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ABSTRACT

The challenging and unpredictable conditions of space present various obstacles to spacecraft
operations. To overcome these challenges, spacecraft require resilient systems that can with-
stand faults and failures. This is where the crucial role of fault-tolerant controllers comes
into play, which are developed and implemented to mitigate failures and ensure the continued
functionality of spacecraft. This thesis presents the design, validation, and comparison of a
fault-tolerant controller applied into spacecraft attitude control system (ACS) by spacecraft
test bench implementation. The design process of each controller starts with a literature
review, which gives the basis of fault-controller methodologies, and also provides updated
information of current used technologies for spacecraft ACSs and test benches. The vali-
dation and comparison processes are performed facing two architectures of NLDI controller
with the proposed Fuzzy Logic Controller (FLC), in order to evaluate its performance and
feasibility of its application in the aerospace industry. Simulation and implementation data
are compared using multiples correlation metrics in order to assess the agreement between
each set of data, getting a more accurate simulation model for spacecraft attitude controllers
design before moving into implementation. Several failure scenarios are conducted to analyze
the performance and robustness of each attitude controller. FLC performance shows to be
on a par with NLDI controllers, being better in some cases for both nominal and failure
scenarios. This demonstrates the capacities that a FLC can have despite that its nature is

highly human logic dependent.

Keywords — Fault-Tolerant Controller, Spacecraft Attitude Control Sys-
tem, Fuzzy Logic Controller, Spacecraft Test Bench
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RESUMEN

Las dificiles e impredecibles condiciones del espacio plantean diversos obstaculos a las ope-
raciones de las naves espaciales. Para superarlos, las naves espaciales necesitan sistemas
resistentes que puedan soportar fallos y averias. Aqui es donde entra en juego el papel cru-
cial de los controladores tolerantes a fallos, que se desarrollan e implementan para mitigar los
fallos y garantizar la funcionalidad continuada de las naves espaciales. Esta tesis presenta el
diseno, validacion y comparacién de un controlador tolerante a fallos aplicado al sistema de
control de actitud (ACS) de una nave espacial mediante su implementacién en un banco de
pruebas. El proceso de diseno de cada controlador comienza con una revision de la literatura,
que proporciona la base de las metodologias de control de fallos, y también proporciona infor-
macion actualizada de las tecnologias utilizadas actualmente para ACSs de naves espaciales
y bancos de pruebas. Los procesos de validacion y comparacion se realizan enfrentando dos
arquitecturas de controlador NLDI con el controlador de légica difusa (FLC) propuesto, con
el fin de evaluar su rendimiento y la viabilidad de su aplicacién en la industria aeroespacial.
Los datos de simulacion y de implementacién se comparan mediante multiples métricas de
correlacion con el fin de evaluar la concordancia entre cada conjunto de datos, obteniendo
un modelo de simulacién mas preciso para el diseno de controladores de actitud de naves
espaciales antes de pasar a su implementacién. Se llevan a cabo varios escenarios de fallo
para analizar el rendimiento y la robustez de cada controlador de actitud. El rendimiento
del FLC muestra estar a la par con los controladores NLDI, siendo mejor en algunos casos
tanto para escenarios nominales como de fallo. Esto demuestra las capacidades que puede

tener un FLC a pesar de que su naturaleza es altamente dependiente de la 16gica humana.

Palabras clave — Controlador Tolerante a la Falla, Control de Actitud
de Vehiculos Espaciales, Controlador por Légica Difusa, Banco de Pruebas de

Vehiculos Espaciales
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[.INTRODUCTION

A. Motivation

Space exploration and satellite missions play a crucial role in advancing our understanding
of the universe, supporting vital communication networks, and monitoring Earth’s resources.
However, the harsh and unpredictable space environment poses numerous challenges to space-
craft operations, demanding robust systems capable of withstanding faults and failures. One
critical aspect of ensuring mission success is the development and implementation of fault-
tolerant controllers that can mitigate failures to maintain spacecraft functionality [1].

