ (Hi—bs)cos f + Hacos2f + Hy cos 3f + Hiycos 4]
= Nycos f+ Nycos2f + N3cos3f (6.32)

where N7 = —Q1/2, Ny = —Q2, and N3 = —3Q3/2. It follows that:

o (f) = %bl (b1 + Ni) cos f + (b + G1) sin f + (% +N2) cos2f

+(—2 )sin2f+Ngcos3f+G30053f
1
8

2
[(4—€?) pi +4p; + 2p3] — 4—1,0102 cos Yo — §P1 cos 21

3 3e e
—5P1p2 cos(f + o) — gﬂ% cos(f + 21g) — 7 PLp2cos (2f + o)
2

1 1
+% p12cos2f — §(4 4 €2) p1? cos (2f + 2tg) + 1 ps? cos (2f + 2¢0)



107

e

Sp% cos(3f + 2¢y) (6.33)

The analytical solution for a relative orbit near a Keplerian orbit, accounting for
second-order terms, is thus given by (6.4), with zo(f), yo(f), and zo(f) given by
(3.32), and z1(f), y1(f), and 2z, (f) by (6.33), (6.30), and (6.12), respectively.

6.4 Periodic Orbits and the Energy-Matching Condition

Two spacecraft in Keplerian elliptic orbits will have periodic relative motion if the
total energy &£ of each spacecraft (and consequently, the semi-major axis of each
spacecraft) is the same. Denoting the quantities of the Deputy with subscript ‘D’ and
those of the Chief with subscript ‘C’, the vis-viva equation (Battin 1999, chap. 3) for

each spacecraft leads to the following condition for periodic relative motion:

Ag(€7ﬁ7Ca€>ﬁ7C) é SD_‘SC

(N _ (v _m\_(ve_n
2ap  2a, 2 rp 2 1o

= 0 (6.34)

Using rp = (r + &)i, + Vg + (in, and vp = (7 + & — 09)i, + (9 + 0 + 0r)ig + (is, and
normalizing these quantities in the same manner as the TH equations, (6.34) can be

rewritten as:

2+ 3ecy + €?)
A(pp) = | ! +espa' + (1 + ecp)y
(p. p) e CHesm (1+ecp)y

+m |: - (1 — 62)1’2 —+ (2 + 3€Cf + 62)y2 + (1 + €Cf 4 €2S?>Z2

+(1 4 ecp)*(2? +y? + ) + 2es; (1 + ecy)(z2’ + yy' + 22)
+2(1 + ecy)?(xy — yx’)} + Z(—l)”e"p”“PnH (§> =0  (6.35)
p

n=2
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where ¢; and s; denote the cosine and sine of f, respectively. If terms of O(e)
and higher are neglected, then (6.35) is exactly the same as (3.27). Appending
the correction scheme developed in this chapter, to the initial conditions leads to
AE(p,p’) = O(e?). This may be observed by using (6.27), and setting f = 0 in

(6.35). Consequently,

2
A€ ~ %Aa ~ goa(l — €%), /1% € (6.36a)
203
Aa=—2% __ .
= (6.36)

The effect of eccentricity on the semi-major axis difference is thus clearly evident.

The formation-keeping problem may be posed by appending A&(p,p’) = 0 as a
constraint to a cost function comprising velocity increments. In Gurfil (2005b) it is
shown that instead of expanding the period-matching condition in terms of Legendre
polynomials, the velocity increments can be solved for the complete nonlinear system
analytically. This is possible because the relative velocity terms appear only up to

the second order in (6.35).

6.5 Drift Measurement

To measure the efficacy of the initial condition corrections developed in this chapter,
an index is desired that captures secular drift and periodic motion behavior. Unlike
the solutions to the linear, autonomous HCW equations, circular relative orbits in the
general elliptic case cannot be obtained. Consequently, a new measure of deviation
from the nominal solution is desired, which can be used to compare the results in this

chapter, with existing results in the literature. Therefore, the following measure of
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error is defined:

1

s [ [ 2 |7
JOEN i [o(t) = pp(1)]” di (6.37)
where p = \/(:EZ +y* + 2?) and p, = \/(xf, + yf) + 212)) The advantage of using this
function is in its behavior in the presence of various forms of error. Phase, frequency
or amplitude errors lead to a constant value of §(¢) as t increases, as can be shown
by taking p,(t) = Asinwt, and p(t) = (A + e1)sin[(w + €2)t + €3], where &;_5 are

constant errors. Then it can be shown that

t—o0

1 1/2

the term A? arises due to frequency and phase errors, while the rest of the terms arise
due to amplitude errors. Therefore, as long as the function ¢ is observed to approach
a constant value, the solution p(t) is considered bounded. However, a secular drift

from the nominal solution will lead to an increasing ().

6.6 Numerical Simulations

6.6.1 Periodicity Condition

The efficacy of the initial condition result derived is demonstrated in this section. All
simulations are performed by integrating the sixth-order ECI system of equations
for each satellite. Furthermore, the periapsis for all examples is kept constant
at r, = 7,100km, so that a can be obtained for any given e from the relation
a = r,/(1 —e). The purpose of this approach is to ensure that the satellite never

approaches too near the surface of the Earth, for very high eccentricities.



110

10

5 10

_ 0
S0y (km)

Fig. 6.1 Corrected and Uncorrected Relative Orbit, e = 0.3, f; = 105°

First, the results derived will be used to set up a periodic relative orbit at an
arbitrary epoch. For convenience, nondimensional units are chosen, although the
simulations are based upon dimensional coordinates with time as the independent
variable. The initial true anomaly, orbit size, and eccentricity, are chosen as
fi = 105°, e = 0.3, oo = 10km, respectively. The initial values of the states of
the Deputy satellite, denoted by x;, are chosen from the HCW initial conditions by
setting e = 0, p1 = p3 = 1, po = 0, and ¢y = ¢y = 30° in (3.32). Therefore,
xo, = {0.5 1.732 0.5 0.866 —1 0.866}" (nondimensional). Equations (6.10) can be

used to obtain their values for a periodic orbit. Upon correction
zy = 0.762, gy, = —1.331

By using the formulae derived, the correction required to negate secular drift induced

by second-order differential gravity is found to be 3} = —2.386. The trajectory with
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and without this correction is shown in Figure 6.1. The broken blue line indicates the
trajectory without the correction, and considerable drift can be seen after 5 orbits.
The solid red line indicates that the corrected trajectory effectively accounts for the

second-order differential gravity terms and remains bounded.

