creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Bounded Relative Motion and Station-Keeping
in the Vicinity of Libration Point Orbits
Leveraging Hamiltonian Structure

and Disturbance Observer Technique

N

=L

s 7z} ol

=71 71
A &

r

2020 & 8 4



2 A e

SECRIL WATIOMAL LIMINVERSTY



Bounded Relative Motion and Station-Keeping

in the Vicinity of Libration Point Orbits

Leveraging Hamiltonian Structure

and Disturbance Observer Technique

Tod

2020 & 6 ¥

okl
{Jo

J_,NO

e

2020 @ 6 4

—_—

1

ﬂo

A3

_CH

—_—

e
B

—

N

——

v

mr

i
=

mr




2 A e

SECRIL WATIOMAL LIMINVERSTY



Bounded Relative Motion and Station-Keeping
in the Vicinity of Libration Point Orbits
Leveraging Hamiltonian Structure

and Disturbance Observer Technique
by

Seungyun Jung

Submitted to the Graduate School of
Seoul National University
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Department of Mechanical and Aerospace Engineering

Seoul National University

Advisor: Prof. Youdan Kim

August 2020



2 A e

SECRIL WATIOMAL LIMINVERSTY



Bounded Relative Motion and Station-Keeping
in the Vicinity of Libration Point Orbits
Leveraging Hamiltonian Structure

and Disturbance Observer Technique
by

Seungyun Jung

Approved as to style and content by:

Changdon Kee, Chair, Ph.D.

Youdan Kim, Vice-Chair, Ph.D.

H. Jin Kim, Member, Ph.D.

Chan Gook Park, Member, Ph.D.

Chandeok Park, Member, Ph.D.



2 A e

SECRIL WATIOMAL LIMINVERSTY



Abstract

Bounded Relative Motion and Station-Keeping
in the Vicinity of Libration Point Orbits

Leveraging Hamiltonian Structure
and Disturbance Observer Technique

Seungyun Jung

Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

In this dissertation, a novel strategy for station-keeping and formation flight
of spacecraft in the vicinity of unstable libration point orbits is presented, and its
performance and stability are analyzed. The presented control strategy lever-
ages the Hamiltonian nature of the equations of motion, rather than simply
applying the control theory from the perspective of “signal processing”. A fil-
tered extended high-gain observer, a kind of disturbance observer, is designed
to mitigate the performance degradation of the control strategy due to model
uncertainties and external disturbances.

Canonical coordinates are adopted to design a controller that exploits the
mathematical structure of Hamiltonian system inherent in orbital mechanics,
and then the equations of motion of spacecraft are represented in the form

of Hamilton’s equation with generalized coordinates and momenta. The base-



line controller, utilizing the canonical form of the Hamiltonian system, is di-
vided into two parts: i) a Hamiltonian structure-preserving control, and ii)
an energy dissipation control. Hamiltonian structure-preserving control can be
designed in accordance with the Lagrange-Dirichlet criterion, i.e., a sufficient
condition for the nonlinear stability of Hamiltonian system. Because the Hamil-
tonian structure-preserving control makes the system marginally stable instead
of asymptotically stable, the resultant motion of the Hamiltonian structure-
preserving control yields a bounded trajectory. Through the frequency analysis
of bounded relative motion, a circular motion can be achieved for particu-
lar initial conditions. By appropriately switching the gain of the Hamiltonian
structure-preserving control, the radius of bounded motion can be adjusted sys-
tematically, which is envisioned that this approach can be applied to spacecraft
formation flight. Furthermore, the energy dissipation control can be activated

to make the spacecraft’s bounded relative motion converge to the nominal orbit.

On the other hand, a filtered extended high-gain observer is designed for
the robust station-keeping and formation flight even under highly uncertain
deep-space environment. The filtered extended high-gain observer estimates
the velocity state of the spacecraft and disturbance acting on the spacecraft by
measuring only the position of the spacecraft. The filtered extended high-gain
observer includes an integral state feedback to attenuate navigation error am-
plification due to the high gain of the observer. The global convergence of the
observer is shown, and it is also shown that the tracking error is ultimately
bounded to the nominal libration point orbit by applying the Hamiltonian

structure-based controller.

Numerical simulations demonstrate the performance of the designed control

ii



strategy. Halo orbit around the Lo point of the Earth-Moon system is considered

as an illustrative example, and various perturbations are taken into account.

Keywords: Libration Point Orbit, Unstable Orbit, Non-Keplerian Orbit, Station-
Keeping, Spacecraft Formation Flight, Hamiltonian System, Extended High-
Gain Observer

Student Number: 2015-20790
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Chapter 1

Introduction

1.1 Background and Motivation

As a new era of space exploration begins, various challenging space mis-
sions are being planned in several space agencies, e.g., Europa Clipper [1],
Martian Moons Exploration (MMX) [2], and Comet Interceptor [3]. To suc-
cessfully accomplish those challenging deep-space exploration missions, creative
and advanced technologies should be developed. Mission design, guidance, nav-
igation, and control are the areas where further technological development is
required [4-6].

One of the great obstacles to deep-space exploration is the large amount of
propellant consumption required to escape the Earth’s gravity. There is signif-
icant limitation to the distance that can be reached using remaining fuel after
escaping the Earth’s gravity. To overcome this difficulty (of course this is not
the only reason), the National Aeronautics and Space Administration (NASA)
is working on a Lunar Gateway mission, a part of the Artemis program [7]. The
Artemis employs a Gateway station in cis-lunar space, specifically in a Near
Rectilinear Halo Orbit (NRHO) of the Earth-Moon system’s Lo point, which

serves as a pressurized environment for astronaut crews as well as a staging



location for missions to other destinations, e.g., Mars, Asteroids, Distant Ret-
rograde Orbits, and others. The NRHOs are subclass of halo orbit family, whose
stability indices are stable or close-to-stable. Due to their stability character-
istics, these orbits are potentially useful for the placement of Lunar Gateway
for deep-space exploration. Although the stability indices of nominal NRHOs
are stable or close-to-stable, NRHOs are not stable in reality due to the effects
of forces of other celestial bodies and solar radiation. For this reason, active
control techniques should be developed to keep the spacecraft on the desired
orbit [8].

Libration point orbits (LPOs) have been studied for a long time because they
exist in various binary systems in space, e.g., Sun-Earth system, Sun-Jupiter
system, and binary asteroid system [9]. The interest on the LPOs has soared
after Farquhar shed light on the availability of these orbits |10]. Trajectories
leveraging the LPOs and the associated invariant manifolds allow the space-
craft transfers within the cis-lunar region for lower costs, and therefore many
different space missions have been planned using these orbits [3,[11-14]. Among
these missions, not only single spacecraft missions but also missions involving
multiple spacecraft are planned [15],/16]. More recently, advanced missions uti-
lizing LPO have been studied, including the construction of a lunar far side
surface navigation system [17,/18] and an advanced satellite constellation [19)].
Therefore, research on the formation flight of multiple spacecraft as well as the
station-keeping strategy in the vicinity of unstable LPO is needed. In this dis-
sertation, a novel way of station-keeping and formation flight is presented to

prepare upcoming deep-space missions.



1.2 Literature Review

1.2.1 Spacecraft Station-Keeping in the Vicinity of the Libra-
tion Point Orbits

Station-keeping strategies can be divided into two categories [20]: One is to
leverage the geometrical structure of the phase space around an orbit, and the
other is to use the advanced control theory.

In the first approach, the station-keeping technique leveraging the geometri-
cal structure of the phase space makes use of the dynamic characteristics of the
circular restricted 3-body problem (CR3BP). Because the dynamic instability
of LPO originates from the unstable manifold in the phase space, a controller is
designed to cancel out the unstable mode. Accordingly, the control strategy is
straightforward and can be considered to be fuel efficient because it compensates
only the components causing the motion unstable. Furthermore, this approach
offers a new perspective to exploit the inherent dynamic characteristics of the
target system in designing the controller. For example, Simo et al. [21] proposed
a station-keeping strategy that cancels out the unstable Floquet mode around
the halo orbit of the Sun-Earth system. Farres and Jorba [22}23] analysed the
dynamic modes considering the solar radiation pressure, and a station-keeping
strategy was proposed to utilize these dynamic modes. Similarly, paying at-
tention to the intrinsic Hamiltonian nature of the CR3BP, Scheeres et al. [24]
proposed a Hamiltonian structure-preserving control scheme by utilizing the
center manifold of the Hamiltonian system. In spite of these advantages and
the possibility of new inspiration for the control methodology, Shirobokov et
al. [20] pointed out that it is necessary to improve robustness because the per-

formance of the station-keeping strategy included in this category is somewhat



sensitive to the model uncertainty.

There also have been much research on the second approach of the station-
keeping strategy, i.e., the station-keeping technique based on the advanced con-
trol theory. It is beneficial because each control theory guarantees the perfor-
mance as well as the stability of the system. In particular, among various control
theories, a robust control theory guaranteeing the control performance under
uncertainties is appropriate for deep-space missions. This is because it is diffi-
cult to fully identify the deep-space environment in advance |25]. For example,
a discrete-time sliding mode controller was designed for station-keeping on the
LPO of the Earth-Moon system considering the solar system model [26], and
a Hy, control theory was applied to design a controller [27]. More recently, an
active disturbance rejection control scheme was applied for station-keeping to
estimate and compensate for the effects of disturbances [28-30], and nonlinear
output regulation theory was applied to this problem [31,32]. Notwithstanding
these satisfactory results, there exist several issues to be solved in the station-
keeping strategies based on the robust control theory. For instance, the previ-
ously mentioned sliding mode control technique or H., control technique must
know the adequate upper bound of the model uncertainty to achieve satisfac-
tory control performance, which is difficult to achieve in advance, especially in
the deep-space. Conservative specification of the upper bound of uncertainty
would sacrifice orbit tracking performance, and the opposite may threaten the
stability. On top of that, control theory-based techniques have not been able to
exploit the inherent dynamics of LPOs because they approached the station-
keeping problem with the framework of “signal processing”, and such limitation

needs to be addressed.



In summary, the two types of LPO station-keeping strategies have both ad-
vantages and disadvantages. If two different strategies are complementarily and
efficiently applied together, it would be possible to maintain a more effective
station-keeping. However, no studies have applied the two different categories
of station-keeping strategies together. In this dissertation, the two different ap-
proaches to the LPO station-keeping strategies are combined to exploit the
advantages of each method. More specifically, a station-keeping strategy is pro-
posed that overcomes the vulnerability to the uncertainty with the help of
robust control techniques while fully exploiting the geometric structure of the
phase space around the LPO. For more comprehensive survey on the station-

keeping technique for LPO, refer to Ref. [20].

1.2.2 Spacecraft Formation Flight in the Vicinity of the Libra-
tion Point Orbits

The concept of spacecraft formation flight in the vicinity of LPO has been
discussed for a long time to accomplish high-resolution deep-space observation
missions, but unfortunately most of the missions have been cancelled, which
include Micro-Arcsecond X-ray Imaging Mission (MAXIM) [33], Terrestrial
Planet Finder (TPF) [34], and Darwin [35]. Several missions are still being
planned, and the number of missions in these orbital regions are expected to
proceed because of their unique dynamic environment [36}37].

Several studies were conducted to determine the viable region for the loose
formation flight around the LPO [38-40]. Locating a formation of spacecraft in
these natural low-drift regions leads to a smaller variation in the mutual distance

between the spacecraft and the pointing direction of the formation. Triangular



configurations providing good performance in terms of formation keeping with-
out control were also investigated [41]. Tight formation control, however, is
required during certain mission phases. For the tight formation control, various
controllers have been designed, such as time-varying linear-quadratic controller
[42], feedback-linearization-based controller [43], nonlinear adaptive neural net-
work controller [44], optimal periodic controller [45], suboptimal § — D con-
troller [46447], output-regulation theory-based controller [31,3248], and Kalman
filter-based linear-quadratic regulator [49]. In addition to the continuous-time
controllers designed for the spacecraft formation flight, discrete-time impul-
sive controllers were also designed [50-52]. More recently, distributed adap-
tive synchronization schemes were applied to the formation flight problem [53].
Among previous studies, Scheeres et al. presented a non-traditional, unusual
continuous-time controller that achieved relative bounded motion, like a motion
of planetary satellites, which could be applicable to the spacecraft formation
flight near an unstable LPO [24]. Because the control law proposed by Scheeres
preserves the mathematical structure of the system i.e., symplectic Hamiltonian
structure, it is called a Hamiltonian structure-preserving controller. After the
very first work of Scheeres et al., some researchers extended this control method-
ology and successfully applied to various LPO missions [54-56]. However, the
radius of the bounded motion could not be adjusted using the previous studies
on Hamiltonian structure-preserving control, which is a limitation and needs
to be addressed. In this study, a switching Hamiltonian structure-preserving

strategy is established to adjust the elliptic/circular orbit pattern of spacecraft.



