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All our knowledge - past,
present, and future - is
nothing compared to what
we will never know.

KONSTANTIN E. TSIOLKOVSKY
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Abstract

The majority of control systems for orbital relative motion are directed toward circular
orbits and larger spacecraft. The direction of the growth in space exploration suggests that
solutions must be developed for relative motion control, and applied to small spacecraft
in eccentric orbits. The solution addresses the problem of relative orbital motion control,
uncoupled from attitude control, utilising model predictive controllers and data-based

system identification methods.

The implemented Model Discovery and Predictive Control (MDPC) solution is designed
to work on smaller spacecraft with limited actuation, low telemetry bandwidth and high
latency. The proposed solution considers the problem of bounding the separation of the
chaser spacecraft relative to the target, with a constant pointing requirement of the chaser
spacecraft towards the target. The onboard actuation system on the chaser spacecraft is

assumed to be a single pair of opposite facing thrusters pointed at the target spacecraft.

The novelty of the solution is the regression based model discovery framework which
utilises the sensor measurements of relative position and velocity to determine the local
relative motion dynamics. The model discovery is made more stable and robust through
stochastic methods. This is utilised by the prediction algorithm in the MPC to optimise

the control sequence to maintain the chaser spacecraft within the specified range bounds.

The simulations of the MDPC performance suggest that the proposed system effectively
satisfies the objectives under a wide range of orbital environments with perturbations
and varying eccentricities. The resulting MDPC framework is also expected to discover
the local dynamics in a faster and more insightful manner compared to neural network
based learning algorithms. The MDPC system has a high degree of autonomy due to its

minimal reliance on data from the ground-segment for control and guidance.

Keywords: relative, orbit, control, model, MPC, identification, discovery, predict
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Sommario

La maggior parte dei sistemi di controllo per il moto relativo orbitale sono orientati verso
orbite circolari e veicoli spaziali di grandi dimensioni. I recenti sviluppi dell’esplorazione
spaziale suggeriscono che debbano essere sviluppate soluzioni per il controllo del moto
relativo applicate a piccoli veicoli spaziali in orbite eccentriche. La soluzione proposta
affronta il problema del controllo del moto orbitale relativo, senza la necessita del con-
trollo dell’assetto, utilizzando sistemi di controllo predittivo e metodi di identificazione

del sistema basati sui dati.

La soluzione MDPC (Model Discovery and Predictive Control) implementata e progettata,
per funzionare su veicoli spaziali di piccole dimensioni sottoattuati, con larghezza di banda
per la telemetria limtata e con latenza elevata. La soluzione proposta considera il problema
di delimitare la separazione del veicolo spaziale chaser rispetto ad un target, con una
richiesta costante di puntamento del chaser rispetto al target. Si presume che il sistema
di attuazione a bordo dello spacecraft inseguitore sia una singola coppia di thrusters

opposti puntati verso il target.

La novita della soluzione ¢ il framework di identificazione del modello basato su una re-
gressione che utilizza le misure del sensore di posizione relativa e della velocita per deter-
minare la dinamica del moto relativo locale. L’identificazione del modello ¢ resa piu stabile
e robusta attraverso metodi stocastici. Questo modello viene utilizzato dall’algoritmo di
previsione nel’MPC per ottimizzare la sequenza di controllo necessaria a mantenere il

veicolo spaziale chaser entro i limiti specificati.

Le simulazioni delle prestazioni del’MDPC suggeriscono che il sistema proposto soddisfa
efficacemente gli obiettivi in un’ampia gamma di condizioni orbitali con perturbazioni ed
eccentricita variabili. Ci si aspetta inoltre che il framework MDPC proposta si in gradio di
identificare le dinamiche locali in modo pit rapido e approfondito rispetto agli algoritmi di
apprendimento basati sulle reti neurali. Il sistema MDPC ha un alto grado di autonomia
grazie alla sua dipendenza minima dai dati ottenibili del segmento di terra utilizzati per
il controllo e la guida.

Parole chiave: moto relativo, controllo, modello, MPC, identificazione, predizione
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]_ | Introduction

The motion of spacecraft in formation with the goal of approaching a common final
position and velocity with the intention to meet is called orbital rendezvous. This forms
an important field of study for contemporary research and spaceflight operations. The
wide range of applications stemming from such rendezvous operations include orbital
docking for resupply, spacecraft repair as in the case of the Hubble space telescope. Most
of the orbital rendezvous are performed in larger spacecraft due to the lack of complex

hardware in smaller satellites.

The advent of cheaper and more reliable small satellites have enabled complex missions
undertaken by the small satellites. However, there is not much advantage to docking
two small spacecraft as there is in formation flying. Formation flying is the process of
maintaining a coordinated relative orbital motion at relatively close proximity. An orbital

proven example of such technology is the Tandem-X SAR satellite missions.

Historically, the first rendezvous attempts were successfully made by the crew of the Gem-
ini mission on 16 March 1966. Neil Armstrong and Dave Scott successfully docked with
the Agena module performing the historic feat. Several unmanned docking attempts were
made until the Cosmos 186 spacecraft docked with Cosmos 188, becoming the first un-
manned spacecraft to perform docking. Since then, most of our human space exploration
in the context of the International Space Station has employed docking technologies.
Some deep space rendezvous and proximity manoeuvres include the DART and Hayabusa
missions to distant minor bodies. Most of the contemporary space-faring nations already

have proven rendezvous technologies or are currently under development stages.

The primary branch of cutting-edge research in this field is enabling autonomous control
system development for orbital rendezvous and proximity operations. A coherent global
effort is visible towards development of autonomous control systems for small satellites
for formation flying, proximity operations and rendezvous. Due to the abundance of
opportunities and the relatively high launch cadence, small satellites have become key-
enablers in the field today. The primary research sub-domain for the near-future seems

to be in the direction of complete control autonomy and enabling self-contained control
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architectures independent from ground support.

The typical phases of spacecraft rendezvous are diagrammatically represented in Fig. 1.1.
A common notation is adopted to refer to the two spacecraft undertaking this manoeuvre
and differentiate between them. The spacecraft in the process of actively approaching
another spacecraft is called the “chaser” and the other spacecraft is called the “target”.

Understanding the reasoning behind the naming scheme is very trivial.

Docking
Target
Orbit Close Range Rendezvous
Final >
Approach | Closing Homing | Phasing Launch
Target  |e >le > >l > >!
— == ==& + ] ! |
V-bar Psl | R, | : :
| |
I | I Ground Control | |
< t } - Qe > |
Earth Automated Control 1 o l P, :
Y f-bar Chaser | |

Figure 1.1: Typical spacecraft rendezvous and docking process (reproduced from [27]).

The usual orbital rendezvous process begins with a ground controlled orbital phasing,
which brings the chaser vessel orbit closer to the target orbit. Upon completion, the
automated control begins with the homing phase, where the chaser localises the target
vessel and proceeds to move towards it. The automated control then initiates the closing
phase to fine-tune the approach of the chaser vessel within close range. The last phase is
the final approach phase undertaken by the automated control system, where the chaser
vessel is already within close proximity of the target with the same relative velocity and
orbital shape. The final approach phase is responsible for bringing the chaser vessel to

the docking position by gradually reducing the relative range between the two vessels.

The primary mode of guidance in the automated phases of the rendezvous process is
the relative navigation. There is no ground-segment support and guidance based on an
inertial reference system towards the control of the chaser vessel. The final phase utilises
very strict constraints and tolerances to maintain a rectilinear relative trajectory with a
6-DoF controller.
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1.1. Background

Advancing frontiers in space exploration necessitate cutting-edge technological progress in
autonomous space exploration. There is no lack of problems to be solved in this domain
from an engineering standpoint. However, the current work will focus on the spacecraft
control problem under an autonomous framework for maintaining a bounded relative
range with respect to its target. While this problem is not novel and might seem trivial
due to its simplicity and existence of time-tested solutions, the scope of the work presents
a novel method and several applications that might be ideal for the proposed method.
To understand how the current work integrates into the arena of available solutions, it is

prudent to discuss the historicity and available alternative solutions.

The primary objective of the dissertation is to investigate a coupled system implemented
through mathematical models of the spaceflight mechanics, data-based numerical methods
and control theory. The mathematical formulations are discussed through the derivation of
the relative orbital dynamics governing the chaser spacecraft motion relative to the target.
The investigations concerning the control theory are focused through the implementation
of a model predictive controller capable of controlling the aforementioned relative motion.
Data-based methods are used as a tool to “discover” the system dynamics - model - that

will be implemented in the model predictive controller.

This dissertation attempts to implement a control system capable of solving the au-
tonomous relative motion control problem in orbits of arbitrary eccentricities. The novelty
of the approach presented in this dissertation is the implementation of a model discov-
ery algorithm to identify the concurrent local relative dynamics governing the relative
motion, through sensor measurements. This investigation aims to find a fast, stable and
robust model discovery framework which can be implemented with relatively low compu-
tational loads in model predictive control architectures for relative orbital position control

applications in an elliptic orbit.

The classical solution to the relative orbital motion is provided by the Hill-Clohessy-
Wiltshire model, through linearised time-invariant ODEs. The validity of this model is
limited to the circular orbit of the target spacecraft and small initial separations be-
tween the target and the chaser. The solutions for arbitrarily eccentric target orbit are
manifested through a time-varying nonlinear ODEs. The solution proposed by Yamanaka-
Ankerssen is one such model, but also applicable to small initial separations. The proposed
MPC in this dissertation utilises a constantly linearised dynamics to approximate a full

nonlinear time-variant dynamics.
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Historically, the relative motion of the chaser spacecraft is controlled through classical
control theory implemented through PID controllers or linear-quadratic-Gaussian con-
trollers. The cutting edge however, explores the utility and implementation of a novel
model predictive controllers. This investigation utilises model predictive control where
the model plays a critical role in its performance. The given algorithm, however, distin-
guishes itself from typical approaches by assuming no knowledge of the current dynamics
governing the relative orbital motion. The proposed framework “discovers” the model

using data-based methods, employing the state measurements or estimations available.

The term “guidance” in the orbital control jargon, refers to long-term manoeuvres or plan-
ning in the scale of the orbit. While smaller manoeuvres, such as maintaining requested
attitude or relative position, constitute “control” of the spacecraft. In the context of this
dissertation, the term “control” also refers to maintaining the chaser spacecraft within
the set limits of relative range. The typical ranges where the MPC is envisioned to work
ranges from a few hundred metres to hundreds of kilometres. Hence, the classical mean-
ing of guidance can also be applied to the functions performed by the MPC within some

specific cases.

1.2. Dissertation Scope

The dissertation proposes a control system based on the mathematical formulations of
the orbital relative motion dynamics, principles of the model predictive control using
“learned” plant models. The detailed derivation of the principles are discussed in their
respective chapters, concluding with the integration and testing of the closed-loop control
system. The mathematical formulations are derived with assumptions of Newtonian two-
body problem and Keplerian orbits. The only deviations from these assumptions are

introduced in the form of J2 perturbations.

The model predictive controller is designed without detailed derivations of the state esti-
mator and the coupled attitude determination and control systems. This is done explicitly
to discuss and highlight the novelty of the proposed solution. Derivations and discussions
about the attitude control system and the state estimators would not contribute to the
demonstration of the aforementioned novelty. Stochastic disturbances are neglected in the
state estimation algorithm, which is justified by the principle of separation of estimation

and control. Further resources regarding this principle can be found in Ref [9].
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1.3. Motivation

The case of circular “target” orbit has been thoroughly investigated through linear mod-
els and it reflects in the vast majority of applications of such control schemes for orbital
rendezvous in circular orbits. The relative scarcity of linearised models addressing the
control schemes for elliptical “target” orbits cannot be denied. Upcoming challenges ac-
companied by the miniaturisation of satellites necessitate a closer examination of relative
dynamics-based control schemes and their applications for the elliptical “target” orbit

case.

The literature survey undertaken indicates an overwhelming volume of study in the do-
main of linear MPCs. The primary disadvantage of the linear models employed in model
predictive controllers is the model divergence. Due to the linearisation, the plant dy-
namics used within the MPC are not accurate and quickly lose accuracy due to model
dynamics diverging from the actual evolving dynamics i.e. “ground truth”. These limita-
tions constrict the applications to smaller separations between the chaser and the target
spacecraft. The solution proposed in this thesis aims to address this problem and propose

a robust solution.

The linearised dynamic models also lead to inefficiencies in the control loop behaviours.
This is evident due to inaccuracies in the model contributing to worse performance through
propellant over-expenditure, discontinuous control sequence, etc. The final motivation
arises from the need to increase the degree of autonomy of the control system. This
is done through minimising the role of ground-segment telemetry in the control system.
Considerations of a low-bandwidth telemetry and higher latency resistant control system

are implemented.

Hence, this study explores the development of a model “discovery” algorithm that offers a
fast and simple method to model the local dynamics and use it in the prediction algorithm
for the model predictive controller. To improve the robustness and stability of such
a model “discovery” framework, the possibility of including the perturbations into the

“discovered” local dynamics is explored.

1.4. Objectives

The derivation of the local plant-model for relative orbital motion via data-based methods
in an autonomous framework is a challenging objective. A necessary attribute of the pro-
posed framework for model “discovery” is the reduced reliance on ground-link, simplicity

and speed.
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The primary objective is the design and implementation of a model predictive controller
which aims to prove the thesis of this dissertation. The following features are formulated

under the scope of the presented work:

1. To create a tool for identifying the local orbital relative motion dynamics and util-

ising it for optimising the control input sequence of the controller.

2. To provide a framework for control system design to tackle constantly evolving local

dynamics under limited ground-segment support.
3. To enable relative range bounding control for arbitrary orbital eccentricities.

4. The proposed method of model “discovery” reduces the complexity and computa-
tional load when compared to alternative methods implemented through machine

learning, deep learning, support vector machines, etc.

The next step is the realisation of a simulation and analysis environment and conducting

numerical experimentation campaigns.

1.5. Literature Survey

This section provides a summary of the important aspects, relevant history and evolution
of research in the concerned topics. This helps in understanding where the state of art

exists and how does the proposed work fit into the arena of contemporary research.

1.5.1. Relative Orbital Mechanics

The basis of modern tools and formulations utilised to model the relative orbital motion
were laid by the works of Hill-Clohessy-Wiltshire. Who developed a set of equations
describing the motion of a chaser spacecraft in the target centred rotating reference frame.
These equations are classically called the HCW equations of motion [13, 19]. The primary
drawback was the scope of these equations were limited to circular orbits with very small

initial separations, on the order of less than a kilometre.

These drawbacks were addressed by several future works by Lowden and Tschauner and
Hempel. The former developed a linearised solution for elliptical orbits while the latter
formulated simultaneous differential equations for the same [43]. The problem of applica-

tion of these equations for arbitrarily eccentric orbits were still left unsolved.

The first steps in this direction were taken by Carter [12], with his proposed STM solution

as a function of the true-anomaly of the target spacecraft. The work was advanced by the
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groundbreaking generalisation of theses solutions into a explicit time-dependant STM
solution provided by Yamanaka-Ankerson [45]. They provided a simple exact analytical

solution of relative motion for orbits of arbitrary eccentricity.

The Yamanaka-Ankerson solutions are one of the most widely used methods to model
the relative motion. Several improvements and particular solutions for minimum-time
rendezvous|1] and introduction of higher order terms for accuracy|26] and adoption of the

Yamanaka-Ankerson solution into a spherical coordinate frame[24] were made.

Attempts at considering the various perturbations into the generalised solutions were
made by Ross[33] through inclusion of spherical harmonics to account for J, perturba-
tions. Due to the complex nature of these solutions, Schweighart and Sedwick proposed
an approximation to utilise time-invariant coefficients and make them computationally
efficient[39].

While most of the solutions were presented in a Cartesian reference frame, efforts were
made to utilise the GVE to aid a higher order accuracy due to the nature of the time-
derivatives of orbital elements being smaller and hence offering robust numerical calculus
performance.A state transition matrix capable of propagating spacecraft with large sepa-
rations in elliptical orbits and incorporating the effects of J2 is presented in Ref. [8]. The
dynamics of the relative motion problem in a perturbed orbital environment is exploited
based on Gauss’ variational equations by Okasha and Newman in Ref. [29]. Another
approach, utilising difference in argument of latitude, the difference in orbital radii, and
their first-order derivatives to describe relative trajectories is presented by Baranov in
Ref. [5].

For a more detailed overview on the historicity and various concurrent models of relative

motion, refer to the work presented in Ref. [3, 27].

1.5.2. Control System

The introduction of a model based predictive controller algorithm is a relatively novel
development in the field of control theory. The optimal control theory formed the basis of
the development of model predictive control. The works of Kalman [22, 23] in 1960s, laid
the foundations for optimal control. His work focused on infinite-horizon optimal control
solutions. This led to the formulation of the LQR. These powerful control strategies
focused on minimising a quadratic cost function to find a instantaneous control input

subject to optimised infinite-horizon.

However, they were plagued by the lack of constraints and not considering the actual plant
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nonlinearities. The works in this field in the next decade focused on using an approximate
formulation of the plant dynamics to predict the effect of control sequence on the future
states of the system. This prediction was optimised subject to satisfaction of constraints
based on a dynamic plant model propagation. Such methods were called DMC, proposed
by Cutler and Ramaker [2, 15].

Initial predictive controllers were not stability guaranteeing algorithms due to finite opti-
misation horizons and no information about the stability of the underlying plant dynamics.
This was solved by the introduction of an impulse based model excitation and finite hori-

zon optimisation of a quadratic cost function. This was implemented in the first computer
application called IDCOM |[32].

Further improvements included using a linear step input excitation and using least squares

optimisation algorithms was presented in the work by Cutler and Ramaker in 1980 [15].

The modern generalised formulation of MPC was driven by the introduction of two cost
functions concerning the outputs and the control sequence. This algorithm allowed a
better control over the optimisation space to augment the stability margins. The work
proposed by Marquis and Broustail in 1988 [28], introduced the utilisation of modern

state space models into the predictive control framework.

A wide range of modern applications of MPC utilise the state-space formulation with

two cost functions. The work proposed in this dissertation utilises the same framework
of the MPC.