To analyze the extent of efficiency of the correction developed, various cases are drawn
from existing works in the literature. The following cases assume epoch at f; = 0.
First, comparisons are made with the eccentricity /nonlinearity correction from Vaddi
et al. (2003). A reference orbit with e = 0.05 is chosen with gy = 10 km. The initial
conditions are chosen such that ¥y = @9 = 0°, p1 = 2p3 = 1, and py = 0. Figure 6.2a
shows the relative orbit using Hill’s initial conditions (without eccentricity and/or
nonlinearity conditions), and using the correction developed in this chapter. The
broken line indicates the propagation using the HCW conditions, for a period of 20
orbits, and it is evident that a large amount of drift is present. However, by using the
corrected initial conditions, the orbit shows negligible deviation even after 20 orbits.
Figure 6.2b shows the percentage drift calculated by using (6.37). It is observed that
the uncorrected condition shows about 80% error, which is also directly observed from
Figure 6.2a. By using the correction for nonlinearity and eccentricity developed in
Vaddi et al. (2003), this error is reduced to 10% (correction 1). These errors agree
with those from Vaddi et al. (2003), for similar initial conditions. By using (6.27),

this error is approximately 0.2% (correction 2).

Next, a comparison is made for a reference orbit with moderate eccentricity, where the
result obtained by Vaddi et al. (2003) fails, but where the zeroth-order eccentricity
correction, also presented by Inalhan et al. (2002), is expected to be valid. Figure 6.3a
shows the relative orbit for e = 0.2 and gy = 10km. The Deputy’s orbit is initiated

using the periodic equations in (3.32), setting p; = 0.5, po» = 0.1, p3 = 1.2, and
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Fig. 6.2 Relative Motion with Corrected and Uncorrected Initial Conditions,

e=0.05 f =0
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Vg = ¢ = 0°. It is evident that these initial conditions show secular drift due to
nonlinear differential gravity, as indicated by the broken line. However, by employing
the correction derived, the drift is negligible even after 5 orbit periods, as indicated by
the solid line. A study of the drift as shown in Figure 6.3b shows that the nonlinearity
correction results in an error of approximately 0.3% of the orbit size, as opposed to

the linear condition, which shows approximately 12% drift and continues to increase.

Figure 6.4a shows an orbit with Chief’s eccentricity selected as e = 0.8, all other
values kept the same as in the previous case. In this case it is observed that the
initial conditions that satisfy the linearized periodicity condition do not even lead to
bounded motion, and the relative motion quickly diverges within one orbit period in
the presence of nonlinear terms, as indicated by the broken line. The solid line shows
that by using the correction developed in this chapter, periodicity is maintained.
As shown in Figure 6.4b, the error after the correction is approximately 2% of the
orbit size. Keeping in mind that the error functions for the corrected solution, as
depicted in Figures 6.2b, 6.3b and 6.4b, approach constant values, these values only
indicate the amplitude error as a result of the correction. The orbits themselves show

negligible drift.

6.6.2 Accuracy of the Analytical Solution

The second-order analytical solution which has been developed in this chapter,
is tested against numerical integration in a fully nonlinear differential gravity
environment. The reference orbit has e = 0.4 and a = 12,000 km. The relative orbit is
of dimension gy = 20 km, and the formation is initiated at f; = 30°. The parameters

for the relative orbit are: p; = 0.4782, po = 0.1729, p3 = 0.9165, 1y = —0.5236
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Fig. 6.5 Accuracy of the Analytical Solution

and ¢p = —0.5136. The errors between integrated relative position, and the relative
position as predicted by the second-order analytical equations, is shown in Figure 6.5.
It is observed that after 5 orbits, the error in position prediction is within 100m. This

is an error of less than 1%. Growth is observed in the error due to the contribution

of terms of third and higher order.

6.6.3 Energy-Matching Criterion

= 0, or when the time

The exact periodicity condition for formation flight is Aa
periods of the Chief and Deputy are equal. However, the periodicity conditions

based on the unperturbed TH equations and the perturbed TH equations, only

approximately satisfy the equation Aa = 0. The extent to which this condition

is satisfied can be measured if the initial conditions of the Chief’s and Deputy’s
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states in the local reference frame are converted to their respective inertial positions
and velocities, and then to their respective orbital elements. A comparison of the
uncorrected and nonlinear-corrected initial conditions is shown in Figure 6.6. These
results are for a reference orbit with a = 40,000 km, and oy = 10 km, with epoch at
fi = 0. It is observed that even if the Chief’s eccentricity is 0.9, the difference between
the Deputy and Chief semi-major axes is of the order of millimeters. Given the
limitations of navigation technology, this is almost exact. In contrast, the uncorrected
initial conditions lead to semi-major axis differences of hundreds of meters even for

intermediate eccentricities, which lead to considerable drift in relative motion.
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Fig. 6.7 Effect of Nonlinearity and Eccentricity on Errors

6.6.4 Effect of Eccentricity and Nonlinearity on Boundedness

It is now desired to study the efficacy of the correction under the effect of increasing
0o- This is shown in Figure 6.7. These simulations were carried out for 10 time
periods of the reference, for a variety of eccentricity values, as indicated. The figure
shows that for gy up to 30 km, and even with moderate values of eccentricity, the error
is less than 1%. However, for high eccentricities, such as those greater than 0.8, the
error is shown to increase markedly. This is due to the fact that the combined effect
of large oy and large e leads to €? and € being of the same order, and thus third-order

terms in (6.3) are no longer negligible in comparison with the second-order terms.
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6.7 Summary