Spacecraft operate in extreme conditions, exposed to radiation, temperature varia-
tions, micrometeoroids, and other environmental hazards. Despite meticulous engineering
and testing, hardware and software failures can still occur during mission operations, po-
tentially threatening the entire mission. Faults can manifest in various forms, ranging from
sensor malfunctions and actuator failures to communication errors and power supply issues.
The consequences of such failures can range from compromised scientific data acquisition to
catastrophic mission losses [2], [3].

To mitigate the impact of failures, fault-tolerant control techniques have emerged as a
promising approach to enhancing the reliability and robustness of spacecraft systems. Fault-
tolerant controllers aim to detect, diagnose, and accommodate faults in real-time, allowing the
spacecraft to continue operating and completing its mission objectives, even in the presence of
failures [4], [5]. By dynamically adapting control strategies, fault-tolerant controllers enable
spacecraft to maintain stability, performance, and functionality, thereby ensuring mission
success [6].

The design and implementation of fault-tolerant controllers for spacecraft pose unique
challenges due to the stringent resource constraints, limited computational capabilities, and
stringent real-time requirements imposed by space missions [5]. The controllers must be capa-
ble of reconfigure control strategies, and seamlessly transitioning between redundant systems
or backup components. Additionally, they must consider the intricate interdependencies

between subsystems and prioritize fault-tolerance without compromising overall system per-
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formance.

B. Problem Statement

This thesis aims to explore the design and application of fault-tolerant controllers in the
context of spacecraft operations involving their attitude control system. It will investigate
various fault-tolerant controller methods that can be integrated into the control systems
of aerospace systems, specially spacecraft. The research will encompass both theoretical
investigations and practical implementations, utilizing simulation models and experimental
data to assess the performance and effectiveness of different fault-tolerant control approaches.

By examining the current state-of-the-art in fault-tolerant control techniques and their
suitability for spacecraft applications, this project intends to contribute to the advancement
of robust and reliable spacecraft systems. Ultimately, the findings and insights obtained
from this thesis will help improve the fault-tolerant controllers implementation and enhance
resilience of future spacecraft missions, ensuring their continued operation and enabling valu-

able scientific discoveries in the vastness of space.

C. Thesis Outline

This project begins with Chapter I, which describes the motivation that led to the develop-
ment of this research work and the problem statement that will be worked throughout the
project.

Then, Chapter II shows the general and specific objectives, giving a work route for
this project, helping the reader to always have present the reasons why every chapter comes
from the basics to specific developments, so the objectives can be accomplished. Also, with
the objectives it is possible to outline the structure of the entire project.

Next, a review of some of the controllers used in spacecraft applications in Chapter I11,
giving a brief explanation of how they work and their benefits compared to other controllers.
In addition, this chapter depicts newly techniques in spacecraft controls such as Machine

Learning (ML) controllers, giving the reader with an update on research projects currently
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underway.

Subsequently, Chapter IV provides an overview of the spacecraft dynamics and equa-
tions of motion that govern the attitude determination and control system. This chapter
goes through the quaternions representation, showing the benefits of its use since it deals
with the “Gimbal lock” phenomenon. Then, the quaternions and spacecraft kinematics are
explained, so the equations described can be used for the development of the controllers.

As this thesis will incorporate either simulations and implementation of spacecraft
attitude controllers, Chapters V and VI give the methodology used for these purposes. A
simulation framework is developed for the characterization and tuning of the controllers to be
deployed into a spacecraft test bench. Two simulation models are proposed, one with distur-
bances and the other without them, in order to simulate a more accurate model with respect
to the test bench before deploying the algorithms into implementation. For implementation
the Extreme Access System (EASY) spacecraft hardware framework is described, showing
its components and functionality, also providing details about the software framework used
for its operation, as it uses xPC Target, an useful tool for the development of applications
in Simulink [7] that can be tested and run on a dedicated target computer or hardware.
Additionally, the equations for the stability and performance metrics are described, so a
comparison analysis between the controllers developed can be done.