To understand the specific application of orbital control strategies, the following references
are recommended. For general digital control for relative orbital control, a good base can
be formed through Ref. [17]. For a deeper investigation on applications on control of

formations and docking, refer to Ref. [11].

1.6. Primary Contributions

The primary objectives and contributions of the presented work is in the field of model
predictive control for relative motion control of spacecraft. However, a detailed derivation,
justifications and results of the work will be presented further. The main contributions

are listed below:

1. A mathematical, numerical and computational framework for local relative motion

dynamics discovery.

2. A novel method to integrate data-based model discovery methods into model pre-



1| Introduction 9

3.

dictive controllers for in-space applications with higher autonomy.

A distinctive and more accurate prediction model is generated compared to alterna-

tive methods for nonlinear problems (elliptical orbits with higher initial separation).

4. The layout of a control/guidance algorithm with novel formulation of prediction

1.7.

model is provided accounting for model predictive controller parameter variation.

Prospective Applications

The motivation for developing a framework for MDPC (Model Discovery and Predictive

Control) controller for relative orbit motion control is to broaden the scope of application

and propose a general and flexible method for varied use cases. There can be several

potential applications for the proposed framework, however, a few of them are enlisted

below to create a general idea.

The application of the framework is foreseen in the following scenarios:

1.

Satellite inspections or optical observations under dominant nonlinear relative mo-

tion dynamics.

. Companion satellite relative range bounding for communications or science appli-

cations.

. Deep space applications that reduce the possibility of on-ground support for control

and guidance of relative motion.

. Relative motion control around celestial bodies that deviate significantly from the

Keplerian formulation of orbits, such as asteroids, the presence of mascons leading

to gravitational anomalies, etc.

Fast-changing relative motion dynamics laws necessitate prediction methods to
adapt quickly to the local dynamics, such as low orbits around the primary at-

tractor.
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2 | Mathematical Formulations

This chapter introduces the mathematical models that will form the basis for further
development of the control system and the model discovery framework. The models
formulate the relative orbital motion dynamics, used in the prediction algorithm of the
model predictive controller. These models are derived from the basic laws of Newtonian
mechanics and Keplerian orbital motion. Finally, the mathematical model describing the

mass of the spacecraft is formulated as a conclusion of this chapter.

The derivation of the mathematical formulations in this chapter have been reproduced
from multiple sources, Ref. [3, 18], and assembled into a desirable model. The frame of
reference used for relative motion analysis is the LVLH frame, diagrammatically shown
in Fig. A.1

2.1. Relative Orbital Motion in LVLH Frame

The basic control problem of the dissertation is focused on the control of the relative
range of a spacecraft relative to another spacecraft in proximity. The spacecrafts forming
this configuration are referred to as the target and the chaser spacecraft. The target
spacecraft forms the centre of the frames of reference in which the chaser spacecraft
motion is described. The objective of the chaser spacecraft is to maintain a relative
trajectory or positional configuration in this target spacecraft centred reference frame.
The only spacecraft under control is assumed to be the chaser spacecraft, which needs to

perform a rendezvous manoeuvre.

2.1.1. State-Space Representation

The primary aim of this section is to develop mathematical models to describe the relative
motion of the chaser spacecraft that can be utilised for control system design. This is
achieved by deriving a state-space representation of the mathematical model of NERM

developed in Section A.

The derivation of the state-space representation/model starts with the assumption of the
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spacecraft state vector:

T

The eq. 2.1 defines a state vector which will be employed in the control system. The

scalar components of the vector are defined as follows:

o x,y and z are the relative position components defined in the orthogonal unit basis
vectors of the LVLH frame described in Fig. A.1.

e &,y and Z are the relative velocity components defined in the orthogonal unit basis

vectors of the same LVLH frame.

Now, we can combine our knowledge of the NERM developed in Section A through eq.
A.19, eq. A.20 and eq. A.21, to formulate the relationship between the scalar components

of the state vector and their respective first temporal derivative:

CZ =i (2.2)

Oj;: =y (2.3)

C(Z = (2.4)
‘flf:2fy—2f'y2+xf'2+£2—%n—gﬁz‘jﬁ (2.5)
f;j — —2fi + Qfo +yf? - :;y + ij (2.6)

jflj _ _“ e (2.7)

By incorporating the disturbance forces described in eq. A.15 into the state-space model
based on state vector x defined in eq. 2.1, we can generalise the set of equations described
above (eq. 2.2 ... eq. 2.7) to form a matrix equation. This would result in the derivation

of the state-space form that forms the basis of the model for control system:

x=An;x+B(u+u,)+V (2.8)

where, matrix Ay, is called the state matrix for non-linear system and defined as:
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0 0 0 1 0 0
0 0 0 0 1 0
A 0 0 0 0 0 1 50
M-8 —oft 0 0 2f 0 (29)
2f  f2-4& 0 —2f 0 0
0 0 -& 0 0
Input matrix namely, matrix B is defined as:
0 0 0]
0 0 0
0O 0 0
B = 2.10
L0 .
0 & 0
0 0 2]
Finally, the additional vector V incorporates the non-linear terms:
T
V=100 00 p(h-2%) 0 0 (2.11)

There was no assumptions in the above derivations which enables us to use the equations

for arbitrary eccentricities. We can linearise the eq. A.18 by assuming p < ry:

re=\/(r+2)* 412 + 22
\/ 20 x? +yt2?
7+7

Tt 2 (2.12)
[ 2
~ Tt 1 _|_ ﬁ
Tt

7
The expression for % can now be written using binomial theorem as:
c

o Hu
~ 3
T (/1 %)
g 2w\ "2 (2.13)
Tt Ty
%,u<1_3$>
rd T
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Now, eq. A.17 can be approximated by substituting eq. 2.13 in it. This results in:

e+ Uda T — 2T Uda
. 1z < 1 3:1:) n 1 1 n 1 (2.14)
r, ~ —— - — — N —— — .
ry T y my Uy ry y My Uy
z U A Uz

Hence, we can write the linearised equations of motion linearised around small separations
between chaser and target spacecrafts. By substituting eq. 2.14 into eq. 2.5, eq. 2.6 and

eq. 2.7 and also assuming f =w, we can get:

di .
S (w2l ) ot oy + 2wy + (2.15)
dt T c
W ort (= By = 2 4 Y (2.16)
dt ry Me

d: .

“e_ K, U (2.17)

dt r3 me

These equations can be called the linearised equations of relative motion (LERM). We
can derive the state-space representation using the same procedure as before by applied
to the LERM, while also assuming k& = hL% = const. and % = kw2. Tt is apparent that
only the state matrix Ay is changing:

0 0 0 1 0 0 |
0 0 0 0 1 0
A 0 0 0 0 0 1 (2.18)
| (w? + 2hw?) " 0 0 2w 0 '
—w (w2 — k:w2) 0 —2w 0
i 0 0 —kw? 0 0
Finally, a linearised version of eq. 2.8 can be written as follows:
x=Ax+B(u+uy) (2.19)

This concludes the derivation of the state-space model responsible to describe the gov-
erning equations of relative motion. However, we also need to account for the state-space

model describing the behaviour of the chaser spacecraft with regards to its propellant
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expulsion and the corresponding dynamics associated with its mass. This is addressed in
the Section 2.2.

2.2. Mass Model of Chaser Spacecraft

While it is a complicated process to model the mass of the chaser spacecraft, a choice
is made to derive a simplistic state-space representation for the same. This is deemed
adequate for primary investigations and evaluating the performance of the control system,
which is the primary objective of the thesis. The model is derived based on the thrust
equation of a rocket motor with reference to the specific impulse of the rocket motor
shown in eq. 2.20. The specific impulse employed in this model is the net equivalent
specific impulse of the propulsion system used in the chaser spacecraft, whose derivation
is referred from Ref. [41].

m — Ehrust (220)

Ispgo

In the above equation, 7 denotes the propellant mass expulsion rate due to the thrust
actuation in the chaser spacecraft. Fjj,.. represents the actuation force of the thrusters
and the I, is their net equivalent specific impulse. Finally, gy is the reference value of the
gravitational acceleration on the surface of the Earth, assumed to be gy = —9.81%. An
important point to note while employing this equation is to utilise the scalar magnitude
of the actuation force which will always be positive irrespective of the direction of the

actuation.

Let us assume a state vector which represents the mass of the chaser spacecraft. The
choice is very trivial, as mass is not a vector. This results in the obvious choice of z,
equivalent to the actual mass of the propellant expelled by chaser spacecraft, resulting in

a state scalar. Now the state-space model of the chaser spacecraft’s expelled mass is:

x, = Ayx, + Byu (2.21)

where the state matrix A,= [0] because the mass expelled has no effect on the rate of
mass expulsion. The control vector u is defined previously in eq. A.14. The input vector

B, is defined as a row matrix with size [1 x 3.

To define the actual elements of the input matrix B,, we need to impose certain logical

conditions in the modelling framework. The need for this arises due to physical limitations
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of the limited propellant and the necessity of the mass expulsion rate to be negative. It is
trivial to model the input matrix B, when the chaser spacecraft completely depletes its

propellant:

¥z, > mpn = {B,=[0 0 0|} (2.22)

where myo represents the initial propellant mass. Finally, to comply with the necessity of

negative expulsion rates, we can define a switching condition:

— T 1 1 1
YV, < my = {Bp = sgn (u)” - {Ispgo oo Isng:|} (2.23)
where sgn () function denotes the signum function which returns the sign of each com-

ponent of a vector as a vector. Now we can write an equation to model the current mass

of the chaser spacecraft:

Mg = Mary + Mpo — Tp (2.24)

where myg,, is the mass of the chaser spacecraft devoid completely of all stored propellant.
The current value of z,, will be determined for the current time during the simulation of

the model through integration of eq. 2.21.
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3 | Model Discovery

This chapter presents the methodology and primary reasoning behind the adopted model
discovery methodology. The internal prediction model in the controller is derived from
the results of the data-driven model discovery problem. Starting from the outline of the
contended model discovery methods, the chapter provides justifications for shortlisting
the chosen method before moving on to the adaptation of the procedure to the relative
orbital motion prediction problem before finally concluding with the final model discovery

framework.

3.1. General Concept

Governing equations are of primary importance in the field of engineering. Determining
or knowing the governing equations allows understanding the physical phenomenon and
provides insights into development of methods to control it. Classically, these equations
are derived from the basic universal principles and conservation laws. However, contem-
porary research [7, 10, 30, 34] is conducted in fields where either the governing equations
are unknown, partially known or influenced by a superposition of multiple factors, often
too much to analytically consider or evaluate their respective independent degree of in-
fluences on the system. This necessitates a method to discover the governing equations

behind such physical processes through measurement data.

Application of data-driven model discovery has been employed for a long time in the fields
of vibrations, finance, fundamental physics, aerodynamics, chaos theory, etc. Oftentimes,
data-driven model discovery methods are attributed to a low degree of physical insight
into the physical process and higher computational loads. This is primarily due to the
numerical nature of the problem solving algorithms. Such methods are essentially “blind”
to the actual physical laws, they only ensure that the measurements are correlated via
numerically determined coefficients to a high degree of accuracy without any insights on

if such systems could actually exist.

The primary concern for such methods is to strike a balance between the model efficiency
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and descriptive capacity of the derived models. Often, models are either efficient and
accurate numerically or analytically descriptive, but not both. It is this conundrum that
drives the forefront of the cutting edge in this field. While many methods are available to
solve this problem, every method prerequisites time-rich sensor measurements to ensure

accurate model derivation.

If broken down to the lowest level of complexity, data-driven model discovery is akin to
the process of curve-fitting through numerical regression. It computes the coefficients of
the contribution of each input variable to the output variables via measurements of the
same. To improve the accuracy of such methods, several approaches and considerations
are available such as neural networks, model dynamic decomposition, principal component
analysis, numerical regression, etc. Fach of these methods offers a unique set of possibil-
ities and features but depends heavily on the correct choice of candidate coordinates to

describe the dynamics.

The optimal choice of the coordinates is usually at one’s own discretion, driven by the
intuition and cognisance of oneself. This introduces another avenue for our problem,
namely the identification and employing the correct candidate coordinates that will be

used to discover the system. This is addressed in the following sections in detail.

Ultimately, the evaluation of the performance of the model discovery methodology is
primarily performed by its model prediction capabilities. The benchmarking is performed
with reference sensor measurements independent of the measurement set used for model
discovery. This is also described in this chapter along with the choice of performance

parameters for benchmarking.

3.2. Model Discovery Methods

While many different methods exist for deriving the model of the system from measure-
ments, the efficacy of some methods is better for the purpose of this dissertation. Primar-
ily, model discovery is performed in either the time domain or the frequency domain. For
the proposed solution, it is computationally and analytically preferred to employ time-
domain methods. The justifications for such assumptions are driven by the formulation

of relative orbital motion equations being formulated in the time domain.

One of the possible methods for approaching a model discovery problem is the classical
machine learning or neural networks [4, 6, 31, 44, 46]. The idea behind the usage of
classical neural networks in model discovery is the relative ease of modelling such model

discovery architectures. Sometimes trivially referred to as “black-box” systems, neural
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networks are infamously less intuitive in their insights into the dynamics.

The major drawbacks of the neural networks based model discovery can be listed as

follows:

o Neural networks are good at understanding systems through interpolation of train-
ing data-set. For purposes of MPC, prediction of the system states is essentially a

forecast /extrapolation.
o Low level interpretability of the discovered models.
o Lack of conditioning methods to "inform" the neural network of physical constraints.

« Discovered model is usually not sparse i.e. the coordinates used for model identifica-
tion is more than what is needed to describe it parsimoniously with fewest possible
coordinates Ref. [10, 34, 35, 38].

When generalised and interpret-able models are required to be generated through model
discovery, it is highly preferred to have parsimonious models that are described by the
fewest possible coordinates with the maximum contribution to the system dynamics. Such
methods are referred to as sparse model identification methods. Such systems are most
difficult to implement via neural networks due to the conflicting nature of neural networks
being anti-parsimonious. Nevertheless, methods such as symbolic regressions, simultane-

ous linear regressions and sparse regressions are available to be used for our applications.

Another feature of critical importance is the ability to inform the model discovery frame-
work of any preexisting knowledge of the dynamics to aid the speed or the accuracy of the
discovered system dynamics. A relatively novel method proposed in Ref. [10] by Brunton
et al, presents a framework for sparse model discovery through numerical regression meth-
ods employing sensor measurements. While this method has been successfully utilised in
several domains, it is extremely rare to find its applications in relative orbital dynamics
and control. The proposed work of this thesis primarily focuses on the implementation of

this strategy in the model prediction framework of the model predictive controller.

3.3. SINDy Algorithm

The SINDy algorithm was developed to offer a model identification framework which
offers interpretability and also flexibility for generalisation. It offers a method to identify
the dynamical governing equations based on sensor measurements. There have been
several applications which show the interoperability and flexibility of this framework,

from structures [25], chemical kinetics [20], ray optics [42] and fundamental physics [16].
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These are just representative of the potential applications of this novel method. There ex-
ist provisions to introduce pre-existing knowledge of physical systems into this framework
to aid the regression process to identify the model. Fundamentally, SINDy algorithm
focuses on sparsity inducing regression methods and algorithms. It is also proven that the
SINDy algorithm is faster, more robust and computationally light compared to neural
networks [21].

While SINDy algorithm is a great method for the purposes of MPC, it is heavily depen-
dant on the quality of the measurements, volume of measurements, sparsification function
definition and also on the choice of the basis coordinates used to describe the dynamics

in the regression problem.

For our application, we have already developed the mathematical models of our relative
motion in Chapter. 2. We know the formulation, what we need to find is the coefficients
of the governing equations that are applicable in the spatial and temporal locality of the
chaser spacecraft. This would allow us to dynamically tune our MPC performance based

on the local dynamics without a need for ground-segment support.

3.3.1. Discovery Framework

This section will lay down the mathematical and schematic descriptions of the discovery
framework proposed by the SINDy algorithm. The fundamental basis of the algorithm
is rooted in a regular multi-dimensional linear regression problem. Let us now familiarise
ourselves with the jargon used in the context of the SINDy algorithm. The mathematical
equation that describes such a problem in the context of SINDy algorithm is given by:

X=0(X)= (3.1)

where, X is called the target function or target matrix, © denotes the matrix of coor-
dinates used in the regression also known as feature library and finally, = is called the
regression coefficient matrix. It is often the case in dynamics that the targets are the
derivatives of a state vector x or a combination of functions whose domain is the state
vector. This is represented by the © being a function of the state vector, denoted as
© (X). Most often, in the context of control systems or state space representations, the
derivative of the state vector is only dependent on the state vector or a linear/nonlinear
combination of states only. In our case, according to the mathematical models of the
relative motion, the derivative of the state vector is only a function of the state vector as
denoted in (eq. 2.2 ... eq. 2.7).
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The diagrammatic representation of eq. 3.1 is given in the Fig. 3.1:

X| Xo X3 1 X1 X2 X3 x3 x5 - X1X2 & & &

X © (X)

M|

Figure 3.1: SINDy framework.

The coefficients matrix = is characterised by several coefficients denoted by coloured
circles. The intensity of the colour represents the magnitude of the coefficients. In the
context of regression, the magnitude of the coefficients represents the degree of correlation
of the corresponding feature in © to the target in X. The correspondence of each feature

to its target is represented by a unique colour.

The target and features matrices are populated by the measurement data acquired by the
sensors. Due to the presence of noise and the nature of numerical methods, there will exist
at least a weak correlation between the targets and features which are physically unrelated.
This results in inaccurate coefficients in the regression process. This is represented in the

Fig. 3.1, matrix &, through very mild correlation coefficients in lighter colours.

The process of eliminating the mild correlation coefficients through numerical methods
or physical knowledge of the system results in a well-conditioned coefficient matrix which
has just enough coefficients to describe the dynamics of the system. Such a coefficient
matrix is called a sparse coefficient matrix. Sparse coefficient matrices offer good extrap-

olation/prediction performance because they capture the system dynamics accurately.

