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Abstract

In January this year, 143 SmallSats were launched into orbit in a single launch by a dedicated SpaceX mission,
setting a new record that shows the importance that small satellites play in the new space economy. Among
the small satellites, CubeSats are revolutionising the space market with their low cost, fast delivery and
mission versatility. The number of technology demonstrators in which they are involved is growing, but
rendezvous and docking operations are still a very challenging topic for CubeSats.

Rendezvous and Docking (RVD) manoeuvres require high performance on relative position and velocity
between Chaser and Target and relative attitude, accuracy at the final point, time to complete the
manoeuvres and control effort. Moreover, the fundamental constraints derive from the safety aspects that
imposed constrained trajectories. Advanced guidance and control strategies can improve the confidence
level in the success of the manoeuvres also in presence of uncertainties and disturbances introduced by a
technological limitations and the harshness of the space environment. One of the most promising solutions
for the trajectory control is the Nonlinear Model Predictive Control (NMPC). The advantages of this
technique for the rendezvous and docking problem are: 1) the possibility to constrain the input, the state and
output imposing boundaries whose violation is prevented and the capability to jointly define an optimal
guidance strategy and the feedback command allowing the spacecraft to follow this strategy. Constraints or
penalties on fuel consumption, time to capture and safety conditions of the manoeuvre can be introduced.
NMPC can drive some variables to their optimal set points (i.e. the relative position and attitude can be
optimized to meet the soft docking requirements) while others can be held within imposed ranges (i.e. the
velocity can be regulated with specific profiles). The prediction of the future states leads to the definition of
an optimal trajectory. For the MPC design in this research, a reference tracking optimization criterion is
introduced in order to assign a higher importance to the capability of the controller to track the desired
values.

This thesis proposes solutions of guidance and control strategies to perform a docking operation between a
12U CubeSat and a Mothercraft with Space Rider characteristics safely even in presence of one failure of the
propulsion system and ensuring a high control authority for collision avoidance manoeuvres in case of
violation of the safety rules.

The designed strategies are verified using a detailed model and a robust simulation architecture built in the
MATLAB/Simulink© environment with the support of System Tool Kit©. This architecture includes:
Disturbance Torques include all the torques due to Aerodynamics Drag, the Solar Pressure, Gravitational
Gradient, residual magnetic dipole, and the sloshing of the fuel in the tank while the Aerodynamics drag is
considered as disturbance external force. For the purpose of the simulations, translational and rotational
dynamics are coupled.

The thesis assesses the capabilities of a Model Predictive Controller to control the Chaser trajectory and
develops a control that allows Collision Avoidance Manoeuvres to be performed if the constraints imposed
on the trajectory are violated or if failures occur. Regarding the Model Predictive Controller, it provides an
excellent capability to lead the Chaser to achieve the docking port with the required accuracy in terms of
final position and approaching velocity both in nominal and in non-nominal conditions. Moreover,
robustness analysis of the performance is completed showing how the achieved results show that a relevant
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margin exists between the majority of performances and the required values ensuring the capability of the
system to work properly in presence of all the uncertainties. Concerning Collision Avoidance Manoeuvres,
a classical approach modelled on the strategies used for the International Space Station has been handled. It
is based on an open loop control strategy that provides a departure of the Chaser from the docking axis to
achieve a safe point from which the approach can be retried. The performance has been evaluated for
manoeuvres beginning at different distances from the Target in nominal, off-nominal and safety violation
events. Moreover, possible further strategies for future improvements have been presented.
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1 Introduction

CubeSats is gaining the attention of major players in the space field [1]. According to Allied Market Research,
the space market share for CubeSats was valued at US$ 184.11 million in 2020 and is expected to grow by
15.1% until 2027 [26]. The low cost and quick schedule due to the fixed body size (CubeSat units U), their
modularity and integrability and the rise of miniaturized technologies such as propulsion systems, optical
cameras, off-the-shelf components etc., can enable important capabilities such as manoeuvres in Earth orbit
or interplanetary, formation flight, close inspection, proximity operations and many more.
In addition, their small size simplifies placement on the launcher, increasing launch opportunities and thus
reducing launch costs, and allowing several satellites from the same constellation to be released at the same
time.
One of the most challenging mission is the inspection and monitoring of orbiting spacecraft/targets, such as
the International Space Station [2], the Lunar Gateway [3], operative [[3]] and not operative [[4]] big
spacecraft. In these missions the spacecraft must avoid any possible collision with the target that corresponds
to:

1) keeping its trajectory outside a safety ellipse during the inspection phase [6].

2) ensuring safe passive trajectories in case of misbehaviour or off-nominal conditions

3) move away from the target in case of risk of collision with quick manoeuvres.

In the context of rendezvous and docking operations, the retrieval to a mothercraft of a CubeSat has never
been done before because of stringent safety constraints that affect the requirements on position and attitude
accuracy and the ability to perform collision avoidance manoeuvres.

The major technological challenges for docking are the relative navigation between Chaser and Target
supported by vision-based information and sensor-fusion through advanced algorithms for determination
[7], [8] the strategies to favour the identification of the docking port [9], the coupling mechanisms [10], and
the control system (especially for manoeuvres very close to the Target), realised through advanced
controllers, precise propulsion systems and actuators that guarantee the right level of accuracy. In particular,
the last few metres before docking are crucial because the margin of error is reduced, and this is worsened
by the reduced dimensions of spacecraft, the requirements to be met by the mating mechanism and the
technology of small satellites which does not provide the same performance as that used for bigger satellites.

One way to improve the confidence level in the success of the docking phase is to adopt an effective strategy
to control the relative distance between Target and Chaser. In this regard, the problem related to the docking
manoeuvres is deepened in literature for big satellites [[10]], [0], [0], and the docking of spacecraft with the
ISS is almost a “routine” operation both for cargo and manned vehicles [0], [[14]], [[15]]. From the analysis
of the solutions for big spacecraft is possible to identify how the robustness of the control and the manoeuvre
authority together with the execution time and, in case, the control effort are fundamental aspects that the
controller must satisfy.

The range of controller for docking of big spacecraft is large and includes optimal, robust, and adaptive
control laws. In [[16]], the authors study controllers based on Linear Quadratic Regulator (LQR) and
Proportional Derivative (PD) Control and present an analysis that compares different guidance trajectories
evaluated though time execution of the manoeuvre, fuel consumption, mating accuracy but they do not
provide the optimality of the results. Adaptive control laws for spacecraft rendezvous and docking under
measurement uncertainty, such as systematic bias, or some stochastic disturbances, are proposed in [[17]].
In [[18]], authors show an optimized state dependent MPC that integrates a pulse width pulse frequency

10



modulation model: the results highlight a good accuracy at the final state minimizing the control efforts and
approaching time. Authors in [20] give a complete overview of the manoeuvre and control capabilities for
the capture of a non-rotating and of a rotating target, using a Model Predictive Controller (MPC) but limiting
the study to planar manoeuvres. Other possible solution is the Model Predictive Controller with the tuning
based on the tracking reference system optimization, as demonstrate in [21] in a docking manoeuvre with a
non-cooperative target. Authors in [22] demonstrate how the MPC controller successfully manages the
docking phase handling constraints on state vector and control vectors.

However, the docking of small satellites is never performed in orbit now and the control problem is a relative
new topic. Authors in [23] present the determination and control strategy for CPOD mission, but no further
details are provided on the adopted techniques. Authors in [24] present an H-infinity controller taking care
the robust stability and performance through the mu-synthesis. Authors in [25] propose and validate on a
test-bench a sampling-based stochastic model predictive control (SMPC) algorithm with off-line
determination of the controller weights for discrete-time linear systems subject to both parametric
uncertainties and additive disturbances.

The present thesis has the objective to propose the best control strategies for the docking phase between a
CubeSat and a mothercraft, such as Space Rider. The controller design is mainly based on a Model Predictive
Control, tuned in order to support both nominal and off-nominal manoeuvres. The controller is developed
on a linear-dynamics while all the analyses, made through simulations, are conducted using a non-linear
model that includes also environmental disturbance, coupling of the rotational and translational dynamics,
and uncertainties on the system parameters. It is demonstrated that the lateral misalignment at the mating
point is lower than 0.02 m is achieved, the approaching velocity is lower than 0.05 m/s and the lateral velocity
is deeply lower than 1 mmy/s. The entire manoeuvre is completed in less than 10 minute and with a reduced
control effort. Moreover, the achieved results show that a margin exists between the performance and the
required values ensuring the capability of the system to work properly in presence of all the uncertainties
and confirm the robustness of the controller. Moreover, the capabilities of the controller in off-nominal
conditions are verified. Off-nominal conditions can occur both for errors in the trajectory tracking that would
lead to unsafe approaches and can be caused by failures of the onboard system (i.e. the propulsion system).
Simulation runs demonstrate the capability both to conclude the docking manoeuvre when one failure on
the thrusters occurs and to complete collision avoidance manoeuvres when the approach constraints are
violated, conducting the CubeSat in a passive safe point two kilometres away from the target.

The thesis is organized as follow: The first chapter introduces the state of the art of the topics covered and
the objectives of the work. is concerned with a review of literature relating to rendezvous and docking and
introduces the SROC mission, the case study of the thesis project, and its requirements for the mission phases
covered. The third deals with the mathematical models used and the theoretical foundations behind them.
The third chapter shows the results of the simulations relating to the two topics covered (Fine-tuning of the
controller to meet requirements and CAM). Finally, the conclusions summarize the work, the objectives
achieved and the future steps.
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2 CubeSat Rendezvous and Docking

2.1 Rendezvous and Docking

Rendezvous and Docking (RVD) operations between two spacecraft consist of a series of orbital manoeuvres
and controlled trajectories that allow for a soft approach between two satellites up to a desired relative
separation (Rendezvous) that can be followed by a further approach ending in controlled physical contact
(Docking). The classic approach is to control the orbit of one of the two spacecraft which is the active vehicle
(usually called Chaser), which reaches the orbit of the passive vehicle (called Target) and follows a series of
manoeuvres that bring it at an ever-smaller distance from the Chaser until physical contact is achieved if
operations include docking. To enable this to happen, the Chaser is equipped with a Guidance, Navigation
& Control (GNC) system responsible of controlling the states of the vehicle in order to allow the entry into
docking interface.

Given the progressive approach of the two vehicles, any state (position, velocity, attitude and angular
velocities) of the chasing vehicle outside the nominal limits of the approach trajectory could lead to a collision
with the target. Therefore, all approach trajectories should meet the following two conditions:

¢ They should be intrinsically safe, i.e. they should ensure no collision with the target, even in the event
of loss of thrust or control capability at any point on the trajectory.

o If the previous condition cannot be achieved, a collision avoidance manoeuvre must be possible at
any point on the trajectory.

A rendezvous mission can be divided into a number of phases: launch, phasing, far range rendezvous, close-
range rendezvous and mating, described in the Figure 1. Each of these phases must comply with specific
requirements that become increasingly stringent as the Chaser approaches the target. The phasing is the
reduction of the orbital phase angle between the Chaser and Target, and it ends with the acquisition of the
‘entry gate’ (or ‘trajectory gate’) which shall satisfy a set of margins for position and velocity values at a
certain range. The ‘gate” (or “aim point’) will be on the target orbit, or very close to it, and represents the
beginning of the far-range relative rendezvous operations. The major objective of the far-range rendezvous
phase is the reduction of trajectory dispersions; therefore, its major tasks are the acquisition of the target
orbit, the reduction of approach velocity and the synchronisation of the mission timeline. At the end of this
phase, the Chaser reaches a point near the target in which it can stay indefinitely at zero Delta-V cost, and
this point can be a hold point, or a forward and backward drifts below or above the target orbit, or an
elliptical motion with the mean orbital height equal to the target orbit. The close-range rendezvous phase
includes the closing, which is the reduction of the relative distance, and the final approach, which consists
on the achievement of the mating conditions. This phase is safety critical and because of the resulting relative
trajectory, pure tangential thrust manoeuvres are rarely used while radial approaches are preferred. Radial
approach starts from a hold point and precedes flying around the target. The final approach depends on the
docking system and shall fulfil the requirements of attitude and relative position and velocity. The mating
includes capture, which is the prevention of escape of capture interfaces and the attenuation of shock and
residual motion, and the achievement of rigid structural connection.

In the present study the last two phases, close-range rendezvous and docking, are discussed.

13



target station mating (docking or berthing)

structural connaction
ingartion into structural latch interfacas

achievement of rigid structural connacticn

X

. captura )
prevention of escape of capture interfaces
attentuation of shock & residual motion

/f

close range rendezvous

final approach
approach to capture point
achievement of capture conditions

i
closing
reduction of relative distance to target
acquisition of final approach lina

I

far range rendezvous
transfar from phasing orbit to first aim point
in close vicinity of targat, relative navigation|

f

hasing
reduction of orbital phase angle batwean
chaszar and target 5/C, absoluta navigation

i
launch
injection into orbital plane of taéget
achievement of stable orbital conditions

ground

Figure 1 Rendezvous Phases (Reference to [27])

Attention should be directed to: errors outside and inside the plane, the synchronisation of the mission up
to capture with external constraints (ground station coverage, lighting conditions, etc.), both the space and
ground segments of both vehicles must be ready from closing to mating.

The rendezvous process may be interrupted due to contingencies in the Chaser or target. In this case, the
Chaser should be able to move to a holding point at a safe distance, where it can wait for the resolution of
the contingencies concerning the target until the approach can be resumed or identify its own and resolve it
if possible. The mission strategy must, therefore, take account of these manoeuvres. This point may be, for
example, the point from which the closing trajectory begins or a safer point at a greater distance.

The types of trajectories used for the final approach are straight line controlled closed loop trajectories or
quasi-straight-line trajectories realised by a multitude of small jumps. The first type requires autonomous
control systems while the latter is more convenient for manned controlled approaches, since fixed thrust
pulses can be commanded. During the last few metres, straight-line approaches are recommended both
because of the limited field of view of the rendezvous sensors and because the docking interfaces must fit
into each other along their axes of symmetry.

During operations, the attitude of the vehicle must be based on:

e the range of action of the optical sensors towards the target;
e the range of the antennas for communication with the ground stations, which must monitor the
progress of the entire approach phase;
14



e the need to point the solar panels towards the sun to obtain the necessary energy supply.