1.3 Contributions

The main contributions of this study are summarized as follows.

Switching strategy for desired relative elliptic/circular trajectory pat-

tern via Hamiltonian structure-preserving control

A switching Hamiltonian structure-preserving controller is proposed to sta-
bilize the spacecraft and make a relative circular trajectory, where its radius can
be systematically designed. The original concept of the Hamiltonian structure-
preserving control is extended to adjust the elliptic/circular orbit pattern of
the spacecraft by means of switching strategy. To achieve the desired relative
distances, relative orbital motion is analyzed and a strategy akin to Hohmann

transfer is presented.

Hamiltonian structure-based station-keeping controller for unstable

libration point orbits mission

A Hamiltonian structure-based controller, which can be used as a base-
line controller for LPO station-keeping, is presented. Canonical coordinates are
adopted to design a controller that leverages the Hamiltonian nature of the
CR3BP. The LPO tracking problem in the CR3BP is redefined as a regulation
problem in the non-autonomous Hamiltonian system in terms of tracking er-
ror state. The Hamiltonian structure-based controller consists of two parts: i) a
potential shaping control which makes the equilibrium point as an isolated min-
imum point of the tracking error Hamiltonian function without destroying the
inherent Hamiltonian structure of the system, and ii) energy dissipation control

that makes the trajectory converge to the equilibrium point, that is, the isolated



minimum of the reshaped tracking error Hamiltonian. The overall framework
of the Hamiltonian structure-based control is the same as a control method
proposed by van der Schaft for an autonomous Hamiltonian system [57]. In
this study, the original framework is modified and applied to a nonautonomous
Hamiltonian system. Furthermore, the relation between the existing Hamilto-

nian structure-preserving controller and the proposed controller is discussed.

Filtered extended high-gain observer and stability analysis

A filtered extended high-gain observer with improved noise filtering for
deep-space environments, which yields a relatively large navigation error, is
presented. The deep-space environment is highly uncertain, and therefore dy-
namic system cannot be represented as an exact Hamiltonian system. The real
system is a “perturbed” Hamiltonian system subject to unmodeled dynamics,
external disturbances, and parameter uncertainties. Therefore, performance of
the nominal controller may be degraded. To address this problem, the extended
high-gain observer technique is adopted to estimate disturbances [58},59]. How-
ever, a drawback of the high-gain observer is the severe noise amplification due
to high observer gain in the presence of measurement noise [60-63|. Notably,
navigation errors become very large in deep-space such as LPOs environment,
and therefore the problem of navigation error amplification becomes worse when
the extended high-gain observer is used. In this study, to attenuate the mea-
surement noise amplification of the standard extended high-gain observer, an
enhanced version of the extended high-gain observer, that is, filtered extended
high-gain observer using an integral state feedback [64], is proposed, and its

convergence is proven. Furthermore, the stability of the integrated closed-loop



system is analyzed.



1.4 Dissertation Outline

The organization of this study is as follows.

e Chapter 2: Background

The equations of motion are described for the CR3BP. The equilibrium
solutions, periodic solutions, and stability are discussed. The Hamiltonian

formalism is adopted to analyze the system.

e Chapter 3: Hamiltonian Structure-Based Control

Two novel control strategies leveraging the Hamiltonian nature of the sys-
tem are presented. The switching Hamiltonian structure-preserving con-
trol is derived, and its application to spacecraft formation flight around
the LPO is discussed. More general control law is derived for Hamiltonian
canonical coordinates space, and its application to LPO station-keeping

is presented.

e Chapter 4: Filtered Extended High-Gain Observer and Closed-Loop Sta-
bility
Filtered extended high-gain observer is designed for state and disturbance
estimation. An integral state feedback is used to filter out the effects of
measurement noise. Estimation error convergence analysis is conducted,
and the estimation error bounds between typical extended high-gain ob-
server and filtered extended high-gain observer are compared. Further-
more, the stability of entire closed-loop system is analyzed and the LPO

tracking error bound is given.

10 -



e Chapter 5: Numerical Simulations

Numerical simulations are performed to demonstrate the performance of
the proposed controller and observer. To support the effectiveness of the
proposed control scheme, various simulation scenarios are taken into ac-

count.

e Chapter 6: Conclusion

This chapter summarizes the main results of this study and provides sug-

gestions for future work.

11 - 3
Ralkde b



2 A e

SECRIL WATIOMAL LIMINVERSTY



Chapter 2

Background

This chapter describes a Circular Restricted Three-Body Problem (CR3BP),
equilibrium solution, periodic orbit, and stability. To understand the stability of
motion, the equations of motion are analyzed using Hamiltonian formulations.

In this study, the three-dimensional CR3BP is adopted to investigate the
motion of a spacecraft. This problem represents a system where two astronom-
ical bodies significantly influence the motion of the third body with negligible
mass compared with them. Examples include spacecraft motion in the Earth-
Moon and Sun-Earth systems, as well as binary asteroid systems. Though the
CR3BP is a simplified model, this model offers valuable insight into the funda-
mental motions within multi-body systems. Therefore, the CR3BP will serve

as a stepping stone to a full n-body problem.

13 -



2.1 Circular Restricted Three-Body Problem

In the CR3BP, the motion of a spacecraft is influenced by the gravita-
tional attraction of two massive bodies. The primary body, for example, is the
Earth and the secondary body is the Moon, which is defined as the Earth-Moon
system. A third body, that is, the spacecraft, is assumed to be massless, and
therefore the orbital motions of the two primaries are not affected by the third
body. It is further assumed that the two primaries move in circular orbits with
respect to the barycenter, and their angular velocity ¢ = [0,0,Q7]7 € R3*! is
constant. In the standard formulation of the CR3BP, the motion of the space-
craft is described relative to a coordinate frame that rotates with the two pri-
maries. The rotating x-axis is directed from the Earth to the Moon, the z-axis
is normal to the plane of motion of the primaries, and the y-axis completes
the right-handed triad. In general, the quantities in the CR3BP are normalized
such that the distance between two primaries as well as the angular velocity
of the two primaries are both equal to unity. Also, a normalized mass unit is
M = mq + ms, where m; are the masses of the two primaries. By defining
a mass ratio u = mg/M, the location of each primary can be expressed as
[14,0,0]7 and [1 — 11, 0,0]". The rotating frame is illustrated in Fig. and the
nondimensional equations of motion are expressed in terms of rotating frame

coordinates as [65H67]

(I—p(@z+p) pa—1+p)

i =20 — Qja = — - — 3 (2.1a)
1 2
. . -y py
1 2
1 _

so (opz gz (2.1c)
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Figure 2.1 Geometry of the CR3BP.

where (, y, 2) are the components of spacecraft position, and 71 = /(z + p)2 + y2 + 22

and 9 = \/(z — 1 + )2 + y2 + 22 are nondimensional distances between the
spacecraft and two primaries, respectively. Note that all derivatives are evalu-
ated with respect to a rotating observer.

Now, let us consider the following pseudo-potential function U(r),

Ur) = —V(r) — d(r) (2.2)

T ¢ R3*! denotes a position vector of spacecraft, V(r) is

where r = [z,v, 2]
the non-dimensional gravitational potential function of the two primaries, and
®(r) is the non-dimensional potential due to the rotation of the reference frame,

which are defined as follows,

V)= LKL (2.3)
1 T2
B(r) = —%(Qf 1) () x 1) (2.4)
15



Then, Eq. (2.1)) can be written more compactly as

& —2Qsy =V, U(r) (2.5a)
i+ 20t =V, U(r) (2.5b)
Z2=V,U(r) (2.5¢)

More details about the derivation of CR3BP can be found in [65-67].

2.1.1 Equilibrium Solutions and Periodic Orbits

If the CR3BP is formulated in terms of the rotating frame, it is possi-
ble to identify five equilibrium solutions, i.e., libration points, which include
three collinear points (L1,L9,L3) and two equilateral points (L4,L5). For the
Earth-Moon system, the eigenvalues corresponding to the collinear libration
points indicate that these points possess a topological structure of the type
saddlex center xcenter. Two pairs of imaginary roots indicate that the center
subspace is four-dimensional and oscillatory behavior exists in the vicinity of
the libration point for the linear system. Furthermore, the existence of periodic
and quasi-periodic orbits still persists in nonlinear models [6870]. These peri-
odic and quasi-periodic orbits are called libration point orbits (LPOs), which
will be the gateway to the various future deep-space missions [7,{10}13}/1571,72].
Sample solutions of periodic orbit in the vicinity of the Li and Lo are shown
in Figs. ~ To design nominal orbits, single or multiple differential cor-

rection algorithms were employed [73}74].
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2.1.2 Stability of Periodic Orbits

To determine the stability of a periodic orbit, linearly approximated equa-
tion of motion can be used. Consider the position vector r = [z,y, 2]T € R3*!
and velocity vector T = [, 7, 2]T € R3*! of the spacecraft. Likewise, a reference
LPO can be defined as r, = [z, ¥, z,]7 € R3*! with velocity ¥, = [&, ¥, %,]T €

R3*1 Then, linear variational equation along the reference LPO can be defined

as
r—r, 0 I r—r,
di - ’ ’ (2.6)
e -1, V2U(r,) 20| |[#—i,
where
0 10
J=1|-10 0 (2.7)
0 00

Note that the term V2.U(r,) depends on the reference orbit r,. That is, it has
a periodic value, and therefore Eq. is a linear time-periodic equation.
Poincare map or stroboscopic map is a useful tool for analysis of the swirling
flows, such as the flow near a periodic orbit [75]. And the linearized Poincare
map can be defined by the monodromy matrix ®(7’,0), i.e., the state transition
matrix with the fixed point for one period (T') of the orbit. Accordingly, the
monodromy matrix of Eq. can be used to evaluate the stability of the
reference orbit. The monodromy matrix of the periodic orbit has eigenvalues
that occur in reciprocal pairs. More specifically, periodic orbit possesses at least
one pair of unit eigenvalues. If there exists one more pair of unit eigenvalues, a
nontrivial center manifold is predicted. In the case of Lo halo orbit families of the

Earth-Moon system, most monodromy matrix has at least one reciprocal pair
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of real eigenvalues As = 1/\,. Accordingly, most halo orbit is unstable, and the
uncontrolled motion will diverge from the orbit because of the presence of the
unstable manifold. A more detailed description of the eigenvalue distribution of
the monodromy matrix depending on the type of periodic orbit can be found

in [76).

2.2 Hamiltonian Mechanics
2.2.1 Hamiltonian Approach to CR3BP

A Hamiltonian system is defined as a set of 2n differential equations written

as [77]
: oH(apt)T
a_ |0 I 9 (2.8)
T .
Y _In On 67—[(511;p,t)

Equation is known as the Hamilton’s equation with generalized coordi-
nates q, generalized momenta p, and a Hamiltonian function H(q, p,t). If the
Hamiltonian function is not explicitly time dependent, i.e., H(q, p,t) = H(q, p),
then the value of the Hamiltonian is constant, where the constant equals the
total energy of the system.

According to Hamiltonian formalism, the CR3BP can be classified as an
autonomous Hamiltonian system. Thus, the equations of motion in the CR3BP,
Eq. , can be derived using Lagrangian and Legendre transformation. The
Lagrangian of the CR3BP is defined as follows,

L(r,r) = K(r,r) — V(r)

.. 2 . 2, .2 l—p  p (2.9)
=@ —-Qy) "+ W+ Q) + 27+ —— + —
2 T1 9

where K(r, 1) is the kinetic energy of the spacecraft in the CR3BP.
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Let us consider the following Legendre transformation with generalized co-
ordinates q = [q1, ¢2,q3]7 € R®*! and generalized momenta p = [p1, p2, p3]’ €

Ri& x1 .
q 13 03 r
= (2.10)
P Q) I3| |r
Then, Eq. (2.5 can be transformed into the following form of Hamilton’s canon-

ical equations.

G = g;-f =p1+ Qrq2 (2.11a)
g2 = ZZZ =p2—Qrq1 (2.11Db)
g3 = ZZ = D3 (2.11c)
by = _Z(’IZ — Qs — (1— u)ém +u) o —Tgl + 1) (2.11d)
m:-(‘zzz—ﬁfpl—(l;if)qz—’g (2.11¢)
ﬁgz—??{éz—%—ﬁ (2.11f)

with the following Hamiltonian function.

H(g,p) =p" d— L(q,q)

1
= §pr +Qp’Jq+ V(q) (2.12)
1 l—p p
= 5(29% + p3 +p:2»,) + Qr(p1g2 — p2q1) — - —
T 9

where 71 = /(g1 + )2 + ¢5 + g3, and 72 = /(g1 — 1 + 1)? + g5 + g3

2.2.2 Hamiltonian Approach to LPO Tracking Problem

Let us consider a reference LPO that can be defined as r, with velocity 1.