There exist methods to sparsify the coefficients, usually implemented through regression

regularisers or optimisers. Such a process is figuratively represented below:
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X1 X2 X3 1 X1 X2 X3 x} x3 -« XiX2 & & & & &2 &3 W1 Wz W3
o o o
@ o o
o o o
o o ~ o
= o o o
= w
Sparsify: Relaxation

X e (X)

[11

Regression: Find coefficients

Figure 3.2: SINDy framework: Coefficient sparsification [48].

It is evident from the Fig. 3.2 above that the coefficients depicting mild correlation are

eliminated and form the sparse/relaxed coefficients matrix W.

An important point to note before proceeding further is the dependence of SINDy al-
gorithm accuracy on the quality of the measurements. Any physical sensor measurement
is characterised by the presence of noise and biases. Some workaround strategies are

discussed to avoid performance degradation in the sections following this.

3.3.2. Candidate Library

The term "library" refers to the collection of measurements or functions that contribute
possibly to the targets. Wherein the term "targets” refers to the collection of measure-
ments or functions that form the L.H.S of the regression formulation. The choice of an
optimum library aids in the accuracy and speed of model discovery. The prior knowledge
of the underlying mathematical models helps us in identifying candidates for the library
selection. Within the SINDy framework, the terminology used to describe the collec-
tion of terms that are prospective candidates for the regression coordinates is “features”.
Hence, in this section, the terminology will be used interchangeably, as is in modern model

identification methods.

The SINDy framework assumes that the model can be described as a linear combination

of features. If the system under investigation does not obey such governing equations,
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SINDy method fails to obtain good results.

From the discussions in the Chapter 2, concluding with eq. 2.18, we can proceed to for-
mulate our regression feature library. To convert our understanding of the mathematical
models into a regression formulation, we must write the state equation presented in eq.
2.19 in the formulation used in the SINDy framework, as shown in Fig. 3.1. Such a

formulation can be expressed as follows:

x=Ax+BueX=0(X)E (3.2)

Rearranging by forming an augmented matrix by transposing the individual matrices:

AT

o (3.3)

X:Ax+Bu=>XT:{XT uT]

It is important to note that X represents the feature vector in the context of regression,
while x represents the state vector in the context of relative orbital motion. While eq.
3.3 is completely valid, there are some considerations to be made before finalising the

formulation.

To account for practical implementation of SINDy method, or any regression based meth-
ods, it is generally advised to keep the formulation very simple and try to minimise the
unknown parameters. This strategy is key to reducing computational loads for regression,

improving robustness of solution and also augment model identification accuracy.

Since measurements of external acceleration az can be obtained easily compared to ob-
taining accurate measurements of u. Measuring the force imparted on the spacecraft by
the actuators and the perturbations is impractical. Under such considerations, we can try
to simplify our formulation by assuming a good mass state estimator. This allows us to
have an accurate estimation of the spacecraft mass which could be measured and sampled
to be used further in model discovery. As per eq. 2.10, B matrix can be completely
determined if we have an accurate estimation of the spacecraft mass. By dividing matrix
u by the mass of the chaser spacecraft m., we need to multiply B with m,. to balance the

equation. Which results in:

AT
B}

AT

BTm,

I o1

where a,; represents the disturbance acceleration discussed in eq. A.15 and:
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o O = O O O
S = O O O O
_ o O O O O

The final library used in the regression problem is determined to be the augmented matrix
containing the relative state measurements x,, and the control acceleration measurements
ay. The SINDy regression equation can be expanded using eq. 2.1, eq. 2.18 and eq. 3.5

and substituting into eq. 3.4 to derive an alternative formulation of the equation as:

AT
_ T T
X {x ad} B?
-x_T ) 0 0 (w2+2kw%) —wW 0 |
AT |y 0 0 0 o (w? = kw?) 0
N p 0 0 0 0 0 o
Y & 1 0 0 0 —ow 0 (3.6)
=1y 0 1 0 % 0 0
N P 0 0 | 0 0 0
Y e 0 0 0 1 0 0
L 0 0 0 0 1 0
00| | 0 0 0 0 0 .

We can alternatively expand the notation a; into its individual contributions. This leads

to the following equation:

ag=ay+a, (3.7)

Where ay corresponds to the acceleration imparted by the spacecraft actuation systems
and a, corresponds to the acceleration imparted by the orbital perturbations. Hence a4

represents the total external acceleration on the body. We can now rewrite the eq. 3.6 as:
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oz ][0 0 0 (w4 2ke?) — 0 ]
- AT 0 0 0 w (w2 — k‘w2) 0
z 0 0 0 0 0 —kw?
Y i 1 0 0 0 2w 0
= g 0 1 0 %0 0 0 (3.8)
v 3 0 0 1 0 0 0
i’ (afe + apa) 0 0 0 1 0 0
L @y +a)| [0 00 0 0 1 0
(ap:+ap)] [0 0 0 0 0 1
By splitting the external accelerations ay and a,, terms:
(2] [0 0 0 (w4 2ked) —i o] ol
-7 |y 0 0 0 o (w? = kw?) 0 0
v =1 lo o o 0 0 —kd 0
Y 11 0 o 0 0w 0 0
=1yl lo 1 0 % 0 0 |+|o0 (3.9)
N sl lo o 1 0 0 0 0
Y ar.| 10 0 0 1 0 0 o
L el Joo0 o 0 1 0 Gy
agz| | 0O 0 O 0 0 1 | | Gp2

By borrowing the same equation notation from eq. 3.3, we can formulate eq. 3.9 as

follows:

+x7 (3.10)

where Y denotes the matrix including the contribution of perturbation acceleration on
the R.H.S in eq. 3.9.

The eq. 3.10 still does not conform to the SINDy equation, eq. 3.1. We can now introduce
another assumption to make it compatible. According to Fig. B.1, the acceleration of

the various perturbations are on the order of a, < 10™* ’%m If the chaser spacecraft is
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actuated with higher forced accelerations ay compared to a,, we can assume a minor role

of the perturbations in the relative motion dynamics.

We can also note that most of the perturbations faced by the chaser spacecraft are also
simultaneously faced by the target spacecraft. By assuming p < r, both spacecraft ex-
perience almost similar perturbation forces. Hence, the relative perturbation acceleration
vector in the LVLH frame, a,, is negligible in magnitude even compared to the pertur-

bation acceleration vector in the inertial frame of reference.

With these considerations, we can assume Y to be negligible and reformulate eq. 3.10

into:

T AT
X'~ [xI al] e (3.11)
I
By comparing eq. 3.11 and SINDy equation, eq. 3.1:
AT .
%"~ [xT af] pr| @ X=0X)E (3.12)
I
and assuming that X = [XT aﬂ, we can conclude that:
O(X)=[x" af]=0X)=X (3.13)
AT
E= 3.14
o (3.14)

To successfully implement this equation into the SINDy framework, we must ensure that
the measurements that constitute the library © (X) and targets X must be obtainable
accurately and with a high measurement sampling rate. By observing eq. 3.9, we can see
that all the measurements pertaining to © (X) and X are physically measurable directly

or through a good implementation of navigational filters and/or state estimators.

3.3.3. Regulariser

The regression equation is determined and an optimum selection of the regression strat-
egy has to be formulated to discover the system. SINDy algorithm employs an iterative

regression solver that utilises an optimiser and a regulariser to iteratively improve the co-
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efficient matrix. The default implementation utilises a STLSQ optimiser. The optimiser
minimises a cost function that evaluates the regression fitness or accuracy. The objective

function of the STLSQ optimiser based regression is denoted below:

IX-©X)E | (3.15)

1
min —
2

me.

For more control over the selection of coefficients in =, a thresholder is introduced. The
thresholder imposes a constraint on the minimum absolute value any coefficient can take

in E to avoid elimination in the iterative optimisation.

For each iteration, the smallest correlation coefficients which are smaller than a threshold
value are eliminated before proceeding to the next iteration. The mathematical equation
for the thresholded STLSQ optimiser could be formulated as:

.1
min

| X -0 (X)E |2 + R (E) (3.16)

[
DO |

where A is a hyper-parameter associated with tuning the thresholder and R (-) denotes

arbitrary regulariser function which promotes sparsity.

To maintain the convex nature of the objective function, we must avoid the L0 norm.
Hence, typically, L1 and L2 norms are used as regularisers. The equations representing

them are listed below:

[lofly = >_ [vil (3.17)

lells = /3" 02 (3.18)

where v represents an arbitrary vector with components v;. The key difference between
these regularisers, are their sparsity promoting behaviour. Mathematically, these norms

can be represented as hyper-surfaces in multi-dimensional function-spaces.

The shape of these surfaces are representative of how the regulariser promotes the it-
eration step along each dimension. To analyse the effects we can assume an arbitrary

2-dimensional function-space, which is graphically represented in Fig. 3.3.
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0,

A

A

Y Y

(a) L1 Norm. (b) L2 Norm.

Figure 3.3: Regularisation comparison.

where 6, and 0, represent the coordinates that span the multi-dimensional function space
of the coefficients in matrix . The point 3 represents the global minima of the objective
function formulated in eq. 3.16. The optimisation of the objective function starts at a
particular initial coordinate in the function space of #; and #5 which is represented as
the origin of the arbitrary coordinate axes. While only two coordinates are shown in the
Fig. 3.3 for representational purposes, the principle remains the same even for higher

dimensional function-spaces.

The L2 norm promotes the solution in iteration steps equally in all the coordinates, while
the L1 norm promotes the solution along the basis vectors corresponding to the function
space. Each iteration expands the volume spanned by the n-dimensional rhomboid and
sphere, in the case of L1 and L2 norms respectively, until the volume spanned touches

the minima 3.

The Fig. 3.3 represents one iteration step, which results in the solution moving from the
origin of the axes i.e. initial value to the point denoted by k. It is evident that the L2
norm solution does not promote the solution selectively in any direction, which results in
non-zero coefficients along each coordinate axes. Whereas, L1 norm promotes the solution
along a particular axis 5 which has a non-zero coefficient contribution while 6; remains

zero. This is the sparsity promoting behaviour of the L1 norm, which ensures that the
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solution moves in a direction to keep the contributions of all but one axis non-zero. Hence,
for the purposes of this thesis, a weighted L1 norm is used as a regulariser. The eq. 3.16

can be alternatively written as:

1

min

IX-©X)E|: +AElL (3.19)

[1
N |

3.3.4. Thresholding

Referring to eq. 3.16, a higher value of A would result in the elimination of more coefficients
during the optimisation. While this would result in a sparse matrix, it might eliminate
coefficients that are important but have a lesser value than A. It is also important to note

that STLSQ optimiser offers a single threshold value for all the coefficients in =.

Let us substitute eq. 3.13 and eq. 3.14 into eq. 3.19 to derive the objective function for

our regression problem previously formulated. This results in the following expression:

AT
BT

1

AT

X! — [XT aﬂ BT
I

+A (3.20)

2 1

On closer inspection of eq. 3.9, we can see that the coefficients corresponding to =
vary a lot in their magnitudes. This means that a common thresholder cannot be used
to drive regression optimisation. A variable thresholder uniquely specific to every ele-

ment /coefficient in E is required. Such a thresholder can be modelled as follows:

AT
B]

AT

X! — {XT aﬂ BT
1

+ (A

2

(3.21)

1

where [A] denotes a threshold matrix with the same size as 2. Each element in [A]
corresponds to a threshold on a unique and corresponding coefficient in Z. We can utilise
this to impose unique thresholds on each coefficient to control the regression iterations
better.

3.3.5. Constraints

Although our regression problem is formulated, we need to use pre-existing knowledge of
the system dynamics to "inform" the numerical regression method. Any system/model
discovery method can be classified based on the resulting "discovered" model behaviour

compared to the baseline system. The classifications are shown in the Fig. 3.4 below:
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Under-indentified:
The identified system
coefficients in E cannot
be uniquely established
from measurements in
© (X) and X which
results in negative DoF's

Exact-indentified:
The identified system
coefficients in 2 can be
uniquely established
from measurements in
© (X) and X which
results in zero DoF's

Over-indentified: The
identified system coeffi-
cients in E have no exact
solution. Multiple values
of a single/multiple
coefficient = satisfy
the system, which
results in multiple DoF's

Figure 3.4: Model discovery methods classification

Our mathematical models are well defined and provide exact solutions to the relative
orbital motion. The measurements chosen are physically possible to acquire with good
temporal and spatial resolutions. This ensures that our model discovery methods are not
under-identified. However, we need to ensure that the model discovery framework does
not produce arbitrary non-unique coefficients that fit the measured targets but fail in
model prediction due to lack of physical insight of the system. The coefficients discovered
for such a system would result in an over-identified system. This is ensured by "informing"

the model discovery framework about the physical dynamics through constraints.

The constraints on the coefficients in 2 could establish relationships between the various

individual coefficients or even include linear combinations of functions of the coefficients.

A method has been developed under the investigation of this thesis to impose physical
constraints on Z. Recalling the formulation of E as per eq. 3.14 and using eq. 3.9, E can

be expanded as:

[0 0 0 (w2 + Zk:w%) —Ww 0 |
0 0 0 " (w? = kw?) 0
0 0 0 0 0 — kw3
1 0 0 0 —2uw 0

E=0(0 1 0 2w 0 0 (3.22)

0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0

0 0 0 0 0 1|
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Using the notation of Fig. 3.1 for coefficients in 2 and comparing it with eq. 3.22, we

can write a family of equations as:

£14 =W+ 2kw?

15 =—w
§ra=w
3
52,5 = w2 — k‘uﬁ
¢ " s (3.23)

36 — —HRW
€15 = 2w
&= 2w

11 =8&2=8&3=Eu=&s5=Ee=1

We can notice a few relationships among the coefficients ¢ which can be converted into
constraints for the iterative regression. The relationships can be formulated mathemati-

cally as:

E14— &5 +3&36=0
£15+&4=0
£15+&4=0

41 =&2=83=81=E&35=286=1

(3.24)

Typically, affine equality constraints are imposed as a simultaneous linear equation to be

solved along with the objective function. It is usually represented as:

C;

(1l

= d, (3.25)

where C; denotes a matrix of coefficients that are formulated from a single relationship
equation shown in eq. 3.24 and d; denote the scalar term on the right hand side of those
equations. Which converts the regression problem shown in eq. 3.21, into simultaneous

equations shown below:

(3.26)
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Mathematically, using matrix algebra, we can rewrite the relationships shown in eq. 3.24
into a matrix notation borrowed from eq. 3.25. For each relationship, we can write a
single equation in the denoted form. Since we have four relationships, re-formulation
would result in four matrix equations which mathematically denote our model discovery

constraints. The eq. 3.26 can be rewritten as:

o ULr . o |AT AT
min 5 X {x af] BT 2—1—[] BT 1
CE=d (3.27)
CE=d,
Cga - d3
C4E = d4

By vectorising the matrix equation denoting the relationships between the coefficients in

=, also known as constraint matrix, we can write eq. 3.27 as:

AT
B;

+[>\]‘

2 1

(3.28)

—
CeyBeq = deg

where C,, and d., are vectorised equality constraint matrices comprising of C; and d,

respectively. The sizes of these matrices are as follows:
o C.yt [Ne, Ny x Ny
o Eeq: [Nf X NtuNt]

o,

eq: [Nca Nt]

where Ny, Ny and N, represent the number of targets in X, number of features in X
and number of constraints in eq. 3.24 respectively. The E., is generated by vertically

appending E to itself N, times.

From the notation, we know that &; ; corresponds to the coefficient of the contribution
of i feature in X towards the j" target in X. The general equation for populating the

elements of the constraint matrix C,, can be written as:
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Suppose we need to impose the m constraint h x §ij = k:

Ceq [7, ((+mxNy)] — h; deq [m,1] = k (329)

For example, imposing the first constraint according eq. 3.24 would result in such formu-

lation:

We know the first constraint as:

E1a—&25+386=0 (3.30)

This constraint corresponds to three unique coefficients in 2, hence we must populate
three elements in C,, and since it is only one constraint, one element in d.,. Using the

general formula from eq. 3.29, we can populate constraint matrices as:

Ceq 14, 1+1x6) = 1

Ceq 5, (241x6) = —1 (3.31)

Ceq [6, (3+1x6)] — 3
deq 1,1 = 0

The regression problem which is developed until now and formulated in eq. 3.28, is

complete and can be solved using an iterative regression solver.

However, it should be noted that while we have only imposed four constraints, this is not
sufficient to reduce the DoF's of the model discovery regression to zero. This would mean
that the model discovery would result in a coefficient matrix 2 which is over-identified
according to Fig. 3.4. To compensate for this, a strategy to implement an additional fifth

constraint is developed in the next chapter.

3.3.6. Optimiser

The standard STLSQ regression optimiser penalises the model fitting error X — © (X)
and the sparsity of the discovered coefficients matrix elements in =. The hyper-parameter
A controlling the sparsity of E can be tweaked to obtain desired levels of sparsity in the
discovered models. Higher values of A penalise the regularisation of 2, which results in
a highly sparse 2 matrix after the regression problem shown in eq. 3.28 converges and

vice-versa.
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Since the fundamental philosophy is sparsity promoting regularised model discovery re-
gression, we can utilise a novel objective function called the SR3 proposed in Ref. [48].
The SR3 algorithm proposes an objective function which generates more robust dis-
covered models of the system. This is done by introducing an additional term in the
regression objective function which penalises the variation in the coefficient matrix over
each iteration. While the STLSQ objective function promotes sparsity, SR3 promotes

both sparsity, correlation and robustness of the discovered model.

The SR3 objective function can be mathematically formulated similarly to the STLSQ

objective function in eq. 3.19 as:

. _ _ 1 _
IX-©X)E [l +AlElL + 5 [ E - W | (3.32)

[m
N —

min

where W represents a coefficient matrix similar to E, but it is generated through relax-
ation of the coefficients in E. This process is shown graphically in Fig. 3.2. The process
of relaxation is done by elimination of coefficients which correspond to a weak correlation,
during every iteration. The threshold for elimination can be tweaked pragmatically in the

algorithm.