Another important constraint, especially if optical sensors are used, is lighting conditions. The final stages
of docking must be synchronised with the occurrence of adequate light conditions. An alternative would
be artificial lighting, but this is limited by the available electrical power. All these constraints can lead to
restricted windows in the timeline in which the final approach and acquisition can take place and it will be
seen in the following paragraphs that this is a cause of requirements in the case study under consideration.

2.2 CubeSat Definition

SpaceX's record of January 2021 for a single launch of 143 SmalSats gives an idea of the importance that this
class of spacecraft is gaining in the space field. Thanks to current technology and recent investments in the
fields of microelectronics, micropropulsion, remote communications and the increased use of commercial
off-the-shelf (COTS) components, small satellites are taking over the space market scenes, thanks to the low
cost and adaptability to different missions that recent technologies make possible.

Depending on their mass, several subcategories of small satellites can be identified as follows:

e Minisatellite: 150 - 500 kg

e Microsatellite: 10 - 150 kg

¢ Nanosatellite: 1 - 10 kg

e Picosatellite: 0.01 - 1 kg

e Femtosatellite: 0.001 - 0.01 kg

A CubeSat is a cube-shaped SmallSat with a modular structure, consisting of one or more units. Each unit
has dimensions of 10 cm x 10 cm x 10 cm and the current state of the art suggests the availability of CubeSats
ranging from 1U (one unit) to 24U (24 units). The CubeSat concept was proposed by Prof. Jordi Puig-Suari
(California Polytechnic State University) and Prof. Bob Twiggs (Stanford University) in 1999 for educational
purposes, but due to their modularity and integrity recently space agencies and private investors in the field
are investing in its development. Until now, missions involving CubeSat have been technology
demonstrators.

The European Space Agency (ESA), in particular, has been using CubeSat since 2013 is involved in CubeSat

missions such as: GOMX-3, a 3-unit CubeSat mission to demonstrate aircraft ADS-B signal reception and
geostationary telecommunication satellite spot beam signal quality using an L-band reconfigurable software
defined radio payload; GOMX-4, a 6-unit CubeSat mission to demonstrate inter-satellite links and
propulsion technologies; QARMAN, a 3-unit CubeSat mission to demonstrate re-entry technologies; SIMBA,
a 3-unit CubeSat mission to measure the Total Solar Irradiance and Earth Radiation Budget climate variables;
Picasso, a 3-unit CubeSat mission to measure Stratospheric Ozone distribution, Mesospheric Temperature
profile and Electron density in the ionosphere; and others will follow such as: RadCube, a 3-unit CubeSat
mission to demonstrate miniaturised instrument technologies; PRETTY, a 3-unit CubeSat mission to
demonstrate the technique of GNSS Reflectometry at low grazing angles for altimetry

In 2018, nasa also launched a Mars Cube One MarCO cubesat mission, a 6U cubesat. Both MarCO-A and
MarCO-B were able to fly over Mars, transmitting data back to Earth from Insight as it landed on Mars. It
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also plans to launch a microwave oven-sized CubeSat weighing just 55 pounds this year to serve as the first
spacecraft to test a unique elliptical lunar orbit as part of NASA's Cislunar Autonomous Positioning System
Technology Operations and Navigation Experiment (CAPSTONE). As a precursor to Gateway, CAPSTONE
will help reduce the risk to future spacecraft by validating innovative navigation technologies and testing
the dynamics of this halo-shaped orbit.

The Politecnico di Torino is the first universities in Italy to participate in a CubeSat mission thanks to the
CubeSat Polito Team with whose collaboration this thesis work has been carried out. The Team, born in 2008
as a student team, is involved in the study, design and development of small platforms, and in particular
CubeSat, for research purposes, scientific missions and technology demonstration with the partnership of
ESA and ASI. In 2012 it launched EST@R-I, a 1U CubeSat created for educational purposes with the aim of
demonstrating an active 3-axis ADCS (Attitude Determination and Control Subsystem) technology,
including an inertial measurement unit. And in 2016 EST@R-II was launched, a 1U CubeSat developed for
demonstrating the autonomous active attitude control capabilities based on magnetic actuation. Among the
various missions carried out by the Team, this thesis falls within the context of the SROC project.

2.3 Case of study: SROC

The case study of this thesis project is the Space Rider Observer Cube SROC mission of the CubeSat Team of
Politecnico di Torino, scheduled for late 2023. SROC is a 12U CubeSat mission capable of performing on-site
observations of Space Rider, the new space transportation system developed by Thales-Alenia for ESA.
SROC will be part of Space Rider's Cargo Bay, will be released at 400 km altitude, perform walking safe
ellipse trajectory to observe it and finally dock to re-enter the cargo.

Docking & Mating Phase
{Bnar}

%, Retrieval
Rendez-Vous Phase
(RVP) !
. TaEarth
Emd of Life
|ECL}

Figure 2 SROC Mission

The SROC mission phases are reported in Figure 2 SROC Mission, it is divided into the following phases:
¢ Deployment Phase: SROC is deployed from the DARM system inside the Space Rider cargo bay;
e Early Operations Phase: the duration may vary, between the best case of 5 days and the worst of 10
days;
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Hold Point Phase 1: the first hold point is needed to stop the drift away motion after EOP;
Rendezvous Phase: the goal is to reduce the distance between SROC and Space Rider, after the free
drift during the EOP phase, and to achieve the relative position to start the observation phase. Two
different strategies are developed to accomplish this task and they will be explained in detail later;
SR Observation phase: this phase is divided into different scenarios that are repeated several times,
according to the number of desired observations. This phase is composed by:

*  WSE insertion: SROC performs a manoeuvre to enter the WSE which, thanks to the
contribution of the atmospheric drag, will advance along the positive InTrack direction
allowing the observation of Space Rider in total passive safety;

* SR observation: SROC passively maintains its motion in the WSE to observe Space Rider,
guaranteeing the payload operating range;

» Free Flight: after the observation period, SROC continues its motion without manoeuvring
to allow the downlink with ground stations;

* Approach: SROC manoeuvres to approach again SR and to start another observation cycle.
This scenario is not performed for the last observation cycle, where instead a Hold Point
trajectory is executed;

Hold Point Phase 2: the second hold point is needed to stop the drift away motion after the last free
flight segment and prepare for docking;

Docking & Mating Phase: the last phase is composed by three different segments to perform the
mating with Space Rider:

* Fly Around: SROC exits the Hold Point trajectory to approach Space Rider along the radial
direction;

* Close Approach: SROC stops its relative motion w.r.t. Space Rider and reduces the distance
between the two spacecraft;

* Mating: SROC manoeuvres to mate with Space Rider.

The present study discusses the manoeuvring strategies for the last 50 m of the trajectory which fall into the

last two phases of the Docking & Mating Phase: the Close Approach Phase from 50 m to 30 m and the Mating

Phase from 30 m to the physical contact at 0 m.

Safety significantly influences SROC mission and system design. The only examples of similar missions
available to date are related to the CubeSats deployed from the International Space Station (ISS) and the
visiting vehicles to the ISS. For the development of the first iteration of the SROC mission design, the safety
strategy aims to avoid any collision with the Rider (which means that: the SROC demonstrator mission must
not compromise the SR vehicle and its mission) and is based on the following concept (minimum risk
philosophy):

Several "volumes", in the form of ellipsoids, are built around the Space Rider. These ellipsoids delimit
different zones where the SROC CubeSat is to be used in different ways and where certain
capabilities are required. Decision points must be defined for the transition from one zone to the
adjacent one.

Take advantage of the safe free drift trajectory approach, i.e. SROC trajectories must be safe in a
passive mode, whenever possible.

A collision avoidance system must be integrated into the CubeSat design, which must tolerate at least
one failure, and be fully autonomous (i.e. independent of ground operations) or semi-autonomous
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(to be defined in later design phase). (to be defined in the subsequent design phase, pending also
requirements and/or constraints from the requirements and/or constraints from the Space Rider
project).

2.4 Objectives and Requirements

Previous work [6] has focused first on a preliminary mission analysis in which the docking phase was treated
as a series of radial boosts such as in Figure 3, and then on the implementation of a 6 DOF orbital simulator
dedicated to the docking phase in order to simulate the trajectory in the last 50 m in detail.

Figure 3 Docking and Mating Phase in STK previous analyses

External disturbances, errors due to sensor bias or imperfect thruster orientation, the coupling between
translational and rotational dynamics, the Guidance and Control system for position and attitude and the
actuating system for position and attitude are included in the simulator. The mathematical models and the
structure of the GNC used will be described in Chapter 3.

The previous paragraph showed the importance of safety in the SROC mission, particularly during the last
stages of docking. Any mission that involves the capture of a target must meet requirements that ensure
collision avoidance. In this regard, this thesis has focused on the guidance and control of the satellite, in
order to improve the position control based on nonlinear model predictive control (reference section 3.6) so
that the requirements are met and the study of collision avoidance strategies so that the Chaser, in the event
of a malfunction, can safely move away from the target. Therefore, the necessary strategies to make the pre-
existing system compatible with the SROC requirements have been studied, in particular the objectives
achieved are:
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Improvement of the trajectory control system, so that the nominal trajectory meets the requirements
in terms of lateral misalignment and axial and lateral velocities. The attitude control system already
verified them.

Verification of the robustness of the control system for the nominal case and in the case of a failure
and development of strategies to compensate for the resulting moment.

Verification of compliance with the requirements by switching off the thrusters in the last few metres
to avoid fouling the other payloads of the mothercraft with exhaust plumes.

Identification of collision possibilities and development of strategies to avoid them.

The requirements to be met at the end docking, i.e. at the start of coupling, are:

1.
2.

4.

Lateral misalignment of less than 0.02 m must be respected;

Axial velocity (along negative R-bar axis, see Chapter 2 for reference frame) at contact of less than
0.05 m/s must be respected at the end of docking;

Lateral velocity (along V-bar and H-bar axes) at contact of less than 0.001 m/s must be respected at
the start of coupling;

Overall duration of closing and mating of 10 minutes.

Regarding the eventuality of failure, failures of the propulsion system have been treated, the requirement to

be respected is:

5.

Be able to perform docking even with one failure.

The requirements on CAM are that the system must be able to perform manoeuvres that:

6.

7.

Move the Chaser away without collision until a point where the approach can be retried at least 2
km along the negative V-bar axis (see Chapter 2 for the reference frame);
Be passive safe for a period of time at least 24 hr;

Table 1 SROC Docking and CAM Requirements

End Docking Requirements
Lateral misalignment <0.02m
Axial Velocity <0.05m
Lateral velocity <0.001 m
Overall duration 10 min
CAM Requirements
Final distance from Target 2km
Passive Safety Period 24 hr

Requirements 1., 2. and 3. are related to the docking mechanism still under study. Requirement 4. comes
from the analyses preceding this thesis work [6] and is due to the fact that during docking, especially in the

closing and mating phases, the Chaser must be in good illumination conditions in order to exploit the

information of all the sensors, including the cameras that may work in the visible spectrum and which play

a fundamental role during relative navigation. Requirement 6) comes from the fact that the Target having a
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lower ballistic coefficient, i.e. a higher resistance, will decay faster than the Chaser, causing the Chaser to
move in time to a higher position (negative R-bar direction) behind the Target [27]. Therefore, it is safer for
both S/C if the Chaser performs the escape manoeuvre by moving away towards the negative V-bar axis (the
V-bar axis corresponds to the direction of motion of the Target).
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3 Mathematical Modelling

This chapter aims to illustrate the theoretical foundations on which the thesis work is based and their
implementation using the MATLAB-Simulink® calculation software.

After a brief outline of the reference systems used, the dynamics and kinematics model of the S/C, the
environment model and the disturbances introduced are discussed. The GNC system is then described, in
particular the theory behind the design of the controller used for the trajectory: the Nonlinear Model
Predictive Control and how it has been set up, ending with the model used for the thrusters.

3.1 Reference Frames

In chapter 1 RVD operations are introduced and it is mentioned that the typical approach is to have an active
satellite (the Chaser) tracking the passive one (the Target). it is useful to study such an approach using a local
reference system. In the study of docking manoeuvres, we have chosen to consider the LVLH as the local
system for the reasons that will be discussed below. In high-precision manoeuvres such as Rendezvous but
especially docking manoeuvres, it is also necessary to know the relative attitude of the Chaser with respect
to the Target. This is usually studied in the body axis system, a system integral with the vehicle but with axis
orientation that changes according to the mission or mission phases considered. The two reference systems
adopted are explained in detail below.

3.1.1 Local Vertical Local Horizontal Frame

The reference system adopted for the study of close approach and docking is the Local Vertical Local
Horizontal (LVLH) system. It is used to describe the motion of an orbiting body relative to the centre of the
earth. This reference frame is useful in the case of relative trajectories because in the context of relative motion
can be considered quasi-inertial. The system is defined as follows:

- The origin of the system is the COM of the S/C;
- The z axis points along the nadir vector;

- The y axis pointing along the negative orbit normal, in the direction opposite to the spacecraft’s
orbital angular velocity;

- The x axis completes the right-handed triad and has a direction equal to that of motion.

The LVLH x, y and z axes, shown in Figure 4 are also called V-bar, H-bar and R-bar. The current mission
baseline envisages docking on negative R-bar. In particular, the close approach starts at 50m on negative R-
bar and ends at 30m, at which distance the mating starts up to Om. The manoeuvres discussed in the next
chapters are designed in the LVLH system having a centre in the Target COM.
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Fiqure 4 LVLH reference frame

3.1.2 Radial-InTrack-CrossTrack Frame

The system Radial-InTrack-CrossTrack (RIC) Frame, also called Hill's frame, is a system similar to the LVLH.
The Hill’s frame also has its origin in the centre of the spacecraft mass, the first axis is the radial outwards
direction (Radial), the second axis is the direction of the orbital velocity vector (InTrack) and the third one
completing the triad is the orbital angular momentum direction (CrossTrack). This system is shown in Figure
5 important for the equations of motion that will be used, the Hill's equations, as we will see in the paragraph
3.4. Both the frames are compared and shown in Figure 6, together with the absolute position, velocity and
angular momentum, assuming a circular orbit for the leader spacecraft.