The corresponding generalized coordinates/momenta can be defined as q, =
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[C]qumqrg]T e R**! and p, = [prl,pm,prg]T € R3*1 respectively. Since LPOs

are one of the solutions to the CR3BP, they are also governed by the Hamilton’s

equations with the following Hamiltonian function.
(2.13)

,H(qra pr) - pZQT - E(qra QT)
= §pfpr +QplIq, + V(a)
1 l—p
= —(p}, + 02y + 12y) + QU (Dr Gry — Protr,) -
1 T2

2
where 7, = \/(qu + 1) + ¢, + ng, and 7, = \/(qu —1+p)?+¢ + q33.

Now, let us define the generalized tracking error coordinates/momenta be-

tween the trajectory of the spacecraft and reference LPO as e, £q—q, € R¥!

and e, £ p — p, € R¥¥1 respectively. Then, the generalized tracking error co-

ordinates/momenta dynamics can be written as follows,
& = m‘é‘:; p) aﬂ(aqg; p.) (2.14n)
el = _a%g;, P) 8%(8qu; Pr) (2.14b)
A tracking error Hamiltonian function can be defined as
(2.15)

He(etb ep7 qT7 pT) é 7-[((]7:[)) + 7-l(qTa p’l‘)
=H(eq + ar.ep +pr) + H(ar, Pr)

Ot _ OH(a,p)  OH(arPr)
dey Oey Oey
OH(q,p) dq  OH(qr,pr) Oq,
= MR R IR P 2.16
0q Oey - Oq,  Oey (2.16a)
_ OH(a,p) IH(ar,Pr)

oqr

Then, we have

=g
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OHe _ OH(a.p)  OH(arPr)

Oe, Oe, Oe,
OH(q,p) Op , OH(qr, pr) Ipr
=—F 5 2.16b
op Oe, * opr Oe, ( )
_ 9MH(q,p) 9H(qr,pr)
op op;

Using Egs. (2.14]) and (2.16)), the generalized tracking error coordinates/momenta

dynamic equations with control input can be rewritten as

T _ 6He(eqa €p, dr, Pr)

é (2.17a)
g dep,
. OHc(eq, €y, dr, Pr)
el =— "aep +ul (2.17b)
q

Note that u € R3*! represents the control input which is required to be designed
for station-keeping or formation flight. If u = 0, the tracking error dynamics be-
tween the trajectory of the spacecraft and the reference LPO can be considered
to be a non-autonomous Hamiltonian system.

In this chapter, the LPO tracking problem was redefined as a regulation
problem in the non-autonomous Hamiltonian system in terms of the tracking
error. In the following chapters, control input u will be designed to make the

errors (eq, €p) converge to zero leveraging the Hamiltonian nature of the system.
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Chapter 3

Hamiltonian Structure-Based Control

In celestial mechanics and astrodynamics, most of the dynamic problems
can be fall into a Hamiltonian system. For this reason, understanding and ex-
ploiting the physical and mathematical properties of the Hamiltonian system
have a wide range of applications in related problems [78]. In this regard, sev-
eral studies have investigated to leverage the natural center manifold of the
Hamiltonian system in spacecraft formation flight missions [79,[80]. However,
the use of the natural center manifold around LPO is restrictive because the
existence of the unstable manifold makes the center manifold practically unsta-
ble, and also the rotation frequency of the center manifold is slow compared to
the period of the LPO. To address these issues, Scheeres et al. [24] conducted
fundamental research on the spacecraft formation flight using an artificial cen-
ter manifold instead of the natural center manifold around the LPO. Since the
earliest work of Scheeres et al., the control scheme using the bounded motion
of the Hamiltonian system has been studied under the name of Hamiltonian
structure-preserving control [544-56,81-86]. Because the Hamiltonian structure-
preserving control makes the system marginally stable instead of asymptotically
stable, the resulting motion of the Hamiltonian structure-preserving control

provides a bounded trajectory like a motion of planetary satellites instead of a
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converging trajectory.

This chapter proposes two novel control strategies by extending existing
Hamiltonian structure-preserving control: i) One is a switching Hamiltonian
structure-preserving control, and ii) the other is an energy dissipation control.
Switching Hamiltonian structure-preserving control extends the original con-
cept of Hamiltonian structure-preserving control using the switching control
strategy. The proposed switching Hamiltonian structure-preserving controller
can systematically adjust the radius of orbit to the desired one, which was not
possible by the existing Hamiltonian structure-preserving controllers. Energy
dissipation control is designed to break the Hamiltonian structure by adding dis-
sipative forces. Consequently, spacecraft motion can converge to desired points

or trajectories.
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3.1 Classical Linear Hamiltonian Structure-Preserving

Control

Note that the nonlinear CR3BP as well as the linear variational equation
is a Hamiltonian system, and therefore Eq. (2.6) can be transformed into the
linear form of Hamilton’s equations using Legendre transformation, Eq. (2.10]),

as

d |€ _ I3 03 03 I3 I3 03 €q 3.1)
dle,| |- T| |[V2U(@) 20/3| |- L] e,

with the following Hamiltonian function.

| Y 03 —Q5J I3

1 f0s 1| [ 1. o
wamer-tl A 2]

i, | VEU@) - 92335 0] [e,
=3l <]
I 0,3 I, | e,
(3.2)
Then, the linear Hamilton’s canonical equations are expressed as
. OMHe
€q = aTe = epy +req, (3.3a)
P1
. OMHep
gy = 666 =ep, — Qreq, (3.3b)
P2
. OHeo
€q3 = 868 = €p3 (3.3¢)
P3
é o 87‘[672
p1 —
O¢q, (3.3d)

= Qf6p2 + (vglqu(qT) - Q?)eQI + vglqu(qT)BQQ + vg1q3U(qT)€q3
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87-[6,2

ep2 T 8eflz
= 7Qf€p1 + vglqu(qT)eQI + (vgquU(qr) - Q?)GQQ + v22q3U(qT>eq3
(3.3e)
é _ 87‘[@72
" Deqy (3.3f)
= vglqu(q"')e‘h + vggqu(qr)eCD + Vggqu(qr)e%
where
ep, = —Seq, + éq (3.4a)
epy = 2peq + €qy (3.4b)
€ps = €qs (3.4c)

Note from Eq. (2.6) that the tracking error dynamics of spacecraft in the

vicinity of reference LPO can be written as
&, —20,Jé, — V2U(r,)e, =0 (3.5)

where e, = r — r, € R3*!, Substituting Eq.(3.4) into Eq. (3.3)) shows that Eq.
(3.3) and Eq. (3.5) are equivalent.

To stabilize the motion of spacecraft, let us consider the following control
input Te.
T. = Te, + Ké, (3.6)

Then, the equation of motion in the closed-loop system can be written as
& — (20;J +K)é, — (V2U(r,) + T)e, =0 (3.7)
From Egs. (3.3) and (3.7)), in order for the Hamiltonian structure of the system

to be maintained even after the control input is applied to the system, T must
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have the same structure as VZU(r,), and K must have the same structure
as J. In other words, the control input conditions to preserve the symplectic
Hamiltonian structure are as follows: i) T is a symmetric matrix, and ii) K is
a skew symmetric matrix [24}87].

The controllers in the previous works [24}54,56] are examples of feedback
control law that satisfy the above conditions, and the specific form of con-
trol input can be found in each article. The common form of the Hamiltonian
structure-preserving control proposed in the previous studies is to compensate
for the position errors in the stable, unstable, and center eigenspace directions.
The principle of the Hamiltonian structure-preserving controller is to stabilize
the motion of spacecraft over a long time by stabilizing the relative motion over
a short time. Note that the stabilization of the relative motion over a short
term is necessary but not sufficient to ensure that the motion of the spacecraft
is stable over a long term. For this reason, long term stabilization with respect
to LPO, that is the ultimate goal of the mission, is evaluated by computing the
eigenvalues of the monodromy matrix. More details about the classical linear

Hamiltonian structure-preserving control can be found in [241/56}88].

3.2 Switching Hamiltonian Structure-Preserving Con-

trol

Because the Hamiltonian structure-preserving control makes the system
marginally stable instead of asymptotically stable, the resultant motion yields a
bounded trajectory. Due to this feature of the Hamiltonian structure-preserving
control, it is difficult to design a relative trajectory of the spacecraft. In other

words, using the Hamiltonian structure-preserving control, it is difficult to make
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the spacecraft exactly track the reference orbit. As a result, all the previous
studies have only focused on the stabilization, not the configuration of the
relative motion of spacecraft. In this section, a novel switching Hamiltonian
structure-preserving controller is proposed to overcome this limitation. More
specifically, a switching Hamiltonian structure-preserving controller is proposed
to stabilize the spacecraft and make a circular relative trajectory, where the ra-
dius of the circular relative trajectory can be systematically adjusted.

First, let us rewrite Eq. (3.7) as
é.—Se, —Ue, =0 (3.8)

where S £ (2Q;J + K) and U 2 (V2U(r,) + T). Note that the negative
definiteness of U is a sufficient condition for the stability of the equilibrium
points in the linear sense. Because U is only affected by the position error
feedback, the velocity error feedback is not essential to ensure stability. To
make the design of the relative trajectory of the spacecraft easy, the velocity
error feedback controller is designed to null out the Coriolis force, that is, S = 0.
In other words, the position error feedback control matrix T and velocity error

feedback control matrix K are designed as follows,
T=U-ViU(r,) (3.9a)
K= -20Q:J (3.9b)
Then, the closed-loop system becomes
é, —Ue, =0 (3.10)

with a negative definite matrix U. Because U is symmetric, it is always orthog-
onally diagonalizable as

U=MAM"! (3.11)
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where M denotes an orthogonal eigenvector matrix of fJ', and A denotes a
diagonalized matrix of U. Let us define a new variable ey £ M~le,. Then, Eq.
(3.10) can be rewritten as

8y — Ae, =0 (3.12)

where e, is a new representation of e, with respect to the eigenvector matrix M.
Note from Eq. that the relative motion of spacecraft can be understood
as a combination of three simple harmonic oscillations. Therefore, designing the
relative motion of the spacecraft implies constructing a linear combination of
three simple harmonic oscillations. Eventually, constructing a linear combina-
tion of three simple harmonic oscillations is to design matrix A.

For the design of matrix A, the relative motion of the spacecraft should be

analyzed. The relative motion of the spacecraft can be written as follows,

eg, (1)
eT(t) =M €g2 (t)
€g3 (t)
€1 (t)
= [1_11 hy 1_13] e (1) (3.13)
€gs ()
3 —
=Y leq(t)hy]

1

~.
Il

Il
.Mw

[{Aicos(wit) + Bisz‘n(wit)}ﬁi]

=1

where A; and B; are constant coefficients, w? is the magnitude of the eigenvalues
of U, and h; is the orthonormal eigenvectors of the U.

Hsiao et al. [89] showed that the trajectory described by each oscillation
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mode forms an elliptical orbit with the origin of frame at the center. There-
fore, the relative trajectory is a linear combination of three elliptical orbits.
Unfortunately, it is difficult to imagine the actual relative trajectories, which
are combinations of three elliptical orbits. Nevertheless, if appropriate initial
conditions and mode frequencies, i.e., the eigenvalues, are given, the resulting
relative trajectory (that is, combined result of each mode) can be an ellipti-
cal/circular orbit. If the conditions of elliptical/circular orbit are known, it is
possible to design a switching Hamiltonian-structure preserving controller us-
ing the information. With the designed switching controller, the radius of the
elliptic/circular orbit can be changed systematically. In addition, if a switching
control is applied repeatedly, the position convergence to the reference orbit

can be achieved.

Note that Liberzon et al. [90,91] studied a basic idea of asymptotic sta-
bilization using a state-dependent switching control, and in particular, they
discussed a stabilizing switching strategy for the harmonic oscillator which is

applicable to the Hamiltonian structure-preserving controller.

In this study, the following cases are discussed: i) transfer from a circular
orbit with radius R; to an elliptical orbit whose apsis distances are R; and Ra,
and ii) transfer from an elliptical orbit whose apsis distances are Ry and Rz to
circular orbit with radius Rg. The basic concept of the switching Hamiltonian

structure-preserving control is similar to Hohmann transfer.

First, let us assume that the spacecraft rotates a circular orbit with radius
R1. At any point on the circular orbit, the spacecraft switches the Hamiltonian
structure-preserving controller to transfer to the elliptical orbit, whose apsis

distances are Ry and Rs. After transferring to the elliptic orbit, the spacecraft
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switches the controller again at the other apsis to transfer to the circular or-
bit, whose radius is Ry. By following these two switching steps, it is possible
to systematically resize the circular orbit of the spacecraft. For the switching

strategy, one must know the orbital properties of the spacecraft.