We can now assemble the combined regression equation for model discovery using the SR3
optimiser with L1-norm sparsity promoting regulariser, coefficient dependent thresholding
and coefficient constraints. By using eq. 3.28 and substituting it into eq. 3.32, we obtain
the complete system of objective equations for the regression, which will be referred
henceforth as CSR3 algorithm:

e AT 1|||AT
rnEln§ X — {x af} BT [A] BT % BT - W
2 1 2
AT AT 3.33
W=|__10 | >m ( )
queq:deq

where 1) represents the coefficient specific matrix of relaxation thresholds, ® represents
an element-wise multiplication operation, the expression enclosed in curly braces is an

element-wise conditional binary operator on the matrix.
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Finally, the only undefined variable is 1. Since the actual values of the thresholds would
depend on the coefficient values in E, which in-turn depend on the spatial and temporal
locality of the chaser spacecraft. Hence, we need to dynamically generate these thresholds
depending on the locality. The procedure to dynamically generate thresholds will be

discussed in the following chapter.

3.4. Model Discovery Robustness

The regression based model discovery method detailed in the previous section is char-
acterised by two main drawbacks. Since it is essentially a data based method, it relies
on accuracy and quality of data measurements. According to the framework laid out
for model discovery, the measurements that are used are essentially the classical state
vectors for relative motion and mass. These measurements are sourced from on-board
sensors which adds measurement noise and bias to them. This would hamper the model

discovery method’s efficacy in its trajectory prediction performance.

Another drawback is the stability of the discovered model. It is a well investigated prob-
lem that numerical regression methods can produce an accurate coefficient matrix which
describes the dynamics. However, for implementing the discovered model as the predic-
tor in the associated MPC, we need models that are not prone to stochastic instability.
Slight variations in discovered coefficients can produce largely varying trajectory predic-
tions when integrated over a long interval, even under the same constraints. Another
outcome of this is degraded model discovery repeatability. With the same measurements
and constraints the probability of obtaining the same discovered model while running the

algorithm multiple times is very low.

These will form the basis of investigation for this section as well as methods to make the

model discovery framework robust and resistant to degraded sensor measurement quality.

3.4.1. Data Processing

The performance of CSR3 algorithm deteriorates in the presence of inaccurate mea-
surement data. The primary foreseen application of autonomous MDPC controllers are
foreseen in cubesats. Most cubesats performing tandem missions or proximity operations
rely on GNSS, onboard IMUs and radio ranging to measure or estimate relative po-
sition and velocities. Within the scope of this thesis, it is assumed that the available

measurements for model discovery are obtained from radio ranging.

The choice for radio ranging only is driven by the satisfactory performance and frugality
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of the systems, which is often the reason for their prevalence in cubesats. This ensures
that the developed MDPC can be potentially used in rudimentary cubesats. The typical
accuracy of radio ranging methods in cubesats are on the order of 1072 m, ™ [47] and
measurement frequency in the order of [10* — 103] Hz as demonstrated in 2010 in the
PRISMA mission by Swedish National Space Board.

There is a lack of accurate relative acceleration measurement which is required for model
discovery regression as targets in X matrix. Hence, a numerical differentiation based
estimation is implemented to pre-process the relative position and velocity measurements
to estimate the relative acceleration. It is well known that numerical differentiation causes
dynamics artefacts in the measurements and can be characterised by large errors based
on the quality of the original measurements. To avoid this issue, smoothed high-order

numerical finite differentiation methods are utilised.

The differentiation method used is the fourth-order moving-mean windowed finite dif-
ference scheme. The choice of the optimum window size depends on the measurement
frequency and the bandwidth of the system dynamics. The chosen window size is 5. This
ensures that there is no loss of dynamics information during differentiation of measure-

ments. This is essentially a low-pass filter connected to a numerical differentiator.

3.4.2. Simultaneous Model Discovery

While the problem of measurement accuracy and quality was trivial to solve, the prob-
lem concerning the discovered coefficient stability and robustness is more complicated to
solve. The term stochastic hardening refers to the process of making the model discov-
ery framework more resistant to stochastic performance deterioration. The diagrammatic

representation of the stochastic hardening is depicted in Fig. 3.5.

The model discovery process produces, as an output, the coefficient matrix E which rep-
resents the system matrix A. To understand the inherent variance in the model discovery
coefficient matrix, we can apply the model discovery framework multiple times to generate

multiple models representing the same underlying dynamics.

This is performed by sub-sampling the sensor measurement data-set into multiple subsets
denoted in the Fig. 3.5 by %, and x,,, where n denotes the number of sub-sampled data-
sets. Then model discovery is performed on each data-set to generate n independent

coefficient matrices E,,. This process is called simultaneous model discovery.
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Figure 3.5: Simultaneous Model discovery framework.

The strategy used for sub-sampling the data-set is crucial in determining if the obtained
coefficient matrices are genuinely correlated to the underlying physical dynamics. Since
the actual coefficients of the system matrix are time and state dependent, the system
model evolves with time. Hence, if sub-sampling of data is performed without care, the
resulting coefficient matrices would not represent the same linearised models. They would

correspond to slightly evolved system models, each linearised in a different interval.
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Two different and simple sub-sampling strategies are analysed and one is chosen among

it for the final implementation. The algorithms can be represented as follows:

o Stacked sub-sampling: This refers to sub-sampling of measurements into n dif-
ferent data-sets based on subdividing the original data-set into n consecutive equal

chunks of measurements bagged into the corresponding data-set.

« Distributed sub-sampling: This refers to sub-sampling of measurements into n
different data-sets based on distributing every n'® consecutive measurement being

bagged into the corresponding data-set.

The stacked sub-sampling method results in n different models which are linearised in
n consecutive intervals, whereas, distributed sub-sampling results in n different models
linearised in the same interval but with each subset having reduced temporal resolution

of measurements by a factor of n compared to stacked sub-sampling.

The choice of sub-sampling strategy is driven by the nature of sensor measurements.
Since, the SINDy algorithm based model discovery method requires measurements with
high temporal resolution, if the distributed sub-sampling results in subsets with adequate
temporal resolution, it should be preferred over stacked sub-sampling. If this is not the
case and not enough temporal resolution can be maintained by distributed sub-sampling,

stacked sub-sampling can be utilised.

For the purpose of this thesis, a distributed sub-sapling strategy is utilised. This choice
is driven by the assumption of adequately high sampling frequency of the sensors, as
substantiated by Ref. [47].

3.4.3. Monte-Carlo Based Multiple Shooting

To understand the uncertainty propagation in the context of the simultaneously discovered
models, multiple shooting schemes are utilised. In this scheme, all the n different models
are propagated using an IVP formulation for the same interval as the original sensor
measurements. The divergence of the models can be analysed by looking at the solutions

of the IVP and comparing it with the "ground truth" of the sensor measurements.

A simulation of this method is performed assuming relevant initial conditions typical to

an orbital relative motion problem and the results are shown in the Fig. 3.6 below:
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Figure 3.6: Monte-Carlo multiple shooting trajectories.

It can be observed from the Fig. 3.6, that the different models generated in the simul-
taneous model discovery scheme result in diverging trajectories when propagated in an
IVP problem. By 'shooting" several models forward in time, we now have enough data
to analyse their accuracy and stability parameters, which can be exploited to formulate

an effective model which is more robust.

3.4.4. Robust Model Assembly

The objective of this section is to formulate mathematical methods followed to improve
the model discovery stability and robustness based on the Monte-Carlo analysis. While
many statistical tools exist to perform this task, we require a simple method that pro-
vides adequately stable models with least complexity and computational loads. This is

necessitated by the lack of on-board computational power in cubesats.

The proposed method is called the weighted averaging of coefficients based on the root
of normalised mean-squared error or RNMSE weights. The mathematical formulation

utilised to compute the trajectory propagation RNMSE is shown below:

(3.34)

where Ernase, » denotes the propagation error, p and p denote the relative position

"'ground truth" and relative position from propagated models respectively. M denotes the
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total samples in the propagated trajectory and n denotes the total number of trajectories

or essentially the total number of simultaneously discovered models.

With each simultaneously discovered model associated with its corresponding Ernarse, n,
we can formulate the effective model which is assembled from all the n models. This is
performed by averaging the coefficients of the =,, matrices based on weights associated to

their corresponding Fryase, n- This can be mathematically denoted as:

n (41 )':.
=1\ Ernmse, i) ¢

eff = " ( 1 >
=1 \ ErnmsE, i

where n denotes the total number of simultaneously discovered models. The inverse of
RINMSE is used as weights to promote models which correspond to least RNMSE. The

—

final output of the model discovery framework is the coefficient matrix E.;f, which is a

[1]

(3.35)

stable and robust model coefficient matrix discovered from sensor measurements. The

resulting model performance is shown in the Fig. 3.7 below:

—_ Bagged model propagation
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Figure 3.7: Assembled model performance.

It is evident that the robust model assembly method improves the model stability and
robustness, as denoted by the corresponding trajectory. Although the assembled model
still diverges, this is expected due to the effective linearisation performed on model dis-

covery in the interval of measurement data-set. But this can be tackled by reducing the
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linearisation interval which would lead to a less diverging model. This will be elaborated

in the next chapter.

As a final note, the yet untouched topic regarding coefficient specific thresholding matrix

1. This will be elaborated further in the next chapter.
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4: | Prediction Performance
Analysis

This chapter details the procedure undertaken to analyse the prediction performance
of the model discovery framework laid-out in Chapter 3. The chosen methodology for
analysis is comparison of "ground truth" relative trajectory of the chaser spacecraft and

the predicted trajectory obtained from propagating the discovered model.

The following sections describe the testing campaign algorithmic layout, the simulation
parameters and the initial conditions used for the purpose of this testing campaign along

with the obtained results and the relevant inferences drawn.

4.1. Testing Campaign Layout

The testing procedure is initiated with generation of ground truth trajectory data and
simulated sensor measurements of the features and targets relevant for model discovery.
Then the data-set is partitioned into two consecutive chunks namely, discovery data-set
and prediction data-set. The intention behind such splitting is to conduct linearised model
discovery based on the first data-set and use the discovered model to generate future
trajectory prediction and compare its performance with the "ground truth" prediction

data-set.

The performance of the model discovery framework is measured in both the discovery
and prediction data-set to draw insights into the interpolatory fitness performance in the
discovery data-set and extrapolatory accuracy in the prediction data-set. It is crucial
to understand both the performances because the interpolatory fitness represents how
well the system has been understood based on the limited data-set. The extrapolatory
accuracy indicates if the discovered model remains stable enough to maintain accuracy in
future predictions outside the linearisation interval Tj;,. The extrapolatory performance

is of utmost importance in the MPC predictor module.

The implementation schematic is shown in Fig. 4.1 including the software and interfaces.
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Figure 4.1: Testing campaign flowchart.
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As represented in Fig. 4.1, the testing process begins with generation of "ground truth"
data. The corresponding high-level block representation of "ground truth' simulation is
shown in Fig. 4.2. It is performed by propagating the chaser and target spacecraft using
Newtonian 2BP ODE with J; perturbation contributions in the ECEI reference frame,
see eq. B.1. Then the orbital states are rotated into the target spacecraft centred LVLH
frame using a rotation matrix computed at each simulation step based on the target
spacecraft orbital position in ECEI frame. Refer to Chapter 2 for detailed description of
the LVLH frame and the 2BP ODE.

| Rotation
Y Y:
E > 2BP+J, > [ > ECEI — Hill
E Y: Target ODE Integrator E
= =
) 3
5| .
Product ¥ 2 {Multiply
UHill UECEI Y. Y.
UMPC =9 X A x B! > 2BP + Jo + M{—>| [ > AXDB M Xx
1 Divide y. Chaser ODE Integrator
X

o

Gain

Figure 4.2: Ground truth simulation: Block representation.

Since the position vector of the target spacecraft in the targeted centred LVLH frame is
always zero, the relative position of the chaser spacecraft in the same frame is obtained
directly from the ECEI-LVLH rotation operation. The relative velocity of the chaser
spacecraft is obtained by taking the vectorial difference of both the spacecrafts’ velocities
represented in the target centred LVLH frame. The mathematical equations utilised for

the same are already introduced in Chapter 2 and omitted here for the sake of conciseness.

4.2. Spacecraft Actuator Configuration

Since, the primary focus of the thesis is to control the relative range of the chaser spacecraft
with persistent target pointing, the attitude determination and control systems required

to satisfy such pointing requirements is beyond the scope of this thesis.

The chaser spacecraft is assumed to be fitted with a pair of opposite facing thrusters/actuators
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which provide thrust along the longitudinal axis of the chaser spacecraft, aligned such that

they always point towards and away from the target spacecraft.

Hence, the thrust unit vector is assumed as follows:

N_ P
--£ 4.1
Q=— (4.1)

where p represents the relative position vector of the chaser spacecraft in the target
centred LVLH frame.

For the purposes of simplicity, the thrust applied during the "ground truth" simulation
by the chaser spacecraft was modelled as a thrust vector pointing at the target spacecraft
with a sinusoidal magnitude. The maximum limit of the thrust magnitude was set to be

1N. This can be represented as:

Q = —Qmaz sin (wet) [Z] = {Qmaz = IN; wg = 4worp} (4.2)

where wq represents the frequency of the sinusoidal thrust input and w,; denotes the
frequency of the orbit based on the SMA of the target spacecraft. The ¢t denotes the

simulation time of the "ground truth" simulation.

Finally, the target spacecraft is assumed to have no thrusters and hence is governed by

the homogeneous solution to the 2BP and J, perturbations.

4.3. Sensor Modelling

The chosen baseline to model the sensor was chosen to be the radio ranging sensors
validated in the PRISMA mission. The sensor model is characterised by sensor noise
and bias. The simplistic sensor model is chosen to aid in the ease of modelling and it is
sufficient for the needs of a preliminary investigation. The main objective is to study the
performance of the model discovery framework without a state estimator, directly fed by
the sensor measurements. The schematic diagram of the same is represented in Fig. 4.3,

where x and X represent the "ground truth" and sensor measured values.

Based on the typical specifications of the PRISMA sensor suite, the values of sensor
bias, noise and sampling resolution and frequency have been chosen. The chosen values

are reported in Table 4.1.
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Figure 4.3: Sensor modelling schematic

Parameters Position Velocity Mass

Bias: p 1.0e?m 1.0e? ™ 0 kg
Noise: o 1.0e2m 1Loe? ™ 1.0 et kg
Sampling freq. | 1.0e*-10.0e® Hz | 1.0e*-10.0e® Hz | 1.0 - 10.0 &3 Hz
Discretisation 1.0e3m 1.0e? ™ 1.0 e3 kg

Table 4.1: Sensor modelling parameters

The parameter values chosen do not represent an actual sensor suite, however, are typical
and adequate for simulating our problem. Modern sensor suites offer higher accuracy,
resolution and sampling frequency, but a diminished performance case approach has been

assumed for model discovery.

4.4. Prediction Performance Augmentation

In Chapter 3, the framework for model discovery was established and a method was pro-
posed to increase the stability of the numerical regression solution. Different methods
were discussed about imposing physical knowledge to drive the model discovery through
constraining and thresholding. However, two things were left out to be discussed later
namely, coefficient specific thresholding discussed in the context of eq. 3.33 and intro-
duction of an additional constraint to make the model discovery framework have a null
DoF'. These topics will be addressed in this section along with development of a method
to estimate a first preliminary guess of the system model coefficient matrix to initiate the

model discovery iterative framework and to help augment its computational speed.
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4.4.1. Model Initial Guess

p—

Let us begin by recalling the expanded analytical matrix formulation of the E matrix,
from eq. 3.22. After imposing the constraints discussed in eq. 3.24, the only free DoF's of
the E matrix can be attributed to the unconstrained zero elements of & matrix. Hence,
if a method can be developed to provide a good first guess estimate for the coefficients
corresponding to the constraints in eq. 3.24, we can formulate the complete first guess

formulation of the E matrix.

By observing eq. 3.24 and correlating each coefficient with their corresponding analytical
expression from eq. 3.22, we can determine that there exists only three unique variables
that formulate all these coefficients. These variables are namely, w, w and k. We can
express the analytical forms of these variables, borrowing from discussion preceding eq.

2.18 and utilising the notations of orbital mechanics models from Chapter 2:

D= (4.3)

To obtain the estimates of these variables, the control system requires a complicated suite
of sensors and estimation hardware or maintain a frequent contact with ground based
control stations for updating these variables into the system. For the purpose of this thesis,
these were deemed unacceptable because the former case is not typical of a cubesat while
the later case reduces the degree of autonomy of the satellite control. Hence, to maintain
a high degree of autonomy while also restricting the on-board hardware requirements, the

following method was formulated.

Upon observing the various quantities that could be utilised to drive the estimation of

these three variables, the following characteristics were necessary:
o The quantities used must be easily estimated with on-board sensors
e The reliance on ground-segment support must be minimal

o Frequency and latency of ground-segment support, if required, must be very infre-
quent and high-latency tolerant. This is typical for cubesats in deep-space missions
where signal delays are considerably high. While also frequent ground-segment sup-
port drives the mission costs and increases the chances of failure in the case of

severance of telemetry.

After narrowing down the possible solutions, the most acceptable method is presented
henceforth.
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Since our control system design already has good estimates and measurements of the
relative motion, we can exploit the measurements to estimate some variables. Recalling

eq. 3.9, we can isolate the equation corresponding to the local z — azis as:

5= —kw?z+ ar, + a,, (4.4)

which can be rearranged as:

8 _ Qf, + Qp, — 2 (4.5)
z

kw

In this formulation, among the terms on the R.H.S, we already have estimations or
measurements of as,, z and 2. And the only unmeasured term a,,, which is the relative
perturbation acceleration in the LVLH frame in the direction perpendicular to the orbit,
has already been established as a minimal value in prospective applications. Hence, by
eliminating a,, from the eq. 4.5 by assuming minimal contribution, we can rearrange it

as:

af, — 2
kw? A~ —12 (4.6)
z
Substituting the analytical variables with their estimated counterparts lead to:
—~ @k
kw? ~ L2 (4.7)

We have obtained the first variable estimate, we can utilise this to estimate the other
two variables now. However, to estimate the other two variables, we cannot exploit the
available measurement data. The choice was made to utilise a constant of orbit with
very low variance to estimate the other two variables. The next estimation is driven by
the assumption of knowledge of the magnitude of the specific orbital momentum of the
spacecraft. However, to keep autonomy of the MDPC system high, the update frequency
of the estimate of specific orbital momentum magnitude is limited to once per orbit, unless

the original orbit is changed considerably during the interval.