For the main objective of this thesis, Chapter VII describes the controller architectures
developed for simulations and implementation on the spacecraft test bench. This project
focused on the development of a fault-tolerant controller, so Fuzzy-logic was chosen because
it is easy to understand once spacecraft dynamics and kinematics are well understood, and
because some challenges are currently being faced in its implementation due to computational
limitations. Furthermore, the other nonlinear controllers previously developed are described,
one of them with an Adaptive Immune System (AIS) algorithm. Thus, the Fuzzy-logic
controller can be compared.

Then, the results are shown and discussed in Chapter VIII, displaying the tracking
performance, stability, and performance metrics of the controllers. Also, the Bland-Altman

plot is used to give a better understanding of the fitness of simulation data to real data.
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Then, Chapter IX shows the conclusions of the previously presented results.
Finally, Chapter X indicate some recommendations about further work that can be
done in order to improve the Fuzzy-logic controller and the EASY spacecraft test bench

operation.
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II. OBJECTIVES

A. General Objective

Design, validate and compare a fault-tolerant controller for spacecraft attitude control sys-

tems.

B. Specific Objectives

Develop a dynamic model of the spacecraft used in the test bench.

Design and simulate a fault-tolerant controller for spacecraft attitude control.

Compare the performance of the designed controller with the performance of the controllers

available on the test bench.

Validate the dynamic performance of the designed controller on the spacecraft test bench.
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III. LITERATURE REVIEW

In order to give an overview of the aspects related to the area of spacecraft attitude control,
a literature review of systems, test bench methodologies approaches, and attitude control

algorithms are described below.

A. Spacecraft Attitude Control Systems

The systems that generally make up a space vehicle are: structure, electrical power, com-
munications, propulsion, on-board computer and attitude control system (ACS). The latter
serves the function of controlling the orientation (also called attitude) of the vehicle in space
in order to point the instruments and subsystems to a desired point, so certain scientific data
can be acquired and specific missions can be accomplished.

The design of the attitude control system is generally made for three-axis stabilization,
this means the spacecraft is capable of perform rotation around its own three axes. For this,

several methodologies are implemented according to the mission requirements.

1) Magnetorquers

One of the attitude control methods is the use of Magnetorquers. A Magnetorquer,
also known as a magnetic torquer, is a device designed to regulate attitude, mitigate tumbling,
and provide stabilization. Its functionality relies on the interaction between a magnetically
induced dipole and the magnetic field of the orbited celestial body. As a result of this inter-
play, a torque is produced, which is harnessed to manage the satellite’s rotational movement
around its center of gravity [8].

To build a magnetorquer, electromagnetic coils are employed. The application of an
electric current to the coil leads to the generation of the magnetic dipole that governs the
control mechanism. Figure 1 shows a set of magnetorquers used in a CubeSat attitude control
system.

Some of the advantages in the use of magnetorquers are: the volume usage, as they are

usually small; the power consumption and less probability to failure, as they only use electrical
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Fig. 1. Magnetorquer for CubeSat. Source: [9].

power and no mechanical motion, compared to thrusters and reaction wheels, respectively;
they produce torque without generating significant vibrations or disturbances, a characteristic
that can be advantageous for sensitive payloads or instruments onboard the spacecraft that

require a stable environment for optimal performance [10].

2) Reaction Wheels
Reaction wheels, also called momentum wheels, are spinning devices that exert torque
on the spacecraft by either adding or extracting energy, inducing rotation along a specific axis.
Sustaining the rotation of a flywheel, known as momentum, leads to the stabilization of the
corresponding spacecraft axis. Incorporating multiple reaction/momentum wheels enables
comprehensive three-axis attitude control and stability to be achieved [11].

Figure 2 shows a set of reaction wheel actuators used for CubeSat applications.

Fig. 2. Reaction wheels for CubeSat. Source: [12].
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Reaction wheels have been widely employed for controlling the orientation of satellites,
encompassing both large and small satellite missions. Almost all satellite missions that
utilized reaction wheels as their primary attitude actuators have demonstrated exceptional
performance in achieving precise attitude control, effectively meeting the requirements of
their respective missions [13]. So far research on improving reaction wheels performance
focus on power consumption and sizing optimization. Essentially, the power consumption of
the reaction wheels can be reduced by strategically configuring their orientation within the

satellite’s onboard system, thus some research have focused on this topic [13]-[18].