Phase space initial conditions for periodic relative motion have been developed for
an orbit with arbitrary eccentricity, by treating second-order nonlinear differential
gravity terms as perturbations to the Tschauner-Hempel equations. By identifying
only those terms that contribute to secular growth in relative motion, a condition
for ensuring periodic motion is easily obtained. These initial conditions are shown
to work remarkably well under the most general conditions, including those with
very high eccentricities, and can serve as excellent guesses for initiating a numerical
procedure for matching the semi-major axes of the two satellites by correcting one of
the relative motion initial conditions. The removal of secular growth terms leads to the
formulation of analytical, second-order relative motion equations, that very accurately
model relative orbits in terms of its parameters. These expressions can be used for

stationkeeping algorithms and will require less fuel for relative orbit maintenance.
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CHAPTER VII

AVERAGE RELATIVE POSITION AND VELOCITY IN HILL’S
FRAME DUE TO OBLATENESS EFFECTS

7.1 Introduction

In this chapter, expressions for averaged relative motion are derived. Relative motion
is examined in the linear sense, but with oblateness effects due to J; accounted for.
Instead of the state-space approach that has been followed in the previous chapters,

the geometric method is found useful here.

It is first necessary to distinguish between the average of a function of the Delaunay
elements, and the mean function of the Delaunay elements. Let ce be any
osculating element set describing an orbit, and e be the corresponding mean element
set. The osculating elements corresponding to @& are obtained using a first-order
transformation due to Brouwer (1959). Let x(ce) be any function of the orbital

elements. Then, in general,

w(ce) # r(ce) (7.1)

The value of the operation on the LHS of (7.1) is the average of the function, and the
value of the operation on the RHS is a function of the mean. Since the latter is simply
obtained by substituting mean elements in place of the corresponding osculating

elements, it is easier to calculate, but physically less meaningful than the former.
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7.2 Averaged Relative Motion

A complete description of generating functions in the Hamiltonian framework can
be found in Goldstein (1965). As shown by Brouwer (1959), if the potential due Js
is treated as a perturbation to the the two-body Hamiltonian using the Delaunay
element set given by (2.3), then a series of canonical transformations result in the
mean elements, of which L, G, and H are constants, and I, g, and h are linear
functions of time. The inverse transformation to obtain short- and long-periodic
variations, is obtained by the use of generating functions that are also functions of
the mean elements. Consequently, the osculating elements can be obtained from the

mean elements.

The average of the function, including only short-periodic variations due to J, is

calculated as follows:

1 2
k(o) = k(ce) + —/ Ksp(08) dl (7.2)
2m Jo
where
HSP<@) = _JZRgB (Ha VVsp1 + Wsp2> (73)

where (-, -) denotes the Lie bracket operator, and W, and Wy, are the short-periodic

generating functions, as shown in Brouwer (1959):

—2
Wep, = —4%3 (1 — 3%) (f—l+esinf) (7.4a)
A i in(27 + 2g) + esin(F + 2) + < sin(3F + 29) [7.4b
= o (1 2 | [sn(aF +20) + esin(F + 29) + § sin(a + 29) |00

Of interest is the averaged relative position and velocity, due to J; effects. In this case,
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short-periodic perturbations are accomodated by averaging them over one orbit. For
a limited number of orbits, long-periodic perturbations exhibit themselves as secular

growth of O(J2), and are therefore neglected in this chapter.

The non-dimensional state vector for relative motion in a Local-Vertical Local-
Horizontal frame, with origin on the chief satellite, is redefined as x =
{¢/av/a¢/a&/(ma)¥/(ma) (/(ma)}", where the relative position coordinates along
the radial, along-track, and out-of-plane directions, are scaled by the mean semimajor
axis of the chief, and the relative velocities are scaled by the velocity-like quantity n a,
where 7 is the mean motion using mean elements, given by +/(1/@®). The vector X
denotes the averaged value of the state vector. Consequently, one seeks a description

of the form:
x=(Po+ 7PJ)5@ (7.5)

where J = Jo(Re/D)?, Py is the transformation matrix corresponding to the non-.J,
problem, and P; = O(.J;) is a correction that is added to calculate the averaged
relative motion. The advantage of this approach is that mean elements of the chief,

and mean differential orbital elements can be used everywhere, to yield concise results.

A nonsingular element set is chosen to describe the orbit: ce = {a Ao 7 10 20 ho}T.
As discussed in Chapter II, X is used instead of 6, because by using mean elements,
the former is a linear function of time. The subscript ‘0’ is used to denote the value

of the respective quantity at epoch. The differential orbital element set is defined as,

ooe = {5@/@ 5A0 01 5(]10 (SQQ() 5h0}T.

From the geometric description of relative motion (Gim and Alfriend 2003), it can be



123

shown that:
£ =or (7.6a)
YU =1r(80 + 6h cosi) (7.6b)
¢ = r(di sinf — dh sini cosf) (7.6¢)
£ = v, (7.6d)
0 = 0vp + v,(80 + 6k cosi) — v (5i cos B + 8h sini sinf) — wy, € + w, ((7.6€)

¢ = vy + v,(07 sin @ — dh sini cos @) + ve(di cos + dh sini sin )
where r is the radial distance of the chief, v,, vy, and v, are the components of the

chief’s velocity in the LVLH frame, and w,, wy, and w; are the components of the

rotation rate of the LVLH frame. By using (3.66), it can be shown that:

an?