Hence, we can proceed now with the second estimation with the added assumption of

availability of h once per orbit. We can write:
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kw? s
w:( . ) (4.8)

which can be combined with the substitution of k from eq. 4.3, resulting in:

w= (B2} o (B (4.9)
W3 H

which can be written with their estimated counterparts leading to:

2
AN
@zh(u)> (4.10)

substituting eq. 4.7 and reformulating:

Ay 2

@zﬁ<@;fﬂ3 (4.11)
1%

This gives us the estimated values for our second variable. The estimation of the third

variable is not that straightforward due to the lack of measurements regarding the orbital

state in the ECEI frame. However, since this estimation only functions as a first estimate

for the regression algorithm, it is not required to be accurate. Rather, a higher accuracy of

estimation would only help with the convergence speed of the model discovery algorithm.
We can estimate the third variable using the following method:

Using basic orbital mechanics, we can write:

h
We = — (4.12)

where subscript . denotes parameters pertaining to the chaser spacecraft. By taking the

derivative in time, we obtain:

b = —2e %, 413
w r3 dtr ( )

Cc

Since, %(rc) actually denotes the orbital velocity of the chaser spacecraft, we can use the
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general equations of orbital motion from Ref. [14] to write:

2 M
e =14/2— — 4.14
Y <rc 2ac> ( )

where a, represents the SMA of the chaser spacecraft orbit. By using basic substitutions,
we can alternatively write the same equation using classical orbital mechanics notations

as:

Ve = ;Li\/l + 2e. cos f. + €2 (4.15)

we can now substitute this into eq. 4.13 and obtain:

1
= —2ﬁh—\/l + 2e. cos f. + €2 = —2 \/1 + 2e, cos f. + €2 (4.16)

Let us assume \/ 1 + 2e.cos f. + €2 = k.. Due to the lack of estimations of the eccentricity
of orbit, we are forced to rely on the expected value of k.. This can be found using

statistical methods to find expected values applied to the complete domain to the function.

The expected value of k. computed in the entire domain of k., f.: {0,27}; e.: {0,1},

is given below:

3
Re = = 4.1
R (417

by substituting this result into eq. 4.16, we obtain an expression for the expected value

of w, as:

— S K3 p

A final substitution is required to obtain the estimated expected value of the third variable

in terms of the measurements.

We can assume 7. =~ r; hence, by substituting eq. 4.3 and eq. 4.6 into eq. 4.18, we obtain:

~ 3l f (4.19)

Z
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Summarising the first guess equations for the three variables, we get:

A AN 2 A
—  an - ap - A\ = a5 —
szfmh<f) S L (4.20)
Z Uz Z

We can collect these equations into the matrix form to write the final formulation of the

—

initial guess for the E matrix for the model discovery. By using the formulation of eq.

3.22, and substituting values from eq. 4.20, we can write:

4 —~ 2 —~ 2
00 0 h2<“fy_)3+2<f_> 3(“]“) 0
4 —~

000 0 0 (7)
.\ 2
= 100 0 2h <f> 0
By = o ﬂ (4.21)
010 2h<“f;;z) 0 0
001 0 0 0
00 0 1 0 0
00 0 0 1 0
00 0 0 0 1

where Z¢ denotes the estimated first guess of = matrix to initialise the model discovery

procedure.

4.4.2. Coefficient Specific Thresholding

We have finally developed all the prerequisite methods and formulations to tackle the prob-
lem of coefficient specific thresholding. The problem of coefficient specific thresholding
arises due to the nature of the E matrix which was introduced in eq. 3.33. The coeffi-
cients comprising the matrix typically range from 1078 — 10° in their orders of magnitude.
Hence, a single scalar threshold cannot be used to eliminate the discovered regression

coefficients in every iteration.

We can utilise the knowledge about the estimated first guess coefficient matrix Z, to in-
form the expected order of magnitude of the coefficients and formulate their corresponding

thresholds. The shape of the coefficient specific thresholds matrix 7 is same as the E ma-
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trix, with each element in Z mapped to its corresponding threshold in 7. The formulation

adopted for the n matrix is as follows:

-O 0O O (w2—|—2k;w2> —0 0 ]
0 0 0 5 (w2 _ kwi) 0
0 0 0 0 0 —kw?
N 1 0 0 0 2% 0
=10 1 o0 2 0 0 (4.22)
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1|

By adopting the notation utilised in eq. 3.22, we can write the formulation of n as:

_oo 00 00 <w2 + 2kwg> T —oT 00 ]
00 00 00 T <w2 — k‘wg) T 00
00 00 00 00 00 —kwcT
0 oo o 00 20T 00
T~ 1o 0 oo 20T 00 00 (4.23)
oo o 0 0 0 00
00 00 OO 0 00 00
o0 00 00 00 0 0
|00 00 00 00 00 0 |

where 7 denotes the thresholding factor whose value can be changed to tune the relaxation
in thresholding. If a very loose thresholding is required, the value of 7 can be very small,
for tighter thresholding the value of 7 should approach 1. The exact value chosen for
implementation is 7 = 1072. This means that during iterations of the model discovery
regression, any value which is less than one-hundredth of the estimated first guess value
would be rejected. The thresholding value of oo represents the physical non-correlation

and hence any non-zero value of that coefficient is inaccurate.

To avoid incompatibilities and clashing behaviours between thresholds and constraints,
all coefficients that have been constrained with absolute equality constraints have their

corresponding thresholds set to 0. Hence, the elements in i) where a corresponding value
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of 1 is expected in B, has been thresholded to 0. This is because the actual value is
regulated by the already imposed absolute constraints, discussed previously in subsection
3.3.5. On the contrary, the constraints imposed on other coefficients are not absolute,
they are constraints imposed on the linear combination of multiple coefficients, hence we

can also impose specific thresholds correspondingly, without constraint violations.

4.4.3. Final Additional Constraint

The discussions preceding this section have addressed mathematical models of relative
motion, the model discovery framework modelling and optimisation. The goal of this
subsection is to introduce an additional constraint on the model discovery model which,
although not strictly required, improves the convergence performance as discussed in
Section 3.3.5.

Since the model discovery framework utilises measurements and parameters which are
scalar values, it lacks insight into the vectorial information regarding the orientation in the
coordinate system. Examining the model discovery model, we can see that the coefficient
matrix = is computed numerically through regression. We have also imposed relative
components to ensure that the discovered coefficients maintain the linear combination
relationship which is necessitated by the physics. The coefficient dependent thresholding
ensures fast model discovery and eliminates non-typical values during iterations. Still,

there is a problem of an inversion of the discovered value of the w in the E matrix.

There exist specific combinations of chaser spacecraft states where ambiguous values of w
can be derived through solving the inverse problem. Hence, there are some situations in
the relative motion where the value of w can be substituted with its additive inverse —w

and still obtain the same sensor measurements.

To solve this, an additional constraint on the model discovery framework is introduced.
This constraint fixes the values that can be assumed by the coefficient matrix elements

corresponding to the 2w. This can be denoted using the notation used in eq. 3.24:

€54 — 20| =€ (4.24)

where € is the constraint tolerance. Unlike other absolute and relative constraints pre-
viously imposed, this is essentially a softer constraint due to the nature inequality con-
straints. This concludes the setup of the model discovery framework and associated

optimisations. We can now proceed to discuss the prediction accuracy testing campaign.
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4.5. Testing Campaign

The purpose of the model discovery framework is to deliver an accurate system model
which can be used for predicting the chaser spacecraft trajectory and generate an op-
timised control sequence in the MPC. This can be performed only if the trajectory
prediction of the model discovery framework provides reliable and accurate predictions.
Hence, it is imperative to simulate the model discovery framework under varied scenarios

and benchmark its performance.

The testing campaign is designed to cover a wide range of operating scenarios of the
chaser spacecraft, although not all-encompassing, it is designed to establish the effect of
measurement sampling frequency, relative motion non-linearity and initial conditions on

the prediction performance.

4.5.1. Initial Conditions and Simulation Parameters

On closer inspection of the NERM, we can see that the degree of nonlinearity is a
function of the orbit eccentricity e and the true anomaly f, both of which are used as
simulation variables. The model discovery framework discovers the linearised model which
is linearised in the interval of the measurement sampling used for the process. This means
that the linearised models must be discovered multiple times during the orbit to ensure
the accuracy of the prediction algorithm. Hence, the linearisation interval is also used
as a simulation variable. Finally, the dependency of the model discovery framework on
the measurement sampling frequency leads to the assumption of the sampling time as the

final simulation variable.

However, the actual measurement sampling time is not used. This is due to the simultane-
ous model discovery algorithm dividing the actual measurement data-set into distributed
data-sets. Hence, the effective sampling time of the distributed data-set 7§ .y is used as
the final simulation variable. The simulation output variable used as the figure of merit
for the prediction performance is the trajectory prediction mean squared error compared

to the "ground-truth" data-set.

Two different outputs are obtained, each corresponding to two types of performance tests.
The first performance test is aimed at the interpolatory performance of the model dis-
covery framework. It calculates the error of the discovered model trajectory propagation
within the measurement interval used for the model discovery. Hence, it corresponds to
how good of a fit does the discovered model offer compared to the actual physics. The
second test tests the stability of the discovered model by extrapolating the trajectory
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propagation outside the measurement interval used for model discovery. Then it com-
putes the extrapolated trajectory error compared with the "ground truth" measurements
for the corresponding interval. An important note is that the extrapolation performance
test only computes the error based on the "ground truth"' data outside the linearisation
interval. It does not use measurements outside the linearisation interval to "discover" the
model. So essentially, it is a test to see if a model which is "discovered" based on past

data can be used for accurate trajectory prediction in the future.

The initial conditions used to initialise every simulation consists of fixed parameters and
simulation variables. The initial state vector for each spacecraft is generated based on the

classic orbital Keplerian elements formulation in eq. 4.25, below:

KepT:[aT er ir SQr wr fOT}

(4.25)
Kepc :[ac (€T—|—56) (ZT+5Z) QC wce fgc}

The fixed parameters used for each simulation is summarised below:

Parameters Value
ar, ac 7106.14 km
de 0.001
ir 98.3°
o1 0.01°
Qr, Q¢ 0°
wr, Wc 270°
T, 1073 s

Table 4.2: Test campaign: Fixed parameters.

where T denotes the sensor measurement sampling time. The variable parameters are cy-
cled iteratively between every simulation to cover all combinations of variable parameters.

They are summarised in Table 4.3:

The total number of simultaneous model discovery frameworks used for each simulation

can be found using the formula:

Ny, = 22clt (4.26)
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Parameters Range Discretisation
Jor, foc [0 — 7] Rad 5
er, ec [0 — 0.6] 5
Tiin [10 — 300] s 5)
TS, eff [001 — 1] S 5

Table 4.3: Test campaign: Variable parameters.

From table 4.3, we can see that a total of 625 unique combinations of variable parameters

exist. And each combination is tested for interpolatory and extrapolatory performance.

4.5.2. Results

A total of 1250 simulations were run, encompassing all possible combinations of the vari-
able parameters, simulating all possible scenarios that the relative motion can undergo
which affect the NERM.

Testing Campaign Plots

The 4" dimension which is represented in different plots was chosen to be the orbital

eccentricity. The results are shown in this section in a series of 3-dimensional plots.

300

\ [ .
0 0.79 1.57 2.36 3.14 0 0.79 1.57 2.36 3.14
fo [Rad] fo [Rad]
(a) Model discovery error. (b) Model prediction error.

Figure 4.4: Test campaign results: Eccentricity = 0.0.
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Figure 4.5: Test campaign results: Eccentricity = 0.15.
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(b) Model prediction error.

Figure 4.6: Test campaign results: Eccentricity = 0.3.
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Figure 4.7: Test campaign results: Eccentricity = 0.45.
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Figure 4.8: Test campaign results: Eccentricity = 0.6.

Testing Campaign Inferences

The main inferences drawn from the testing of the model discovery framework with all

possible scenarios can be summarised in the following list:
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1. The trajectory error in discovery Epsg,.. 1is always smaller than the trajectory

error in prediction Fysg for the same combination of simulation parameters;

pred.?

2. The changes T .¢r do not seem to affect the error in trajectory prediction, which

keeping the other parameters constant;

3. Increasing the linearisation interval T;, leads to a faster increase in the trajectory
prediction error. However, the rate of change of error seems to reduce considerably

after a certain extent of increasing the linearisation interval Ty;,.
4. The increase in the orbital eccentricity e results in an increase in both the errors.

5. The minimum recorded value of prediction error is logig (EMSEW d') = —3.94 m?,

which corresponds to Eysg,,., =~ 0.000115 m? with e = 0 and Tj;, = 10 s.

6. The maximum recorded value of prediction error is logig (EMSEW d) = 1.98 m?,

which corresponds to Ensg,,., = 95.5 m? with e = 0.6 and Tj;,, = 300 s.

The first inference is expected due to the nature of linearisation. The extrapolatory error
will always be greater than the interpolatory error due to the linearisation being done
in the past and extrapolation being done outside the linearisation interval in the future.
The second inference can be explained by understanding that the NERM dynamics have
a typical characteristic period in the order of orbital time periods. The change in the
sampling times are very marginal and do not approach the orbital period, hence, the

dynamics information is not lost due to increasing sampling times.

Since the nature of NERM is non-linear, it is expected that the discovered model would
diverge from the actual dynamics. By increasing the linearisation interval Tj;,, we are
forcing the model discovery framework to linearise the model when the measurements
show higher degree of nonlinearity. Hence, it results in loss of information of the actual

dynamics and results in poor performance, which is the reason for the third inference.

The fourth and the fifth inferences are helpful to decide if the developed model discovery
framework can actually be implemented for MPC purposes. As it can be seen that the
maximum mean-squared prediction error in trajectory is nearly 100 m?, it is understood
that this framework cannot be used in applications which require higher precision. This
framework can be utilised for applications where the controller is expected to have an
average accuracy in the order of 10 m. However, this is only in the worst-case scenario i.e.
very high orbital eccentricity of e = 0.6, and linearisation interval T, = 300 s. The model
discovery framework has better accuracy even in a highly eccentric orbit with e — 0.6, if

the linearisation interval is made smaller.
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For example, with a linearisation interval of T};, ~ 85 s, the prediction error drops to the
order of 1 m. However, the drawback of this approach is that the prediction horizon of
the MPC is reduced. Hence a balance between the accuracy and prediction horizon is

required in such scenarios.

Testing Campaign Conclusion

To decide what parameters would be optimal, a look-up table is generated with the results
above. This can be used by the control system to dynamically change the parameters of
the model prediction framework, based on the linear interpolation conducted on the look-
up table with constraints on maximum error. This allows the control system to decide

and find the best compromise between the acceptable error and the prediction horizon of
the MPC.

Finally, it can be concluded that the model discovery framework offers a very good perfor-
mance even in highly eccentric orbits. Hence, it can be a good algorithm to implement as
the prediction algorithm in the MPC. The integration of this framework with the MPC

is discussed in the next chapter, along with the associated design and implementation.
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5 | Control System
Implementation

The focus of this chapter is to introduce the concept of a MPC, discuss the various
mathematical models used to implement the controller and finally the parameters used to
tune the MPC. The chapter starts with the history and the general outline of a MPC

and slowly builds on it to develop the mathematical models.

5.1. Introduction

Historically, MPC is a relatively new technology, only being developed in 1976. While
primal implementations of this scheme utilised linear impulse responses and approximate
piecewise functions for plant models for forecasting, modern MPCs are able to utilise full
nonlinear state-space matrix plant models along with constraints and bounds optimised

using quadratic programming techniques.

MPC are also commonly called finite time moving horizon controllers. They are a novel
method utilised in system controls and are considered as advanced implementations. The
core principle of control using an MPC is to solve an optimal control problem within a
set of constraints, boundary conditions, bounds and a finite time boundary, also called

the horizon. A graphical representation of this problem can be found in Fig. 5.1.

The MPC utilises the state estimates and propagates them, treating them as IC. Then
it finds the optimum sequence of control inputs in time that produce an optimal con-
trol trajectory based on a cost function or objective function, subject to constraints and
bounds. Some implementations use a different horizon for control inputs and trajectory

forecast. This can be used to tune the response speed of the MPC.
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Figure 5.1: Model predictive controller principle.

While the MPC computes an optimal control sequence within the corresponding horizon,
the actual control input implemented is the first input within the optimal control sequence.
The ideal optimum sequence of control inputs is considered to reach a non-saturated
steady-state control input at or before control horizon. This entire procedure completes

one cycle of the MPC, which is repeated at every sampling instance.

5.2. Mathematical Modelling

Essentially, the mathematical formulation of a MPC is the same as an optimisation
problem subject to constraints and bounds. However, to develop a customised and holistic
mathematical model, it is prudent to discuss individual processes that are performed
within an MPC and how to model them individually.

The block diagram representation of the MPC utilised for this thesis is shown in Fig.
5.2. The only external input to the implemented MPC is the current state estimate X,
shown on the right. While the only output is the next sample for the control input w;_1,

shown on the left.
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Figure 5.2: Model predictive controller basic schematic.

The current state estimate is used to generate a reference trajectory utilised as the guid-
ance trajectory. Simultaneously, an iterative optimisation is conducted through a cycle of
computing optimal control sequence, generating a trajectory forecast based on the control
sequence and finally using a cost function to penalise any deviations of this trajectory pre-
diction compared to the guidance trajectory. Once the optimisation converges, the first
optimal control input in the optimal sequence, responsible for the optimal trajectory, is
exported as the MPC output.

Throughout this optimisation, several "hard" and "soft: constraints are imposed on the
optimisation problem. Usually, the range bounds are treated as "soft" constraints and the
limits on the chaser spacecraft actuator thrust limits are considered as "hard" constraints.
Finally, the optimiser algorithm used guarantees constraint non-violation at every itera-
tive step. This is to ensure robust control and also to account for anomalies when the
optimisation does not converge before the next sample instant and a premature control
input has to be exported. The implemented optimiser ensures that even a premature

export of the control input does not lead to constraint violation.
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Let us now begin to methodically develop the mathematical models concerning each sub-
system within the MPC, starting from the guidance algorithm or the reference trajectory

generator.