3) Spherical Reaction Wheel

The reaction wheel system stands out among other systems for its superior capability
to achieve precise spacecraft attitude control. However, a significant drawback of this system
is its challenge in miniaturization, as mentioned before. As a result, utilizing the reaction
wheel system for controlling small satellites is not straightforward, despite its impressive
capabilities. To address this issue, an alternative approach involves the implementation of
a spherical rotor in place of flywheels. This spherical reaction wheel system incorporates 3
stators that consist of piezoelectric actuators as main driving division [19]. Some research
papers have worked on the development and improvement of these kind of systems, as shown

in Figure 3.

System Actuator

Fig. 3. Spherical Reaction Wheel. Source: [19].
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4) Thrusters

Thrusters are one of the most commonly used systems to achieve spacecraft stabiliza-
tion. They consist in a set of nozzles distributed along the spacecraft, which using a reservoir
of fuel, create a reaction that accelerates certain amount of mass, creating a force that is
converted into a moment of rotation for the spacecraft. For this reason, these type of devices
are also referred to as mass-expulsion control (MEC) systems or reaction control systems
(RCS) [20]. A RCS for attitude control of the Apollo Moon landing program is shown in
Figure 4.

Fig. 4. RCS for Apollo Moon landing program. Source: [21].

Actuators like the ones mentioned earlier may produce minor reaction torques to coun-
terbalance perturbation torques arising from errors and uncertainties in component align-
ment, resulting in undesired angular rotations. Nevertheless, the torques originating from
these uncertainties during orbital maneuvers are considerably larger. Hence, a more robust
actuator is required for attitude compensation, prompting certain research studies to propose
the utilization of thrusters [22].

As this actuator is fuel dependent, its main problem is fuel consumption. For this
reason, research works have focused on fuel consumption optimization without loosing its

properties of forces and moments for attitude control of spacecraft [23], [24].

B. Spacecraft Attitude Control Test Bench

Developing a test bench for the verification of spacecraft attitude control systems is crucial
for several reasons. Firstly, it allows for the assessment and validation of the performance

and functionality of the control system in a controlled environment before actual deployment
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in space. Secondly, it provides an opportunity to simulate and evaluate various operational
scenarios and mission-specific conditions that the spacecraft may encounter during its mis-
sion. Moreover, a test bench facilitates the verification of the fault-tolerance and resilience of
the attitude control system. By intentionally introducing faults or failures and observing the
system’s response, engineers can assess the system’s ability to detect, isolate, and mitigate
faults, ensuring the spacecraft’s safe and stable operation even under adverse conditions.

For this reason, several spacecraft attitude control test benches have been developed.
Some of them use a three degree of freedom (DOF) air bearing, which offer a nearly torque-
free condition, nearly as close as possible to that of space. This kind of set up is usually
used within a Helmholtz cage that generates a magnetic field, useful for orbit simulations
around celestial bodies, and for the test of magnetorquers [25]. Also, these test benches are
considered Hardware-in-the-Loop (HIL), as they incorporate multiple hardware coupled with
software, such as sun sensors, sun simulators, stereo cameras, and magnetometers working
through a software like MATLAB Simulink [25]-[27]. Figure 5 shows a CubeSat magnetic
attitude control system test bench developed at the Politecnico di Torino, Italy.
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Fig. 5. CubeSat magnetic attitude control system test bench. Source: [26].
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C. Spacecraft Attitude Controllers Review

Spacecraft attitude control is essential for maintaining the desired orientation and stability of

spacecraft during space missions. Attitude control systems consist of sensors and actuators
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to determine and change the orientation of spacecraft, respectively. Moreover, the control
algorithms play a crucial role on the entire system, so precise pointing and mission success
can be insured. For this reason, a brief description of some control architectures is given

below.