_ 7.7
=2 (7.70)
w, = hsinisinf +icosf = O(J) (7.70)
wy = hsinicosf — isinf = O(Jy) (7.7¢)
2
na
naf
Vp = —— 7.7e
! naco o
Vg = TWp = —— (7.7f)
n
Up = —Twy (7.79)

It should be noted from (7.7b) and (7.7¢) that mean elements can be used in the
expressions for w, and wy without significant loss of accuracy, since the short- and long-
periodic effects of J, will only result in contributions of O(JZ). The other quantities

may be expressed as the sum of a function using direct substitution of mean elements,



and short-periodic variations using the generating functions. For example,

T = Tmean T Jrsp
an

Tmean — ——
Q

2
_2_9
Tsp = —Q- 1] (rmoan, Wep, + Wsp2)

To this end, the following expressions are obtained:

e - =0
re = (1 —3cos’i) <4?1+—+O%> + %) + %sinﬁ cos 20
1 o _L[a?+na+2m(1+7
wp,, = —ﬁ(1—3cosi2)@2[a +7Z(;+ 77_( + )]
T2 T(1+7)
1 - - — _
+Wﬁ sin® i a*(cos 20 + 2g, cos  — 2, sin 0)
an - an - _
Uy, = —————(1—=3cos’i)B(@* +n+7°) — — sin’i &’ sin 20
sp 4ﬁ(1+ﬁ)( )ﬁ( 77 77 ) 2ﬁ
o = gy (1 Beost Dala+a) + 201 +7)
+% sin® [@(1 + @) cos 20 + 2a(q, cos @ — G, sin6)]
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(7.9a)

(7.9b)

(7.9¢)

(7.9d)

1 . - - — — _ — _
bsp = 1 siné cosi (3cos 20 + 3q, cosf — 37, sin @ + g, cos 30 + g, sin 30)(7.9¢)

3 .
hep = —§COSZ(Q—/\+ﬁ)

1 - — — _ — _

+Z_l cos 1 (3 sin 20 + 3q, sin 8 + 3¢, cos 6 + ¢, sin 30 — g, cos 39)
O = E—§(1—5c0825)(§—X)—1(1—360325) B (@+ 47+ 5)
P T 97y 1 1+7)

1 - — -1 - —

~1 cos? 1 (g, sin 30 — Gy cos 30) + §(1 — Tcos? 1) sin 20

1 - — _
+4—l(2 — 5c0s?7)(q, sin 0 + Gy, cos 0)

(7.9f)

(7.99)

A few interesting points are noted here. First, v, , # 7y. Second, the expression

for 6, is more concise than what is provided by Gim and Alfriend (2003). Third,

expressions for short-periodic variations in r have appeared in other works.

For
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example, Kozai (1959) obtained a similar expression as shown above; however,
numerical computations show that his expression is incorrect since it fails to remove
a bias. The use of Hill’s variables by Aksnes (1972) also results in expressions for
short-periodic behavior of r and 7. Even though the derivation presented therein is
nonsingular (no eccentricity divisor), the relevant expressions are nevertheless written
in terms of the classical orbital elements. The expressions in this chapter are written
in nonsingular form and use (3.66) for conciseness. A low-eccentricity approximation
for the average radius has also been derived by Born et al. (2001). The development
of expressions for short-periodic variations in r, v,, and vy is essential to obtain
simplified, mean relative position and velocity. The only other alternative is to
individually find the average values of the short-periodic variations in all the orbital

elements, in their various functional forms, as shown in Gim and Alfriend (2003).

7.3 Special Integrals

It is evident that finding the mean values of expressions involving short-periodic

variations, as shown in (7.9), requires the solutions to integrals of the following form:

1 [ 1 (™  coskf

(f =D p(f)dl, ~dl, et (7.10)

27 Jo o J, (14 ecosf)
where p(f) is any even or odd 27-periodic function. In this section, the solutions to

these integrals are shown.

The following integral is considered first:

1 2w

Iy = —
0 2 Jo

(f =Dp(f)dl (7.11)

Integrals of this form occur when the average of a quantity comprising 6, 66, or dh is
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required. Déprit and Rom (1970) noted that closed-form solutions to the indefinite
integral corresponding to (7.11) could not be found, and there was a possibility that
such a solution does not exist. However, it is shown here that a series solution to
the indefinite form of (7.11) involving Bessel functions exists, and in particular, that

[OIO.

From Battin (1999), the following expansion is presented for f — [, known as the

equation of the center:

=1
f—1= QZE [ > J(—ke) gl’f+m] sin kI (7.12)
k=1

where ¢ = /[(1 —n)/(1+n)], and J,, is the mth-order Bessel function of the first

kind. Furthermore, also shown in Battin (1999), is the following:

sin kl = Z Ji(—ke) sin[(j + k) E] (7.13)

j=—00

Finally, from Kepler’s equation,
|=F—esinFE=dl = (1—-ecosk)dE (7.14)

The use of (2.1), (7.13), and (7.14) reduces the problem of solving for I, to one of

solving for the following integral:
2
/ sin[(j + k) E] 5(E) (1 — e cos E) dE (7.15)
0

where p(F) is simply obtained by substituting (2.1) in p(f). It follows that p(E) is

also 2m-periodic. Consequently, it is only necessary to show that:
2m
/ sinmEp(E)dE =0, meZ (7.16)
0

This is true irrespective of whether p (or p) is even or odd, as can easily be verified
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by integrating the above expression by parts.

Next, a solution is found to integrals of the following type:

1 [ exp(jkf)

= — ————dl 7.17
2 Jo  (1+ecos f)m (7.17)

Imk

where k,m € 7Z. Integrals of this form are encountered, when the average value of
a term comprising the mean radius is required, or when (1 + e cos f) appears in the
denominator of a term. Hoots (1981b) presented solutions to I,,x, for specific values
of m and k. It is observed that for the derivations in this chapter, it is sufficient to
obtain expressions for I, for m = 0, 1,2, although values of k of upto 9 are required,
which were not given by Hoots (1981b). Consequently, a general form for I, as a
function of k is presented here, with m = 0,1,2. The procedure for obtaining the
solution is demonstrated for m = 2; for other values the procedure is similar and

more straightforward.