5.2.1. MPC Guidance Algorithm

The primary goal of this thesis is to develop a MPC for bounding the chaser space-
craft trajectory within specified range limits with respect to the target spacecraft. Since
there are no preferential or directional bounds, the trajectory limits are not individu-
ally or uniquely posed on each orthogonal basis. Rather, the trajectory is bounded by
two concentric spherical surfaces centred on the target spacecraft, each having a radius

corresponding to the minimum and maximum relative range limits.

Due to this particular requirement, there is no reference trajectory that guides the motion
of the chaser spacecraft’s motion. A simpler method was chosen to implement the relative
range bounding as a relative range limit violation penalty in the optimisation problem.
The penalty will be levied on any trajectory which leads to violation of the relative range
limits. The mathematical formulation of the penalty will be discussed in the subsequent

discussions.

Although, there is no optimal guidance algorithm, since the MPC already has provisions
for a finite horizon optimisation, the optimal trajectory followed by the MPC will not be
arbitrarily inefficient. One aspect of finite horizon optimisation is the lack of information
on optimal trajectories beyond the horizon. This means that the MPC will follow a
locally optimal solution in the context of a global optima computed with an infinite

horizon optimisation.

To ensure that the finite horizon optimal solution closely resembles the infinite horizon
solution, we must increase the prediction horizon to the MPC. However, due to the
cyclical nature of the relative orbital motion, the optimum prediction horizon need not
be arbitrarily large, it can be similar in order to the orbital period. The exact choice
of the prediction horizon must also take into account the prediction model stability and
accuracy degradation due to increasing prediction horizon. Further elaborate discussion

regarding the trade-off is targeted later in this chapter.

5.2.2. Control Sequence Generation

The first step in the optimisation within the MPC is to generate the control input
sequence that will be used within the forecasting algorithm to predict the effect of the
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application of the control sequence on the trajectory. In our case, the control inputs are
the thruster actuation forces. Since there is only a single pair of thrusters in the chaser
spacecraft, the thrust can be modelled with a single scalar value which can range within

[Umin — Umaz). The chosen maximum thrust value for the thruster is 1 N.

The thrust vector is always aligned pointing towards the target spacecraft, hence, we can
simply use the magnitude of the thrust vector as an optimisation control variable. This
is also due to the fact that the direction of the thrust cannot be controlled by the MPC,
hence, the MPC must regulate the magnitude of the thrust to maintain an optimum
trajectory. Hence the thrust scalar can take any values in the range u e [-1 N — 1 NJ,
where the negative values of thrust signify a thrust vector @ pointing in the opposite

direction of the relative position vector p.

Although the optimisation algorithm can be run with only limits on the minimum and
maximum thrust, it is computationally inefficient. This is because the control input
sequence will be generated independently and randomly for each sampling instance. This
can be solved by using a parametric thrust function defined in the control horizon. The
parametric thrust function is a mathematical description of the thrust profile shape which
is a function of time and tuning parameters only. At the same time, it reduces the
optimisation variables. Instead of optimisation control variables equal to the number of
samples in the control horizon, the parametric equation needs only a few optimisation
control variables equal to the number of parameters in the equation. This reduces the
computational load, provides a provision to include physical limitations of the thrusters

and also provides the control over what kind of behaviour is expected from the MPC.

There are many thrust parametric thrust profiles that can be chosen. Typical choices
are impulsive profiles, continuous constant thrust profile, ramp thrust profile, logistical
thrust profile, e.t.c. The particular thrust profile utilised for the purposes of this thesis
is an exponential-decay parametric thrust profile. The mathematical expression of the

exponential-decay parametric thrust profile is given in eq. 5.1, below:

u(t) = ae™; {0 <t <Toy} (5.1)

where u(t) denotes the magnitude of thrust as a function of time, a is the value of the initial
thrust magnitude of the exponential curve which can take any value in [tmin — Umaz], b is
the exponential decay factor of the thrust profile which can lie in the interval [0 < b < 5]
and finally, Ty denotes the control horizon. The exact limiting value of b,,,, = 5 has

been arbitrarily chosen because beyond that value, the thrust profile starts to resemble
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an impulsive thrust profile. Some example thrust profile curves are represented in Fig.

5.3 for representational purposes.
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(a) Exponential Thrust Profile; a = 1. (b) Exponential Thrust Profile; a = 0.75.

Figure 5.3: MPC thrust profile.

But since the MPC which is implemented, works in the discrete-time domain, we can

write the eq. 5.1 in it’s discrete-time notation as:

ugp = ae”"F; {0 < k < Neg) (5.2)

where u;, represents the thrust magnitude at the k** sample instance, T, denotes the
MPC sample time and finally, Nogy denotes the number of samples that comprises the

control horizon.

To conclude, we must address the reasoning behind the choice of an exponential-decay
parametric thrust profile. It is evident that introducing a thrust profile would deviate from
the optimal control sequence. But it is also important to include physical considerations
about thruster response times and performance into the thrust profile. The exponential
decay curve also introduces a bias in the controller. Due to the inherent nature of the
curve, more control impulse is imparted in the beginning of the control horizon and
slowly the control effort is reduced. This means that the optimiser will now provide
optimal control sequences which prioritise imparting most of the required impulse at the

beginning of the control action. This also helps in reducing the response time of the
MPC.
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5.2.3. Trajectory Forecast

Once the optimisation iteration is initiated and a control sequence is generated using the
parametric thrust profile, we must utilise the control sequence to forecast the trajectory
of the chaser spacecraft. This is done by imposing the current state estimate X as the
IC, the generated control sequence as the BC, and propagating them using the dynamics
established by the model discovery framework for the prediction horizon Tpy, using the

sample time 7§ as the integration time step.

An important aspect of the forecasting is that the model generated by the model discovery
framework has been linearised in the past. Hence, the forecasting or prediction horizon
Tpy is limited to the linearisation interval Tj;, of the model discovery framework. This
ensures good model stability and accuracy of prediction which has been discussed in the
previous chapter. This process of utilising a past linearised model in the current instance

trajectory forecasting of the MPC is shown in Fig. 5.4 below:

|
| \ Model Discovery
|
|

M easurements

-
<

MPC Control

Figure 5.4: Linearisation and MPC forecasting scheme.

Until the current cycle of the linearisation interval expires, the discovered model is not
updated. The same model is utilised over multiple instances of the optimisation cycle of
the MPC. The exact number of times it is reused can be calculated by using the formula
Nyr = % where, Nj/r denotes the number of times the discovered model is re-used

before updating through a new model discovery cycle initiation.

The accuracy required by the integration scheme utilised by the forecasting algorithm
is determined by the order of accuracy of the discovered model in prediction. The best
order of accuracy attainable by model discovery in prediction is ~ 1072 m. Hence, the

numerical integration scheme for trajectory forecasting is the RK4 scheme.

The trajectory bounds are defined in relative range p, not the relative position vector
p. Hence, the trajectory forecasting outputs the forecasts of relative ranges p; for the

prediction horizon Tpy.
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5.2.4. Cost Function Formulation

The MPC framework is designed to find an optimal control input sequence which is
feasible, does not violate the essential constraints and which tries to keep the relative-
range within the requested bounds. To understand how this can be translated into an
optimisation problem, we must understand the optimisation space. In the case of the
MPC being designed for the purpose of this thesis, we can represent the optimisation

space as represented in the Fig. 5.5

* Bounded Range ‘,"

A ‘,‘
e
7 s
°-'-.-6-.ﬁ-'-' '-'-‘/'-'-'-°-'-'\-° SO T o v 2 it
'/‘
e
’ 7t
> p(z,u,t)

Figure 5.5: MPC optimisation space.

The optimisation space is an imaginary function space where the control optimisation
problem is defined. In our case, the three coordinate directions are defined by the control
input u, the relative range p and time ¢. Each of these axes is either constrained or finitely
bounded, the enclosed space which is defined by the intersections of all the regions which
are unconstrained or unbounded forms the constrained optimisation space. This is the
region in the imaginary hyper-space where the MPC optimisation problem is allowed to
exist. The only exception is given to violation of bounded surfaces defined in the figure
as relative-range bounds. The optimisation problem can violate the limitations of these

surfaces.

The optimum solution of the MPC problem exists as a surface in the figure, which
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represents all possible solutions where there is no control input and the relative-range
is within the bounds and defined within the prediction horizon. The goal of our MPC
optimiser is to find a locus in this hyperspace connecting the initial point in this space
lying in ¢ = 0 surface, with a final point in the ¢ = Tpy surface, connected by a set of
points allowed by the dynamics of the system and the resulting locus being as close to

the optimum solution surface.

For the optimisation problem to be able to do this, we must re-formulate this into a "hill-
descent" minimisation problem. This is the standard optimisation problem format, where
a minima is found for the formulated problem. In our case, we must define a function or
a linear combination of functions such that it "descends" from all directions towards the

optimum solution space.

Control Sequence Penalty

It is trivial to understand why any non-zero control input sequence must be penalised to
find an optimum solution. However, a cost function must be formulated which allows the
optimiser to find the direction of "descent" in the cost function hyper-space, hence finding
the optimum solution where the cost function has its lowest value within the constrained

optimisation space.

The cost function twice differentiated must give a finite value. This is essentially a condi-
tion which ensures that the function is continuous and so is its gradient. This is essential
for all "gradient descent" optimisation algorithms. For a function defined in a multivariate
domain, the gradient of the function assumes the continuity requirements instead of its

derivatives.

The chosen cost function is a simple quadratic formulation most typically used in QP
problems. The mathematical formulation of the control sequence cost function at any

given time is given as:

Cu(t) = u(t)* (5.3)

where Cy(t) denotes the control cost at a given time and u(t) denotes the control input
at that same instance. To find the normalised net control sequence cost in the control

horizon, we integrate it and normalise it with the integration interval, to obtain Cf:

t=TcH 2
= w(t)*dt
CU ==0 Y TCH( ) (54)
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by substituting the expression of thrust profile from eq. 5.1, we obtain:

t=TcH —bt)?

— ae dt

Cpy = 12 ( ) (5.5)
Ten

by expanding it further:

a2 (1 N e—QbTCH>

QbTC H

Cy = (5.6)
Hence, by implementing the thrust profile function, we can directly compute the nor-
malised net control sequence cost of any optimisation iteration, just by substituting the

optimisation variable a and b (thrust profile parameters) into the eq. 5.6.

The continuity of the function can be verified by computing the partial gradients of the
function with respect to the optimisation variables. The partial derivatives can be found

below:

OCy a— ae?Ten
da N bTCH
PCy 1 e Men

8&2 N bTCH

Vb0 (5.7)

aCy a2e—2Tcn (_2bTCH + Ton _ 1)

2
ob 20*Ton Vb#0 (5.8)
920y, ateMTen (—oB2T2, — WToy + e*Ton — 1)
oz BTy

On further inspection, we can also see that the cost function is convex in the domain

b > 0. This is because (825;(1, 8;)02‘] >0V {b, Tog > O})

Range Bounds Violation Penalty

The cost function for the range bounds violation cannot be developed using a simple
quadratic cost function. This is due to the fact that there exist no reference trajectory
which can be used as a baseline to compute the predicted trajectory error. The basic
responsibility of the range bounds violation penalty is to penalise the portion of the

predicted trajectory that violates the relative range bounds.

As discussed in the previous section, the cost function must be continuous and twice
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differentiable in the domain of the constrained optimisation problem. Hence a suitable
candidate for the trajectory cost function must satisfy both these conditions namely, be
continuous and twice differentiable and also penalise the bounds violations. An added
advantage could be to have a cost function that is convex within the optimisation problem

domain.

A choice was made to penalise the extent of bounds violation in a linear manner. Hence,
a suitable candidate was found from the field of neural networking. One of the activation
functions being used predominantly in this field is called the ReLU. The typical charac-
teristics of these cost functions are that they offer linear costs activated after a threshold
value. For any value less than the threshold, the ReLU function returns a zero. This is
the required behaviour in our case, since only the trajectory which lies beyond the thresh-
old (Range bounds) must be penalised linearly while any trajectory which lies within the

bounds must not be penalised.

However, the disadvantage of a ReLU functions is that they are only piecewise linear,
hence by definition, they do not have a continuous second derivative. This would pose a
problem in the QP approach in the optimisation. Therefore, an approximation for the

ReLU function was formulated, namely CReLU, as follows:

r—p
fCReLU(lU) = W (5-9)

where z is the input variable, p is the function threshold and d is the slope scaling factor

which controls the slope of the linear arm of the function, as shown in Fig. 5.6:

50 &
40 |
& 30
3 —p=25, d=1
B --- p=15, d=2
S 20
10

Figure 5.6: CReLU function: parametric combinations.
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We can now utilise this knowledge to construct our range cost function Cg(p) as follows:

o Pmin — P P — Pmazx
Crlp) = = + elp=pmin) + —— + elpmaz—p) (5.10)

min max

where ppin and pq. denote the minimum and maximum range bounds, d,;, and d,,4, are
the slope scaling factor for the corresponding minimum and maximum bounds violation
arms of the function. These 4 parameters can be selected appropriately to customise
our cost function and to choose how to relatively penalise the range bounds violation.
To penalise the maximum range bound violation more than the minimum range bound

violation we can simply choose d,,i, > dpa:- An example of this is shown below:

50 3
40| ;
1
= /
~ ! pmaz:307 pminzlo
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z> 20+ 1’ o pmam:407 pmzn:20
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20 30 40 50

Relative range p [m]

Figure 5.7: MPC range bounds violation cost function.

This results in a cost function which allows customisation to tweak the relative bound
limits and also the relative penalty of maximum and minimum bounds violation indepen-
dently. However, this function is defined in the continuous-time domain which cannot be
actually applied in the MPC. This is because the MPC forecasting algorithm outputs a
discrete-time range prediction. To make the trajectory cost function compatible with the

forecasting algorithm, we must define it in discrete-time domain, which can be written as:

. Pmin — Pk Pk — Pmaz
CRk (Pk) T 14 elpk—pmin) - L 1 e(pmazs—pr) (5~11>

dmin mazx

where the subscript k£ denotes the sampling instance at which the function is evaluated.

We can also formulate the function above to get the normalised net trajectory forecast
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cost using the following formula:

ZNPH Pmin—Pk + Pk—Pmax
k=0 %+e(9k*ﬂmin) %+e(ﬂmamfpk)

min mazx
Nppg

Cgr = (5.12)
However, the normalised net control sequence cost in eq. 5.6 is normalised with the
prediction horizon but the normalised net trajectory forecast cost in eq. 5.12 is normalised
with the number of samples in the prediction horizon. To make both these compatible,

we must normalise the eq. 5.12 with the prediction horizon. This results in:

NPH Pmin — Pk + Pk —Pmax
k=0 d#_&.g(ﬂk*ﬂﬁziﬂ,) 1 _A'_E(Pmacv*/?k)

Cr= i e 5.13
f Tpy (5.13)

An important aspect of this cost function is its independence with regards to the thrust
parameters a and b. Since, the thrust parameters are utilised as the optimisation variables,

this function can be treated as a constant with regards to the lack of gradient in a and b.

5.3. Control Sequence Optimisation

The optimisation of the control sequence must be conducted through a minimisation of
an objective function which is a function of the optimisation variables (thrust parameters)
a and b. The objective function which is utilised is constructed by a combination of the
normalised net trajectory forecast cost and the normalised net control sequence cost. The
exact formulation can be derived by using eq. 5.6, eq. 5.13 and a relative gain G,.; which

controls the relative penalty of trajectory cost and the control cost.

Cnet(a'7 b) :CR + GrelCU

Npu Pmin—Pk + Pk—Pmaz
k=0 %+e(Pk79min) 1 elpmaz—rk)

min dma:c

(5.14)

Lo a2 (1 B 6—2bTCH)

Cher(a,0) = Tpu 20T cn

We can utilise the principles of QP to solve for the minima of this objective function.
However, we must define the domain under which the objective function is continuous
and convex. Since the term Cf is independent of a and b, we can treat it as an arbitrary
constant. Hence, the objective function is a linear combination of a constant and a convex

function Cy as already discussed in eq. 5.8. Which makes the objective function convex
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in the domain of convexity of the function Cy.

According to eq. 5.8, the function Cy is convex in the domain b > 0. Similarly, we
can incorporate the thrust limits into the thrust parameters, as per discussion of eq.
5.1. Utilising this knowledge, we can represent our optimisation problem in a new space
defined by the optimisation variables (thrust parameters). This is shown in the figure

below:

C’net(aa b) = CR + GrelCU (a/) b)

50 x
40
30
Cr=10
Grel =1
TCH =1s
szz}z

Figure 5.8: MPC constrained optimisation domain.

This is essentially a transformed representation of the principle shown in Fig. 5.5. We

can finally write the mathematical expression of the optimisation problem in the MPC,

as follows:

N, min —Pmazx

k=0’ (1p+e<pkf]§mm> + 1p_’ﬁ€<l;mm—pk>) a’® (1 — e—QbTCH)
min Cnet - Tmin dmaz + Grel
a,b TPH 2bTCH

(5.15)

a € [—1, 1]
b e (0, 5]

As a note, there is no explicit constraint or bounds established for the relative range control

within the objective function. The control is achieved through the minimisation of the
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cost function within the optimisation domain defined through constraints, as denoted in
Fig. 5.8.

The assumption made about the convexity of the objective function with respect to the
optimisation variables a and b, is only valid under the assumption of very small prediction
horizons. This stems from the fact that the normalised net range violation cost function

is non-linearly dependent on the optimisation variables for a larger prediction horizon.

To tackle this issue, a sequential quadratic programming optimiser algorithm was utilised
to minimise the objective function. The specific SQP optimiser is characterised by the
use of quadratic programming subproblems at every iteration. The SQP optimiser is
considered as a novel and cutting-edge method in quadratic optimisation methods. This
helps in avoiding explicit dependence on the gradient based optimisation techniques such
as Newton gradient optimiser. An additional advantage is the relaxation of the require-
ment of a convex objective function in the entire optimisation domain. This is because
the SQP optimiser constructs an approximate quadratic sub-problem at every iteration,

which is then used to find the "descent"' direction.