Figure 5 RIC Reference Frame
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Figure 6 Comparison between RIC and LVLH Reference Frame

3.1.3 Body Frame

The body reference system is used to describe all rotations of the spacecraft. Due to the variation of the COM
of the vehicle during manoeuvres, it has axes that do not refer to the physical geometry of the vehicle but
depend on the mission strategy. In the present case, one has:

- The z-axis points in the opposite direction to the docking axis (R-bar) and it is chosen in this way
because on the normal face there are sensors relating to the proximity navigation phases;

- The y-axis is the one whose normal face is the one with the largest surface area of solar panels;

- The z-axis completes the tern.

The coordinate transformation from the LVLH system is always possible knowing the azimuth «,, elevation
a, and roll a, angles. It is shown below:

Xbody 1 0 0 —sina, 0 cosa, cosa, sina, 0 XLVLH
Yboay|=|0 cosa, sina,|- 0 1 0 —sina, cosa, O XLVLH
Zpody 0 —sina, cosay, cosa, 0 sina, 0 0 1 XLVLH
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Figure 7 Body reference frame

3.2 GNC Model

The GNC is the subsystem that has the main task in the execution RVD manoeuvres. It is responsible for

determining the relative position and attitude, providing guidance to the controller and controlling the S/C.

Below are the main functions of the GNC which will be explained in detail in the following paragraphs.
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Figure 8 GNC generic model

Guidance

Guidance is the reference for trajectory and attitude. It can be of different types (Artificial Potencial Field,

Impulsive, etc.). In the case under study, the orbital controller only needs to be referred to the desired point
at which it wants to arrive, it will therefore be of type [0;0;0]. For the attitude it corresponds to the reference
quaternion [1 0 0].
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3.2.2  Controller

Control is the most important part of the GNC. Both because it is responsible for ensuring the accuracy of
the position and attitude which is fundamental in a delicate manoeuvre such as Docking. But also because
the orbit controller is the most innovative part of the subsystem. This uses an Nonlinear Model Predictive
Control (NMPC) that has few applications in the space world, but because of its generality (relative to the
fact that it can adapt to plants described by non-linear equations that do not have to respect many
hypotheses) and robustness, it is beginning to spread in this field. The special feature of SROC GNC is the
presence of two NMPC type controllers, one controlling the trajectory from 50 m to 15 m and one controlling
from 15 m to contact (i.e. 0 m). This ensures better performance and lateral misalignment in the order of a
centimetre.

3.2.3 Plant

The Plant is the heart of the GNC. It has within it the mathematical models that simulate the roto-
translational motion of the S / C. Translational motion is studied in relative reference (see section 2.3) and is
described by the CWH equations described in section 2.3. Rotational motion is described by Euler's equation.
To the forces and moments involved are added the most influential environmental disturbances to the
operational altitude (i.e. 400 km).

3.24  Actuation Subsystem

The actuation system is responsible for translating the control output generated by the controller into
physical forces. It must therefore take into account the limits and characteristics of the real propulsion
system.

3.3 Translational Motion

During the last stages of Rendezvous and during Docking, the relative navigation mode starts and therefore
it is interesting to know the distance of the Chaser to the Target, it is convenient to use a local reference
system. The Hill equations can be written in either the LVLH or the RIC system, because they are often the
system with the axes rotated between them as seen in the section 3.2.1. If the orbits are circular, the relative
motion is described by the Hill equations listed below:

1
% =20z +—F,
C

j=-—wly+ iFy
mC

1
7=-2wx +3w?z+—F,
mC

In which w is the mean motion n of the Target orbit (n = \/g with a semi-major axis of the orbit and p Earth's

gravitational constant and m, is the mass of the Chaser. These equations are written in the RIC system (i.e.
the Hill Frame) and are those implemented by the simulation model. However, since it is a lesser-known
system than LVLH all the graphs in the Chapter - have been reported in the LVLH system.
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This is a system of differential equations that can be solved performing the Laplace transformation and then
obtain the time domain solution through the inverse Laplace transformation. The equations derived from
this method represent a linearisation of the Hill equations and are called Clohessy—-Wiltshire-Hill (CWH)
equations. Perturbative forces may be added to the equations, but in the form of accelerations. There will be
a dedicated the Paragraph 3.5. The simulative model of the system is as follows:
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Figure 9 CWH equations in Simulink model

Considering the classical equations corresponding to the state and output time responses in the space of
states:

x(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t)

In which u(t) € R3*! is the control input and  is the state vector:
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Compared to the model discussed above, the matrices are:
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In this model, outputs y(t) coincide with states x(t) (C is in fact an identity matrix), inputs u(t) represent the
control actions fed to the system (i.e. force provided by actuators). It will be seen later that this representation
is used for the actuation of the controller model.

3.4 Dynamics and Kinematics

The correct attitude of the satellite is crucial for successful RVD manoeuvres. As regards rotational motion,
it is necessary to define a set of dynamic equations describing a system from the torque T to the angular
velocity w and a set of kinematic equations related to a system from w to g (attitude expressed in quaternion).
The overall system results into the one with T as input torque applied to the body and ¢ as output to control.

Targue Quatarmion

Dynamics Kinematics

Figure 10 Dynamics and Kinematics model

Given the torque T acting on the body and the inertia matrix of the body J, the Euler moment equation is:

T=]o+wXJw
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The aim of rotational kinematics is to represent the time evolution of the quaternion in function of the angular
velocity. At the time instant t+At attitude expression is obtained from the Hamilton product between the
quaternion at time t and the quaternion variation occurred from time t and time t+At, i.e.:

q(t +4t) = q(t) ® 4q(t)

Given w the magnitude of the angular velocity vector w, for small time variation At the rotation angle can
be expressed as w-At. Being u the rotation axis, when lul =1, v = wu.

3.5 External Disturbances

The main disturbances acting on the CubeSat are, in this design phase, coming from the external
environment. The causes of these disturbing elements are the gravitational and magnetic field and
atmospheric drag.

3.5.1 Gravity Gradient
By making an a-priori assumption that the satellite is affected only by the Earth’s gravitational field, the
intensity of the latter on the Chaser can be computed by means of the Newton’s law of gravitation:

In which:
- G: gravitational constant
- r:distance from the center of mass
- M:mass of the body

The parts of the vehicle, finding itself inside the gravitational field, which happen to be closer to the body
generating the said field, are subject to a higher attraction force. This phenomenon generates an offset
between the forces applied to different parts of the satellite, resulting in a disturbing torque trying to align
the major axis of the spacecraft with the local vertical one. The expression of the disturbance torque is:

T, = —3w*# x ] 7

3.5.2 Magnetic Field

The second source of external disturbance is the interaction between the residual magnetic field of the
satellite and the Earth’s magnetic field. Along its orbit, in fact, the CubeSat is included the Earth’s
magnetosphere whose greatest advantage is the protection of the spacecraft from the cosmic radiation. The
satellite’s residual magnetic field is due to electrical currents and hysteresis noise produced by on board
electronics and ferromagnetic materials. The outcome of this phenomenon is a disturbing torque expressed
as follows:
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Tmr=m,.XBE
With:
- m,: the residual magnetic dipole associated to the CubeSat;

- B:Earth’s magnetic field-

3.5.3 Atmospheric drag

The phenomenon of atmospheric drag is due to the collision between atmospheric molecules and the
CubeSat’s surface, resulting into a slight perturbation in the attitude and in the height of the orbit too. The
drag force is obtained as follows:

Fp = %C pApv?
In which:
- Cp: ballistic coefficient
- A:reference area
- p: density of atmosphere

- v:velocity of the flow wrt the CubeSat

The resulting disturbance torque has a nonzero value only if the centre of mass and the centre of pressure of
the spacecraft do not coincide; it can be expressed as:

TD = pr X F, D
With:
T¢p: distance vector between center of mass and centre of pressure.

The product between the drag force F;, and the rotation matrix resulting from the Chaser’s attitude is fed to
the part of the plant modelling the translational motion: this makes the atmospheric drag a disturbance for
both linear and rotational motion of the satellite.

3.6 NMPC Theory

The Nonlinear Model Predictive Control (NMPC) is based on the concept of solving an optimisation problem
over finite time horizons. In particular, it is based on two fundamental concepts: at each step an approximate
model of the plant is used to make predictions on the future behaviour of the system over a given time
horizon; on the basis of the predicted behaviour of the system, the best command sequence to provide the
system is chosen.

One considers a MIMO system, whose plant can also be described by as a non-linear dynamics and whose
state is measured in real time with a sampling time Ts. At each discrete time instant t; a prediction of the
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system at future time t,+T, is made, where T, is the prediction horizon. By integrating the model of the plant
above over the period [ty, t,+T,] with initial conditions equal to those of the state at time tk. From the
integration we find the predicted output that is a function of time of the initial state and of the input
command u. The state of the system in the desired time interval [, t,+T,] is called predicted state. Since by
varying the command the predicted state and the predicted output also vary, the algorithm consists in
finding the input signal u such that the output is the desired one.

xlt)

el Plant

Optimizer

MPC controller

Figure 11 NMPC model

This is done by defining a cost function J, that is a function of the input signal on the interval [ty,t,+T,] and
of the predicted tracking error, i.e. the difference between the reference signal and the predicted output. A
weighted norm is made of both, based on the R matrix for the former and on the Q matrix for the latter. By
minimising ] over the whole time interval considered with respect to the signal u, the predicted tracking
error is minimised.

t+Tp

Jue+1) = [ (5@ + W@I) do+ 5,6 + T,

t

In which:

- Jp(7) is the predicted tracking error at the time ¢;
- u(r) is the input signal at the time ¢;
- Jp(t + Tp) is the predicted tracking error at the time ¢ + T5.

Q and R are two matrices of weights, which, together with the matrix P, must be well set for the correct
functioning of the NMPC. They are diagonal matrices with non-negative elements, whose diagonal
components correspond to the weights we wish to give to the components by which they are multiplied. The
algorithm minimises more the components that are given a higher weight. In particular, Q affects the
weights of the states from the first discrete time instant to the one immediately prior to the prediction horizon
T,, R weights the input command and P is responsible for the weight of the state corresponding to the last
time instant of the prediction horizon.

An important constraint of the NMPC to consider is that the predicted output depends on the predicted state
which, in turn, depends on the command u(t). Other constraints are on the predicted output, on the predicted
state or on the input u, which has limited values for a physical system.
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3.6.1 Controller model
The model is based on a pre-existing function implementing the NMPC which has the following parameters
as input:

¢ Plant model (even approximated equations);

e Function corresponding to the constraint that states must respect;
e Prediction Horizon;

e Sampling time;

e Number of states components;

o Weight Matrix;

=  (Q Matrix;
= R Matrix;
= P Matrix;

e  Maximum force level;
e  Minimum force level;
e Tolerance.

3.6.2 Choice of parameters

The parameters to be chosen are T, T, the matrices Q, R, P, the range of variability of u and the tolerance.
Concerning Ts, when it can be chosen it must be small enough to follow well the dynamics of the system,
but not too much because, if so, numerical problems could arise and the computational velocity could not be
sufficient to solve the optimisation problem. In the present case the sampling time is 0.5s and therefore T is
equal to this value.

T, is such that, if it is increased, the stability and robustness of the controller increases. Indeed, a high value
of T, allows longer term predictions to be made, but this can lead to reduced tracking accuracy in the short-

term ones.

With regard to the choice of the Q, R and P matrices, one usually starts from an initial estimate and then
proceed by trial and error. One starts by assigning 1 to the weight of a variable if it has to meet requirements,
otherwise assign the zero value. They are then modified iteratively.

The work has been carried out on a pre-existing NMPC model and consisted of tuning its parameters to
make the trajectory as aligned as possible with the R-bar axis and to the requirements which will be discussed
later.

Q Matrix

With respect to the first controller, i.e. the one acting during the close rendezvous range from 50m to 15m,
the relative weights for the second and third states, i.e. position on V-bar and H-bar, are very high because
lower values lead to unwanted overshoots. A lower weight corresponds to the first state, i.e. the position
along R-bar (the docking axis). Increasing the latter causes an increase in velocity which spills over to the
second controller causing the relative requirement not to be met. The same has been done for the last three
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states, i.e. the relative velocities. The last two states in particular have very high weights; this was done in
anticipation of possible initial conditions other than the nominal one. The robustness of the controller is
affected by velocity variations, especially in the lateral directions. For this reason, the controller has been set
so that it can ensure robustness even for non-zero velocities along the V-bar and H-bar axes.

20 O 0 0 0 0
0 900 O 0 0 0

0 90 0 0 0
0 80 0 0

0
0 0 0 1000 0 J
0 0

Q, = %
0
0 0 0 1000

|

In the second controller, even greater weights can be seen. This controller comes into action during mating,
from 15 m to contact. Its performance is therefore crucial to the success of the docking. Increasing the weights
corresponding to the states leads to a straighter trajectory, almost eliminating overshoots, and to even greater
robustness to disturbances, as will be seen in chapter 2.5 .

Lower weights associated with the velocity states can be seen. This is due to the fact that the first controller
does its job perfectly by decreasing the velocities and making them in the order of centimetre when the
second controller is activated. Increasing these values leads to a decrease in velocities with a consequent
lengthening of the overall docking duration. A trade-off has been made so that both requirements on lateral
misalignment and final velocity are met.
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3.6.2.1 P and R Matrix

With regard to the P-matrix, since the Q-matrix already provides very good performance, its elements have
been left unitary in both controllers, so increasing the weights would only cause an increase in computational

cost.
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p=| 00 1 0 0 o
l oo 01 0 ol
|l000010J|
0000 01

The elements of the R-matrix are chosen to be almost zero for both NMPC. They are not null because the
way the NMPC is defined, they cannot be null. Thus, all the computational and actuation effort is used to
control the states.

1e™>0 0 0

R = 0 1e~50 0
0 0 1e™50
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3.6.2.2 Prediction Horizon

Once the values of the matrices had been identified, an iteration was performed to determine the values of
T, for each of the two controllers. Larger T,, values make the trajectory characterised by fewer oscillations
but larger amplitudes. This can cause unwanted overshoots. On the contrary, too low T, values cause
oscillations with much smaller amplitude but make the trajectory less damped (even if in the order of a
thousandth of a metre). Furthermore, it has been noted that increasing the prediction horizon increases the
velocity at the end of the trajectory. On the basis of these experimental considerations (i.e. from iterative
tests) a lower prediction horizon was chosen for the first NMPC than for the second. In fact, the former is the
one that is most responsible for decreasing velocities.