The key step in solving these integrals, is the complex change of variable, exp(sf) = x,
as shown in Chapter ITI. Also used is the relation dl = n*df /(1 + ecos f)?. After

some algebra, it can be shown that:

(7.18)

I = —2-
C

21 et (x +e)t(x+1/e)?
The integrand in the above expression can be split into partial fractions. Noting that

e < 1 and 1/e > 1, Cauchy’s integral theorem is then used to show that:

ki3 k+3
XM dy — _ )kt M = c
e e L e R G
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Xdx _w Ry XPdy
j[C(X+€)4 = gk +3)(k +2)(k + 1)(=¢)", 7{o(x+1/e)4 = 0(7.19d)

Substituting the above equations in (7.18), and noting that exp(skf) = coskf +

g sinkf, the following results are obtained:

1 [ kfdl 1
/ (COL =— (—é)k [k:3773 + 6K°n? + kn(15 — 41°)
0

o 1+ecosf)2 6
+(15 — 97°)] (7.20a)
1 (> sinkfdl
sinkfdl (7.200)

21 Jy (1+ecosf)?
Using the above methodology, the following can also be shown:

1 [*™ coskfdl 1 &
— —— = — (= k*n? 4 3k —n? 21
2 Jo (1+ecosf) 2n? (=)™ [F* + 3kn + (3 — )] (7.21a)

1 (7 sinkfdl

— —— =0 7.21b
21 Jo (14 ecosf) ( )
and,
1 2m X
— coskfdl = (—e)" [kn+1] (7.22a)
2 Jo
1 2m
o . sinkfdl =0 (7.22b)

7.4 Average Position and Velocity

Some amount of algebra, performed easily via symbolic computation, is required to
obtain the averaged position and velocity. For example, since r = rypean + 7rsp, it

follows that:

f = 5rmean +0 (7 rsp) (723)
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and consequently,

_ 1 2 .

£ = 0Tmean + 5= [ 0(Jrgp)dl (7.24)
2m Jo

From (5.5), 07mean i easily obtained to the first order in differential orbital elements.

Additionally, use is made of the functions g;. 3(f) from Appendix B, to yield the

following relation:

30 = g1(0) 0N + g2(0) 6q1 + g3(8) 02 (7.25)

To propagate the mean orbital element differences, the following vector is defined:

D (ty, t1) = Po(ts) Pelto, t1) P (1) (7.26)

where ®; is the transition matrix for mean elements as given by Gim and Alfriend
(2003), and the matrix P, is used to scale the semimajor axis difference, and convert

from 66 to dl. The non-zero components of P, are given by:

P, =1/a (7.27a)
P.,, = 9119) (7.27b)
Pe,, = —ijg; (7.27¢)
P, = —ij’EZ§ (7.27d)
Pegy = Peyy = Pegy = Pegs = 1 (7.27¢)

The inverse matrix is easily obtained by inspection:

P l=a (7.28a)

Pl — g.(0) (7.280)
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P, = g2(0) (7.28¢)
B} = gs(6) (7.284)
P =P, =F =P =1 (7.28¢)

From (7.5) and (7.26), the following transformation is obtained, that can be used to

find the average states in terms of mean elements:
X = (Py+ JP,) &, dae, (7.29)

The matrices Py and P are given in Appendix E.

7.5 Numerical Simulations

An example from Gim and Alfriend (2003) is considered, to test the results of this

chapter. Consider a reference orbit with the following initial mean orbital elements:

a=7,091.870km, 0, = 3.141596rad, i= 1.221521rad 7.30)

q; = 0.00523, g, = 0.001709,  h = 0.7853999 rad

Relative motion is established by selecting the following initial mean differential

orbital elements

da = 0.415m, g = —6.195769 x 10~ " rad
0q1y = 1.601 x 1077, 0qag = 3.561 x 107° (7.31)
01 = —7.079055 x 10~° rad 0ho = Orad

Similar to the procedure in Chapter V, the mean elements of the deputy and chief
are converted to osculating elements using Brouwer theory, and then converted to

ECI position and velocity. These are used as initial conditions to integrate over the
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satellite orbit.

For comparison, three errors are defined. The osculating error refers to the error
between the states as predicted by the Gim-Alfriend STM. The mean error refers
to the error between the states obtained by using the transformation matrix Py, by
using mean elements only. This would have the same results as using mean elements
in any of the existing STMs that assume a central gravitation field. The average error

is obtained by adding the correction matrix P ; to the transformation.

The three errors are shown for the radial, along-track and out-of-plane directions,
in Figure 7.1, Figure 7.2, and Figure 7.3, respectively. In these figures, the solid
blue line indicates the osculating error over 20 orbits, and these are identical to
the results shown in Gim and Alfriend (2003). The broken green line indicates the
mean error, and the dashed-dotted red line indicates the error after correction. It is
observed that the radial correction is the most beneficial, and this a consequence of
the short-periodic correction to the satellite radius, presented in this chapter. It is also
observed that the bias is not completely removed, and is also present in the osculating
error. This is a consequence of linearization, and can be removed if the higher-order
STT developed in Chapter V is used. These figures also show the usefulness of the
matrices Py and P ;. If a tracking controller design is desired such that short-periodic
perturbations due to Jy (or any perturbation that can be obtained via a generating
function) are ignored, then in effect, what is desired is a tracking profile indicated
by the dashed-dotted red line in Figures 7.1-7.3. The mean error as shown by this
indicator, is essentially the difference between the actual state that contains short-
and long-periodic variations, and the average state as obtained by the matrices Py

and P .
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The velocity errors are shown in Figure 7.4, Figure 7.5, and Figure 7.6. There is no
improvement in the radial velocity; in fact the bias correction is found to be zero. It
can also be shown that the average short-periodic variation in radial velocity is zero.
The improvement in the out-of-plane direction is also minimal, since the use of mean
elements does not appear to create a non-zero bias error. As shown in Figure 7.5, the

along-track velocity correction is the most significant among the three.

7.6 Summary

The average expressions for relative motion that have been derived in this section, can
prove useful for different purposes. The number of computations required to calculate
the average states are far lower than those required to calculate the osculating states.
For small orbits, the errors between the two are of the order of centimeters. As the
orbit size increases, the bias introduced by the use of mean elements will also increase,
and the use of the correction matrix P; becomes more important. However, the bias
due to linearization also increases, so it may be necessary to introduce second-order
terms. The advantage, as shown in Chapter V, is that the higher-order terms can be
introduced using mean elements only, thereby resulting in a complete, mean-element

description of relative motion.