1) States Feedback Control

In the control theory, the state of a dynamical system is defined by a collection of
variables that permits prediction of the future development of a system. So it is possible
to control a system through feedback of the state. The designing of a feedback control
focuses on a main purpose: the positioning of closed loop eigenvalues in desired locations
[28]. When the direct measurement of a system’s state is not feasible, it is often possible
to infer or estimate the state by utilizing our understanding of the system’s dynamics and
limited measurements. This is achieved by constructing an “observer” that leverages input
and output measurements of a linear system, along with a model of the system’s dynamics,
to approximate the state.

The states of a system ¥ € R* are related to the inputs @ € R', as well as the output

¥ € R, given the eq. (1).

A

&1
I
S
IS

+ Bu,
(1)
Ci+ D

<y
I
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where A € R*** B € R**' C € R™, and D € R"™ are called the state, input, output,
and feedthrough matrices, respectively.

If the feedback is restricted to be a linear, the control law can be written as eq. (2).

i=-Ki+K,7, (2)

where 7 € R" is the reference value, K € R*** is the feedback gain, and K, € R"™" is the

reference gain. Then, the closed loop system obtained when the feedback is applied to the
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system, this is replacing eq. (2) into eq. (1), eq. (3) is obtained.

i = (A - BK)i+ BK,F (3)

Now, the main purpose is trying to determine the feedback gain K so that the closed

loop system has the characteristic polynomial in the form of eq. (4).

p(s) = s" +p1s" 4+ pa_1s + Dy (4)

This control problem is called the eigenvalue assignment problem or the pole placement
problem, poles being the name of the values where the transfer function that describes the
system becomes infinite [28], [29]. Figure 6 shows a block diagram of the states feedback

controller architecture.
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Fig. 6. States feedback controller block diagram.

Several research works have focused on the optimization or the integration of adaptive
characteristics of these type of controller by looking for the best values that the poles can

have, based on certain mission requirements [30]-[32].
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2) Linear-quadratic Regulator (LQR)

As mentioned before, solving the dynamic programming problem for continuous sys-
tems is generally challenging, as there are many values that the poles can take. However, there
are specific significant scenarios where solutions are more readily available. Many of these
cases involve variations of linear dynamics and quadratic cost. The most straightforward in-
stance, known as the linear quadratic regulator (LQR), involves stabilizing a time-invariant
linear system to the origin. The LQR stands as a highly significant and influential outcome
in the field of optimal control.

Considering a system in the state-space form shown in eq. (1), an infinite-horizon cost

function can be described as in eq. (5).

Jeost = / [Z"Qz + a" Ru] dt (5)
0

where @ = QT > O € R*** and R = RT > O € R™ are named the weighting matrices
(different from previous definition of R). Then, the goal is to find the optimal cost-to-go

3 *
function J7 ,

() which satisfies the Hamilton—Jacobi-Bellman (HJB) equation shown by eq.
(6), which by its definition, provides both a necessary and sufficient condition to determine

the optimality of a control [33].

*

a.J,
¥, 0= min |77 Q7 + a" Rii + 8—‘;3“(Ai:‘ + Ba)| , (6)

where the gradient function is defined by eq. (7), where § = §7 > O € R* [34].

Jc*ost(f) = _’TS:Z: 7
aJc*ost — Q:Z:TS ( )
or

Some recent research works use LQR as point of comparison for new developed con-

trollers, such as the work carried out by Guiggiani, Kolmanovsky, Patrinos, et al. [35], where
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a Model Predictive Controller (MPC) is compared with LQR control, and is also used to

emphasize some specific characteristics of the new controller benefits.

3) Nonlinear Dynamic Inversion (NLDI)

Spacecraft behavior is not always characterized by linearity. Nonlinear dynamics may
manifest in certain flight regimes or failure scenarios. Consequently, to effectively control
aircraft in such situations, a nonlinear controller becomes necessary. It is imperative for this
controller to possess a high level of robustness, as the model never precisely matches the
real-world dynamics.

The system model can be rewritten as in eq. (8).
7= [(@) +g(7)a (8)
A virtual control input ¥ can be defined as in eq. (9).