Tpl = 0-05

The second, on the other hand, working at lower velocities, must guarantee oscillations of the smallest
possible amplitude at short distances from the Target.

Ty, = 0.12

Furthermore, adopting a higher T,, for the second NMPC increases its robustness and stability. This is clearly
visible in the results in the section 3.2 where we notice the higher robustness of the second controller
compared to the first one.

3.6.2.3 Control Input Boundary

Another parameter to define the NMPC model considered is the limits of the control force. These are derived
from the propulsive model discussed in the next section. The maximum thrust that the propulsion system
can provide is F = 0.035 N, then one has:

Upmax = 0.035N
Upin = —0.035 N

3.6.2.4 Cone Constraint

Finally, there is the constraint that states must respect. This relates to the first three states, i.e. the components
of the position. As discussed in the section 1 during the approach in the last few metres a safety zone must
be defined which conventionally is a cone. In the case under consideration a cone angle of 15° has been
chosen as shown in the figure. In reality, in the last few metres of the trajectory, i.e. from 2 m to contact, the
constraint is more stringent. As explained in the section 1 they correspond to a circular cylinder with base
on the [V-bar, H-bar] plane and height on R-bar of radius 0.02 cm. This has not been set in the controller
constraint, but its parameters have been set so that it can be respected.
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Figure 12 Cone Constraint

3.6.3 Actuation Model

The actuation model is based on the propulsion module design which is shown in the following diagram:

Low pressure stage

= -
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.
A
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Figure 13 Propulsion Module

Itis a cold gas consisting of an high pressure stage composed of the tank and a PMD (Propellant Management
Device) and a vapour/liquid filter to ensure that only gas is drawn in the fluidic line. Furthermore, a heater
on the tank output ensures full evaporation even in case of liquid leakage. Upon exit, the tank flows in the
pipes of the high-pressure stage, through a set of 2 redundant and independent NCvalves, up to the pressure
regulator, where its pressure is set to 1,5 bar. The low-pressure stage follows, composed of 8 lines each of
which includes a NC-valve (independently controlled) and a nozzle.
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Every nozzle is inclined with respect to the body reference frame with the origin in the CoM of the spacecraft
of the angles:

- a=m4 with respect to x body axis;
- f=m6 with respect to z body axis.

The valves are on/off type so it was chosen to simulate the model through a Pulse Width Modulation (PWM)
of the control signal. The overall available thrust in module is:

Max Thrust = 0.035 N
Therefore, every thruster has a maximum thrust of:
Max Single Thruster Force = 8.75 mN
It follows that the maximum thrust on the axes of the body reference system is:
fe=f-sin (B)
fy=f"sin (a)-cos (B)
f.=fcos (a)-cos ()

The distribution of control force components on the eight thrusters is as follows:

Table 2Components for every thruster

Thruster components
Thruster 1 fx fy fz
Thruster 2 — fx fy fz
Thruster 3 fx —fy fz
Thruster 4 — fx - fy fz
Thruster 5 fx fy —fz
Thruster 6 — fx fy —fz
Thruster 7 fx - fy —fz
Thruster 8 - fx -5 ~/fz
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Figure 14 Thrusters disposition

This means that, depending on the control actions [Fx,Fy,Fz] provided by the controller, only the

corresponding valves are activated.

Table 3 Valves activation

E E
Control Thrust
E >0 F <0 E,>0 F, <0 E, >0 E, <0
Thruster 1 ON OFF ON OFF ON OFF
Thruster 2 OFF ON ON OFF ON OFF
Thruster 3 ON OFF OFF ON ON OFF
Thruster 4 OFF ON OFF ON ON OFF
Thruster 5 ON OFF ON OFF OFF ON
Thruster 6 ON OFF OFF ON OFF ON
Thruster 7 ON OFF ON OFF OFF ON
Thruster 8 OFF ON OFF ON OFF ON
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Once these are established, the corresponding value of the control force is divided by maximum thrust to
obtain the duty cycle. This procedure shall be carried out for each body axis. The value thus obtained passes
into a PWM block that simulates the real behaviour of the valves and then into a quantizer discretizes the
input signal. Finally, the output of the PWM referring to a certain axis and a certain thruster is multiplied by
the values of the maximum force components f,, f;,, f; . This procedure is carried out both with respect to
the three body axes of the S/C and with respect to those of each individual thruster. In addition, the torque
obtained from the misalignment of the nozzles is calculated. This makes it possible to pair the translating
and rotational dynamics.
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Figure 15 Actuation subsystem model

Moreover, in order to consider a more realistic architecture, a model of the sloshing of liquid propellant
into the tank developed in previous studies was also included.
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4 Docking maneuvers: Results and discussion

This chapter aims to show the results of the simulations regarding the docking manoeuvres carried out with
the NMPC controllers designed in the previous chapter. It is divided into two parts, the first of which aims
to show the results of the analyses under nominal conditions, while the second deals with the analyses under
off-nominal conditions. Only results relating to the trajectory in the last 50m of the Docking and Mating
Phase have been considered because the attitude controller developed previously than this thesis work
already complied with the relative requirements. The purpose of this chapter is to demonstrate that the
requirements are met and, if necessary, to derive others for the future continuation of the project.

4.1 Nominal conditions

The nominal conditions are those obtained considering the complete functioning of the system, therefore
without failures in the GNC or in the actuation system. The nominal trajectory has been simulated
considering initial position, velocity and mass as below in which x, y and z are the RIC components with the
x and z axis reversed, therefore they correspond to R-bar, V-bar and H-bar.

x=50m
y=0m
z=0m
Velocities equal to:
v, = 0m/s;
v, =0m/s
v,=0m/s
And mass as following;:
m, = 20kg

Regarding the controller, the NMPC parameters resulting from the tuning discussed in section 2.6.2 have
been used. Since in this case there are not considered failure of the propulsion module, all eight thrusters are
active according to the scheme shown in the section 3.2.4.

The results obtained in terms of trajectory, position at contact, velocity along the three axes, control and
effective thrust are discussed in the following.

4.1.1 Trajectory and Velocity Results

In the Figure 16, Figure 17 and Figure 18 the trajectory of the Chaser is shown in the LVLH reference centred
on the Target. They are shown first in the plane [V-bar, R-bar], then in the plane [H-bar, R-bar] and finally
in a 3D representation. Since the approach takes place from a distance of 50m on the negative R-bar axis, the
trajectory graphs have been inverted with respect to the R-bar axis.
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Relative position in the Vbar-Rbar plane with constraints
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Figure 16 Relative position in [V-bar, R-bar] plane
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Figure 17 Zoom on relative position in [V-bar, R-bar] plane



Relative position in the Hbar-Rbar plane with constraint
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Figure 18 Relative trajectory in [H-bar, R-bar] plane
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Figure 19 Zoom on relative trajectory in [H-bar, R-bar] plane
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It can be seen that the trajectory is perfectly straight both in the plane [V-bar, R-bar] and in that [H-bar, R-
bar]. Observing the last few meters, a small oscillation is noticed. In the [V-bar, R-bar] plane the oscillations
are very small in amplitude, while in the [H-bar, R-bar] plane they are greater in amplitude but more
damped. In both cases, the requirement of lateral misalignment is met, in the first the trajectory in the last
meter verifies a lateral misalignment of only one centimetre, in the second it reaches almost exactly the zero
value.

3D Relative position with constraint

Hbar [m] Vbar [m]

Figure 20 3D trajectory during last 50m of docking

The Figure 20 and Figure 21 show the 3D trajectories. This is useful for having an overall view of the
spacecraft motion. In the Figure 21 it can be noted the deviation of the trajectory from the R-bar axis which
corresponds to that seen in Figure 17 relating to the plane [V-bar, R-bar] and which is in the order of 1cm.

From these graphs it can be said that the controller developed in the Section 3.6 works perfectly, allowing a
straight trajectory that falls within the required tolerances.
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3D Relative position with constraint - Last 2 m
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Figure 21 3D zoom on last meters of docking trajectory

Figure 22 shows the contact point at the mating. In fact, the position of the Chaser at a distance of Om and
therefore at the start of the coupling is shown on the [V-bar, H-bar] plane. It is noted that it is below 5mm
on the H-bar and just above 5mm on the V-bar, which is well below the 2cm required.
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Figure 22 Position at contact in [V-bar, H-bar] plane
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Fiqure 23 Velocity profiles during docking

Figure 23 shows the velocity profile along the three axes during the last 50m of the docking and mating
phase. It can be seen that, the velocities along V-bar and H-bar are always close to zero, in particular they
are in the order of millimetres. The velocity along the R-bar is instead always higher ending with a value
equal to 0.04m, which is within the required limits (i.e. < 0.05m). It is noted that, around 200s from the start
of docking, the velocity along R-bar increases and then decreases again. The corresponding distances as
shown in Figure 24 are around 15m and 5m. In the Chapter 5 it will be seen that it will influence the execution
of collision avoidance manoeuvres.
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Figure 24 Velocity profiles during docking for the axial distances
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4.1.2 Control and Effective Thrust Results

Figure 25 and Figure 26 show her the output of control and the force of enforcement. It is noted that the
control force has lower values along V-bar and H-bar than along R-bar because it is along this last component
that the greatest deceleration occurs due to the higher velocities reached during the trajectory. The force
along the V-bar and H-bar is used to make the velocities along these axes millimetric, which in any case
remain small throughout the docking as it can be seen and to keep the trajectory as close to the axis as
possible. It is noted that the actuating force is in line with the PWM modulation discussed in Section 3.2.4.
The duty cycle was calculated from the control force and then served to modulate the pulses by the right
amplitude.

Regarding the control thrust, with the reference to [12] is considered the metric J, that represents a quadratic
penalty on the control effort and is closely related to the control cost in the MPC cost function. It is calculated

as:
Tq

Jo = ) () + (uy ()’
k=0

where T; = ceil(tT—d), ceil is the rounding to the closest larger integer, and ¢, is the “time-to-dock” in seconds,

that is, the time the Chaser takes from the initial condition to achieve docking. In this case it is equal to:

J, =1.18
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Figure 25 Control thrust under nominal conditions
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Figure 26 Effective thrust under nominal conditions

Table 4 Effective thrust along every single thruster
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The effective forces for each individual thruster are shown in Table 4. In fact, as mentioned in the Section,
the propulsion module is formed by eight thrusters such that for each control thrust direction 4 are activated.

Finally, it can be seen from the results that, under nominal conditions, the trajectory follows the negative R-
bar axis Moreover, the duration of the docking is less than the ten minutes, so even this requirement is met.

Tdocking =9.63 min
Moreover, the Delta-V (Av) is estimated to be:

Av = 0.52m/s
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4.2 Worst-Case Scenario
The worst-case nominal scenario corresponds to the worst possible conditions but in a nominal operation.
In this discussion the following conditions in terms of position, velocity and mass have been assumed, in

which x, y and z are the RIC components with the x and z axis reversed, therefore they correspond to R-bar,
V-bar and H-bar.

Position has been assumed:

x=50m
y=7m
z=7m
It has been considered the following velocities:
v, = 01m/s
v, =—=0.1 m/s
v, =—0.1m/s
While the mass is set equal to:
m. = 20kg

Regarding the controller, the NMPC parameters resulting from the tuning discussed in section 2.6.2 have
been used. Since in this case there are not considered failure of the propulsion module, all eight thrusters are
active according to the scheme shown in the section 3.2.4.

Even in this case, the results obtained in terms of trajectory, position at contact, velocity along the three axes,
control and effective thrust are given below.

4.2.1 Worst-Case Trajectory and Velocity Results
Figure 27 and Figure 28 show the trajectory in the [H-bar, R-bar] plane while Figure 29 and Figure 30 show
the trajectory in the [V-bar, R-bar] plane. Figure 31 and Figure 32 give a 3D representation.
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Relative position in the Hbar-Rbar plane with constraint
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Figure 27 Trajectory in worst-case scenario in [H-bar, R-bar] plane
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Figure 28 Zoom on trajectory in worst-case scenario in [H-bar, R-bar] plane
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Relative position in the Vbar-Rbar plane with constraints
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Figure 29 Trajectory in worst-case scenario in [V-bar, R-bar] plane
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Figure 30 Zoom on trajectory in worst-case scenario in [V-bar, R-bar] plane
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From Figure 27, Figure 28, Figure 29 and Figure 30 it can be seen that the trajectory no longer follows the
straight line as before, especially along the first few meters. This is due more to the high velocity values than
to the position ones. The axial velocity in fact lowers the trajectory, giving it this humped appearance. While
it is noted that the controller is also able to work with lateral velocity values comparable to the axial ones.
The work done by the second NMPC controller is also noted. When this is activated, at 15m, the trajectory
becomes much straighter since the controller parameters relating to the position (i.e. the first 3 diagonal
values of the Q matrix) are of an order of size greater than those of the controller which acts from 50m to
15m. This ensures that even in this case the final position is within the desired tolerances.
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Figure 31 3D Trajectory in worst-case scenario

Figure 31 and Figure 32 show the 3D trajectory to give a more complete view. From these it can better see
the initial lowering of the trajectory and the variation it undergoes when the controller at 15m comes into
action. In addition, it can be seen that the performances in the last 2m are comparable with those of the

nominal case.
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3D Relative position with constraint - Last 2 m
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Figure 32 Zoom of 3D trajectory in worst-case scenario

Figure 33 shows the last position of the Chaser during the analysed phase in the [V-bar, H-bar] plane. It can
be seen that, as in the previous case, the point found is around 5mm both along V-bar and along H-bar. This
is due to the performance of the second controller, which as seen ensure a straight trajectory in the last meters
even in worst-case scenario conditions. The requirement for lateral misalignment (<2cm) is largely satisfied.
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Figure 33 Position at contact for worst-case scenario
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Figure 34 Velocity profiles in worst-case scenario

Figure 34 shows the velocity profiles along axes. The behaviour is the same as in the nominal case, but it
should be noted that docking takes less time in this case. This is due to the higher initial velocities, especially
the axial velocity, which accelerate the manoeuvre. In fact, it is noted that the velocities in the final point are
greater than the nominal ones, but still below 0.05m. Higher initial velocities would lead to an increase in
contact velocity which in turn would lead to modifications of the capture mechanism to be resistant to higher
energy shocks.