3.2.1 Orbital Properties of Spacecraft

Differentiating Eq. (3.13) with respect to time gives the relative velocity

vector as

& (t) = Z [{—Aiwism(wit) + Biwicos(wit)}l_li] (3.14)

i=1

To make a relative trajectory elliptical/circular orbit, each mode’s frequency
should be identical, i.e., w; = w. If the relative trajectory is an elliptical orbit,
the position and velocity vector will be perpendicular to each other at the
periapsis and apoapsis. By defining the apsis angle variable 8, the following
equation holds.
3 —
er(taps r aps = (Z |:{A1608 GL +B sm(HL)}hz}>
=1

%

(Z w —A;sin(0]) +BCOS(9J_)} Z>

7=

—

;{i(—AvaB?)}sm (26.) +w{§( )}cos 20,)=0

(3.15)

Thus, we have

cos(20,) =+
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2{2;”1 (QAiBZ-> } |
{zf;l (a2 2) } + 4{25;1 (4.5.) }

Using Egs. (3.13) and (3.16]), the square of the periapsis and apoapsis distances

can be written as follows,

ler (taps)|* = (i{{Aicos(Gl) + Bism(m)}ﬁiD : <23:[{Aicos(t%_) + Bism(el)}ﬁiD

i=1 i=1

{ }i é{z?_l(A?—Bf) }2+2{Z?_1 (AiBi)}z

sin(20,) = + (3.16D)

> (az+52)

i=1

N =

(3.17)
Because the coefficients A; and B; of each mode are determined based on the
initial conditions, the distance of apsis is also determined by given initial con-

ditions.

3.2.2 Switching Point 1: From a Circular Orbit to an Elliptical
Orbit

The position and velocity of spacecraft on the circular orbit of radius R;

satisfying Eq. (3.10) with a mode frequency w can be expressed as Egs. (3.13)
and (3.14). Let us take the time at the switching point as ¢ = 0. Then, the

position and velocity vector can be expressed as

1=

1
3
é-(0) =w> (B/h;) (3.18b)
=1
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The objective is to transfer the spacecraft from a circular orbit to an elliptical
orbit, whose target apsis distance is Rs. Figure|3.1|shows the concept of the first
switching. After switching, the equation of motion becomes Eq. with the
new mode frequency w,. With this switched equation of motion, the position

and velocity of the spacecraft are expressed as

er(t) = Z; [{Cicos(wat) + Disin(wat)}ﬁi] (3.19a)
&n(t) = i[{—&wasin(wat) n Diwacos(wat)}l_li} (3.19b)
Then, we have
3
e, (0) = ;(Ciﬁi) (3.20a)
é.(0) = wa i(DiEi) (3.20b)
P

At the switching point, the position and velocity vectors before and after switch-

ing should be identical. Therefore, following equations are obtained.

CL)B/L' == waDi (321b)

In addition, if wy, = kw, where k is a real number, then D; = B/k. Under these

relations, the square of the periapsis and apoapsis distances can be expressed
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as follows,

1 3
’er(taps)|2 = 2{2

;{Zle (Ag B %z) }2+2{E§;1(A3€Bi)}2]

After substituting the desired apsis value |e,(tqps)| = R2 into the left-hand side
of Eq. (3.22)), Eq. (3.22)) is numerically solved to obtain k. Then, the mode

frequency of the switched system can be determined by w, = kw. Finally, the

Hamiltonian structure-preserving controller can be designed as follows,
T, = Te, + Ké,
= (MAM ™ — V2U(r,))e, — 20Te, (3.23)

= (—w?I3 — V2U(r,))e, — 2Q:Je,
« IT f
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3.2.3 Switching Point 2: From an Elliptical Orbit to a Circular
Orbit

The second switching strategy is applied when the spacecraft traveling along
the elliptical orbit approaches the other apsis. It is assumed that, after the sec-
ond switching, the equation of motion is Eq. with new mode frequency
wg. Then, it can be designed such that the motion of the switched system is a
circular orbit with radius Re. At the switching point, the position and velocity
vectors are perpendicular to each other. Therefore, the remaining condition for
the switched system to achieve the circular motion is the magnitude of accel-
eration. Figure [3.2] shows the concept of the second switching. The magnitude
of acceleration for the circular orbit is |€.| = |&.|?/|e,|. Using the equation of
motion &. = MAgM™'e, = 0 of the switched system, the following equation

should hold for a circular motion.

512
IMAM ™ 'e,| = whle,| = ||e’”|’ (3.24)
T
Then, a new mode frequency wg is obtained as follows,
wg =+ & (3.25)
e, |

Finally, the Hamiltonian structure-preserving controller is designed as follows,

TCQ = TeT + Ker
= (MAﬁM_l - v?rU(rr))er —2QJe, (3.26)

= (—w3ls — VAU (r,))e, — 20 Jé,

37 :



desired distance

desired EOM
2 2
-0 Potential reshaping -,
o 2 — L) 2 —
_ — = B — — — =
S8, » 58, =0 5, o, 88, =0
_ wZ At switching pt #1 —w 2

Figure 3.1 Switching point No.1

switching point 2

\ desired EOM

2 2
— -0
“ Potential reshaping . B
58, -

o8, — o oe, =0 >
2 At switching pt #2

Figure 3.2 Switching point No.2

38



3.3 Hamiltonian Structure-Based Control

In general, a Hamiltonian function is interpreted as the total energy of
autonomous systems. In this respect, the Hamiltonian structure-based control
strategy can be thought as one of energy-based controls, and the aforementioned
Hamiltonian structure-preserving control can be interpreted as a control scheme
that appropriately shapes the potential energy of the system. According to [92],
energy-based control has various advantages. The most salient feature is that
the physical interpretation of the control input is clear, which makes it possible
to handle the performance of the output as well as ensuring the stability.

In this subsection, a Hamiltonian structure-based controller is designed so
that it can be applied to the unstable LPO tracking problem by extending
previous works [24,57]. A Hamiltonian structure-based control consists of two
parts: i) potential shaping, and ii) energy dissipation. Potential shaping control
is applied to reshape the gravitational potential around the equilibrium point
to make the point an isolated minimum of the reshaped tracking error Hamil-
tonian function. Note that the potential shaping control is equivalent to the
Hamiltonian structure-preserving control. After potential shaping, a damping
term is added to make the motion converge to the minimum of the reshaped

tracking error of the Hamiltonian function through energy dissipation.

3.3.1 Potential Shaping Control

As mentioned, the principle of the Hamiltonian structure-preserving control
is to reshape the potential energy of the system, and therefore the Hamiltonian
structure-preserving control can ultimately be regarded as a potential shaping

control. It should be noted, however, that the Hamiltonian structure-preserving
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control laws have been designed based only on the linearized equations of mo-
tion. It means that nonlinear stability of the closed-loop system is not guar-
anteed. Because the Hamiltonian structure-preserving controller changes the
topology type of the equilibrium from hyperbolic to elliptic, the Hartman-
Grobman theorem [93] cannot be applied, and therefore nonlinear stability of
the closed-loop system is not guaranteed. In this section, Hamiltonian canon-
ical coordinates are employed to investigate the stability of the Hamiltonian
structure-preserving control. The nonlinear stability can be discussed by ana-
lyzing the system in the canonical coordinates space.

First, for autonomous Hamiltonian systems, the Lagrange-Dirichlet criterion

can be applied to determine the stability of the equilibrium point of system.

Theorem 1 (Lagrange-Dirichlet). If the second variation (Hessian) of the
Hamiltonian, i.e., V?#(z) with z = (q,p), is positive definite at the nonde-

generate critical point z*, then the equilibrium point is stable [94}95].

For a finite dimension system, the formal stability of the equilibrium point
ensures the Lyapunov stability, that is, nonlinear stability [96]. Therefore, as
along as the equilibrium of the autonomous Hamiltonian system satisfies the
Lagrange-Dirichlet theorem, the stability of the equilibrium point is guaranteed
in the sense of Lyapunov. However, in general, the equilibrium point is not
an isolated minimum of the Hamiltonian, that is, an indefinite critical point.
Accordingly, for the indefinite critical point, a control input should be applied
to make the equilibrium be an isolated minimum of the Hamiltonian, which is
called potential shaping. In the case of autonomous Hamiltonian system without
gyroscopic forces, a potential shaping feedback control can be designed using a

fixed gain so that the Hessian of a reshaped Hamiltonian is positive definite at
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the equilibrium point [57,/97,98].

On the other hand, in the case of an LPO tracking problem, that is, a
nonautonomous Hamiltonian system with gyroscopic forces, a potential shaping
feedback control should be designed using varying-gain so that the Hessian of
the reshaped Hamiltonian tracking error, V2H.,, after the potential shaping has
a constant value. Furthermore, the artificial tracking error potential function,
S., which means a potential function used for potential shaping, should be zero
at the equilibrium point to keep the equilibrium unchanged after the potential
shaping, i.e., Se(eZ, d,) = 0. Therefore, the potential shaping feedback controller

for the LPO tracking can be designed as follows,

. 8‘se(eqv qT) A

(g, qr) = —— o 7 2 _W(q,)e (3.27a)
¢ dey a
1 T 2 *
S.(eq:ar) = yeb [lpls = V2 . Velegar)eg
; (3.27b)
= sel [lyls = V2, V(@) e,
Ve(eg:ar) = V(ar +eg) +V(ar) (3.27¢)

where the equilibrium (e}, e;) = (0 ,0), and design parameter &, > 0.

As shown in Eq. , varying artificial tracking error potential function
is used for the potential shaping feedback control. Because the stability of the
equilibrium point depends on the sign of the second variation (Hessian) of the
reshaped tracking error Hamiltonian function, as long as the class of system
is preserved in the Hamiltonian system, the artificial tracking error potential
function with a higher order than the third-order does not influence the stabil-
ity of the equilibrium point. Accordingly, the artificial tracking error potential

function can be designed as a quadratic form, as shown in Eq. (3.27b]). There-

fore, the potential shaping feedback control has a simple linear control form
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like Eq. . As the value of k, increases, the gravitational potential around
the equilibrium point is more deformed. Hence, as the &, increases, the location
of the equilibrium point becomes robust to external disturbances and parame-
ter uncertainties. Therefore, the larger the k,, the larger the region where the
equilibrium point is the isolated minimum value of the modified Hamiltonian
tracking error. From the viewpoint of the Hamiltonian structure-preserving con-
trol, the value k, is related to the period of the bounded motion. Indeed, a large
value of kj, results in a bounded motion with a high frequency [85,99,100]. These
physical interpretations of the potential shaping provide a guideline to adjust
the value of k,, and the switching Hamiltonian structure-preserving control

strategy is a example of such guideline.

Lemma 1. : In the case of LPO tracking in CR3BP, if the second variation
of the reshaped tracking error potential function with respect to e, is pos-
itive definite at equilibrium (e}, ep), i.e., I' > 0, except when k, = 1, the

Hessian of the reshaped tracking error Hamiltonian is positive definite, i.e.,

V¥ (e}, e}, qr, pr) > 0.

Proof. After applying potential shaping, a reshaped tracking error Hamiltonian

function can be written as follows,

3 3
- 1 1
He(eqa €p, qr, pr) = 5 § (pr,i + 6p,i>2 + 5 E pg,i
i=1

=1
(3.28)
+ Qf [(pﬁ =+ €P1)<q7"2 + elm) - (pT2 + em)(qu + eth)

+ DriQry — prng] + Ve(eqa qr)
where V.(e,,q,) = Ve(eq, ar) + Se(eq, qr), which denotes the reshaped tracking

error potential function.
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Now, the Hessian of the reshaped Hamiltonian tracking error at equilibrium

(e}, e,) can be written as follows,

297 * ok r _QfJ
v He(eq)ep7q7“7p’/‘) = (329)
0 J I

where

62‘76(6;7q7”) 82‘76('327(17”) 32‘76(3;7(17")

de, Oeqq0eq, Oeqz0eqy
— 82‘76(9;1(%) 82‘76(‘32:‘%) 82‘76(8;7(17‘) —
r= Deq, Oeqy deZ, Deqs Oeq, = kpls
?Ve(eg.ar)  *Ve(ej,ar)  9*Ve(e).ar)
deqy Oeqy DeqyOeqy Oeg,

Note that Egs. (3.27b]) and (3.27c) are used to obtain I' = k,Is. If the leading

principal minors of V27:[e(e;, e,,q, Pr) are positive definite, V27-le(ej;, €, qr,Pr)
is guaranteed to be positive definite. That is, V27-(e(e2,e;;,qr,pr) is positive
definite if and only if T' > 0 and det(Vzﬁe(eZ,eI’;,qr,pr)) > 0. Since I3 is

invertible, the following relation is satisfied by the Schur complement.

det(V*He(e}, €, qr, pr)) = det(I3)det(T + Q7JI;1J)
(3.30)
= kp(kp — Q?)Q
If k, is chosen as any positive value other than Q?E, the Hessian of the reshaped
tracking error potential function is positive definite. Therefore, the Hessian of
the reshaped Hamiltonian tracking error is positive definite. In the CR3BP, the

angular velocity of the frame is normalized to 1y = 1, and therefore Lemma

1 holds for any positive k, except 1. ]

Consequently, if the proposed potential shaping feedback control, Eq. (3.27)),
is applied to an unstable LPO, stability is guaranteed in the sense of Lyapunov

when £, # 1 in accordance with the Lagrange-Dirichlet theorem. In addition,
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with the proposed potential shaping control, the vicinity of the equilibrium
point becomes an autonomous Hamiltonian system, i.e., a conservative system,
with a positive definite Hamiltonian function. That is, the Lyapunov stability
is guaranteed because of the nature of energy conservation, but at the same
time convergence to the equilibrium point is not possible. Therefore, for con-
vergence to the equilibrium point, in other words, for exact LPO tracking, the
conservative system structure formed around the equilibrium point should be
broken. To this end, an additional control input should be designed to enable

energy dissipation.