Hence, SQP optimiser only requires a twice-differentiable continuous objective function
with linear constraints. This is the primary reason behind the choice of the cost functions
to be continuous and twice-differentiable in the optimisation domain. The constraints
defined for our problem are inequality constraints forming a well defined boundary, which
helps the SQP algorithm in faster and more stable convergence along with ensuring both

feasibility and ensuring constraint non-violation at every iteration.

Regardless, only the choice of the optimiser algorithm is changed, there is no change in
the formulation of the optimisation problem described in eq. 5.15. The exact formulation

and software implementation of the algorithm is beyond the scope of this thesis, but can

be found in Ref. [37].

5.4. MPC Software Integration

With a completely developed mathematical model of the MPC and the associated model
discovery and plant dynamics, we can now assemble them into one single simulation envi-
ronment. This is done in a similar way to the model discovery framework implementation,
explained through Fig. 4.1. We can use the same type of flowchart representation and
depict the implementation of the MPC framework integrated with the associated model

discovery and plant dynamics, as represented below:
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Repeat by initialising subsequent runs from previous run’s final condition

AN
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Figure 5.9: Execution flowchart.

While the figure above represents the software interactions and implementations, we need
to also understand the classical block representation of the closed-loop control system.
The majority of the closed-loop system is implemented in the same software, except the

model discovery algorithm.

This is due to lack of software tools available to implement the chosen model discovery
framework along with the closed-loop control system, within the same software. However,
the model discovery framework is not actively participating in the closed-loop simulation.
It is "called" only at simulation time instances when the MPC controller needs a new
and linearised estimate of the local dynamics, i.e. every Tj;, s. Finally, the control sys-
tem design concludes with the closed-loop block representation, as shown in the classical

notation below:
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Figure 5.10: Complete block diagram representation.

This concludes the modelling of the complete closed-loop control system. We can now
proceed to setup and run the simulations to test and analyse the closed-loop performance

of the control system. This is discussed in detail in the following chapter.
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6 | Simulation Campaign

The simulation campaign was undertaken to establish a benchmark of the performance
of the designed MPC and model discovery framework working in tandem closed-loop
control system configuration. The campaign was designed to test the functionality of
the closed-loop control system and also to analyse the effects of the orbital environment,

MPC parameters i.e. prediction and control horizons and the relative range bounds.

Before proceeding to presentation of the results, the specific notations used in the results

must be introduced. The notations used and their meaning is summarised below:

Terms Usage Meaning

dr dr : dyin/dmae | Trajectory cost function: slope scaling factors
Grel Grel Cost function relative gain

T, T, MPC time step (samling time)

ar ar Initial SMA of target spacecraft

er er Initial eccentricity of target spacecraft

fr fr Initial true-anomaly of target spacecraft

Ny Npg/Nen MPC prediction and control horizon time steps
Plim Pmin/ Pmaz Relative range bounds

Tiin Tiin Linearisation interval of model discovery

Table 6.1: Simulation campaign notations.

We can now proceed with the results pertaining to the simulation campaign. The cam-
paign has been broadly divided into functional testing, orbital environment study, MPC
horizons study and finally the MPC bounds study. Each focusing on understanding the
effects of the corresponding factors in the control system performance. Each study has
been conducted under various simulation settings to cover a wide range of cases. Primary
focus was laid on the effect of degree of non-linearity on the control system performance

through variation of the SMA, eccentricity and true-anomaly.
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6.1. MPC Functional Testing

Before proceeding with the analysis of the closed-loop control system performance, it
is imperative to establish its capability to effectively control the spacecraft within the
constraints and bounds. To this end, a simulated spacecraft tandem system was subjected
to the control system on the chaser spacecraft. The target spacecraft is under no controlled
inputs and hence is governed by the homogeneous NERM. As discussed in the preceding
chapters, the constraints of the control system are manifested in the thruster maximum
thrust limit (ume: = 1N), persistently target facing thruster pair and the bounds for
the control system are the relative range limits py,s implemented indirectly through an

objective function.

To offer a comparison, two simulations were run, one without any controlled input and
one with it. The simulation was run with a short simulation time of 900s, just to verify
the closed-loop control system efficacy. A primary characteristic of all the conducted
simulations is the lack of control inputs during the first linearisation interval. This is
because during the first linearisation interval, the MPC lacks information of the plant

model.

The results can be seen in the figure below, with the relevant information about the orbit

locality, controller and bounding parameters shown in their corresponding sub-figures:

Controller Disengaged Controller Engaged
dr :10/10; Grer 2 10% Ty : 55 dr :10/10; Grer 2 10%; Ty : 55
ar : 7106.14km; e : 0.5; fr : 0.0Rad ar : 7106.14km; e : 0.5; fr : 0.0Rad
Ny :60/12; ppim, : 10/13.5km; Ty, - 300s Ny :60/12; ppim, : 10/13.5km; Ty, - 300s
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(a) Simulation A. (b) Simulation B.

Figure 6.1: Simulation Environment: LEO, elliptical, set-1.
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It is evident from Fig. 6.1b that the implemented closed-loop control system is working
effectively to keep the chaser spacecraft within the requested bounds while limiting the
control input within the constraints. Due to the lack of exact tuning methods to choose
the MPC objective function weights and MPC horizons, for a primary investigation, the
chosen values were derived through a hit-and-trial basis but with basic understanding of

the underlying implications.

6.2. Orbital Environment Study

The control system designed in this thesis is successful in controlling the relative range
of the chaser spacecraft within the bounds. However, to study the effects of various
orbital environments on the control system performance, a series of simulations were
conducted for multiple initial conditions. The chosen orbital environments for the test

can be summarised as follows:

Case Type SMA [km] | Eccentricity
Beyond GEO™: Circular ~ 82106 0
Beyond GEO™: Highly Elliptical ~ 82106 0.5
Approx. GEO™: Circular ~ 42116 0
Approx. GEO™: Highly Elliptical ~ 42116 0.5
LEO: Circular ~ 7106 0
LEO: Highly Elliptical* ~ 7106 0.5

* GEO is representative of only the SMA of the case, not the orbit properties.
* LEO with e = 0.5 is not physically possible due to perigee inside Earth.

Table 6.2: Orbital environment study: Simulation cases.

The choice of the orbital environment is not representative of physical possibility or
practicality of such an environment, it only serves to authenticate the control system
performance at various degrees of non-linearity of relative dynamics, resulting from the

mathematical values of the chosen Keplerian orbital elements.

6.2.1. Beyond GEO

This section reports the results of the simulations under the orbital environment study
conducted under that case "Beyond GEO" as per Table 6.2. A typical characteristic of
this orbital environment is low degree of non-linearity in relative dynamics. Important

comments and observations are discussed in relevant sub-sections.
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Circular Orbit

Circular orbits offer ideal cases for orbital relative motion controllers. They are char-
acterised by linear relative motion dynamics. This case is made easier by the very high
SMA of the orbital environment. A higher SMA also results in the smaller augmentation

of the non-linearity of the dynamics, if present.

The first set of simulations under these conditions represents motion without control effort,
as shown in Fig. 6.2a, and corresponding motion controlled by the MPC, as shown in
Fig. 6.2b. The bounds for relative range are chosen far from the initial relative range
and kept narrow. This is essentially commanding the controller to maintain the chaser

spacecraft at a fixed range separation with very small allowed deviation.

Controller Disengaged Controller Engaged
dr : 10/10; Grep : 10%; T, : 5s dr :10/10; G,e : 10%; Ty : 5s
ar : 82106.15km; er : 0.0; fr :1.53Rad ar : 82106.15km; er : 0.0; fr :1.53Rad
Ny :60/12; prim : 55/56km; Ty : 300s Ny :60/12; prim : 75.8/76km; Ty : 300s
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(a) Simulation A. (b) Simulation B.

Figure 6.2: Simulation Environment: Beyond GEO, circular, set-1.

As it can be seen from the results obtained in Fig. 6.2, it is evident that the MPC is able to
execute the requested range bounding manoeuvre with great accuracy and limited control
effort. The resulting trajectory attains the requested bounding within approximately 700s
of the controller engagement. Another point to note is a lack of considerable overshoot
in the controlled trajectory. This is because the predictor applies corrective control input
to prevent overshoot (at approz. 600s), which is almost at the prediction horizon (300s)
of the expected overshoot instance (900s), if no preventive input was applied. Which
means that the MPC could predict the overshoot and find an optimal control sequence

to prevent this, with great accuracy. This is the expected performance advantage of a
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typical MPC.

The next simulation makes the requested bounds much farther from the initial separation,
as can be witnessed in Fig. 6.3. This is equivalent to giving a reference signal very far
from the current output, in a classical control system perspective. As expected, there is
an overshoot in the resulting trajectory, as shown in Fig. 6.3b. Without any change in the
MPC parameters or orbital environment, the cause of the overshoot can be attributed
to a lack of a larger prediction horizon. This results in the MPC unable to recognise an
overshoot within its optimisation horizon and does not compensate for it. This results in
over-actuation and a sub-optimal control sequence. However, the MPC can be seen to
be quickly responding to correct the overshoot once it predicts it within the prediction

horizon, this can be witnessed in Fig. 6.3b.

Controller Disengaged Controller Engaged
dr : 10/10; Grep : 10% Ty : 5s dr :10/10; Gpe 2 10%; Ty : 5s
ar : 82106.15km; er : 0.0; fr :1.53Rad ar : 82106.15km; er : 0.0; fr :1.53Rad
Ny :60/12; prim : 55/56km; Ty, : 300s Ny :60/12; ppim : 55/56km; Ty, : 300s
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Figure 6.3: Simulation Environment: Beyond GEO, circular, set-2.

A potential solution to this problem of overshoot is to increase the prediction horizon.
But due to the nature of the model discovery framework, any prediction horizons larger
than the linearisation intervals would result in diverging prediction accuracy. Hence, a
practical solution would be to request the bounds in a staggered manner, slowly moving
from current separation to the final desired bounds. This would be analogous to a ramp
reference signal in classical control theory. Since the controller is not designed to account
for actuator saturation and compensate with orbital manoeuvres, we witness sluggish
responses in the trajectory correction. The comparison between both these cases can be

witnessed below for reference.
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Controller Engaged
dr :10/10; G 2 10%; Ty : 55
ar : 82106.15km; er : 0.0; fr : 1.53Rad
Ny : 60/12; prim : 55/56km; Ty : 300s

Controller Engaged
dr :10/10; Grep 2 10%; Ty : 55
ar : 82106.15km; er : 0.0; fr : 1.53Rad
Ny : 60/12; prim : 75.8/76km; Ty : 300s
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(a) Simulation B. (b) Simulation C.

Figure 6.4: Simulation Environment: Beyond GEO, circular, set-3.

Highly Elliptical Orbit
The worse performing case (Fig. 6.4b) was simulated for a highly eccentric orbit to test
the limits of the control system. However, we get very similar performances as seen in

Fig. 6.5. This is due to the "diluted" non-linearity in dynamics due to a very high SMA.

Controller Engaged
dr :10/10; Grep 2 10%; Ty : 55
ar : 82107.14km; er : 0.5; fr :0.25Rad
Ny : 60/12; prim : 55/56km; Ty : 300s

Controller Disengaged
dr :10/10; Grep : 10%; Ty : 55
ar : 82107.14km; er : 0.5; fr : 0.25Rad
Ny :60/12; ppim : 40/41km; Ty - 300s
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(a) Simulation A. (b) Simulation B.

Figure 6.5: Simulation Environment: Beyond GEO, elliptical, set-1.
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6.2.2. GEO

Let us put the control system to a tougher test in a stronger non-linear orbital environment
by reducing the orbital SMA. With a smaller orbital SMA, the controller would be
unable to reach the same bounds as was the case in the previous case of beyond GEO
orbit. Hence, the bounds were decided to be placed closer to the initial separation. This
is analogous to giving a step reference signal with a smaller magnitude to the controller,

in classical control system jargon.

No changes to the MPC parameters are done to ensure that these simulations offer
insights into the isolated effects of orbital environment on the control system performance

without contamination due to effects of change is MPC parameters.

Circular Orbit

As discussed in the previous section, the first simulations are conducted within a circular
orbit scenario, as seen in Fig. 6.6. Two individual simulations are conducted, with the
MPC disabled (Fig. 6.6a) and with MPC enabled (Fig. 6.6b), for comparative purposes.

Controller Disengaged Controller Engaged
dr :10/10; Gre 2 10%; Ty : 55 dr :10/10; Grer 2 10%; Ty : 5s
ar : 42106.26km; er : 0.0000; fr :1.47Rad ar : 42106.26km; er : 0.0; fr:1.47Rad
Ny :60/12; ppim = 40/41km; Ty < 300s Ny :60/12; ppim = 40/41km; Ty, < 300s
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& 0 500 1,000 1,500 2,000 2,500 3,000 & 0 500 1,000 1,500 2,000 2,500 3,000

Time t [s] Time ¢ [s]
(a) Simulation A. (b) Simulation B.

Figure 6.6: Simulation Environment: GEO, circular, set-1.

The MPC is able to accurately bring the trajectory to the requested bounds, against the
direction of natural motion, and maintain it. The control sequence applied by the MPC

can be seen to be smooth and efficient in Fig. 6.6b.
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Highly Elliptical Orbit

As discussed previously, in larger orbits, the effect of higher eccentricity on the intensity
of the non-linearity of the relative dynamics is low. This can be witnessed again in the
Fig. 6.7, where the MPC can be seen to handle the requested bounds with relative ease.
A slight difference in Fig. 6.7b from Fig. 6.6b can be seen approximately at 1850s into
simulation. The MPC can be seen to prevent the escape from bounds in Fig. 6.6b, but
this is absent in Fig. 6.7b.

Controller Disengaged Controller Engaged
dr :10/10; Gre 2 10%; T, : 55 dr :10/10; Grer 2 10%; Ty : 55
ar : 42116.55km; er : 0.5; fr : 0.65Rad ar : 42116.55km; er : 0.5; fr :0.65Rad
Ny :60/12; ppim : 40/41km; Ty - 300s Ny :60/12; ppim = 40/41km; Ty < 300s
g 60 =43 0
=, =,
~ 95 < 49
[«5] <]
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& 0 500 1,000 1,500 2,000 2,500 3,000 & 0 500 1,000 1,500 2,000 2,500 3,000

Time t [s] Time ¢ [s]

(a) Simulation A. (b) Simulation B.

Figure 6.7: Simulation Environment: GEQO, elliptical, set-1.

6.2.3. LEO

Since the MPC is able to handle the higher orbital SMAs with relative ease, we can
push it to the toughest test. The low-Earth orbit is the most challenging environment
due to highly non-linear behaviours at very low eccentricities and the higher effect of the

Jo perturbations which are a challenge for the model discovery framework.

Highly Elliptical Orbit

To simulate the toughest orbital environment, a choice was made to position the tandem
spacecraft formation at the perigee of the low-Earth orbit. The perigee of an elliptical
orbit is characterised by the highest degree of relative motion non-linearity in the entire

orbit. The resulting motion under control and without is presented in Fig. 6.1.
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Controller Disengaged Controller Engaged
dr :10/10; Grep 2 10%; Ty : 55 dr :10/10; Grep 2 10%; Ty : 55
ar : 7106.14km; er : 0.5; fr : 0.0Rad ar : 7106.14km; er : 0.5; fr : 0.0Rad
Ny : 60/12; prim : 10/13.5km; Ty : 300s Ny : 60/12; prim : 10/13.5km; Ty : 300s
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(a) Simulation A. (b) Simulation B.

Figure 6.8: Simulation Environment: LEO, elliptical, set-2.

With due consideration to the tough orbital environment, the bounds were chosen to be
placed within the natural trajectory limits. This meant that the MPC would not need to
employ excessive actuation which could saturate the actuators. This can be seen in Fig.
6.8b. However, even this orbital environment could be handled with ease by the designed
MPC. However, this could be suspected due to the short simulation times. Hence, long-
term simulations are conducted in the next section with experimentation on the change

of MPC parameters and their effect on the performance.

6.3. MPC Parameter Study: LEO

Within the scope of the previous sub-section, it is well established that the MPC can
handle a wide range of orbital environments, even with the default MPC parameters.
To investigate the effects of the change in the MPC parameters on the performance, the
simulations were conducted on the most demanding orbital environment - low-Earth orbit

with high eccentricity and J; perturbations.

To analyse the efficacy of the MPC on longer intervals, simulations were carried out for
the whole duration of a single orbit. This would also ensure that the model discovery
was working as expected, under varying true-anomaly and the long-term stability of the
algorithm in under heavy .J, perturbations. However, the main concern was the lack of

control authority to counter the perturbations and non-linearity over long intervals.
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6.3.1. Orbital Period Simulation: MPC parameters

The first set of simulations conducted under this study are done to establish a baseline
performance. The same MPC parameters were used as in previous sections, to first
understand the effect of a long interval simulation. The results are presented in Fig. 6.9,

with natural motion shown in Fig. 6.9a and the controlled trajectory in Fig. 6.9b.

Controller Disengaged Controller Engaged
dr :10/10; Gre 2 10%; T, : 55 dr :10/10; Gpe : 10%; Ty : 5s
ar : 7106.14km; e : 0.5; fr : 0.0Rad ar : 7106.14km; e : 0.5; fr : 0.0Rad
Ny :60/12; prim : 10/13.5km; Ty, - 300s Ny :60/12; prim : 10/13.5km; Ty, = 300s
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(a) Simulation A. (b) Simulation B.

Figure 6.9: Simulation Environment: LEO, elliptical, set-3.

It can be clearly observed that the MPC is facing much more difficulty in maintaining

a smooth trajectory under long-term simulations. This can be attributed to two primary

factors.

The first is the naturally occurring heavy non-linearity and extreme perturbations at the
perigee. This is encountered by the MPC in Fig. 6.9b towards the end of the simulation.
We can witness the sudden saturation of the actuators near perigee. However, an actual
orbit of the same SMA and eccentricity cannot occur physically due to the perigee being
inside the Earth. Thus, the MPC would not be expected to encounter such extreme

dynamics in actual applications.