The matrices Py and P; can also be used as an analytical filter to remove J-induced
short-periodic perturbations from the osculating (actual) states, if the elements of the
chief are known. From the inverse maps developed by Gim and Alfriend (2003) and
in Chapter V, the osculating - and by extension - mean differential orbital elements
corresponding to the osculating states can be determined. This mean differential

orbital elements can then be used to find the corresponding average states.
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CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

In this dissertation, the problem of relative motion was analyzed by relaxing the
underlying assumptions of the HCW equations. The extensive literature review
revealed the need for analytical solutions to model equations for rendezvous and
formation flight, near arbitrarily eccentric orbits, for large relative orbits, and /or near
an oblate planet. This dissertation has addressed this need, by providing analytical

solutions to all these problems.

In the process of developing the theory in the preceding chapters, several interesting
quantities and integrals have been encountered. The first is the eccentricity-like
quantity €, which not only expressed itself in the Fourier expansions when modeling
eccentricity effects on formation geometry, but also appeared in the process of
averaging the short-periodic effects due to J,. Similarly, several integrals were
encountered in the process of modeling nonlinear perturbations, and when averaging
short-periodic effects due to Js, which were previously not solved. Some of these
integrals included Kepler's equation as an integrand, especially in the rendezvous

problem.

There are several extensions to this problem that have not been explored in this
dissertation. Perturbations due to atmospheric drag have not been accounted for
in the analysis. They will be required when modeling the long-term dynamics of
satellite relative motion. These perturbations have been explored to some extent by

Kechichian (1998); Carter and Humi (2002); Humi and Carter (2002); Mishne (2004).
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More complicated models for relative motion, that also include lunisolar perturbations
have been presented in recent work by Wnuk and Golebiewska (2005, 2006), although

a state transition matrix that includes these effects has not been derived.

Following the development of an optimal control for rendezvous as shown in Chapter
IV, it may be possible to use similar theory to obtain an optimal multi-impulsive
control, that is useful for high-thrust engine mechanisms, near an arbitrarily eccentric
orbit. Similar schemes have been proposed by Schaub and Alfriend (2001), that
exploit the dynamics of relative motion to obtain locations where impulses are most
effective in changing a given orbital element. A numerical procedure that was useful
for highly eccentric orbits was also presented by Sengupta et al. (2004). However, an
analytical solution to the multi-impulse rendezvous or reconfiguration problem has

not yet been obtained.

The use of the analytical solution to the LQ problem of Chapter IV, as a basis for
the development of optimal feedback controls that include nonlinear effects is also

currently being explored.

Several aspects of the theory developed in this dissertation can possibly be used
for formation flight problems in other environments, such as deep-space gravity-free

problems; or the restricted three-body problem.
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APPENDIX A

MATRICES W3 FOR RENDEZVOUS
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APPENDIX B

MATRIX G AND TENSOR H FOR DIFFERENTIAL ORBITAL
ELEMENT PROPAGATION

Let g1..9(0) denote the following functions:
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Using these functions, the non-zero components of G are:
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APPENDIX C

MATRICES P AND R, AND TENSORS Q AND S RELATING
RELATIVE STATES TO DIFFERENTIAL ORBITAL ELEMENTS

Let Q@ = eexp(19) = ¢1 + 7¢2, and © = exp(y0) = cosf + y sinf, where 3 = /—1.
Furthermore, let @* and ©* denote the complex conjugates of Q and O, respectively.
The non-zero components of the matrices, P, R, and tensors Q and S (with

Qi = Qi; and §ijk = S, respectively), are listed below, by using Q and ©,

for conciseness:
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Ss33 + 75336 = cot i cosh OF
S5 = — cos b

8366 = cot ¢ SiIl2 0

Sa1 + 38511 = 6(0 + Q)

Su12 + 75512 = 7 (30 + 2Q)

Su13 +7S513 = 7 coti cosf (30 4 2Q)
S+ 78514 = 27O

Sa1s + 75515 =2(a+1)0 — 29
Su16+9S516 = —7 coti sinf (30 + 2Q)
Saoo + 75520 = (30 +20Q)

Sio3 +j§523 = —cotiO Q

Sioa+ 7554 =—(0+ Q)

_ _ 1 1
Suz3 + 79533 = (0 +2Q) — 508022' Q(1+6%+ §(Q - Q")e?
csc? i
4
Sasa + 7 S534 = cot i (v cos @O + 5 sinf Q)

Q (@2 o @*2)

Suzs + 7 Ss35 = 7 coti cosf [(a+1)O + Q]
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(C.12a)
(C.12b)
(C.12¢)
(C.12d)

(C.12¢)

(C.13a)
(C.13b)
(C.13¢)
(C.13d)
(C.13¢)
(C.13f)
(C.13g)
(C.13h)

(C.13)

(C.135)
(C.13k)

(C.131)
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— — 1 1
S4ze + 15536 = —]9—]§CSCQiQ@2+§](Q— 0" e?

+fsfi 0 (02 — 62 (C.13m)
Si2s + 7 S505 = 7 (0 4 Q) (C.13n)
S+ 75506 = —7 coti© Q (C.130)
S5 + 7555 = =1 © (C.13p)
Saag + 75516 = —coti sinfa© (C.13q)
Sass + 7555 = 200 (C.13r)
Suse +7S556 = —7 coti (a+ 1) sinf © (C.13s)

— — 1 1
Sue6 + 75566 = 2(0 + Q) — §csc2z' Q(1-6? - §(Q - Q0"e?

2 .