T=b7) +a@)id & @=a (D)7 - b)) 9)

Now, the virtual control input ¢ can be employed to control the entire system in a
straightforward linear manner. The main hurdle lies in determining the appropriate setting
for v. For this, state feedback, as described before, is often used. So, the same procedure is
carried out, as shown in eq. (10).

dz d*7 a1tz

7= —kot — ky— — ky—r

— .=k, — 1
dt dt2 n g1 (10)

Since d"Z/dt™ = v, this turns the system into a linear closed loop system governed by

eq. (11).

arx A1z dxr
ki —— ki 4 kg = 11
e B T R (11)
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By appropriately selecting the parameter k;, it becomes possible to define the proper-
ties of the closed-loop system. Utilizing eq. (9), the desired input @ can then be determined.
This process, referred to as the outer loop of NLDI, involves finding the value of ¢. Sub-
sequently, the inner loop involves obtaining the corresponding @ value and incorporating it
into the actual system [36].

Finally, the NLDI technique has proved to be an easy way of controlling nonlinear
systems, so much so that adaptive characteristics incorporation to this controller is a recent

investigation area [36], [37].

4) Model Reference Adaptive Controller (MRAC)

Adaptive control is a methodology employed to dynamically adjust the parameters
of a system in real-time, ensuring a desired level of performance even when the system
parameters are unknown or subject to changes. Model Reference Adaptive Control (MRAC)
presents an approach to address challenges associated with adaptive control in practical
settings. MRAC utilizes a closed-loop controller to compare the output of the system with a
predefined reference response, enabling adjustments to the system’s parameters in accordance
with this reference response, which accommodates changes in various plant parameters [38].
Figure 7 describes the MRAC architecture in a block diagram.

Based on the architecture of MRAC, it can be classified into two types: first, the
direct control, whereby the system adjusts itself to the error signal, described as the difference
between the plant and the reference response. Here, the controller parameters are updated
in real time by adaptive laws. Second, the indirect control, in which the system adjusts
itself by comparing the plant output to online standard reference. In this case, the controller
parameters are obtained by solving linear algebraic equations that correlate the controller
parameters with online model of the plant for each time [38], [39].

Recent research works have purposed novel control algorithms by augmenting the
NLDI controller with a direct MRAC, in order to improve the slow mode of the NLDI due

to a performance degradation because of disturbances increases [40].
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Fig. 7. MRAC architecture block diagram. Source: Adapted from [38].

5) Machine Learning (ML) Controllers

As stated in the LQR controller description, one of the challenges is finding the pa-
rameters that best fit to certain mission requirements. Therefore, within this optimal control
problem, the HJB equation can transform into the Riccati Equation [41], [42]. Research
endeavors have revealed that Neural Networks (NN) can be trained to serve as approximate
solutions to this equation [43]. Here, the control objective becomes minimize a well-defined
cost function J,, within the space of possible control laws. An online learning loop provides
experiential data to train the controller. Furthermore, the machine learning (ML) control
can be a Deep Reinforcement Learning (DRL) architecture, which uses the HJB equation
as a value function to be approximated by a set of critic-actor NN for approximation of the
control policy [44]. Figure 8 illustrates a block diagram of a ML control architecture, where

Wy refer to the NN weights.

6) Fuzzy Logic Controller (FLC)
Fuzzy logic controller (FLC) is an established control theory that simplifies the design
process by utilizing the expertise of satellite designers, since its principle of functionality is

based on a set of decision-based rules that analyze the system behavior and the linguistic input
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Fig. 8. Machine Learning Control architecture block diagram. Source: [43].

variables within the framework of the system [45]. FLC follows a three-step process consisting
of fuzzification, inference (or decision-making), and defuzzification stages to generate its
output. During the fuzzification stage, input variables are converted into linguistic variables
using predefined membership functions (MFs). The fuzzified output is then determined
based on the rules defined. In the defuzzification stage, the fuzzified output is transformed
into the desired output used for system control. One notable advantage of FLC is that
it does not require an exact system model during development. As a result, FLC finds
extensive applications in industrial control, systems characterized by high uncertainty and
nonlinearities [45]. For this reason, FLC may be classified as a nonlinear controller, whose
parameters are determined online [46], [47].