Remark 1. : Because the Lagrange-Dirichlet theorem is a sufficient condition
to determine the stability, it cannot be concluded that the system is unstable

even if the sufficient condition is not satisfied, that is, when &, is 1.

Remark 2. : In this study, the potential shaping control is proposed as Eq.
, but in practice it may be difficult to design the potential shaping control
input using V?qu(qr) which constantly changes. That is, it is more feasible to
design a potential shaping control input using a constant value of V(quV(q;f)
for a certain time interval of the reference orbit. Here, q; denotes a repre-
sentative point for each orbit piece during a certain time interval. However,
in this case, Vzﬁe(ez,ez,qr, pr) is not constant, and therefore the Lyapunov
stability is not guaranteed by the Lagrange-Dirichlet theorem. Nonetheless,
because the V?qu(qr) does not change rapidly in the target reference LPO,
V2H, (eZ, €, dr; pr) can be considered to be nearly constant by designing suffi-
ciently large k. In this case, it was shown by Scheeres et al. [24] that the orbital

stability, i.e., Lagrange stability, was guaranteed.

Remark 3. : The mathematical definition of orbital stability is defined in [101].
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However, it is not easy to determine whether or not the conditions for ensur-
ing orbital stability are satisfied in general system. To address this problem,
Scheeres et al. [24] applied the Floquet theory on the linearized system for
the periodic reference orbit and determined the long-term stability, i.e., orbital

stability, through the distribution of the eigenvalues of the monodromy matrix.

3.3.2 Energy Dissipation Control

By applying the proposed potential shaping control, the motion of the space-
craft is “trapped” around the equilibrium point. To make the “trapped” trajec-
tory converge to the equilibrium point, it is required to break the Hamiltonian
structure using dissipative forces.

Let us consider the following linear energy dissipation feedback controller.

uv(éq) = —k:dI3(ep + QfJeq)
= —kqlse, (3.31)
L

—Kdeq

where kg > 0 is a damping parameter to be designed.

Theorem 2. If an initial value of the spacecraft is given in the vicinity of
the equilibrium point (e;, e;), the spacecraft converges to the equilibrium point

by the proposed potential shaping control, Eq. (3.27)), and energy dissipation
control, Eq. (3.31)).

Proof. After applying the potential shaping, the reshaped tracking error Hamil-
tonian function near the equilibrium point can be regarded as a locally Lya-
punov function. To obtain a linearized tracking error Hamiltonian function,

He 2, near the equilibrium, the CR3BP equation, Eq. (2.5)), should be linearized.

45



A linearized CR3BP equation with respect to the reference LPO before applying

the potential shaping control can be written as

d |e 03 I3 e
7 = ! (3.32)
&g quU(qT) 20pJ ] | &g
By applying the Legendre transformation using Eq. (2.10)), we have
-1
d |e I 0 0 I I 0 e
21 = o ’ ’ o 1 (3.33)
ep —QpJ I3 | Vi Ular) 297T| [-95T I3 ep

By the Hamilton’s equation, Eq. (2.8)), the following equation can be obtained.

-1
aHe,Q (eq s€pHdr ,Pr) T

Ty B 03 I3 I3 03 03 I3 I3 03 €q
OHe 2(eq,ep.arpr) T
e 2(ogep.ar.pr) I 03| -0 ILi| |VZU(a) 20,3| |-03 Iy ep

Therefore, the linearized error Hamiltonian function can be obtained as follows,

- -1
:l 03 I3 I3 03 03 I3 I3 03 €q

SN

1
He,2(eq,€p) = 5 |:eg e
13 03 —QfJ 13 ngU(qr) QQfJ —QfJ 13 €ep

} ~VaqUlar) = Q333 —QpJ| |eq

QpJ I3 €p

(3.35)

Note from Eq. that Hc 2(eq, €p, Qr, pr) before applying the potential shap-
ing control cannot be a Lyapunov candidate function because it is not positive
definite. However, after applying the proposed potential shaping control, it is
guaranteed that 7:[672(6(1, ep) is positive definite except for k, = 1 by Lemma

1, and therefore the following 7—~l672(eq, ep) can be a local Lyapunov candidate
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function.

T —Qf.] ey
He2(eq,€p) = }

[eT eT

T ol (3.36)

DO | =

QfJ 13 €p

Now, after the potential shaping control, the linearized tracking error dy-

namics near the equilibrium point can be expressed using Egs. (2.17)) and (3.31))

as

T 87-[@72(9(], ep)

&, de, (3.37a)
ol — _8%6,2(‘3% €p) o7
p de v
e (3.37b)
_ _8He,2(eq7ep) _oTK
Oey g rd

Using Eq. (3:37) and the Legendre transformation, the time derivative of He 2(ey, €p)
along Eq. (3.37) can be written as follows,

2 87:[672(%, ep) Oeq 87:1672(eq,ep) dep

Hea=""5e " ot de, Ot
B ﬁﬁe,g(eq, ep) aﬁe’g(eq,ep) aﬁe,g(eq, ep) 37—~le$2(eq7ep) 87—~le’2(eq, ep)K .
= — — d€q
Oey Oe, Oey, Oey Oey,
= —kallé,|?
<0
(3.38)

Therefore, a set E = {éq|7-;[e72(éq) =0} = {&, = 0}. Meanwhile, 9H, »/de, and
5’7—26,2 /Oeq satisfy the following relations.
67'26,2 (eq, €p)

T T
26, =e, —Qe,J (3.39a)
67:[6,2 (eg,ep) T T
78% =e, '+ Qre,J (3.39b)

Then, the largest invariant set in E is M = {(&;,¢é,) = (0,0)}, and there-

*

») = (0,0) is locally asymptotically stable by

fore the equilibrium point (e, e
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LaSalle’s invariance principle. O

In summary, for a non-autonomous Hamiltonian system, applying the pro-
posed potential shaping control and energy dissipation control can achieve ex-
act target LPO tracking. Note that this result is in line with that of van der
Schaft [57] in an autonomous Hamiltonian system and shares the same philoso-
phy as interconnection and damping assignment passivity-based control (IDA-
PBC) [92,102]. Furthermore, because the proposed Hamiltonian structure-based
control has a proportional-derivative control form, it can be easily implemented
in real systems. However, the orbital tracking performance is only valid when
the system has the exact form of the Hamiltonian system. In other words, if
the Hamiltonian system structure is not maintained due to disturbances, the
tracking performance may be degraded. This lack of robustness is a weakness of
the station-keeping strategy using the geometric structure of phase space [20],
and therefore a combination with a robust control scheme is required for per-

formance enhancement.
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Chapter 4

Filtered Extended High-Gain
Observer and Closed-Loop Stability

The environment of deep-space is highly uncertain, and therefore a dynamic
system cannot be represented as an exact Hamiltonian system. A real system
is a “perturbed” Hamiltonian system due to the unmodeled dynamics, external
disturbances, and parameter uncertainties. In spite of the well-known stability
robustness of the energy-based control for the parameter uncertainty, the ro-
bustness with respect to the external disturbances such as measurement and/or
process noise, is not ensured. Also, even though the stability of the system is
guaranteed, the reference orbit tracking performance may not be satisfactory
due to excessive external disturbances. To address this problem, a number of
energy-based control techniques that are robust to the disturbances and uncer-
tainties have been studied [103-105]. However, all of the previous studies were
only applicable when certain types of disturbances were assumed, which is diffi-
cult to satisfy in real deep-space environments. Moreover, full-state information,

including the position and velocity, are required.

In this chapter, to address these issues, the Extended High-Gain Observer
(EHGO) technique is employed [58]. To attenuate the effects of the measurement

noise amplification of the standard EHGO, an enhanced version of the EHGO
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using integral state feedback, is proposed, which is Filtered Extended High-Gain
Observer (FEHGO). And, the convergence of the proposed filter is proven. The
closed-loop stability analysis for the entire system applying the FEHGO-based

Hamiltonian structure-based controller is also performed.
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4.1 Filtered Extended High-Gain Observer and Its Con-

vergence

The spacecraft dynamics can be written as follows,
X = f(X)+Bu+Ed (4.1)

where the system state is X = [r, v]T € R6*1 control input is u = [ug, uy, u.]T €
R3*!and external disturbance is d = [dy, dy, d.]T € R¥*1, £(X) € RO*! de-
notes the dynamics of the spacecraft, B = B,, + AB € R%*3 B, = [03 I3]7,

AB is its associated uncertainties, and E = [03 I3]7 € R6*3,

By defining lumped disturbance as d* = f(X) — f,,(X) + ABu + Ed with
the nominal dynamics f,,(X) of the spacecraft in CR3BP, Eq. (4.1) can be

rewritten as

X = f,(X) +B,u+ Ed* (4.2)

The standard EHGO treats the lumped disturbance d* as an augmented state
of the system. In this study, the proposed FEHGO treats the integral term
of the position vector with measurement noise as a following additional state

Xo € R3*1,

xo(t) = /0 (r+v)dr (4.3)

where v = [, 1y, v.]T € R3*! denotes position measurement noise, i.e., navi-
gation error.

By defining extended states [xq,r,v,d*]T € R'2*! the extended state sys-
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tem equation can be written as follows,

X0 03 I3 03 03| |xo 0351 0351 0351 v
d|r 03 03 I3 O3] |r 0351 0351 0351 0351
= = + + w0 |+

v 03 03 03 13 v -fcr3bp(X) 03><1 U(X, d*) 03><1

d- 03 03 03 03] |d” 031 h 0351 0351

(4.4)

where f 31, € R3*1 denotes the nonlinear CR3BP equations of motion, Eq.
(2.5), and h € R3*! denotes the rate of the lumped disturbance, i.e., h = d*,

which is assumed to be an unknown function but bounded.

Then, the FEHGO can be designed as follows,

Xo 03 I3 03 O3 |Xo 03x1 03x1 Lo
d | Tt 03 03 I3 O3] |1 0351 0351 L .
dt - + T .| T (%0 — %o)
v 03 03 03 I3| |V I exanp(X) u(X,d”) L,
d* 03 03 03 03] |d* 03x1 03x1 L
(4.5)
where L; € R3¥3 4 = 0,---,3, are observer gain matrices, which are designed
according to the following high-gain observer gain assign rule [59].
1.,
LQ = gdlag(lm, l02, log) (4.6&)
1.
L1 = ?dlag(lu, l12, l13) (46b)
1.
Ly = g—gdlag(lzl, la2,123) (4.6¢)
1.
L; = 5Tldlag(l:%l, I32,133) (4.6d)
The elements of the observer gain matrices, l;; > 0,4 =0,---,3,7 =1,---,3,

are parameters to make the system matrix of the estimation error dynamics be
Hurwitz, and € < 1 is a positive constant.

For a convergence analysis of the proposed FEHGO, let us define the fol-

52 :



lowing coordinates transformation.