4.2.2 Control and Effective Thrust Results

Figure 35 and Figure 36 show the control thrust output from the control system and the actual thrust output
from the actuators. It is noted that both are greater than in the previous case and this is due to the higher
velocities. the increase in control forces along the V-bar and H-bar axes is particularly noticeable. Also in this
case it can be noted the parallelism between the control forces and the actuating ones that have been obtained
through the technique of PWM modulation the duty cycle obtained by the control forces divided by the
maximum value the propulsion system can give and sorting the force along the eight thrusters of the
propulsion system

52



Effective Thrust [N]

Control Thrust - Time response
0.04 T T T T T T

-Rbar
0.03 | har
Hhbar

Control Thrust [N]
=

_u-m 1 1 i 1 1 i 1 1 1
0 50 100 150 200 250 300 350 400 450 500

t [s]

Figure 35 Control thrust in worst-case scenario
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Table 5 Effective thrust for every single thruster
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It can be seen from the results that, under worst-case scenario conditions but nominal operation, the
trajectory does not follow the same straight line as in the case of better initial conditions, but still does not
exit the cone maintaining a straight line in the last few metres as in the nominal case. The lateral misalignment
is respected in both directions and the contact velocity is within the requirement even if with little margin.
The graphs also show, on the abscissa axis, the manoeuvre duration, which in this case is:

Taocking = 7.93 min
Decreased due to velocity increase. The controller effort metric, computes as in 4.1.2 is instead:
J, = 1.09
While the total Delta-V (Av) is less than the previous case, equal to:
Av =043 m/s

Examining these worst-case results shows that both the docking duration, the controller effort indicator
parameter and Delta-V have decreased. In this case, the initial velocities are not zero. This leads to a decrease
in the duration of docking and therefore a decrease in the other two parameters.

4.3 Robustness Analysis

To verify the robustness of the controller, it was subjected to 300 Monte Carlo analyses. Monte Carlo analysis
is a statistical analysis technique that provides a range of possible estimates for the analysed value and is
usually performed in situations where there is uncertainty about the design values.

In this case, the uncertainty concerns the initial conditions in terms of mass, position, velocity, attitude and
angular velocities. Analyses are performed by varying each of these values within a certain range in order
to verify the performance of the controller when subjected to changes in initial conditions. The ranges of
variability of each of the variables considered are listed.

4.3.1 Mass Uncertainty
Mass is considered uncertain due to the decrease in propellant consumption. As the nominal mass is 20 kg,
it is varied by +/- 2 kg

18 kg <m,. <22 kg
using the following mathematical model:
m,= 4 -rand) — 2

4.3.2 Position Uncertainty

The initial position is uncertain because its accuracy will depend on the performance of the controller relative
to the previous phase of the analysis. It has been chosen to vary the position by +/- 2 metres from the nominal
position of x = 50,y = 0, z = 0. In which x, y and z are the RIC components with the x and z axis reversed,
therefore they correspond to R-bar, V-bar and H-bar

obtaining the range of variability :
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48m<x<52m

—2m<y<2m

-2m<z<2m
given by the following variational ranges:

x =50+ (4-rand — 2)

y=(4-rand — 2)

z= (4 rand — 2)
4.3.3 Velocities Uncertainty

Initial velocities are assumed to be zero in the ideal case but will not be exactly zero in the real one. The
following ranges have been considered:

m m
-02 —<7v,<0—
s s
m m
—0.03 —< v, <0.03 —
s s
m m
—-0.03 — <v,<0.03 —
s s

given by the equations:
v, = (4-rand —2)-1071
vy, = (6-rand —3)- 1072

v, =(6-rand —3) - 1072

Regarding the controller, the NMPC parameters resulting from the tuning discussed in section 2.6.2 have
been used. Since in this case there are not considered failure of the propulsion module, all eight thrusters are
active according to the scheme shown in the section 3.2.4.

Even in this case, the results obtained in terms of trajectory, position at contact, velocity along the three axes,
control and effective thrust are given below.

4.3.4 Monte Carlo Analysis Results

Figure 37 and Figure 38 show the trajectory results in the [H-bar, R-bar] plane while Figure 39 and Figure 40
show those in [H-bar, R-bar] plane. One sees that the results are very satisfying. The trajectories not only
never leave the cone but are almost always straight, except for the first few meters due to the non-zero
position components on the V-bar and H-bar axes. It can be seen that, all cases present the behaviour already
seen in the nominal case, namely that the trajectories after the switch to the second controller at 15m become
even more aligned with the docking axis.
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In both planes the lateral misalignment is well below that required and in this regard, it can be seen that in
the plane [H-bar, R-bar] in the last meters the trajectories are more accurate (i.e. more dispersed around the
zero value) than to those on the plane [V-bar, R-bar] which are less accurate and more precise.

Relative position in the Hbar-Rbar plane with constraint

-Rbar [m)]

Hbar [m]

Figure 37 Trajectory in [H-bar, R-bar] plane during 300 Monte Carlo analysis
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Figure 38 Zoom on trajectory in [H-bar, R-bar] plane during 300 Monte Carlo analysis
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Relative position in the Vbar-Rbar plane with constraints
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Figure 39 Trajectory in [V-bar, R-bar] plane during 300 Monte Carlo analysis
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Figure 40 Zoom on trajectory in [V-bar, R-bar] plane during 300 Monte Carlo analysis
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3D Relative position with constraint
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Figure 41 3D Trajectory during 300 Monte Carlo analysis

The 3D trajectories of Figure 42 and Figure 41 can better visualize the figure. It can be seen how the cone
constraint is always respected and how the behaviour on the [V-bar, R-bar] and [H-bar, R-bar] planes are

so similar that they appear the same in the 3D view.

3D Relative position with constraint - Last 2 m

2 -

1.5
£

@ 1-
0
[
[)

0.5

o -

0.02
0 Sop 0 001 0.02
-0.02 .03 0.02 -
Hbar [m] Vbar [m]

Figure 42 Zoom of 3D trajectory during 300 Monte Carlo analysis
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Figure 43 shows the last point of trajectory on the [V-bar, H-bar] plane. Also in this case all the trajectories
verify the tolerances of the previous cases, i.e. below or equal to the order of 5mm. However, it can be seen
that the contact points of all the trajectories fall in the same area, around 5mm along both V-bar and H-bar.
This indicates precision, but not accuracy. Despite this and given the small distances, the lateral

misalignment requirement is largely met for all 300 Monte Carlo analysis.

Relative position at contact - 0.02 m as lateral misaligment requirement
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Figure 43 Position at contact during 300 Monte Carlo analysis

In Figure 44 there are the velocity profiles of all 300 Monte Carlo analysis. It can be noted that the trend
common to all trajectories is the same as in the nominal case. It presents a first deceleration and then an
acceleration starting from 15m on negative R-bar followed by a second deceleration which leads to obtaining
the final velocities. These, also in this case, are always below 0.05m, but in some cases the margin is zero.
This could lead to an re-iteration of the controller parameters to cause this margin to increase. Furthermore,
due to the multiple overlapping profiles, the behaviour of the velocities along the lateral directions is seen in
a more pronounced way. In particular, it can be seen an oscillation around the time corresponding to a
distance of 15m and therefore when the switch between the first and second controller occurs. At this point,
therefore, the lateral velocity components increase to straighten the trajectory and make it even more axial.

On the abscissa axis of Figure 44 is the time taken by the simulation i.e. the duration of the docking
manoeuvre. In Figure 45 this has been represented for each simulation. It can be seen that, the average value
is around 450s or 7 minutes, and never exceeds ten minutes thus respecting the relative requirement.
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Figure 44 Velocity profiles during 300 Monte Carlo analysis
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Figure 45 Docking duration for 300 Monte Carlo analysis
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Thus, it was observed that the controller holds up well to robustness analyses by maintaining a straight
trajectory The trajectory never exceeds the cone constraint, the contact velocities and lateral misalignment
meet the requirements and the overall time for docking is always less than 10 minutes.

4.4 Off-nominal conditions

Given the state of the art of the simulative system being considered, the details of which are in section 2.3
and 3.2, this study has focused on the failures that can occur to the actuation part relating to trajectory control
and hence the propulsion system.

Regarding the existing model, the most important failures that can be simulated are those concerning the
valves that regulate propellant delivery to the nozzles. These can be:

e Open valve failure, which occur when the valve through which the propellant is emitted from the
thruster fails to close again;

¢ C(lose valve failure, which occur when the valve that injects the propellant into the thruster fails to
open.

The system model described in section 3.2.4 simulates the behaviour of the 8 individual and independent
thrusters seen as a combination of valve and nozzle and modelled by pulse width modulation (PWM) of the
input signal as described in section 3.2.4 .

4.4.1 Close Valves Failure

The failure situation caused by a valve not opening, known as close valve failure, is simulated by nullifying
the components of the thruster under consideration and redistributing the control force to the remaining

ones.
In this example and in the following the thruster 4 was examined, whose components are:
Thruster 4 force components: [—f, —f, f]

As a first attempt, the case where no action is taken to compensate for the valve failure was considered. To
do this, a set of 60 Monte Carlo analyses was analysed in which the values varied in the ranges below, in
which x, y and z are the RIC components with the x and z axis reversed, therefore they correspond to R-bar,
V-bar and H-bar.

48m<x<52m
-2m<y<2m

—2m<z<?2m

m m
—02 —<v,<0—
S S

m m
~0.03 — < v, < 0.03 —
S S
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m m
~0.03 — <1, < 0.03 —
S S

18 kg <m. <22 kg

The results of Monte Carlo simulations presenting a failure close valve in terms of trajectory are shown in
Figure 46, Figure 47, Figure 48, Figure 49 the first two in the [H-bar, R-bar] plane and the last ones in the [V-
bar, R-bar] plane. It is noted that several situations occur along both planes where the limits of the safety
cone are violated. In the [H-bar, R-bar] plane, this only happens in the last few meters and the controller is
able to adjust the trajectory in the last meter before capture. While in the [V-bar, R-bar] plane several times
and for different distances from the Target the cone is violated. This would lead to immediate execution of

escape manoeuvres compromising the mission.

Relative position in the Hbar-Rbar plane with constraint

-Rbar [m]

Hbar [m)]

Figure 46 Trajectory in [H-bar, R-bar] plane during 10 Monte Carlo analysis
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Figure 47 Zoom on trajectory in [H-bar, R-bar] plane during 10 Monte Carlo analysis
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Relative position in the Vbar-Rbar plane with constraints
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Figure 48 Trajectory in [V-bar, R-bar] plane during 10 Monte Carlo analysis
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Fiqure 49 Zoom on trajectory in [V-bar, R-bar] plane during 10 Monte Carlo analysis

Especially in this case, the 3D trajectory helps to visualize the points where constraint violation occurs and
the shape of the trajectory. It is also noted that the deviations suffered in the last few metres from the
trajectory along [H-bar, R-bar] are given by the same trajectories that violate the trajectory in the [V-bar, R-

bar] plane.

3D Relative position with constraint
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Figure 50 3D trajectory for 10 Monte Carlo analysis
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The results showed that the controller cannot guarantee satisfactory performance if no compensatory action
is taken. It can be seen from the Figure 51 the anomaly of some velocity trends, especially along V-bar. These
increase from small values, remain constant at the maximum and then decrease to a minimum. These velocity
profiles are associated with trajectories that do not respect the cone safety constraint. All these velocities are
small at the beginning of the trajectory, it is possible that they are caused by a combination of values of the
velocity components such that along R-bar and V-bar there are small R-bar value and comparable or higher
values along V-bar. In this case the motion would be dragged more towards V-bar and, as the controller is

not supported by the maximum capabilities of the actuating system, would cause the above trajectories.

Velocity [m's]

0.08 K
01
0.12

-0.14

Figure 51 Velocity profiles in close valve failure

In addition, the system must work with a constant disturbance moment applied because the moment
generated by the valve of opposite components is not compensated. This results in a disturbance torque, so
that the attitude is different from the nominal one and the direction of firing of the thrusters is deviated.

4.4.1.1 Close Valve Failure with Compensatory Action
In order to be able to perform mating even with a close valve failure, the strategy of closing the valve of
opposite components was adopted. In this way, the disturbance torque is made zero.

Thruster 5 force components:[f, f, — f;]
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With this configuration, 60 Monte Carlo analysis have been run with the with the same values as before.

As can be seen from Figure 52, Figure 53, Figure 54 and Figure 55 by implementing a compensatory action
the situation improves. In the [H-bar, R-bar] plane it follows the nominal trajectory and there are no longer
the oscillations given in the last few metres. This is due to the improvement of the trajectory in the [V-bar,
R-bar] plane as well. Here it can be noted that the cone constraint is still violated but the intersection occurs
only once during a single trajectory and the violation occurs for a single trajectory. This one remains very
similar to the previous case. This confirms that the cause of this phenomenon is not so much the moment of
disturbance as the values of the lateral velocities, which, having decreased, drag the Chaser less towards

their respective directions.

Relative position in the Hbar-Rbar plane with constraint

-Ebar [m]

Hbar [m]

Figure 52 Trajectory in [H-bar, R-bar] plane during 60 Monte Carlo analysis
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Figure 53 Zoom on trajectory in [H-bar, R-bar] plane during 60 Monte Carlo analysis

Relative position in the Vbar-Rbar plane with constraints
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Figure 54 Trajectory in [V-bar, R-bar] plane during 60 Monte Carlo analysis
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Figure 55 Zoom on trajectory in [V-bar, R-bar] plane during 60 Monte Carlo analysis

The 3D visualisation helps better visualise the trajectory. It can be seen that, the cone constraint is only

violated once and that the trajectory in the last few metres looks more like the nominal case than the case in

the previous paragraph. It can also be seen that the trajectory is within tolerance in the last metres.
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Figqure 56 3D trajectory during 60 Monte Carlo analysis
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Figure 57 Zoon on 3D trajectory during 60 Monte Carlo analysis

On all simulations only once the cone was violated. However, this is not satisfactory for the safety of the
manoeuvre. This occurs for high initial velocities and this leads to define a requirement on the velocity value
at the beginning of the close approach to be respected. To define this, the initial velocity values have been
decreased by checking what is the maximum value for which the controller can keep the trajectory within

the cone. The following variational ranges have been obtained:
70



48m<x<52m
2m<y<2m

—2m<z<2m

m m

—01—<v,<0—

S S
m m
-0.01 —<wv, <0.01 —
S S
m m
—-0.01 — < v,<0.01 —
S S

18 kg <m. <22 kg

As can be seen from the Figure 58 and Figure 59 that, under these assumptions, the trajectory in [H-bar, R-
bar] plane is in line with the nominal case. There is no violation of the constraints in the last meters and this
suggests that the trajectories in the [V-bar, R-bar] plane have also improved.