There are two types of fuzzy inference systems (FIS), Mamdani and Sugeno. Mamdani
uses a fuzzy set as the output of each rule, which is derived from an output MF and an
implication method [48], [49]. These individual fuzzy sets from the output are merged into a
unified fuzzy set using the aggregation method of the FIS. Finally, to obtain a precise output

value, the combined output fuzzy set undergoes defuzzification employing a method, which
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can be: centroid, bisector, middle of maximum, smallest of maximum, largest of maximum,
or any other custom defuzzification method. Each of the previously mentioned methods is
explained in Defuzzification Methods [50].

In the other hand, Sugeno FIS, also known as Takagi-Sugeno-Kang FIS, employs
output membership functions that are either constant or linear functions based on the input
values. In comparison to the Mamdani system, the defuzzification process for a Sugeno system
is computationally efficient. This is because it calculates a weighted average or sum of a few
data points instead of determining the centroid of a two-dimensional area, as mentioned
before with the defuzzification methods for Mamdani [48], [51].

For this type of FIS in which the a MF has a single membership value is considered
to be a type-1 FIS. Hence, while a type-1 membership function represents the membership
degree within a specific linguistic set, it does not account for uncertainty in that degree.
To address this uncertainty, interval type-2 membership functions can be employed. These
functions allow for a range of values to express the degree of membership [52].

Table I describes each advantage in the use of each type of FIS.

TABLE 1
ADVANTAGES OF EACH TYPE OF FLC. SOURCE: [4§]

Mamdani Sugeno

Intuitive Computational efficient
Well-suited to human input  Work well with linear techniques, such as PID control
More interpretable rule base Work well with optimization and adaptive techniques
Have widespread acceptance Guarantee output surface continuity

Well-suited to mathematical analysis

In the application of FLC, it is particularly suitable for nano and pico satellites with
limited power budgets. By incorporating the designer’s knowledge, fuzzy logic reduces the
design complexity for attitude control. Notably, it requires significantly less power while
meeting the attitude control requirements. Although fuzzy logic has not been widely adopted

in space applications, it has shown promising results in specific space missions [45]. Addi-
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tionally, from a computational point of view, fuzzy controllers cost much lower than LQR

Finally, as mentioned in Table I, one of the main advantages of Sugeno FIS is its
capacity of being an adaptive controller. Therefore, several research papers have devel-
oped fault-tolerant controllers whose architectures rely on adaptive parameters coupled with

Proportional-Integral-Derivative (PID) controllers [47], [54]-[56].



SIMULATION AND IMPLEMENTATION OF FAULT TOLERANT CONTROLLERS... 36

IV.SPACECRAFT DYNAMICS AND KINEMATICS

In order to apply control techniques in space vehicles, it is necessary to know the dynamics
of a spacecraft, the systems that compose them, specifically the attitude control system,
and its dynamics; what is automatic control, how it is applied in these vehicles and the
types of controllers to be applied; and finally, the methodologies to evaluate the performance
of these controllers. For that propose, this chapter provides a general description of the
dynamics and kinematics governing a spacecraft. Also, the importance of working with
quaternions representation is described, as well as how they provide a framework for the
spacecraft’s dynamics. Some of their properties are described in order to get the Direction
Cosine Matrix (DCM) in quaternions representation. Finally, the equations governing the

control architecture, getting the moments and forces, are described.

Longitudinal

Fig. 9. Euler angles. Source: [57].

A. Quaternions Representation

As with aircraft, the orientation of a spacecraft can be defined by Euler angles, which are
a sequence of angles, called pitch (0), yaw (¢), and roll (¢) (Figure 9), from an inertial
reference frame [58]. However, the equations governing the Euler angles present a limitation
for maneuvers requiring £90 degrees of rotation due to the phenomenon called “Gimbal

lock”. Therefore, the use of rotational quaternions is necessary for the representation of the
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orientation [59].