Xg — Xo r—r v—v . As
;M= s M=, my=d—d (4.7)

Mo =

g3 g2

Then, the estimation error dynamics of the FEHGO in new coordinates can be

written as

. 1 1 1

where n?' = [0y, n1,m3, 3], and

—eLp I3 03 O3 03x1 031 v
—€’L; 03 I3 0 03x1 03x1 03x1
A: 7fnm_ th_ >fns_
—’Ly 03 03 Iz Ferabp (X)) — Fergpp(X) 031 03x1
—e'Lz 03 03 03 03x1 h 03x1
(4.9)

For comparison, let us consider the estimation error dynamics of the standard

EHGO with position measurement noise.

uh —eLy I3 O3] |m 03x1 03x1
% ub :é —e?Ly 03 Is| |my +§ fcr3bp(X)_fcr3bp(X) | 03x1
M3 —%Ly 03 03] |ms 031 h
eL;
_5% 52L/2 v
53Lé
(4.10)

Note that L; (i = 1,2,3) is the EHGO gain that makes the poles of the EHGO
estimation error dynamics and poles of the FEHGO estimation error dynamics

identical. Equations (4.8]) and (4.10) show that the estimation error dynamics
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of the FEHGO are less affected by noise amplification due to the high gain of
the observer. Therefore, it can be expected that the estimation performance of
FEHGO is better than that of standard EHGO. Because A/¢e is Hurwitz for
all €, given any positive constant a > 0, there exists a positive definite matrix

P = PT ¢ R'2¥12 gatisfying the following Lyapunov equation.
ATP + PA = —aly, (4.11)
Now, let us consider a following Lyapunov candidate function for Eq. .
Vi =nTPn (4.12)

The nominal CR3BP nonlinear dynamics f gy, can be regarded as a Lipschitz
function because there is a lower bound of r;,7 = 1,2, with the Earth’s radius
Rp and the Moon’s radius Ry, respectively, and f 31, converges to 0 as r; in-
creases. Therefore, the following relation is satisfied with the Lipschitz constant

K.

anm” = chr?)bp(X> - fcr3bp(X)H

< k| X - X|| (4.13)
= re /4
Additionally, the following relations hold.

N
)\max (P)

Vi

< ||"7”2 < )\7(P)

(4.14a)

7" Pl < Amax(P)|n] (4.14D)

Using Eqs. (4.13]) and (4.14), the time derivative of Vj along Eq. (4.8)) can be
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written as follows,
Vi = 9" Py + 1" Pq
= —ZnTn+ 2P () + éfnm + E%fn)
< =21l + 2 (P {14l + 21 F ol + 515l

o 1
< =21l + 2omax (Pl {30+ /2208 + 1 + 500

o 1
< =Sl + 2ax(P) Il {1 + wllmll + Z57es}

%1 %1 1
< ——— 2AmaX P NN =N “a Ins
- € )\max(P) v ( ) Arnm(]D) {’Yh T )\min(P) * 537 }

(4.15)
Note that the rate of lumped disturbance and the magnitude of noise are as-
sumed to be bounded, i.e., ||fill < v and ||f,sll < ns- In addition, using
Vi =2VW; (d\/vl / dt), the following relation can be obtained.

d \/‘71 Yns \ Amax (P )
dt e3 Amnin(P)

< ¢ m+<%+ (4.16)

where ¢y = —a/2eAmax(P) + KAmax(P) /Amin (P).
Equation (4.16) is a differential inequality, and therefore the bound of the

solution 1/Vj(t) can be obtained by applying the comparison lemma |106] as

Vi(t) <

€0 )\min(P) Co Amm(P)
By substituting Eq. (4.17)) into Eq. (4.14a)), the estimation error bound of the
FEHGO can be obtained as

0 el ot ete)

VvVt
[n(®)] < P
< Vl (0) 4 (7’1 + %))\max(P) cot (7h + %))\max(P)
o )\min(P) COAmin(P) COAmin(P)

(4.18)
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The parameter ¢y can be made negative by adjusting e for a given «, and
therefore the following relation holds for negative .

2eAax(P) (0 + 1)
Amin(P) — 2ekX2 . (P)

max

limsuplln()] < 8 = (119)
t—00 «

Therefore, from Eqgs. (4.7) and (4.8)), it can be stated that all of the states of
the FEHGO converge as

lim sup||xo(t) — %o(t)|| < &°B
t—o0

lim sup||r(¢) — #(¢)|| < €28
t—o00

(4.20)
limsup||v(t) - v(t)]| < B
t—o00
lim sup||d*(t) — d*(t)|| < B
t—o00

From Eqgs. and , as the value of ¢ decreases, the estimation error
bound of xg converges to 0 and the error bound of r converges to a specific
value, 29,502, ((P))/aAmin(P). However, since the error bounds of v and d*
diverge, the value of € cannot be reduced indefinitely. Note that the convergence
proof of the FEHGO does not apply any linearization assumption, and therefore
convergence is guaranteed in the whole region regardless of the initial value
of the observer. Therefore, the above convergence proof is more general than
that of the extended state observer (ESO) proposed by Narula and Biggs [30],
where the convergence is guaranteed only around LPO under the assumption

that navigation error does not exist.

4.2 Closed-Loop Stability Analysis

In this section, closed-loop stability analysis for the entire system applying

the FEHGO-based Hamiltonian structure-based controller is performed. The
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FEHGO-based Hamiltonian structure-based controller consists of three parts:
i) potential shaping u,, ii) energy dissipation u,, and iii) disturbance rejection
uy. Each part of the control input is designed using the state values estimated

by FEHGO. The control input for LPO tracking can be written from Egs. (3.27))
and ([3.31)) as follows,

u=u,+uy, +uy
(4.21)
= W(r,)e, — Kgé, — d*
where &, =t —r, € R &, = v — v, € R®*! and (r,,v,) denote the position

and velocity vector of the target LPO, respectively.

In this study, the time-varying potential shaping gain matrix W (r,), Eq.
(3.27a)), is chosen as follows,

W(r,) = kI3 — VAV (r,) (4.22)

Now, from Eqs. (4.4)), (4.7), and (4.21f), the closed-loop tracking error dynamics

can be obtained as

€ =e, (4.23a)
é’U = (d* + fcr3bp(X) - W(rT)éT - Kdéﬂ - a*) - fcr3bp(X7")

= Fersvp(X) = Forop(Xr) = W(rr)e, — kae, + W (r,)e’ny + kaeny + 13
(4.23b)
For the entire closed-loop system stability analysis, let us consider the fol-
lowing time-varying Lyapunov candidate function, which is similar to that of

the time-invariant case [107].
1
Vo(r,) = 3 [ef {W(r,) + (Kgy}e, +2Cele, +ele,] (4.24)

where ( is a positive constant.
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Lemma 2. : The Lyapunov candidate function, Eq. (4.24), is positive definite

if ¢ satisfies the following condition.

in(AZ,) kqg—i/k2+4min(Agy kq+1/k2+4min(Ag . k2 . _
max{ - minyy) R 4 2mm< W>} <¢< w, if — £ <min(Ay) <0

kg
0< ¢ < Ztvhat i) ngfmm([\‘_"’) ,if 0 < min(Ay,)
(4.25)
where Ay, and Ay denote a set of the minimum/maximum eigenvalue of the
time-varying potential shaping gain matrix during one period of the reference

LPO, respectively.

Proof. Since the potential shaping gain matrix W (r,) is a symmetric matrix,
it can always be diagonalized, and therefore the Lyapunov candidate function

Va(r,) satisfies the following relation.

%XTle < %xTclx < Va(r,) < %XTCQX < %XTBQX (4.26)
where x = [[|e, |, [le,[[]", and
[ Cha+ Ain(W(x,)) —
c, — Ckq (W(ry) —¢ (4.27)
I = 1
[ Cha + Amax (W (x,
o [cha dmas W) ¢ o
I ¢ 1
[ kg + min(A -
B, — | (Aw) = (4.27¢)
I = 1
[ kg + max (AT
B, | Aw) ¢ (4.27d)
¢ 1

Note that min(Ay,) and max(Ayy,) denote the minimum and maximum ele-

ments of the set Ay, and A{,rv, respectively. For B; and Bs to be positive
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definite, all leading principal minors of B1 and By must be positive. The range
of ( satisfying these conditions can be obtained as follows,

~ min(Ay)

P <C (4.28a)

Fa+ (/42 + 4min(Ayy)
2

kq — \/kg + 4min(Ay,)
2

<(< (4.28Db)

In addition, since ( is a real number, the following relation must also be satisfied.

2
— % < min(Ay) (4.29)

In short, the condition for B; and By to be positive definite can be summarized

as Eq. (4.25). If ¢ satisfies Eq. (4.25]), then positive definiteness of Va(r,) is

guaranteed. O
Next, the time derivative of V(r,) along Eq. (4.23]) can be expressed as
. 1 . . .
Vao(r,) = el (W(r,) + (Ky)e, + §eTTW(rT)eT + Cele, + cele, +ele, (4.30)

where
evTéu =- efW(rr)er - ’deEvH2 + ef{fcrsbp(X) - fcr3bp(X7") + W(rr)52771 + kaem, + 773}
< - ezw(rr)e’r - deeU”z + ez{fcr?)bp(X) - fcr3bp(X7‘) + W(I'T)Ez’l’h}

+ llevll{kaclnall + lImsl }

(4.31a)

Cefév :CerT |:fcr3bp(X) - fcr3bp(X7‘) - W(rr)er — kaey + W(rr)527h + kaemy + 713]
Sce?{fchbp(X) - fcr3bp(XT)} - CerTW(rr)er - deezev + (efW(rr)52n1

+ Cllerl[{kaglim, |l + lImsll }

(4.31b)
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fcr3bp(X) - fcr3bp(XT) = QQfJeU + [ or arT

_ 20, T0s - 22330, {BV(r)] T . {aV(rr)} T

au(r)1"  [oUu@.)]"
] Ua] e

Or or,
Because the Lagrange-Dirichlet theorem only guarantees the local stability of
the equilibrium, the stability of the controller proposed in this study is valid
only near the equilibrium point. Therefore, using Eq. and the linearized

equation of fsp,,(X), the following relation can be obtained.

. 1
Va(r,) < (¢ = ka)lleoll” + (llewl + Cller ) (Raclna || + [[ns]]) — Cer W(rr)er + Smax(Ayy)ler|”
+ (el +¢el) [ Q33Je, — VAV (r.)e, + 20 Je,| + (er 4 Cel )W (r,)en,

(4.32)

where Ay;, denotes a set of the maximum eigenvalue of the rate of time-varying
potential shaping gain matrix during one period of the reference LPO. Addition-
ally, using [le.|| < [[x[|, [[e. | < [[xI[, [[m:ll < [[nll, i =1,2,3, and Cauchy-Schwarz

inequality, the following inequality can be obtained.
. 1
Va(r,) < (C = ka)llew® + Ix[mll (1 + ) (kaz + 1) + | gmax(Ayy) + (2 — kp)C [ [le

+(QF + 20 [eulller]| — el VEV (r,)e, + (e + Cel )W (r)e?m,

(4.33)

The last two terms of the Eq. (4.33)) satisfy the following inequality.
—e, ViV (rr)er < Jle|le,|max(|Av|) (4.34a)
(ey + Cep )W (r,)e’ny < (1+ Q)emax(|Aw|)]|x]|[|n] (4.34b)

where |Ay| and |Aw| denote a set of the maximum absolute value of eigen-
values of the V2V, (r,) and W(r,) during one period of the reference LPO,

respectively. Then, using Eqgs. (4.33) and (4.34)), the following inequality can be
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derived.

Va(e) < —xTBox + [x|lmll(1 + € [EPmax(Aw]) + kae +1]  (4.35)
where
B B
B, — 011 Bo,2 (4.36)
B2 Boa2
1 2
By = —§max(AW) = (QF = kp)C (4.36Db)
1
Boaz = —3 [QF + 2¢ + max(|Av|)] (4.36¢)
By =kq—¢ (4.36d)

Following Remark 4 provides a condition for ¢ that matrix By in Eq. (4.35)

is positive definite.

Remark 4. : The matrix Bg is positive definite if ( satisfies the following

condition.

max{m, C} <(<( (4.37)

Let us investigate Remark 4. In order for By to be positive definite, By 11 >
0 and det (Bp) > 0 must be satisfied. Note from Eq. that W(r,) =
—d(V24V(r;))/dt, and therefore max(Ay;) is independent of control gain k;
and kq. Also, the max(Ay;, ) value of the target LPO is always guaranteed to be
positive as shown in Fig.
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Figure 4.1 Set of maximum eigenvalue of Ay;, during one-period of LPO (black

dot line is a reference orbit)

For the condition By 11 > 0, the range that ¢ should be satisfied as follows,

max(Asi,) . 2

¢ < —maxlw) e g g 2@
Q(Qi—kp) P ! (438)
ax (A

malhw) g 0?2
O I

Note from Eq. (4.38)) that the positive condition of ¢ is guaranteed only when

ky > Q?c Next, the range of ¢ to satisfy the condition det (By) > 0 can be

obtained as follows,

(<(C<¢ (4.39)
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where

G —vVG

G ve Gt Ve
2(kp — Q7 + 1)

= (= 2oy — 2 4 1) (4.40a)

(1= kd(kp — 1) — [1 + max(\AV])] + %max(AW) (4.40b)

Co=C —4ky — Q?c +1) [%max(AW) + %{1 + max(|AV\)}2} (4.40c)

Since ¢ is a real number, (2 should be positive. Equation (4.40)) shows that
C2 > 0 is satisfied for sufficiently large (i, i.e., sufficiently large &, and k4. Also,
note from Eq. (4.40d) that ¢ — (s > 0 always holds for k, > Q?v —1and kg > 0,

and therefore ( > 0 is guaranteed. In addition, from Eqs. (4.38) and (4.40)), the

following inequality also satisfies for sufficiently large k, and kq.

max (A _
M < (4.41)

Therefore, for sufficiently large £, and kg4, there exists a positive ¢ satisfying Eq.
(4.37]), and then the positive definiteness of By is guaranteed. Finally, following
Theorem 3 provides the stability analysis of the proposed controller for the

spacecraft in the vicinity of LPO.