Relative position in the Hbar-Rbar plane with constraint

Hbar [m)]

Figure 58 Trajectory in [H-bar, R-bar] plane during 60 Monte Carlo analysis
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Figure 59 Zoom of trajectory in [H-bar, R-bar] plane during 60 Monte Carlo analysis
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Figure 60 Trajectory in [V-bar, R-bar] plane during 60 Monte Carlo analysis
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Figure 61 Zoom of trajectory in [V-bar, R-bar] plane during 60 Monte Carlo analysis

It can be seen that in the [V-bar, R-bar] plane all trajectories respect the cone constraint, but still come
dangerously close to it. This is because the lateral velocity is decreased, which allows for greater
controllability on the part of the system, which works with a lower than nominal actuating capacity. To
prevent this situation from happening, there are two ways to act: try to re-tune the controller; set lower limits
for the velocity along R-bar that the Chaser must have at the start of the trajectory. This would prevent the
Chaser from being dragged along the lateral directions by obtaining more axial trajectories than these.
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3D Relative position with constraint
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Figure 62 3D Trajectory during 60 Monte Carlo analysis
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Figure 63 3D Trajectory during 60 Monte Carlo analysis
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The Figure 64 shows the position at the beginning of the capture in the [V-bar, H-bar] plane. It can be seen
that, as seen in the previous figures for the last few metres of the trajectory, the lateral misalignment
requirement is always satisfied. In addition, high accuracy is noted and all positions are at distances on both
the V-bar and H-bar axis of less than 5Smm.

Relative position at contact - 0.02 m as lateral misaligment requirement
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Figure 64 Position at contact during 60 Monte Carlo analysis

The disadvantage of this approach as from the x-axis of the Figure 65 is the longer docking time. As a
requirement this must be no more than 10 minutes. However, some SROC scenarios include orbits where
the lighting period in this phase can be up to 15 minutes. Whether this condition is acceptable can only be
determined when the final scenario is identified. If it is not possible to extend the manoeuvre for longer than
required (e.g. due to lighting conditions or ground station coverage) an escape manoeuvre may be
performed.

This figure shows the same behaviour as before with regard to velocities, but it can be seen that in this case
the negative values on the V-bar axis do not fall below 0.02 m/s whereas previously the minimum was 0.04
m/s. This is further confirmation of the fact that it is the value of the velocity along the V-bar axis that
determines this undesirable shape in the trajectories. As mentioned above, this could be solved by either
setting a lower limit to the velocity along R-bar or decreasing the velocity along V-bar. This last case could
be difficult to implement and will have to be studied in the future implementation of the control system
acting on the phase preceding the one studied, i.e. the fly around.
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Figure 65 Velocity during 60 Monte Carlo analysis

It is noted that with these velocity values the lateral misalignment requirements are met. The requirement
on the maximum velocity at the contact is also respected, but it can be seen from the velocity graph that the
duration of the docking (on the abscissa axis) has increased by exceeding the 10-minute requirement. This is
due to the fact that, working with only two thrusters for each force component, there are only two other

thrusters available for each one.

As a function of this, a requirement can be defined considering the following values as a requirement for the
docking initial velocity and therefore for the final velocities of the previous manoeuvre.

m

m
y < 001~

m
v, < 0.01—
S

The analyses show robustness and accuracy under the assumptions considered. It can also be seen that the
behaviour is different in the case of H-bar and V-bar. In fact, aerodynamic resistance also acts along V-bar
since V-bar is the direction of motion of the orbit. In addition, in the last 10m of the mating, the aerodynamic
force was increased by a factor of 100 to simulate the difference between the aerodynamic resistances acting
on the two S/Cs, this because the ballistic coefficients of the two S/Cs differ by two orders of magnitude. This
force causes a tendency to push towards positive V-bar. This accentuates as the lateral component of the

initial velocity increases.
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4.4.2 Open Valves Failure

In the case of open-valve failure, the procedure was the same as for close-valve failure. Initially it has been
analysed whether it is possible to end the trajectory without compensating for the failure but leaving the
operating system with 7 other functioning thrusters. As before it is assumed that the failed thruster is the
fourth:

Thruster 4 force components: [—f, —f, [l

A total of 60 Monte Carlo analyses have been carried out considering the velocities limits identified in the
previous paragraph. The variational ranges are the following, in which x, y and z are the RIC components
with the x and z axis reversed, therefore they correspond to R-bar, V-bar and H-bar.

48m<x<52m
—2m<y<2m

—2m<z<2m

m m
-01—<7v$,<0—
s s

m m

-0.01 —<wv, <0.01 —

s s

m m
—0.01 —< 1, < 0.01 —
S S

18 kg <m. <22 kg

The results of 60 Monte Carlo analysis made with the same ranges of variation as before are as follows, it has
been chosen to simulate the failure on thruster 4 and to consider the occurrence of failure at the beginning
of the trajectory so as to observe the resulting behaviour up to the first to the last metres.

It can see in Figure 66 relating to the [H-bar, r-bar] plane and Figure 68 concerning the trajectory in the [V-
bar, R-bar] plane that the trajectory is axial except for the first few metres because of the non-zero velocity
values. The trajectory is the same as the nominal trajectory with no oscillations or cone violations and, as for
the nominal trajectory, it can be seen the switch of the second controller at 15m which makes the trajectory
even straighter.. Particularly Figure 67 and Figure 69 show that while in the [V-bar, R-bar] plane the trajectory
in the last few metres is not only within the required tolerances but there is also a sufficiently high margin,
in the [H-bar, R-bar] plane this decreases and the final positions are just below the 0.02m requirement.
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Relative position in the Hbar-Rbar plane with constraint
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Figure 66 Trajectory in [H-bar, R-bar] plane during 60 Monte Carlo analysis
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Figure 67 Zoom of trajectory in [H-bar, R-bar] plane during 60 Monte Carlo analysis
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Relative position in the VbarRbar plane with constraints
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Figure 68 Trajectory in [V-bar, R-bar] plane during 60 Monte Carlo analysis
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Figure 69 Zoom of trajectory in [V-bar, R-bar] plane during 60 Monte Carlo analysis
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From the 3D in Figure 70 and Figure 71 trajectory it can be seen that along the 50m the trajectory is very
similar to the nominal one, but in the last two the trajectory is at the limit of the tolerance region of 0.02m.

3D Relative position with constraint
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Figure 70 3D trajectory during 60 Monte Carlo analysis
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Figure 71 Zoom on 3D trajectory
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Figure 72 shows that, for all the simulations carried out, the mating point at which the coupling should occur
is at the limit of the tolerance region. This behaviour is accentuated, as seen above, on the H-bar axis where
it is just below the requirement value while on the V-bar axis the points are all around 5mm. Moreover, in
this case, the controller shows precision since all the points are close to each other, but little accuracy since

they are all far from zero.

Hbar [m]

The Figure 73 gives important information. It shows the velocity profiles along the three axes. First of all,
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Figure 72 Position at contact for open valve failure during Monte Carlo analysis
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one can notice the high values of the velocity component along the R-bar axis, which has a minimum value

of around 0.15 m/s (in modulus). This velocity is outside the requirement for coupling (<0.05 m/s). This

occurs because the permanently open valve causes an increase in velocity that the controller cannot handle.

It can be seen, on the x-axis, that the duration of the docking is shorter than in the previous cases, ending

400s after its start, i.e. 7 minutes after its start.

81



Relative velocity - Time response
D_ DS T T T T T T T T

-0.15

0 50 100 150 200 280 300 350 400 450
t[s]

Figure 73 Velocity for open valve failure during Monte Carlo analysis

Even in the event of an open valve failure, the performance obtained by not compensating for the loss of a
thruster is not always such as to allow the mission to continue.

The main question that emerges from the simulations in case of open valve failure without compensating
actions is the high contact velocity along the negative axis R-bar. This velocity component should be less
than 0.05m, but instead it is up to a decimetre. It follows that the impact energy may be greater than the
maximum that the capture mechanism can tolerate.

Also of note is the proximity of the contact points to the boundary of the zone that ensures compliance with
the lateral misalignment requirement. This could be unsafe if in the real case the disturbances are greater
than those simulated.

4.4.2.1 Open Valve Failure with Compensatory Action

The controller is unable to compensate for the disturbance torque generated by the open-valve thruster on
its own. A compensating action is therefore required. The strategy adopted is similar to the close valve
failure situation: acting on the thruster with opposite thrust components in order to cancel the disturbing
torque. With a total of two non-operational thrusters, the force was distributed to the remaining ones. The
thruster opposite the fourth that can make up for the moment is the fifth that has force components as
follows:

Thruster 5 force components:[ f, f, —f;]
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This case is disadvantageous from the point of view of consumption. However, it must be considered that
while in the case under consideration the failure is assumed at the beginning of the approach, in real cases it
could occur at closer distances from the Target and therefore cause less consumption.

The controller has been subjected the 60 Monte Carlo tests required to meet ECSS standards. The ranges
considered are the same as above and are reported here:

48m<x<52m
2m<y<2m

—2m<z<?2m

m m
—01—<v,<0—
s s
m m
-0.01 —<wv, <0.01 —
s s

m m
—0.01 —< v, < 0.01 —
S S

18 kg <m. <22 kg

Figure 74, Figure 75, Figure 76 and Figure 77 show that if the valve opposite the failing valve is also opened,
the trajectory is similar to that of a close valve failure with compensating action. In fact, in the [H-bar, R-bar]
plane the trajectory is perfect, while in the [V-bar, R-bar] plane there is an oscillation that almost reaches the
limits of the cone, although without touching it. Also in this case, as in the case of close valve failure with
compensating action, having lost two thrusters because both of them are always with open valve and
therefore no longer usable for control, the performance of the controller decreases. This happens in particular
in situations where the lateral velocities are comparable or even higher than the axial ones.

Again, a contribution is also due to the force of aerodynamic resistance which, given its high value in the last
10 metres and also given the loss of controller capacity, tends to accentuate trajectory deviation. In fact, it
can be seen that the oscillations always push the trajectory towards the positive V-bar axis.

It is also noticeable that, even in the cases where the oscillations occur, the trajectory in the last few metres
falls perfectly within the requirement, this time by a large margin. It arrives in both planes at almost exactly
zero distance from the mating point.
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Relative position in the Hbar-Rbar plane with constraint
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Figure 74 Trajectory in [H-bar, R-bar] plane for open valve failure for 60 Monte Carlo analysis
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Figure 75 Zoom of trajectory in [H-bar, R-bar] plane for open valve failure for 60 Monte Carlo analysis
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Relative position in the Vbar-Rbar plane with constraints

‘har [m]

Figure 76 Trajectory in [V-bar, R-bar] plane for open valve failure for 60 Monte Carlo analysis
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Figure 77 Zoom of trajectory in [V-bar, R-bar] plane for open valve failure for 60 Monte Carlo analysis
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The 3D trajectory confirms that all the trajectories of the 60 Monte Carlo analyses fall within the cone and
that in the last meters the lateral misalignment requirement (0.02 m) is met.
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Figure 78 3D trajectory for open valve failure during 60 Monte Carlo analysis
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Figure 79 Zoom of trajectory for open valve failure during 60 Monte Carlo analysis



As seen from the previous figures, it also Figure 80 shows that the lateral misalignment requirement is met

with a great deal of margin. It is also noted that, in this case, there is a great accuracy in the final position

since all the points surround the mating point with distances from both axes well below 5mm.
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Figure 80 Position at contact for open valve failure

0.005

Figure 81 show the velocity profiles along the three axes. It can be seen that, the velocities have admissible

values for the docking phase considered. In fact, they all reach zero and are therefore lower than the nominal

case in which the one on R-bar is in the order of centimetres. This happens thanks to the compensating action

performed so that the thrust given by the thruster with open valve is balanced by the compensator one and

therefore the overall action is zero. Since in this case the actuation system works only with 2 thrusters instead

of 4 for each direction, the maximum thrust is halved and therefore the times are longer as observed from

the split axis. Moreover, also in this case the requirement that the entire trajectory must be carried out in a

period of less than 10 minutes (i.e. 600s) is not met. This could lead to unfavourable lighting conditions or

lack of coverage from ground stations.

Another disadvantage of this case is that having two thrusters constantly open the fuel consumption

increases. It is therefore possible to think of having an escape manoeuvre to retry, once the failure has been

resolved) to retry the approach.
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Figure 81 Velocity for open valve failure during 60 Monte Carlo analysis

In conclusion, in this chapter the performance of the controller has been analysed in conditions: nominal,
nominal but with initial conditions changed through the robustness analysis, and in off-nominal conditions.
While in nominal conditions the results are very satisfactory from every point of view and guarantee
compliance with the requirements, in off-nominal conditions the performance decreases due to the
limitations of the propulsion system. In the case of a close valve failure, the trajectory always falls within the
cone limits if the valve of the thruster opposite to the failed one is also closed to and so in the case in which
a compensatory action is performed and only within the velocity limits that have been established as a
requirement that, at the beginning of the closing, the Chaser must have. In this case the actuating thrust for
each thrust direction would be half of the nominal one which leads to an increase in docking time which
may be unacceptable due to lighting conditions or ground coverage. In the case of open valve failure, with
velocities in the ranges established, the trajectory is axial even without compensating action, but this leads
to too high velocities at the contact which could not be supported by the capture mechanism. With a
compensating action, the course of the trajectory and velocities are the same as in the case of close-valve
failure with the worsening of the increase in propellant consumption as the valves of two thrusters are
continuously open. It has also been observed that, in both the latter cases, the oscillatory trend towards V-
var that only a few trajectories demonstrate can be linked to velocities along the R-bar axis that are lower or
comparable with those along the lateral axes for which it could be necessary also establish a requirement on
minimum velocity along R-bar.
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5 Collision Avoidance: Results and discussion

The need to prevent collisions is fundamental in the case of proximity operations, especially if these involve
docking with the Target. Preventive actions therefore become necessary if the requirements and constraints
to which the Chaser must be subject cease to be respected. This chapter deals with the two different types of
analysis carried out that fall under collision avoidance analysis.