The second reason is the fast changing dynamics being linearised over a relatively long
interval compared to the short orbital periods. This produces slight inaccuracies in the
trajectory prediction algorithm. The primary assumption of utilising constantly updating
linear models to predict the trajectory is that the linearisation interval must be much

smaller than the orbital period. This was satisfied for the case of higher orbits, but
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failed for lower orbits. This problem is also exemplified at the perigee due to even closer

proximity to Earth, which in turn results in a fast evolving dynamics.

A prospective solution for this would be to reduce the linearisation interval to compensate
for the lower orbit’s fast changing dynamics. But this would reduce the prediction horizon
of the MPC. To strike a balance, it is suggested to implement an adaptive algorithm to
select the linearisation interval from the lookup table generated from the results of the
testing campaign as per sub-section 4.5.2. This would allow the MPC to choose the
highest linearisation interval within an acceptable prediction error based on the current

true-anomaly within the orbit.

MPC Horizons Study

To understand the effect of altering the MPC horizons on its performance, a comparative
simulation was run. The chosen MPC horizon for the new simulation, as shown in Fig.

6.10b, is twice the default parameters shown in Fig. 6.9b.

Controller Engaged Controller Engaged
dr :10/10; Gre 2 10%; T, : 55 dr :10/10; Gre 2 10%; Ty : 55
ar : 7106.14km; er : 0.5; fr :0.0Rad ar : 7106.14km; er : 0.5; fr : 0.0Rad
Ny :60/12; ppim : 10/13.5km; Tjy, - 300s Ny :120/24; prim : 10/13.5km; Ty, < 300s
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(a) Simulation A. (b) Simulation B.

Figure 6.10: Simulation Environment: LEO, elliptical, set-4.

The primary difference observed in the new MPC performance compared to the default
MPC horizons, is the trajectory smoothness at the cost of bound violations at the perigee.
This can be explained by understanding the nature of the model discovery framework and

its role in deciding the MPC prediction horizon.

As discussed previously, the accuracy of prediction quickly worsens if the prediction hori-
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zon exceeds the linearisation interval. This leads to inaccurate predictions of the tra-
jectory, especially in orbit localities of high nonlinearity i.e. perigee. Hence, the MPC
performance degrades at that corresponding locality. But for the rest of the orbit, the
prediction accuracy is still maintained under acceptable limits, ensuring a more optimised

control sequence implementation resulting in a smoother trajectory.

MPC Linearisation Interval Study

To verify the hypothesis regarding the shorter linearisation interval leading to a smoother
control input and tolerance against the constantly evolving relative dynamics, a new
simulation was run by reducing the linearisation interval. The MPC with a smaller
linearisation interval of 150s compared to the default MPC linearisation interval of 300s,
does work to a certain extent according to the prediction of the hypothesis. This can be

seen in the comparison shown in Fig. 6.11.

Controller Engaged Controller Engaged
dr :10/10; Gre 2 10% T, : 55 dr :10/10; Gre 2 10%; T : 55
ar : 7106.14km; e : 0.5; fr : 0.0Rad ar : 7106.14km; e : 0.5; fr : 0.0Rad
Ny :60/12; ppim : 10/13.5km; Tjp, - 300s Ny :60/12; ppim : 10/13.5km; Ty, 2 150s
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(a) Simulation A. (b) Simulation B.

Figure 6.11: Simulation Environment: LEO, elliptical, set-5.

There are no major performance improvements due to the reduction in the linearisation
interval. This might seem counter-intuitive due to the fact that a smaller linearisation
interval must lead to a more accurate and updated model discovery framework. However,
since the simulation was conducted by altering the linearisation interval only, without the
corresponding reduction in the prediction and control horizons, the accuracy of the MPC
predictions are worse. This compensates for any augmentation of prediction accuracy due

to reduction of linearisation interval.
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Hence, this simulation indicates that due to the coupled nature of the model discovery
framework and the MPC prediction horizons, both parameters must be changed in tan-
dem to see its effect on the actual performance. Any change in either parameter without a

corresponding change in the other, would bear undesirable effects on MPC performance.

6.4. MPC Bounds Study: LEO

A final study was conducted on the effect of the nature of the relative range bounds on the
MPC performance. Again, as a benchmark, the worst case of low-Earth highly elliptical
orbit at the perigee was chosen as the initial condition for the simulation. The study aims
to understand the effect of imposing narrow bounds within the natural trajectory bounds

compared to imposing them outside the limits of the natural motion.

To ensure uniformity, the MPC parameters were reverted back to the default values as

prior to the MPC parameters study was conducted.

6.4.1. Narrow Bounds Within Original Trajectory

For the first case, the narrow bounds were imposed within the original trajectory bounds
but offset from the mean relative range. The resulting performance can be seen in Fig.
6.12. When compared to the natural trajectory shown in Fig. 6.12a, the controlled motion

can be seen to maintain the requested bounds for the majority of the orbital duration.

Controller Disengaged Controller Engaged
dr :10/10; Gre 2 10%; Ty : 55 dr :10/10; Gre 2 10%; Ty : 55
ar : 7106.14km; e : 0.5; fr : 0.0Rad ar : 7106.14km; er : 0.5; fr :0.0Rad
Ny :60/12; ppim : 10/13.5km; Tj4p, - 300s Ny :60/12; ppim : 13/13.5km; Ty 2 300s
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(a) Simulation A. (b) Simulation B.

Figure 6.12: Simulation Environment: LEO, elliptical, set-6.
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As was the case with many of the previous simulations, the MPC performance is ham-
pered at the perigee towards the end of the simulation. This can be witnessed through
the saturation of the actuator inputs and the violation of the requested bounds conse-

quentially. However, this can be overcome by a higher powered actuator assembly.

6.4.2. Narrow Bounds Outside Original Trajectory

As a final case, the narrow relative range bounds are assigned outside the natural motion
limits and against the natural motion drift. The natural motion can be seen drifting
towards higher relative ranges in Fig. 6.12a. This can be attributed to the strong influence
of the .J; perturbations. This leads to the most difficult scenario that the MPC has been

put to test in.

Controller Disengaged Controller Engaged
dr :10/10; Gre 2 10% Ty : 55 dr :10/10; Grer 2 10%; Ty : 55
ar : 7106.14km; e : 0.5; fr : 0.0Rad ar : 7106.14km; e : 0.5; fr : 0.0Rad
Ny :60/12; ppim, : 10/13.5km; Tjyp - 300s Ny :60/12; ppim = 5/6km; Ty : 300s
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Time ¢ [s] Time ¢ [s]
(a) Simulation A. (b) Simulation B.

Figure 6.13: Simulation Environment: LEO, elliptical, set-7.

The combination of an under-actuated control system and the extreme difficulty intrinsic
to the simulation conditions have made the MPC not attain the desired goals. The chaser

spacecraft can be seen moving closer to the desired bounds, although working through

actuator saturation, in Fig. 6.13b.

But nearing the end of the simulation, when approaching the perigee, the MPC is com-
pletely unable to control the motion as requested and leads to the chaser spacecraft drifting

away due to the overpowering relative motion dynamics and the orbital J; perturbations.

It can be a good reminder to recall that the simulation conditions employed in this
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simulation is not physically possible and only acts as a worst case testing scenario. Hence,
the MPC, designed under this thesis, is expected to perform much better in simulation

conditions resembling real-life applications.
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7 | Conclusion and Future Scope

In this dissertation the implementation of a model discovery based predictive controller
was analysed. The main objective was to study the feasibility, scope and validity of the
proposed control system. Through theoretical foundations in spaceflight mechanics, con-

trol theory and data-based numerical methods, a framework was developed and integrated
to form the MDPC.

The validity of the solution was established through simulations of its accuracy in a two-
body environment with .J; perturbations. The feasibility and scope of the implemented
control system was analysed through a simulation campaign with varying simulation en-
vironments and control system parameters. The primary findings of the campaign were

discussed in the preceding sections.

This section accumulates concisely, the findings and their explanations, limitations of the

solution and the future scope of improvement in the implemented solution.

7.1. Important Findings

The important findings of this dissertation will be discussed addressing the sub-system

level findings and finally, the complete system level findings.

7.1.1. Model Discovery

The important findings pertaining to the standalone implementation of the model discov-

ery framework can be listed as follows:

1. The resulting discovered model coefficients offer a high degree of insight into the

actual local dynamics.

2. The discovered model is able to compensate, to a certain degree, for the presence of

disturbance forces and accelerations.

3. The model discovery framework offers satisfactory accuracy in prediction outside

the interval of measurement collection.
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4. Stochastic methods employed ensure the model stability and robustness.

5. The constrained regression based method of model discovery is computationally

more efficient than neural networks based training approaches.

7.1.2. Model Predictive Controller

The important findings pertaining to the standalone implementation of the model predic-

tive controller can be listed as follows:

1. The MPC optimisation algorithm guarantees non-violation of constraints and bounds

at every iteration.
2. The controller is highly responsive to predicted bounds violation.

3. The controller is capable of providing a sub-optimal but constructive control se-
quence in the case of non fulfilment of optimisation convergence at the global minima

before the MPC sampling interval.

7.1.3. Complete Control System: MDPC

The important findings pertaining to the complete implementation of the model discovery

and predictive controller can be listed as follows:

1. The MDPC parameters are adaptive, based on look-up tables which correlate the
prediction error with the orbit locality and MPC horizons.

2. The MDPC is able to successfully provide effective control sequences under the

presence of heavy perturbations and intensive non-linearity in the local dynamics.

3. The MDPC is able to predict the future trajectory while including the prospective
control sequences within constraints and prioritise the maximum impulse deliverance

at the earliest.

7.2. Solution Limitations

The main limitations of the complete implementation of the MDPC framework are pri-

marily found in the scope of its application. They can be enumerated as follows:

1. The model discovery framework considers the coefficients of the system matrix to

remain invariant within the linearisation interval.

2. The model discovery framework needs knowledge about the magnitude of the specific
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7.3.

orbital momentum to maintain its accuracy if the scale of the orbit alteration due

to the manoeuvres are large.

The model discovery algorithm needs to be employed more frequently in orbital

environments characterised by highly non-linear dynamics.

. The controller prediction horizon is implicitly linked to the measurement interval

utilised in the model discovery algorithm, in the context of the implemented solution.

. The MDPC framework has no methods to mathematically account for significantly

different gravitational fields to the idealised two-body problem such as gravitational
fields of the asteroids.

. The MPC is not modelled to account and compensate for actuator saturation in

the control sequence optimisation.

Future Scope of Work

The understanding of the limitations of the implemented solution leads naturally to the

possible branches of future work in this field. The main objective of the dissertation is

satisfied through the implemented MDPC system, however it could be improved.

The main directions of improvement in the model discovery framework can be listed as:

1.

Inclusion of system matrix coefficient variance within the linearisation interval and

prediction horizon

. Include mathematical formulation of perturbation accelerations into the state-space

model and regression framework.

. The current solution requires a very minimal ground-segment dependence to es-

timate the specific orbital momentum. Future work can focus on eradicating the

necessity of ground-segment support for increased autonomy.

Account for actuator saturation into the MPC control sequence optimisation algo-

rithm.

. Include a parallel algorithm to perform large orbital scale manoeuvres to optimise

the control effort by accounting for the actuation efficiencies at various locales in

the orbits such as efficiency of orbit raising manoeuvres is maximal at the perigee.
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7.4.

7| Conclusion and Future Scope

Salient Features

Finally, concluding this chapter, we can list the important salient features of the proposed

solution as follows:

1.
2.

3.

The MDPC is effective in practically highly eccentric orbits of e = 0.6
The solution is valid for larger initial separation in order of a few hundred kilometres.

The range prediction algorithm is accurate and stable even in the presence of large

perturbations and time-varying nonlinear dynamics.

. The implemented solution is computationally efficient and simple.

The proposed solution is sparse in its actuation requirements i.e a single pair of

thrusters aligned perpetually towards the target spacecraft.

Utilises a simple and robust optimisation algorithm characterised by convexity in

the objective function enabling robust convergence and guarantees a global minima.

The MDPC can function with complete autonomy which enables impromptu ma-

noeuvres to be conducted without ground-segment support.

The model discovery framework is faster than neural networks based learning meth-

ods while also being more transparent in their insights into the actual local dynamics.
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Nonlinear Equations of Relative Motion: LVLH Frame

The relative motion in the LVLH frame can be described using exact non-linear equations
of relative motion, also called NERM. The derivation of said equations are performed
in a slightly altered manner to suit the necessities of the control system. The classical

derivation of the same can be found in Ref. [36, 40].

Let us represent a new reference frame called LVLH. The diagrammatic representation

of this reference frame is shown below:

Figure A.1: Local-vertical local-horizon (LVLH) coordinate frame [18].

With reference to Fig. A.1, the position vector r. for the chaser spacecraft can be written

as follows:
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p = x0, + yOy + 20y, (A.1)

or alternatively:

r.=r;+p=(r,+ )0, + yos + 20y, (A.2)
where the vector r; denotes the position vector of target spacecraft corresponding with
position vector r. of the chaser spacecraft, both in the LVLH frame.

In the continuing analysis and derivations the term f is assumed to denote the true
anomaly of the target spacecraft. We can write the specific orbital momentum of target

spacecraft as:

h = rff (A.3)

We can now impose the specific angular momentum of target spacecraft to be constant,

assuming Keplerian orbital motion, resulting in:

h=0=2rgd.f+rf (A.4)

by rearranging eq. A.4 we can demonstrate:

. 7o f
f:—%i (A.5)
Ty
To express the rate of change of true anomaly of the target spacecraft in terms of orbital

semi-latus rectum p instead of 7, we employ h? =pup and obtain:

= W (A.6)

We can analytically see that the angular velocity vector w of the target spacecraft is

aligned with its specific angular momentum vector h. Hence, we can express it as:

- h
w= fo, = 50y (A7)

Ty
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From eq. A.5, we write the equation for angular acceleration of the target spacecraft as:

W= fé, = —Qﬂ o, (A.8)

Tt

Keeping in mind the formulation of the relative angular acceleration of the target space-

craft, the eq. A.2 can be differentiated twice with respect to time as follows:

Fo=f+wXxptwx(wxp) +2wXp+p (A.9)

The target spacecraft position written in LVLH frame can be formulated as:

ry = TtéT (AlO)

Now, we can combine the eq. A.1, eq. A.7 and eq. A.8 by substituting them in eq. A.9.

By using eq. A.10, we can now write:

i"c - ".;tér + féh X (.CL’(A)T + yﬁg + 26h> +
ff)h X (f()h X (26, + yOg + 204,) ) + 2foh X (20, + Y0y + 204) +

(fC'(A)r + yﬁg -+ 56h)

) . X (A.11)
= (7'”} —fy_zyf‘i‘i)oﬁ‘
(fz — f2y+2if +§) 6o+
Z0p
Furthermore, we can apply Newtonian two-body equation, (f = —% r), to describe the

Keplerian orbital motion under purely gravitational interactions. By substituting eq.
A.10 into the Newtonian two-body equation, we can find the relative acceleration vector

of the target spacecraft as:

f‘t = ——Iy = ——50, (A]_?)

Hence, we can rewrite the eq. A.11 by substituting the scalar component of eq. A.12:
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i, = (—’é voltfy — oy :z-1> o, +
Tt Tt

, (A.13)
T . . . N A
(-2 fa = Py -+ 20f + ) 60+ 260
t

To move away from the idealised model of two-body problem, let us introduce additional
forces encountered by the spacecrafts. Maintaining the classical terminology, the gravi-
tational two-body forces will be assumed as discussed previously. Addition of two forces
namely, control force w and random disturbance force denoted as uy are introduced. The
nature of disturbance force is defined such that it accounts for all forces that are uncon-

trolled such as spacecraft actuation error, drag, etc.

The definition adopted for control force is:

T
w=lu, u, . (A.14)

where the scalar components are aligned with the LVLH basis unit vectors along the
radial direction, along-track direction and out-of-plane direction in the order u,, u, and
u, respectively. The overall disturbance force encountered by the chaser spacecraft can

be expressed in terms of the disturbance acceleration ay:

T
g = [wa Udy Udz =m.ag =u-+ u, (A15)

where m, represents the chaser spacecraft mass and w, represents the perturbation force
(eg. Jo perturbation) vector defined in LVLH frame. Accounting for disturbance, to find

the acceleration vector for the chaser spacecraft, we can employ:

Py — i = —5 r+a (A.16)
T
re+x ] Udy
Y M
r. = —EI‘C +ag = —E Yy + Ed Udy <A17)
< Ud

The chaser spacecraft’s current radius, in presence of disturbances, can be written as:

r. = \/(rt +2)? 4 y2 + 22 (A.18)
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By combining eq. A.13 and eq. A.17, we can find the formulation of the NERM,

described previously as:

i-2f (1-y2) ot - B = L o)+ 22
Tt Ty re mq

. . Tt ; % Ug
j—2f (af—x> —yff=-Sy+ -~
T rs mq

(A.19)

(A.20)

(A.21)

The eq. A.19, eq. A.20 and eq. A.21 form the set of exact non-linear equations describing

the chaser spacecraft motion relative to the target spacecraft.
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J2 Perturbation

The equatorial radius of the Earth is approximately 20 kilometres greater than the polar
radius. The internal structure of the Earth is not uniform and is characterised by clusters
of mantle and irregular continental mass distributions and tidal effects. This results in a

non-uniform gravitational field which is modelled as a perturbation called J; perturbation.

10°
GM
1074 B
o108
g
=,
=
g
5 Solar radiation pressure
% Albedo
S —12 |
& 10 ag (max.)
Venus
\
Drag-{rin-) J(\
10—16 - |
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10 15 20 25 30 35 40 45 50
Orbital radius [1000 km)

Figure B.1: Orbital perturbations for Earth orbit (reproduced from [9]).
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The mathematical derivation of the acceleration due to J, perturbation is beyond the
scope of this dissertation. The equation for the same is borrowed from Ref. [14] and

reported below:
3JouR? [z [ 22 4 2? oz 22 N
por _ 9 J2pite Y : .
G =y [ (57@ ) 1) "y (% ) 1) v (5742 ) 3) 1 .

where J; is the constant of perturbation magnitude and R, denotes the radius of the

Earth. This enables us model the J; perturbations into the "ground-truth" simulations.
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