Theorem 3. In the vicinity of LPO, applying the proposed FEHGO based
Hamiltonian structure-based control, Eq. (4.21)), the LPO tracking error is uni-

formly ultimately bounded.

Proof. From Eq. (4.22)), min(Ay,) > 0 is guaranteed for sufficiently large k,.
From Eq. (4.25)), following inequality is also satisfied for sufficiently large k,
and k}d.

max(Avy) g kq + \/kg + 4min(Ay)
2(kp — Q7) 2

(4.42)
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In addition, from Egs. (4.40a)) and (4.40bj), it is observed that { satisfies the
following inequality.
G
e< 2(ky — Q3 + 1)
< k‘dkp maX(AW)
2ky — Q3+ 1) Ak, — Q7 +1)

(4.43)

From Egs. (4.25) and (4.43)), the following relation holds for sufficiently large
k, and kq.

$< o fds];g ) 4(:?{(512\2@ )
p ! P f
kq + \/kfl + 4min(Ay,)
2
Therefore, by Eqgs. (4.25)), (4.37), (4.42) and , positive ¢ always exists

(4.44)

<

within the following inequality such that By, Bs,and By are positive definite

for sufficiently large k, > va and kqy.

A [ kat k2 + 4min(Ay,)
max{m, §} <(< mln{ \/ d . w 7 C} (4.45)

Now, from Eq. (4.26]), the following relation can be obtained.

— < |Ix|F < ——— 4.46
)\maX(BQ) - H || o Amin(Bl) ( )
Substituting Eq. (4.46), Vo = 2\/72(d\/72/dt), and Eq. (4.18)) into Eq. (4.35)),
we have
d+/Va(r, 1+ ¢)[e?max(|A + kge + 1
2(rr) < _Cgm+ [lml[( C)[ (|Aw]) d ]
dt 2)\min(Bl)
(1+0) [EQmaX(]AW])—i—kda—i—l] .
< —c3y/ Val(r,) + 1€ — ¢
31/ Va(r,) oo B1) (c1 2)
(4.47)
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where

V1(0)
] = ——+¢c¢ 4.48a
! )\min(P) ? ( )
(yn + %)/\maX(P)
= 4.48b
“ CO)\min(P) ( 8 )
)\min(BO)
= 4.4
“ )\maX(BQ) ( SC)

Integrating both sides of Eq. (4.47) from 0 to ¢ yields

(1 +¢) [e*max(|Aw]) + kae +1] 1

(et —1) — cot
2)\min(B1) co

\/V2(rr(t)) S\/‘@<rr(0)) +
—/0 csy/ Va(ry(7))dr

(4.49)

Lastly, applying the Gronwall-Bellman inequality |106] to Eq. (4.49)), v/ Va(r,(t))

has the following bounded solution.

Va(rr(t)) <

(1+0) [2max(Aw D+kac+1] [ [ o)es
co c3

V2 min(B1) co(cotes)

c2 cq —c3t c1 cot c2 f
c2 _ _c2 i _
T o }e + (coten) © ] o # —C3

+1/Va(rr(0))e

(140 [2max(|Aw ) +kas+1]
V2 min (B1)

c3

— *+t}—*] +V/Va(rr(0)e, it co=—cs
(4.50)

Note that ¢y can be made negative as mentioned previously. Therefore, using

co <0,c2 <0, c3>0, 3= Anin(Bo)/Amax(B2), Eq. (4.50), and Eq. (4.46]), it

can be shown that LPO tracking error state x = [||e,||, |le||]T converges, that
is,
. )\maX(BQ)
1 ) < —c2(1 2 A kae +1 4.51
imsupl(1)] < —ea(1-+ Q) [max(|Awl) + hae-+ 1] ;B0 a51)
O
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The above stability analysis for LPO tracking is an extended version of
the analysis of Gui [107], which analysed the stability of hovering spacecraft
for an equilibrium point around an asteroid. Gui’s analysis showed a global
stability using a controller that exactly cancels the nonlinear equation of motion
around the asteroid. On the other hand, the controller proposed in this study
only locally reshapes the gravitational potential around the LPO considering
the Hamiltonian structure. In addition, the analysis showed the entire closed-
loop stability using the FEHGO with an improved filtering effect even though
the navigation error is relatively large. Finally, the convergence analysis of the
FEHGO based Hamiltonian structure-based controller is advantageous in that
it can be applied to any trajectory tracking problem having a Hamiltonian

structure.
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Chapter 5

Numerical Simulations

In this chapter, numerical simulations are performed to demonstrate the
performance of the proposed controller and observer. Acceptable external dis-

turbance and navigation error are taken into account.

5.1 Disturbance Model

According to [27] and [29], the most significant perturbative force in the
simplified CR3BP is the effect of the eccentricity of the Earth orbits and lunar
orbits. For this reason, in this study, numerical simulation is performed under
the elliptic restricted 3-body problem (ER3BP) model, which is a variant of the
CR3BP considering the orbital eccentricity. The ER3BP used in the simulation

can be written as follows [10§],

2 — 2y = g—z (5.1a)
y' + 22 = gZ (5.1b)
2+ 2= gj (5.1c)
where
1
w(z,y, 2, f) = m‘l’(m,y,d (5.2a)
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1 1-— 1

Note that f and (-)' denote a true anomaly and a derivative of (-) with re-
spect to true anomaly, respectively. Additionally, e is the eccentricity and is
approximately 0.0554 in the Earth-Moon system. By the chain rule, ()’ has the

following relation with a time derivative of (-).

,d() d(-) dt d(-) (11— 62)3/2
US T @ @ T a Urecos ) (5.3)

Using Egs. (5.1) and (5.3), the ER3BP in the time domain can be expressed as

follows,
j+2f:(1—|—SienCJ;sf)x_y::1—1—52(:0sf:x_(1_Mi%m+u)_u(x_r§1+ﬂ)]
(5.4a)
Q+2f:%y+¢::%:y—W—g} (5.4b)
é+2(14lecisﬁfz'+fgz:—Hﬁosf[(l;%’”‘)z+’:§] (5.4c)

In this study, controller and observer are designed based on the CR3BP model,

and numerical simulation is performed under Eq. (5.4]).

5.2 Navigation Error Model

Navigation accuracy is crucial in deep-space station-keeping missions be-
cause more accurate orbit control is possible if more precise spacecraft naviga-
tion is used. Moreover, if the navigation is perfect, that is, if perfect naviga-
tion information is provided without measurement noise, then the EHGO may
almost completely reject the disturbance. Unfortunately, navigation errors al-

ways exist in the real environment, especially in deep-space missions. According
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to [27], [109], and [110], standard deviations of the position error (1o, .) of the
spacecraft are approximately 1 km for the Earth-Moon system, and 10 km for
the Sun-Earth system. In addition, initial orbit injection error is approximately
0.1~1 km for each direction [26]. Therefore, in this study, numerical simulation
is performed considering 2 km of initial orbit injection error for each direction

and the position measurement with 1 km of random error.

5.3 Simulation Results

Nominal orbit considered in the simulation is one of the various candidate
LPOs for the lunar south pole coverage [111], which is shown in Fig. 5.1} The
properties of the nominal orbit, i.e., halo orbit are summarized in Table
and the parameters of the Earth-Moon CR3BP system used in the simulation
are summarized in Table As mentioned in Chapter [3] when designing the
potential shaping of the Hamiltonian structure-based control, Eq. , it
may not be possible to use the exact V2,V (q,) value, ie., VZV(r,), which
changes constantly. Therefore, in this study, a more feasible control input using
the constant V2,V (r}) for a certain time interval of the reference orbit was
designed, where r; denotes a representative point for each orbit piece during a
certain time interval. One period of nominal LPO is divided into 50 equal parts,
and the trajectory corresponding to each time interval could be regarded as an
individual orbit piece. In other words, the potential shaping control is designed

with a new V2V (r}) every 14/50 days (= 6.72 hr.).
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Figure 5.1 Nominal halo orbit

Table 5.1 Nominal halo orbit parameter values

Quantity Value Units

Z-amp. -595,154.03 km

Period 14 days

Jacobi constant ~ 3.07607  N/A
70
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Table 5.2 System parameter values

Quantity Value Units
Gravitational constant 6.674 x 10720 km?kg 152
Earth mass (mq) 5.972 x 10% kg
Moon mass (ms) 7.347 x 10%2 kg
Mass parameter (u) 0.01215 N/A
Characteristic length (I*) 385,692.5 km
Characteristic Time (¢*) 4.364 days

5.3.1 Simulation 1

First of all, a numerical simulation is carried out to illustrate the per-
formance of the proposed switching Hamiltonian structure-preserving control.
Model uncertainty, external disturbance, navigation error, and orbit injection
error are not considered in this simulation scenario to evaluate the developed
algorithm. The relative circular orbit size of the spacecraft is chosen similar to
the TPF mission requirements [34]. Specific values of the radii of the transfer
orbits and the initial values of the spacecraft are summarized in Tables and
(.4 respectively. Figures ~ present the relative position of each space-
craft, and Figs. ~ present the control inputs for each spacecraft. Simu-
lation results show that the size of the relative circular motion of the spacecraft
can be changed by applying the switching Hamiltonian structure-preserving
control. However, as the radius of the relative circular orbit decreases, the ro-
tating frequency and magnitude of the maximum control input increases. That
means, as shown in Fig. [5.4] converging to the reference trajectory using the
switching Hamiltonian structure-preserving control is not efficient in the pro-

pellant consumption viewpoint. For instance, as the relative orbital radius of
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the spacecraft decreases by two times, from R; = 50m to Re = 25m, the mode
frequency of each mode increases by approximately four times from w = 40 to
w = 160, and the required maximum control input magnitude increases from
lamax(t)| = 4.81 x 107"m/s? to 3.7 x 107%m/s%. To compare the consump-
tion of the propellant, fOT la(t)|dt is calculated for one period of the reference
orbit. For the spacecraft with rotation frequency w = 40, maneuver cost is
approximately (0.3691,0.3692,0.3539)m /s for each direction (z,y, z). Likewise,
for the spacecraft with rotation frequency w = 160, orbit maintenance cost is
(2.8626,2.8570,2.8316)m/s. Lastly, consider a somewhat extreme condition, an
initial position offset from the nominal orbit of 2,000km is considered. Figure.
.9 shows that the switching Hamiltonian structure-preserving controller works

well even though the spacecraft is far from the reference orbit.

Table 5.3 Radius of transfer orbit

Spacecraft No.1 Spacecraft No.2 Spacecraft No.3
Ry [m] 50 50 50
Ry [m 100 25 50

Table 5.4 Initial values of spacecrafts

Quantity Value
Frequency (w) 40
Plane orientation (7) (1,1,1)
Spacecraft No.1 position direction (1,1,-2)
Spacecraft No.2 position direction (1,-2,1)
Spacecraft No.3 position direction (-2,1,1)
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Figure 5.2 Orbit transfer using switching HSP control (relative motion)
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Figure 5.3 Relative position of spacecraft No.1 (from R; = 50m to Ry = 100m)

Figure 5.4 Relative position of spacecraft No.2 (from R; = 50m to Ry = 25m)
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Figure 5.5 Relative position of spacecraft No.3 (R = 50m)
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Figure 5.6 Control input of spacecraft No.1 (from R; = 50m to Re = 100m)
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Figure 5.7 Control input of spacecraft No.2 (from R; = 50m to Ry = 25m)
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Figure 5.8 Control input of spacecraft No.3 (R = 50m)
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Figure 5.9 Exaggerated orbit size formation flying scenario along halo orbit

(from R; = 2,000km to Ry = 3,000km)

5.3.2 Simulation 2

In this scenario, numerical simulation is performed to examine how station-
keeping performance of a spacecraft using conventional Hamiltonian structure-
preserving control deteriorates when model uncertainty and disturbance exist.
For this, the Hamiltonian structure-preserving controller proposed by Xu and
Xu is chosen, and the initial orbit injection error is set to 2km in each
direction as in other simulation environments. It is also assumed that relative
navigation error does not exist for the Hamiltonian structure-preserving con-
trol. Figure [5.10| shows the relative trajectories of spacecraft to the nominal
orbit in each case with and without disturbance during three periods of orbit.