- The first concerns the shutdown of the thrusters at a non-zero distance from the Target, this is desired
in general because the jets exiting the thrusters can cause damage to the Target surfaces and
especially, since in the case under consideration the Target is Space Rider, the fouling of other
payloads.

- The second concerns escape manoeuvres that must be carried out if, during the approach, the cone
constraint is violated. This can occur in the event of errors or failures (of the actuating system,
navigation system, etc.). These manoeuvres must ensure sufficient clearance from the Target in the
shortest possible time. Given the multiple nature of the need to execute an escape manoeuvre, they
must be designed so that they can also be executed without active control.

5.1 Thruster Shutdown

In general, the shutdown of thrusters in the vicinity of the Target is designed because exhaust plumes the
propulsion module (PM) could damage or foul their surfaces. In the case study, the S/C Chaser is SROC
which, at the end of docking, re-enters the Space Rider cargo. The propulsion system of SROC, as discussed
in the section 2.4.4 is of the cold gas type, so the exhaust plumes the eight thrusters are relatively cold. The
shutdown is therefore not performed to avoid damaging the Target surfaces, but to avoid fouling the other
payloads contained into the cargo.

Switching off the thrusters at a given distance also means that control is lost from that point on, making the
motion of the S/C leader free and no longer controllable. This makes this phase very delicate. The whole
GNC system must be designed to ensure that once the thrusters have been switched off, the SROC can reach
the mating point with the required lateral misalignment of:

Lateral misalignment requirement: 0.02 m

The objective of this analysis is to identify the distances, in proximity of the contact, in which the controller
referred to in section 2.6 ensures compliance with the misalignment requirement. This must be checked
against both the V-bar and H-bar directions.

Analyses have been carried out with the following assumptions in Table 6.

Table 6 Assumption for Thrusters Shutdown

Maximum PM shutdown distance [m] 2
Maximum PM shutdown distance [m] 0.1
Step between distances [m] 0.1
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Mass [kg] 20

Initial conditions — Nominal scenario
R-bar V-bar H-bar
Position [m] 50 0 0
Velocity [m/s] 0 0 0

Shutdown thruster for different distances on Vbar-Rbar plan
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Figure 82 Trajectory after thrusters shutdown in [V-bar, R-bar] plane

Figure 82 shows that there is a drift of the trajectory along the V-bar axis once the PM has been deactivated.
This is due to the drag that causes the CubeSat to decay. In fact, due to the different dimensions of the two
spacecraft involved, the two ballistic coefficients have two orders of magnitude of difference. For this reason,
in the last 10m of the trajectory, a factor equal to 100N has been added to the aerodynamic force acting on
the Chaser, which causes this drift in the V-bar direction.
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Shutdown thruster for different distances on Hbar-Rbar plan
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Figure 83 Trajectory after thruster shutdown in [H-bar, R-bar] plane
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Figure 84 3D trajectory after thrusters shutdown

The results obtained are shown in Figure 82, Figure 83 and Figure 84. It can be seen that, in the plane [H-bar,
R-bar] the requirement on lateral misalignment is always verified. In the plane [V-bar, R-bar] this is verified
only for distances less than one meter. If the coupling is performed mechanically, the distance at which the
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use of the thrusters is interrupted can be less than 50cm. In the case of magnetic coupling, this distance would
be dangerous because the magnetic mechanism would interfere with the ADCS magnetometers, and this
could lead to measurement errors that could prevent the mission from being achieved.

DD1 T T T T T T T T T
— . o Rbar
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Hbar
001 N
0.02 .
0.03 .

Welocity [m/s]

0.08 i i i i i i i i i
-2 -18 16 14 12 -1 48 06 04 02 0

Shutdown distance [m]

Figure 85 Velocity at contact for different shutdown distances

In Figure 85 which shows the velocity at the contact, it can be seen that the greater the thruster shutdown
distance, the greater the contact velocity. The contact velocity requirement has been set equal to:

Veontact < 0.05m

which is respected for distances from the Target from 0.7m to 0.1 m. If greater distances have been chosen,
the design of the docking mechanism would have to be modified so that it could absorb higher shock
intensities.

5.2 Collision Avoidance Manoeuvre (CAM)

Collision avoidance manoeuvres are escape manoeuvres which aim to move the Chaser away from the
Target in the shortest possible time and in the safest possible way for both vehicles involved. The objective
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of this part of the thesis work is to design CAM that can secure the two Spacecraft involved and that can be
executed for any condition that generates the need for CAM. When the possibility of a collision occurs, it is
not necessarily known what causes it, so the safest solution is to move away as fast as possible (within the
limits established by the thruster design) and to place to safety at a point that by requirement must be at a
minimum distance of 2 km from the Target. Since the cause could also involve the AODCS such as damage
or malfunction of the relative navigation cameras or Lidar, the operation of the GNC could also be
compromised. For this reason, it was decided to use a classical approach that follows the one foreseen for
the ISS approaches, that is to perform an open-loop CAM through a manoeuvre that used single command
as simple as possible and that involves the minimum number of subsystems. For these reasons it has been
decided to consider an impulsive manoeuvre. Moreover, since it might not be possible to analyse the cause
of the collision possibility in a quick period of time, it is necessary to develop a strategy that can be applied
to every dangerous situation and that for each of them respects the imposed requirements.

The requirements to be met are:
¢ Move up to at least 2 km away from the Target;
¢ Be passive safe for at least 24 hr.

The escape trajectory must therefore:

¢ Bring the CubeSat to a safe position where the fault or cause of fault can be identified and retry the
docking manoeuvre;

¢ Being as economical as possible to allow the Chaser to retry the approach.

Since the Target, in the case under consideration is Space Rider, and SROC have different sizes and ballistic
coefficients, they are subject to different drag. In particular, the Target is subject to a higher drag, which
causes its orbit to decay earlier. If the Chaser during a CAM escaped towards positive V-bar there would
then be another risk of impact due to this. For this reason, the manoeuvre must be carried out towards the
negative V-bar axis.

The methodology used is summarised in the Figure 86 and consists in identifying the conditions under which
a CAM may be necessary, identifying the worst-case, designing a manoeuvre that meets the requirements in
the worst case and also in all the others. From the analyses carried out, considerations emerged such that the
first results have been considered unsatisfactory leading to the identification of different strategies.
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CAM scenarios identification
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Designing the manoeuvre according
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Figure 86 Methodology for CAM strategy definition

5.2.1 CAM scenarios identification and worst case

The main scenarios in which the need for CAM may be required are:

1) The nominal scenario, where it may become necessary due to:

a.
b.

Errors that may lead to non-compliance with alignment or velocity requirements;
Failures of the sensors and therefore the loss of the required accuracy and with the
consequent possibility of not being within the tolerances on the lateral misalignment required
at capture and, in addition, to the loss of performance of the GNC.
It could also be required from the ground because the Target is not ready for coupling.
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3)

In this scenario the worst velocity conditions are reached around 30m as can be seen from the Figure
23 in the Section Error! Reference source not found.. This is the best-case scenario, as in nominal
conditions the velocities are very low. Having low velocities means moving away faster or needing
to give a shorter impulse and thus lower Delta-V and consumption with a greater probability of
being able to retry the manoeuvre.

The off-nominal scenario which, in the analysis conducted, concern the occurrence of failures to the
valves of the propulsion module. In particular, closed valve or open valve failures type have been
dealt with. In this case it is necessary to differentiate the type of failure. Considering the closed-valve
case, the velocities are lower than in the nominal case (see Figure 65), which leads to a lower control
input than in the previous case, but there are also fewer thrusters available (3 out of 4 for each thrust
direction), which means that the trajectory goes out of the cone for numerous combinations of initial
conditions, if a compensating action is not performed. Even if this is executed, however, the docking
phase will take longer. The open valve case, on the other hand, is worse than the previous cases due
to the greater velocity of the Chaser during the trajectory caused by the non-closure of the valve (see
Error! Reference source not found.), if a compensating action is not performed. Even in this case,
there are only 3 out of 4 thrusters operating, which may be more complex to manage without a close-
loop control system.

The last case considered is that in which the velocity requirements at the start of docking (i.e. 50m)
are significantly outside the maximum allowed value. This is the case when, due to malfunctions
during the trajectory between hold point 2 and the docking close-range rendezvous start point, an
undesired and uncontrolled increase in velocities has occurred. It has been assumed that the velocity
on R-bar is greater than the maximum considered during the Monte Carlo analyses but of the same
order of magnitude (i.e. decimetres per second), and along V-bar and H-bar of one order of
magnitude greater. In fact, it is the lateral velocities that cause exits from the safety cone because if
the velocity along R-bar is an order of magnitude greater, the effect of an increase along the lateral
one is controllable by the system. Since in this case the lateral velocities become of the same order of
magnitude as the axial ones, the output of the control will be a much longer impulse than it would
be in the previous cases, both along R-bar along which it will have a greater component, but also
along V-bar. Even though this is a difficult scenario to realise, it is still important to consider it in
order to really assume the worst conditions.

In addition, the effect of the aerodynamic drag will also have to be taken into account, making CAM in the
V-bar-R-bar plane the worst case compared to those in the H-bar-R-bar plane. In fact, drag helps when
violating the safety cone in the positive half-plane of V-bar, but opposes the manoeuvre in the opposite case.

5.2.2 Designing the manoeuvre according to the worst-case scenario

Considering scenario 3) as the worst case, conditions have been first simulated for it to occur. It has already
been mentioned that the lateral velocity components must be comparable with the axial one, the higher the
lateral components the sooner the violation of the cone constraint will occur (i.e. the trajectory is more
curved). By varying the initial velocity conditions iteratively, the desired trajectories have been obtained.
The initial conditions used are shown both to show how high the velocity must be, both axial and especially
lateral for this scenario to occur. Also, as will be seen, the trajectories considered are only 4 in the negative
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V-bar half-plane and 4 in the other. This is not only because it is an example, but also because in most of the
trials performed, the controller was able to control the trajectory even at a velocity greater than that
considered in the robustness analysis (see paragraph Robustness Analysis4.3) and make it executable. This
gives an idea of the rarity with which such events can occur.

Since, as mentioned, along V-bar the worst case occurs due to the action of aerodynamic resistance, the
trajectories exiting the safety cone towards the negative V-bar axis and those directed towards the positive
V-bar axis are divided.

Table 7 Worst-Case CAM initial conditions

Exit towards + V-bar Exit towards - V-bar
R-bar Distances
R-bar V-bar H-bar R-bar V-bar H-bar

Position [m] 53 -8 8 53 8 8

40 m
Velocity [m/s] -0.1 0.2 0 -0.2 -0.2 0
Position [m] 52 -7 7 53 8 8

30 m
Velocity [m/s] -0.3 0.17 0 -0.25 -0.2 0
Position [m] 54 -7 7 54 7 7

20m
Velocity [m/s] -0.35 0.08 0 -0.30 -0.18 0
Position [m] 52 -7 7 54 7 7

15 m
Velocity [m/s] -0.3 0.1 0 -0.38 -0.18 0

Mass [kg] 20

These conditions give the trajectories in Figure 87.
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Figure 87 Worst-Case CAM initial trajectory [V-bar, R-bar] plane

The worst of which are those at 40m and 30m exiting towards negative V-bar axis. These have high velocity
values along the R-bar axis (the maximum value considered along the nominal robustness analyses is 0.2
my/s), but also high velocity values in V-bar (the maximum value in the nominal robustness analyses is 0.03
m/s). Velocities along H-bar have been not considered, as anticipated, the worst conditions are for velocities
along V-bar. Furthermore, the requirement for which the trajectory must be passive safe for 24 hr must be
respected, but due to the computational cost a first estimate is performed considering as a requirement that
for which it must be passive safe for at least two orbital periods (each orbital period is ~92 minutes). Based
on these considerations the nominal impulse has been chosen. The impulse command must be such that it
opposes motion along R-bar and that along V-bar. The first ensures that the Chaser moves away, the second
causes an extension of the trajectory along the V-bar axis in such a way that it can reach a distance of at least
2 km. Iteratively, these values have been chosen to meet the requirements. The impulse, considering the
thruster providing a maximum thrust of 35 mN, is:

m
AvVp_par = 0.44 —

m
AVy_par = 0.18 —

Where Av indicates the Delta-V along axial and lateral direction. The results obtained for this worst-case
distance have been extended to all other worst-case distances along R-bar according to the initial conditions
in the Table 7 giving the results in Figure 88 and the verification of the softened requirement on the two
orbital periods in Figure 89.
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Figure 89 CAM trajectories in worst-case scenario in two orbital periods in [V-bar, R-bar] plane
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Figure 90 CAM trajectories in worst-case scenario in two orbital periods in [H-bar, R-bar] plane
It is noted that:
¢ all manoeuvres respect the constraint on the final position (> 2km);
¢ all manoeuvres are passive safe for at least 2 orbital periods;

o for R-bar distances of less than 20 metres, CAM is no longer possible. Even for longer V-bar pulses
the situation does not change. This is due to the fact that, since the velocity is high (especially along
V-bar), the pulses must be of longer duration in order to cancel or counteract it. Even by increasing
the pulse duration in the moments following the start of CAM the manoeuvre still does not "feel" the
whole pulse. Therefore, even by increasing the pulse duration, the situation does not improve after

a certain threshold.

5.2.3 Verification of the manoeuvre for the other scenarios

In the previous paragraph it has been seen that the requirements are therefore met for the worst case for
collision avoidance manoeuvres performed above 20m. Furthermore, as these velocities are much higher
than the other cases considered (i.e. 1) and 2) ), for this reason the CAMs will certainly be adaptable to them

as well.