CSZ L9 (e? -7 (C.13¢)
§613 + ]§616 = csci OF (C’.14a)
§623 + ]§626 =] csci OF (Cl4b)
Seas + 75636 = 7 coti csci O (C.14c)
Sese = — csc i sin (C.14d)

See6 = — cot i csci sin 26 (C.14e)
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APPENDIX D

COEFFICIENTS FOR PERIODIC RELATIVE MOTION

EXPRESSIONS
Coeflicients Ag, A, , Ag, :
9 ,
Ay = g PLeos 210g + 3p1p2 cOS Yy (D.1a)
3 3 3 3 3e?
Ae, = —§ﬂ320052¢0 - 1032 + ZP12C082¢0 — 5012 + 5012
3e 3 e?
+Z pP1pP2 COS Yy — 3 pa® + i 012 cos 21y (D.1b)
e? ) 3 ) 3 ) 3e _
As, = 16 p1”sin 2 gy + 3 p3°sin2 ¢g — 1 p1”sin 2ty + - Pip2 sinyd D.1c)
Aoy = J 1% cos2t0, Ay = =7 pr’sin 24y (D.1d)
e 1, 1, er
Ay = 10102008% + 3P cos 2 g — m cos 2y + 33 M1 cos 2 g
ez
T (D.1le)
e, 1, . e . 1 5.
Asy = 32 p1°”8in 2 9o + 1P sin2 g — 1 Ppe sin 1y — §P3 sin2 ¢o(D.1f)
Aoy = =g picos2un, Ay, = < pisin24 (D.1g)
e? e?
Ac5 = _3_2 P12 00521@07 Ass = @ 012 SiHQwO (Dlh)
Evaluating [ A/sin® f df:
1
ey df = —cot f (D.2a)
sin f (1 —cos f) /cosf
df =1 df = — D.2b
/ sin? f f . sin f sin? f f cosecf ( )

/Sian df = 2lnsin f, /COS2f df = —cot f —2f (D-2c)

sin? f sin? f



/sin?)f df = 4cosf+3lnm>

sin?f sin f
cos 3 f cos2f
df = — 2
/sinzf f 3 cosecf + sin
in4
/SI,HZfdf:20052f+2+41nsinf,
sin” f
cosdf cos 3 f
df = —2cot —4
/sian d sy ™Y
/Sm?f df = é(:os?>f—|—8cosf+5l ﬂ7
sin” f sin f

cos b f 2cos4f 10cos2f
df = =5 5 =
/sian If = cosecf+ 3 sin f + 3 sin f

Evaluating [ A/¢? df:

1 B 151n2f
/Edf—QeJ(f) s
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(D.2d)

(D.2f)

(D.3a)

(D.3b)

} (D.3¢)

C(:bif df = —= <2+e)J(f)
+% {—81n2f—181n3f—ﬁsm4f]
Cf“f & =2+ ) J()
+% {—ésmf—gsm2f—l—i81n3f+1_125m4f
cos3f 0 = 22— ) J(f) + ¢2[ Slnf__31n2f+—sln4f] (D.3d)
Cosz df =55 2 (8—246 +136)J(f)—gf

1 4 1
+E g(1 + 62) sin f + @(4—1— 1362) sin 2 f

4 1
_@(1 + eQ)SiIl3f — @(1 + 462) sin4f}

(D.3e)



168

Cosz df = — i (—32 + 80e® — 50e" + 5¢) J(f) + i—zf (D-3f)
4_% o e1_4(16 + 24€* + e*) sin f
_6_13(16 + 96e? — 5e*) sin 2f
+§(16 +24¢? — 5et)sin3f
+%(16 + 966> — 5et) sindf +sin5f (D-39)
' Si;f df = 5(1 —¢)*In(1 — cos f) — %(1 +€)”In(1 + cos f)
2
42 hl(l + e cos f) — % (D3h)
n' Sli;?f df = (1—¢)*In(1 = cos f) + (1 +¢)*In(1 + cos f)
2 27 )
| —2(1+e )1n(1+ec06f)+m (D-30)
Sujbff df = 3(1 —¢)*In(1 — cos f) - §<1 +¢)*In(L + cos f)
4=e) 7 -
+6eIn(1 + ecos f) — e T1tccosf (D.35)
n' SIZSLf df =2(1 —e)*In(1 — cos f) +2(1 +¢)* In(1 + cos f)
—2(2—56 +e*)In(1 + e cos f)
A2 e?) 1’
e2 1+ ecosf D30
Un S“;ff df = 5(1 —e)*In(1 —cos f) — g(l +¢)?In(1 + cos f)
+1677 cos f — 3(16 32¢% + 11e*) In(1 + e cos f)
_(16—12e +e) U (D.31)

e3 1+ ecosf
Coefficients Qy, Qy, Ex, Fi, Gy, Hy:

e e 1
Q1= ZP% cos 2ty + 2p1pa cos Yo + EP% L (207 + 203 + p3) (D.4a)



1 1 1
Q2 = §P% cos 2¢pp — ZP% cos 200 — = (203 + 295 + p3)

4
e
Q3 = EP% cos 21
— 1 1 1 1
_ 2 : 2 :
Qo = P <Z - 2—62) sin 2 + ezl S 200 + SP1p2sin Yo

_ e 1Y\ . 1y :
Q1=;€(Z“E)Sm2wo+;y€an2¢o+2ﬂwh$n¢0

1,
Qy = 77 sin 24

N e .
Qy = P15 20y
3e

4

3e . )
F = —Zp% sin 21y — 3p1p2 Sin Yy

Ey = pi cos 24 — 3pyp cos y,

3 3
Ey = —ZP% cos 29, Fp = —ZP% sin 2ty
By = ——p?cos 2y, Fy = ——=p?sin 20

12 12
Gl — @1/2a G2 - @27 G3 - 3@3/2

e? e 1 e? 1
Hy = —— pi cos 2y — 5P1P2 COS Yo + <— - —) P+ 50+

16
B Te

8

(&

8
1 2\ 2 € 1
Hy, = —§(4 + €7)py cos 2¢hy — §p1p2 cos 1o + Z_lp?’ cos 2¢q

e? 2 2, 1
=g )ttt ors

2 8 2

e
Hy, = pi cos 2thy — 3pypa cos hy — gpg €os 20

(201 + 205 + p5)

3e e e
H; = —gpf Cos 29y + gpg cos 2¢g + 3 (207 + 205 + p3)
2

e
Hy = —1—60% cos 21
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(D.4h)
(D.4i)
(D.45)

(D.4k)

1
Zpg (D.4l)

(D.4m)

(D.4n)



APPENDIX E

COEFFICIENTS FOR AVERAGE RELATIVE MOTION

The components of Py and P are as follows:

POll—nT
«
P012=g
n
Poi3 =0
Q1Gasinf  (14+7 — @?)cosf
P014: — -~ — —
(1 +17) nt+n)
Qiqzcos (1 4+ 17— q?)sinf
P015: — -~ — =
(1 + 1) n(1l+n)
Poig =0
Pooy =0
o
Pogo = —
n
Poaz =0
2 . A (h—i—siné
Pyoy = ——=+sinf + ———
G i
e _ q + cosf
Pyos = ————— —cos) — ———
P+ a

n -
Pyog = —cosi
a

P031:O
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(E.1la)

(E.1b)
(E.1c)

(B.1d)

(E.le)

(B.1f)

(E.2a)
(E.2b)
(E.2¢)

(B.2d)

(E.2e)

(B.2f)



P032

=0

2
Pozz = 777 sin ¢
a

Pozs =0
Pozs =0
U I
Pysg = = cos @ sini
3
P = =
041 2
~2
a”
Poge = —(@—1)
n
Foy3 =0
a2
Poyy=——— |p(a—1)+7(1 +7)sind
044 71+ 1) [CI2( ) +1i( ) j
a? _
Poys = ————— |28+ (1 +7)cosb
045 774(1+77) [qzﬂ ( 77) i|
Poys =0
3a
Pysy = ——
051 2
a3
P052_ —4
1
FPosz =0
3(71_ n B 42 _92 . :|
Pysy = ——a+ —cosf — — - +(a@+1) sinf +
T 7’ [ﬁ(Hn) @+1) .
3p_ 2. - [ Qi o }
Pyss = ——a + —sinf + — a4+ (a+1) cost +
S R L‘z(lJrﬁ) @ttt
Posg = — cosi

171

(E.3b)
(E.3¢)
(E.3d)

(E.3¢)

(E.3f)

(E.4a)

(E.4b)
(E.4c)

(E.4d)

(E.4e)

(BAf)

(E.5a)

(E.5b)
(E.5¢)

(E.5d)

(E.5e)

(E.51)



1
Pogs = =(g2 + sin ) sini
n

Py = —Zﬁ(l —3cos?i) — %212?) (.° — @%) sin?i
P2 =0
Pri3 = §ns1nz cos i + %Eiifg)( 12— @2%) sini cosi
Py = %571( — 3cos?i)
e g

Pji5 = %572(1 — 3cos?i)

e [ g o)
Py =0
Pjo = %CHCD sin® i
Pjoy = g (3 772) (1- 3 cos” ;) - gg j_ 7277)72) ((.712 - 5.722) sin’
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(E.7a)
(E.7b)

(E.Tc)

(E.7d)

(E.Te)

(E.7f)

(E.8a)

(E.8b)
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q1G2

Pjoz = — 3+ 67+ 27% — 27%) sint cosi E 8¢
723 (1+77)2( n+2n" —2i°) (E.8¢)
3¢ (3+7 - Gy (9 + 77 — 472 -
PJ24ZE( +7z)(1—3cosz'2)—@< + 0 — 77)SinZi
8 (1+17) 8 (1+17)
— 27
q17q2 _ 2 _3 A\ s 2
——— (18 +54 51 117° — 6 E.8d
4772(”77)3( + 547 + 517" + 1157° — 677°) sin” i (£.8d)
31 (347 - 9+Tn—4 -
PJ25:—ﬂ( +T_])(1—3COSi2)—2( ] — n)singi
8 (1+17) 8 (1+17)
— 27
q2"q1 _ _9 _3 4\ s 27
3n _ _
Py = Zn(l — 3cos?i)cosi
((:712 - Csz) — —2 -3 . ~ -
+——2(34+ 60+ 7" —4n°)sin 27 cos i E.8
3¢ . - -
Pj3 = —, sini cost (E.9a)
37]361 _ _ 92 .= - 961 .= -
Pjay = 1+n7—2 sin? cos? + ——sini cos? E.9b
J32 (1 _'_7—7)3(3 _ T—]Q)( n q2 ) 4 ( )
3@2 _ _2
Py = — 1—-3n+2
32 . o= [B+9+87) , o g
— —sin“1 + (2 — 2 — 617° — E 9c
ST L7P Try @ (2—2n—6n"—17°) (£.9¢)
3 _ _
Pjay = _ﬁ(l — 1)@z sini cosi (E.9d)
n
3 .o -
Pjas = _2_772 [622(1 P+ P2 — 772)} sin¢ cos i (E.9¢)
3nq - - 37 -
Pyag = 8(17751) [(3+ 27) (7 — 2) cos®T + (2 + 77)] sini — %(1 — 27%) sin
30 - [B+9I+8p%)

— = 1+2n—2n3—2n4 E.9

PJ41:PJ42:PJ43:PJ44:PJ45:PJ46:O (ElO)



31 _
P51 = —Z(4 — 1)

3020, 3
41+ 8(1+7)

PJ52:0

_ _ 3 _ _
Pjs3 = —37(2 + 1) sini cosi — 1(3 — 7?)sini cosi

6.71 — _92 2=
Pjyy=———"——(12+17 7 1-3
J54 4ﬁ(1+ﬁ)( + 177+ 777)( cos™ i)
Pyss —L(H + 1775 + 77%)(1 — 3 cos? 1)
47(1 + 1)
Pjse =0
3nqg _ _
Pjg = %sini cos 1
3q _ _
Pjgo = —7_](13_277) (2 4 27 + %) sini cosi
3nq
76 = 41 —1—177) (3 — Tcos?i)
3 T B
Pjeq = —7_](1 n 77)(1 + 70+ q@%)sini cosi + §Sini cosi
3 _ _
Pjegs = ———q1¢28int cos1
n(1+1n)
37?@2 372

- . q 2= .=
Proe = —=(1 —5cos?7)sini — —= cos® 7 sini

(13 + 1077 — 57%) | sin®i
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(E.11a)
(E.11b)
(E.11c)

(E.11d)

(E.11e)

(E.11f)

(E.12a)
(E.12b)
(E.12¢)
(E.12d)
(E.12¢)

(E.12f)
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