Figure shows the relative distance and magnitude of the relative velocity

o . H L 1_'_” ;



of the spacecraft. In the absence of disturbance and model uncertainty, that
is, under the CR3BP environment, the mean values of the relative distance
and relative velocity of the spacecraft to the nominal orbit are about 1.831km
and 0.244m/s, respectively. Compared with this, however, in the presence of
disturbance and model uncertainty, that is, under the ER3BP environment,
the magnitudes of the relative distance and relative velocity are approximately
84.448km and 4.429m /s, respectively. From the simulation result, it can be ob-
served that the performance of the existing Hamiltonian structure-preserving
controller is significantly degraded when model uncertainty and external dis-
turbance exist, which demonstrates the need to improve the performance of the
existing Hamiltonian structure-preserving controllers. The station-keeping per-
formance of the Hamiltonian structure-based controller proposed in this study

will be shown in the following simulation.
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Figure 5.10 Relative trajectory of spacecraft with respect to the reference LPO
under Xu’s HSP controller (with and without disturbance, G; = Gy = 300,
G3 =200, A =0)
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5.3.3 Simulation 3

The station-keeping simulation of the spacecraft is performed under various
conditions by applying the proposed strategy in this study. Figures and
show the estimation errors of the state and disturbance of EHGO and
FEHGO for the case of no navigation error. The poles of the EHGO and FE-
HGO are placed at {—220,—-210,—200} and {—220,—210,—200, —p} in each
direction, respectively, and p is an arbitrary positive real number. The FEHGO
has one more degree-of-freedom in each direction than the EHGO in the pole
assignment, because the integral state is added in comparison with the EHGO.
Figures [5.12] and [5.13] show that when the poles of the EHGO and FEHGO
are placed at similar locations and there are no navigation errors, the EHGO
estimates the state and disturbance more precisely. This result can be seen as
a result of the phase delay effect, which occurs as FEHGO feedbacks the in-
tegral state. In addition, as the p value increases, the estimation accuracy of
the FEHGO converges to that of the EHGO. This can be thought of as a re-
sult of the relaxation of the phase delay effect because the observer dynamics

corresponding to the integral state become faster.

On the other hand, in the presence of navigation error, Figs. and
show that the state and disturbance estimation accuracy of the FEHGO are
higher than those of EHGO due to the noise filtering effect of FEHGO itself.
To ensure a fair performance comparison, the sampling time for both observers
was set to 12 seconds. There exists still a trade-off between noise attenuation
and the phase delay effect depending on the p value. This property is similar to
that of the low-pass-filter (LPF), and therefore the FEHGO can be thought of as

an observer in the form of LPF and EHGO combined. As shown in Figure[5.16]
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the control input using the state estimated by the FEHGO becomes smoother,
which is more appropriate to be implemented in a real propulsion system, such
as a continuous low-thrust thruster.

Note that the state and disturbance estimated by the FEHGO are smoother
than those by the EHGO. Therefore, a higher observer gain than the EHGO
at the allowable noise level could be tuned in designing the control input. Fig-
ures and [5.18 show the estimation error of the state and disturbance dur-
ing 10 periods of orbit, when the poles of the EHGO and FEHGO are on
{-120,—-110,—100} and {—220,—210, —200, —190}, respectively. Although the
dynamics of the FEHGO are faster, that is, the observer gain is higher, the
noise level of estimation error is comparable. The mean values of the state and
disturbance estimation error are summarized in Table[5.5] Figure[5.19|shows the
LPO tracking error using the identical Hamiltonian structure-based controller
with k, = 3,600 and k4 = 10, and Fig. shows the control inputs. As shown
in Figs. [5.19) and spacecraft tracks the target LPO well within a specific
bound. Additionally, the LPO position tracking error bound of the FEHGO
is smaller than that of the EHGO. The mean and standard deviation of the
tracking error are summarized in Table Obviously, for the FEHGO to work
properly, it is inevitable that a significant amount of computational power is
required to conduct large amount of computations quickly. It can generally be
expected that there will be no significant difference compared with the amount
of computation required in the orbit determination process using filter. Also,
the peaking phenomenon due to the high-gain observer may adversely affect the
initial tracking performance. However, this problem can be solved by setting

the adequate control input saturation.
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5.3.4 Simulation 4

To reduce the orbit tracking error bound, it is important to choose the ap-
propriate potential shaping control gain k, and design the disturbance observer.
As mentioned in Chapter |§|, as a higher £, is used, the gravitational potential
around the target orbit is more deformed, and therefore the region of attrac-
tion becomes wider and more robust to the external disturbances. In this study,
the terminology “region of attraction” can be used when an energy dissipation
control is applied. The term “attraction” is not relevant if energy dissipation
control is not applied. Figure shows the LPO tracking error bound for the
various potential shaping control gains. The mean and standard deviation of
tracking error are summarized in Table As the potential shaping control
gain increases, the position tracking error bound tends to decrease. On the con-
trary, in the case of velocity tracking, the tracking performance becomes worse
due to the noise amplification effect. This result shows that tracking perfor-
mance could be degraded if the control gain is high, especially the noise level
in the estimated state is not sufficiently small. In this regard, it can be stated
that the FEHGO enables more effective orbit tracking than the EHGO.

In this study, the same potential shaping gains &, are used for each direction
to facilitate the control design. However, it is also possible to tune different po-
tential shaping gains for each direction. In other words, different potential shap-
ing gains can be assigned for each direction in the form of diag(ky,, kp,, kp.) in
Eq. , not k,I3. Depending on the intensity of the disturbance, the poten-
tial shaping gain in each direction can be flexibly determined, and as a result,
the tracking error bound can be adjusted. This way of the gain tuning is also ap-

plicable for energy dissipation control gain diag(kq,, kq,, k4. ), which affects the
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convergence speed of the transient response. Especially, if kg, = kq, = kq, =0
in Eq. , spacecraft performs bounded motion with respect to the refer-
ence orbit by the results of the potential shaping control, i.e., Hamiltonian
structure-preserving control. Strictly speaking, the overall closed-loop system
is no longer a Hamiltonian system if the control input is designed using the
estimated states. Still, if fairly accurate estimated states are used, motion of
the Hamiltonian structure-preserving control can be expected, i.e., bounded
motion. Figures to show the results during 3-period of reference orbit
when there is no navigation error and no energy dissipation control is applied.
First, Figs. to show the relative trajectory and distance of the space-
craft moving along the reference orbit, which demonstrates that the spacecraft
does not converge to the reference orbit unless energy dissipation control is ac-
tivated. In addition, since the disturbance rejection is well performed, it can be
observed that the motion is maintained as if disturbance does not exist. In this
case, however, the Lyapunov stability of spacecraft with respect to the reference
orbit is not guaranteed. Instead, it can be assured the orbital stability using
Floquet theory. Figure shows the eigenvalues of the monodromy matrix
obtained by numerical integration. Because the eigenvalues are located on the

unit circle, the orbital stability is guaranteed.
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Table 5.7 Mean and standard deviation of tracking error depending on potential

shaping control gain

kp

302 452 602 902 1207
mean 8.502 4.438 2.642 1.344 0.938
std  5.026 3.014 2.020 1.140 0.730
mean 0.129 0.100 0.093 0.116 0.172
std  0.281 0.298 0.283 0.241 0.195

AR [km]

(V] [m/s]

spacecraft trajectory
® reference orbit

0 45 -1 AY [km]
AX [km]

Figure 5.22 Relative trajectory of spacecraft with respect to the reference LPO

without navigation error and energy dissipation control
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5.3.5 Simulation 5

In this simulation scenario, for comparison with the widely known con-
trol method, such as feedback linearization, the controller proposed by Marc-
hand and Howell is designed [43]. Controller is designed so that the spacecraft

performs relative motion with the radius and rotation rate designated by the

o

designer. In this simulation, the radius, e,

and the rotation rate, ef, are des-
ignated as 50m and 40, respectively. The nominal radial error dynamics are
designed to follow the critically damped response with natural frequency wy,

that meets some prescribed mission requirement.
. -0 . -0 2 o
€ =€, — 2wy, (er — e,,) —w;, (er — er)

And, the error dynamics for the rotation rate are specified a decaying exponen-
tial.

€p = €y — kwy, (ég — éz)

where k is an arbitrary scale factor. A more detailed description of the con-
troller can be found in [43]. Note that, like Hamiltonian structure-preserving
control, the plane of the resultant motion of the deputy spacecraft is completely
determined by the initial state of the vehicle controller is activated as the Hamil-
tonian structure-preserving controller. Without the model uncertainty, imple-
mentation of the control law is shown in Figs. ~ Compared to the
Simulation 1, the results of Hamiltonian structure-preserving control and the
controller proposed by Marchand and Howell are comparable. Although can-
celling the nonlinear terms may generally lead to prohibitive control inputs,
the application of the feedback linearization technique seems acceptable in the

vicinity of the LPO region. However, when the feedback linearization is applied
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under model uncertainty, namely, under the ER3BP model, all the states of
the system diverged. This is a weakness of the feedback linearization technique
compared to the result of Simulation 2 and Fig. [5.27] where the Hamiltonian
structure-preserving controller maintained the bounded motion of spacecraft to
some extent in the same uncertain environment. In other words, it can be stated
that Hamiltonian structure-preserving control is inherently robust against pa-

rameter and model uncertainties.
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Figure 5.25 Relative trajectory of spacecraft with respect to the reference LPO
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Chapter 6

Conclusion

6.1 Concluding Remarks

In this study, feedback control strategies were presented for spacecraft station-
keeping and formation flight in the vicinity of unstable libration point orbit by
leveraging the mathematical structure of the Hamiltonian system. The origi-
nal concept of the Hamiltonian structure-preserving control was extended to
design the desired elliptic/circular orbit pattern by means of switching control
strategy. To achieve the desired relative distances, relative orbital motion was
analyzed and then a strategy similar to classical Hohmann transfer was ap-
plied. By applying the developed switching Hamiltonian structure-preserving
control, it is possible to adjust the radius of the relative motion systematically
that could not be achieved using the existing Hamiltonian structure-preserving

controller.

For the system stability analysis and the development of a controller, canon-
ical coordinates were adopted. Through the canonical coordinate transforma-
tions, the equations of motion of spacecraft were represented in the form of
Hamilton’s equation with generalized coordinates and momenta, and then Hamil-

tonian structure-based controller was designed. The Hamiltonian structure-
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based controller was divided into two parts: i) a potential shaping control, and
ii) energy dissipation control. The potential shaping control makes the equilib-
rium point as an isolated minimum of the tracking error Hamiltonian function
without destroying the Hamiltonian structure of the system. It was shown that
the potential shaping control was same as the Hamiltonian structure-preserving
control. Energy dissipation control makes the motion of spacecraft converge to
the equilibrium point, that is, the isolated minimum of the reshaped tracking
error Hamiltonian.

A filtered extended high-gain observer was designed to recover the station-
keeping and formation flight performance even under highly uncertain deep-
space environment. Using only the location information of spacecraft, the fil-
tered extended high-gain observer can estimate the velocity state of spacecraft
and disturbance/uncertainty acting on the spacecraft. In addition, the degra-
dation of estimation performance is mitigated by using integral state feedback
even under the strong measurement noise. The global convergence of the filtered
extended high-gain observer was proved, and the tracking error was bounded to
the unstable libration point orbit by applying the Hamiltonian structure-based

controller.
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6.2 Further Work

As more ambitious interplanetary missions appear on the roadmap for ad-
vancing the human presence in space, the understanding of spaceflight mechan-
ics and advanced GN&C techniques are also required to progress. Within the
context of orbit maintenance strategy, potential areas for future research devel-

opments are as follows,

Impulsive Station-Keeping Strategy

According to NASA’s ongoing Lunar Gateway mission, the impulsive control
strategy is being considered for orbit maintenance. Nominal trajectory of the
Lunar Gateway mission is a Near Rectilinear Halo Orbit (NRHO), a subclass of
halo orbit family, and the NRHO has a perilune and apolune. In this mission,
orbital maneuver is going to be placed at or near apolune to minimize risk due
to maneuver. In this regard, it would be interesting to analyze and design a

new impulsive station-keeping strategy considering a various constraints.

Hamiltonian Structure-Preserving Control Under Measurement Noise

In this study, navigation error was not considered in designing the Hamil-
tonian structure-preserving controller. Unfortunately, navigation error always
exists in real world mission, and therefore applying the Hamiltonian structure-
preserving control, including navigation error, will not be able to maintain long-
term bounded behavior due to navigation error effect. Because this is a very
fundamental problem, it may be difficult to solve completely. Nevertheless, it
would be valuable to study a new way to attenuate the effect of the navigation

error.
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