5.2.3.1 Nominal Scenario

First of all, the CAM thus designed is tested on the nominal scenario. In the nominal case (no failure) the
maximum velocities are reached at the beginning of the trajectory, if it starts from nominal position and
velocity as can be seen from the Figure 91. Maximum velocities correspond to the worst case for the CAM
design in relation to the requirement that the final distance of the Target must be at least 2 km , because the
velocities to be canceled and inverted will be greater.
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Figure 91 Velocity profiles during docking at different distances

The analyses have been carried out in the case of maximum velocities (i.e. worst case for the execution of
CAM manoeuvres) and, in order to be conservative, initial velocity conditions equal to the maximum ones
considered in the Monte Carlo analyses have been chosen. Therefore, the initial condition are:

Table 8 Initial Conditions for CAM in nominal scenario

R-bar V-bar H-bar
Position [m] 52 2 2
Velocity [m/s] -0.2 -0.03 -0.03
Mass [kg] 20

The analyses have been performed from 45m to 5m with a 10m step. The results are shown in the Figure 92.
Here, it should be noted that up to 10m the manoeuvres described in the previous paragraph are excellent
as they move the Chaser away from the Target avoiding collisions. Given the high axial velocities even with
longer pulses along the V-bar it is not possible to move away the satellite faster due to the propulsive limits.
Higher pulses along the R-bar axis causes the opposite effect, that is to bend the trajectory even more

touching the origin of the axes.
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This behavior can be explained by looking at the figure again Figure 91. Here it can be seen that, the Chaser
first decelerates and then accelerates up to a maximum velocity along the R-bar axis reached around 15m
from the Target. From here a new deceleration begins which leads, at the end of the maneuver, to the
verification of the velocity requirements at the contact. If a CAM is performed from 5m, the axial velocity is
close to the second maximum, around -0.15m. This means that the maneuver designed previously does not
verify the expected trend (i.e. does not cause a trajectory with a greater slope than the previous ones), but

instead a worse behavior is obtained.

5.2.3.1.1 CAM from the cone limit with nominal velocity

A final case analysed within the nominal scenario (no failure), is that for which the escape manoeuvre is
carried out when the Chaser is on the cone. This can happen for example due to navigation errors where the
trajectory followed is not the one detected by the GNC. Also in this case the initial conditions considered are
those of maximum velocities among those considered during the analysis in paragraph 4.3. Regarding
position on cone, distances from the Target from 45m to 5m in steps of 10m, are considered.

Table 9 Initial conditions for CAM from cone in - Nominal scenario

Exit towards + V-bar Exit towards - V-bar
R-bar Distances
R-bar V-bar H-bar R-bar V-bar H-bar
. Position [m] 45 5.92 5.92 45 -5.92 -5.92
5m
Velocity [m/s] -0.19 0.02 0.02 -0.19 -0.02 -0.02
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Position [m] 35 4.6 4.6 35 -4.6 -4.6
35m
Velocity [m/s] -0.15 0.015 0.015 -0.15 -0.015 -0.015
Position [m] 25 3.15 3.15 25 -3.15 -3.15
25 m
Velocity [m/s] | -0.108 0.002 0.002 -0.108 -0.002 -0.002
Position [m] 15 1.71 1.71 15 -1.71 -1.71
15 m
Velocity [m/s] | -0.065 0.0003 0.0003 -0.065 -0.0003 -0.0003
Position [m] 5 0.4 0.4 5 -0.4 -0.4
5m
Velocity [m/s] | -0.105 0.0002 0.0002 -0.105 -0.0002 -0.0002
Mass [kg] 20

Executing, from these positions, the escape manoeuvre designated in the previous paragraphs gives the

results shown in Figure 93.
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Figure 93 CAM from cone position in [V-bar, R-bar] plane

The same behaviour is observed as before. The CAMs are perfectly executable from any dance over 5m. To
make the CAM executable even from such small distances, try a re-tuning of the controller would be needed
so that the output velocity profile is strictly decreasing.

In Figure 94 and Figure 95 the trajectory for two orbital periods on the [V-bar, R-bar] and [H-bar, R-bar]
planes are shown. It can be seen that, after just over an orbital period (~92 minutes) the trajectory intersects
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the negative V-bar axis at a distance greater than 2km, after which it continues defining a series of loops. it
is also noted that in the [H-bar, R-bar] plane it returns to the starting point cyclically, this represents an
advantage in the case in which the approach must be retried to avoid consumption also along that direction.
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Figure 94 CAM from cone position in two orbital period in [V-bar, R-bar] plane
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Figure 95 CAM from cone position in two orbital period in [H-bar, R-bar] plane

5.2.3.2 Close Valve Failure Scenario
Since, as mentioned, the worst conditions for the execution of the CAM occur for higher velocities, the worst
ones used in the Monte Carlo simulations (see paragraph 4.4.1) are considered as input velocities, namely:
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Table 10 Initial conditions for CAM - Close Valve Failure scenario

R-bar V-bar H-bar
Position [m] 52 2 2
Velocity [m/s] -0.2 -0.03 -0.03
Mass [kg] 20

The results can be seen in Figure 96 and Figure 97 where the manoeuvre selected in previous paragraph is

applied to different points of the trajectory, from 45m to 5 meters, with a step of 10m. It is assumed that the

failure occurs at the beginning of the trajectory. Figures shown the CAMs during 10 minutes after they begin.

The same considerations made previously are repeated, but in this case the manoeuvre can also be performed

at 5m but touching the V-bar axis. However, this is outside the expected safety requirements.
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Figure 96 CAM in close valve scenario in [V-bar, R-bar] plane
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Figure 97 CAM in close valve scenario in [H-bar, R-bar] plane

Figure 98 it is a demonstration of the fact that the performance of the CAM at 5m is due to the high velocities
at this distance. In fact, if the manoeuvre is performed at 2m where the axial velocity is half than at 5m, it is
noted that the manoeuvre is possible. In particular, except for the first seconds after the CAM beginning in
which the distance falls below 2m, subsequently it continues to increase, minimizing the probability of

collision.
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Fiqure 98 CAM close valve failure scenario from 2m in [V-bar, R-bar] plane

Considering the CAM started at the point of maximum velocity is at 40m, it has been demonstrated that the

requirement that it must reach a minimum distance of 2 km and that it must be passive safe for at least 2
orbital periods is met . This can be seen in the Figure 99 and Figure 100.
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Figure 99 CAM in close valve scenario during two orbital period in [V-bar, R-bar] plane

106



700 T
600

500+ [

-Rbar [

200

100 -

I/J

-10 0 10 20 30
Hbar [m]

40

Figure 100 CAM in close valve scenario during two orbital period in [H-bar, R-bar] plane

5.2.3.3 Open Valve Failure Scenario
For the Open Valve Failure Scenario it can be done the same as for previous one. The highest velocities
among those considered during the Monte Carlo analysis for all axes are considered such as to be more

conservative.

Table 11 Initial conditions for CAM - Open Valve Failure scenario

R-bar V-bar H-bar
Position [m] 52 2 2
Velocity [m/s] -0.2 -0.03 -0.03
Mass [kg] 20

The selected impulse collision avoidance manoeuvre is applied to different points of the trajectory, from 45
to 5 meters, with a step of 10m. In Figure 101 and Figure 102the CAMs are seen for the 10 minutes following
their start. It is observed that the curves are lower than the previous ones. This is due to the higher velocities

caused by the failures that oppose those of the escape manoeuvre.
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In this case, as can be seen, in this case the manoeuvre for distances on R-bar of 5m leads to a too slow
departure which results in a collision. To avoid this situation without resorting to a re-tuning of the
controller, different pulses have been tried. It is shown in Figure 103. In the instants immediately following
the beginning of the CAM the behaviour is the same even for Delta-V much greater than those found
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previously, because since the control impulse and consequently the actuation one last a certain period which
must be high given the maximum thrust value available (i.e. 0.35 mN), the effects of the entire manoeuvre

after a few tens of seconds.
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Figure 103 Different Delta-V manoeuvre in CAM open valve failure scenario at 5m

It should be noted that this is the worst condition in the case of open valve failure. In fact, it has been
hypothesized that the failure occurs at 50m and that this is found only in the points examined. Therefore, in
the case of CAM at 5m it was assumed that for 45m it is not detected. A more realistic case consists in the
detection of the failure in a period closer to that in which it occurs. For example, it is assumed that it occurs

at 10m and the system detects it at 5m. In Figure 104 and Figure 105 the results are shown.
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Even considering a more real case in which the failure occurs at 10m and the increase in velocity given by
the opening of the valve which remains continuously open is identified at 5m is considerable, such that the
Chaser at 5m has lateral velocities in the order of 1073 m/ s but axial of —0.13 m / s. This means that the

collision cannot be avoided at this distance.
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5.2.4 24 hours Passive Safe Requirement

One of the requirements to be met for Collision Avoidance Manoeuvres is that the trajectory must be passive
safe for at least 24 hours if a CAM is performed. In all the previous paragraphs this requirement has only
been verified by considering two periods (i.e. about 3 hours) due to the computational cost, but it has been
seen that the trajectory is formed by a string of loops towards the negative V-bar axis so this led to the
assumption that the trajectory is passive safe for 24 hr. But this might not be true because of the aerodynamic
resistance which, especially at the altitudes in question (i.e. 400 km) has a strong action causing the satellite
to decay. This requirement has thus been verified using another software: STK. By simulating the same
propulsion system as the one under study and the same initial conditions, it has been seen that the trajectory
proceeds towards the negative V-bar axis, as had been demonstrated by the results of the analyses, and
continues this motion for at least 24 hr.

Figure 106 24 Hr Passive Safe Requirement Respected

5.2.5 Identification of alternative strategies

The search for a new strategy based on the designed one but which can improve it, derives from the results
of the paragraph 5.2.2. It has been seen that in the worst-case scenario there is the impossibility to perform
CAM below 20m (depending on the V-bar half-plane on which the cone is violated), and therefore the loss
of safety for a third of the trajectory. Furthermore, all the results obtained for the other scenarios considered
velocities greater than those that from the proposed requirement in Section 4.4.1.1 should have been at the
beginning of the docking phase.

This leads to the identification of a different strategy. It has been said that this scenario is caused by the high
velocities at the start of docking. Just as there is control over position through the cone constraint, one can
consider control over the velocity profile. If at the entrance of the cone, i.e. at 50m, the velocity requirements
are not met, the implementation of a CAM can be considered. This would have the advantage of increased
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safety since there would not be the problem of not being able to perform CAM at close range to the Target
(i.e. <20m) due to high velocities.
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Figure 108 Alternative CAM strategy in [H-bar, R-bar] plane

Another solution could be to establish ranges of distances along R-bar in which different impulsive
manoeuvres could be used. This would lead to a greater optimisation of resources and would be adaptable
also to the case of navigation errors (within a certain range) since each position would fall in a range to which

a unique CAM corresponds.

A further development could be to make CAM only partially open-loop. This could be done by dividing the
manoeuvre into two phases, the first open-loop, like the ones analysed, which stops when the distance on R-
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bar exceeds a threshold value (e.g. the distance at which the keep-out zone ends, in the case of SROC at
100m). From this point, if the type of failure or malfunction has been detected (even if not resolved), the
trajectory may continue in a different way depending on the type of damage detected. If it also involves the
GNC (failure in the navigation department, etc.) it is possible to proceed with the open-loop CAM as seen so
far; if, instead, the GNC is entirely usable, it is possible to proceed with a close-loop trajectory based on a
feedback control that can be, for example, the one used in the fly-around docking phase (not yet implemented
in the system), for example an LQR or a simple PID. It is not recommended to use the NMPC in this case
because the dynamics implemented in the controller plant on which the predictions are based is linearised,
this is a simplification that cannot be used unless in the vicinity of the Target (a few meters).

an example of CAM divided into two phases has been performed. The first is an open-loop trajectory
interrupted a distance greater than 100m and the second is a close-loop manoeuvre with a PID controller up
to 2km.
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Figure 109 Close-loop CAM example

Finally, it should be noted that the simulations have been performed considering the maximum velocities to
which the controller was subjected in the robustness analysis, to consider worse conditions.
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6 Conclusions

The purpose of this study was to obtain a guidance and control model capable of performing a docking
manoeuvre in accordance with the requirements under nominal conditions and in the presence of a failure.
Furthermore, an automatic collision avoidance system has been implemented to perform escape manoeuvres
in the event of a violation of the trajectory constraints or in any other event that compromises spacecraft
safety.

The first part has assessed the capabilities of the orbital controller based on the Nonlinear Predictive Model.
A set of optimal parameters has been identified in order to obtain an excellent control of the trajectory during
the last meters of the approach. A set of Monte Carlo analyses demonstrated the robustness of the controller
in the nominal scenario and the compliance with the requirements on the final position, velocity and
trajectory constraint even in the event of disturbances.

In the presence of a failure, oscillations of the trajectory occur even if compensating actions are implemented.
Therefore, a requirement on initial velocities has been established such that the constraints imposed can be
respected and docking can be achieved even with a failed thruster.

Therefore, a requirement on the initial velocities was established such that, if respected, docking can occur
even with a failure of the propulsion system. It has also been observed that a minimum axial velocity
requirement may also be necessary at the start of docking so that the trajectory, again in the event of failure,
has an axial profile without oscillations. Nevertheless, due to the decreased performance of the propulsion
system in the event of a thruster failure, the duration of the manoeuvre increases. In this scenario escape
manoeuvres may be necessary if the best illumination and coverage for communications with ground station.

The second part of the thesis focused on collision avoidance situations. In particular, two studies have been
conducted. The first one concerns thruster shutdown in the last meters of the trajectory to avoid exhaust
plumes fouling the other payloads of the mothercraft. In this regard, it has been demonstrated that the lateral
misalignment constraint is always fulfilled for distances less than or equal to 1m. This makes coupling
possible through a magnetic or mechanical mechanism. It was also observed that increasing the thruster
shutdown distance increases the velocity at the mating point, therefore the lateral misalignment requirement
is met for distances less than 0.7m. When the coupling mechanism will be definitively chosen a trade-off can
be performed to choose whether to turn off the thrusters at greater distances from the Target but also
accepting higher contact velocities and therefore higher energies released at the impact or instead maintain
the current requirements.

Finally, Collision Avoidance Manoeuvre has been studied. Starting from the identification of the worst-case
in which it may occur, the manoeuvre has been designated in order to be easily executable and to require the
minimum number of subsystems involved. The Collision Avoidance Manoeuvre performance has been
evaluated under nominal conditions, thruster failure events, and safety constraint violations showing that it
can be performed up to distances greater than 5m from the Target because of an increase in the axial velocity
makes the manoeuvre less performant around this distance. Several strategies have been studied to improve
the model. A possibility could be to combine the constraint on the trajectory with an additional one on the
velocity profile or considering a close-loop system to be enabled if the failure does not affect the operation
of the GNC. All these strategies can be explored further in the future of the project.
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