A quaternion is a 4-component tuple, which defines an element in R*, as following:

q=(q0q,9,7),

where qg, g1, g2 and g3 are real or scalar numbers. An alternative representation is to define

a scalar part (go) associated to a vector part (q) in R3, like this:

q=iq +jg + kags,

where i, j and k are the orthonormal basis in R?. Thus, a quaternion can be set as in eq. (12).

7= qo+a=qo+ig +Jjg + kg (12)

The rotation quaternion ¢z can be defined as a rotation around a unit vector, as shown
in eq. (13), where a, is the rotation angle, and n, ns and n3 are the components of the unit

vector of the rotation axis 7.

(13)

2y
I

Taking into account a rotation order like Z — Y — X the rotation matrix from body
fixed reference frame B to inertial reference frame I, using quaternions can be calculated

using eq. (14).

Rﬁ = qRr, " qry * IRy (14)
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where qg,, qr,, and gg, are the vector components of the rotational matrix with respect to

the yaw, pitch and roll angles, respectively. Then, they can be defined as eq. (15).

cos (%) cos (g) cos %)
0 0 sin (£
(jR¢, - ; JRQ - . 0 y (TR¢ - (2) (15>
0 sin (5) 0
sin (%)_ 0| 0

Then, by quaternions properties, the expression to determine the rotation quaternion
in terms of the Euler angles is as shown in eq. (16). This expression is also called the

Rotational Matrix from body fixed reference frame to inertial reference frame [60].

cos(%)cos(g)cos(%) + sm(%)sm(g)sm(%)

Ri - sin(%)cos(%)cas(%) — cos(%)sin(%)sin(%) (16)
cos(%)sm(g)cos(%) + Sm(g)cos(g)sm(%)
_cos(%)cos(g)sz’n(%) — sin(%)sin(g)cos(%)_

The Rotational Matrix can be implemented to obtain the Direct Cosine Matrix
(DCM), taking advantage of quaternions properties [61]. To do this, let’s define the ex-

pression to find a point P, relative to point P, as quaternions, as shown in eq. (17).

P,=q-Pi-q, (17)

where ¢ is the conjugate of ¢.
Then, the Direction Cosine Matrix (DCM) can be determined in order to convert
from an inertial reference frame to a body-fixed reference frame, in terms of quaternions or

the Euler angles, as shown in egs. (18) and (19), respectively.
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1- 2‘]% - 2(1% 2((]1(]2 - Q3QO) 2((11(]3 - Q2QO)
DCMy = |2(qig2 + g390) 1 — 245 — 247 2(q2q5 — q140) (18)

20193 — ¢290)  2(q2q3 — 1q0) 1 —2q5 — 247

cos (0) cos(vp)  sin (¢)sin (0) cos (1) — cos (¢) sin(p)  cos (¢) sin (0) cos (¢) + sin (¢) sin(v))
DCM" = Ry = | sin (¢) cos(8)  sin (¢)sin (A) sin (1) + cos (¢) cos(v))  cos (1) sin () sin (¢) — sin (@) cos(y)) (19)
—sin(6) sin(p)cos(0) cos(¢)cos(0)

B. Quaternions Kinematics

As mentioned in Chapter IV Section A, quaternions representation is desired for spacecraft
attitude description, as they avoid singularities. Furthermore, their differential equations
are linear, property that makes computational process easier and improves accuracy in in-
tegration. For the following description, the spacecraft will be considered as a rigid body
for simplicity. Thus, taking into account the quaterions description, the differential vector

equation for quaternions is described as in eq. (20).

7= 52w, (20)

where (j’ is the derivate of quaternions vector, ¢ is the quaternions vector, and (w) is known
as the kinematic quaternion matrix, and represents the skew symmetric matrix of the angular

velocity vector, as shown in eq. (21).
Qw) = : (21)

where & = &(t) = [w, wy w,]” is the angular time-dependent velocity vector, and [wx] refers

to a cross-product matrix described by eq. (22).
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0 —w, wy
[w X] = Wz 0 —Wy
—Wy Wy 0

Then, expanding eq. (21) it takes the form shown in eq. (23).

0 W, —Wy Wy
—w, 0 Wy Wy
Qw) =
wy —wry 0 w,
—W; —wy —w, 0

do 0w —w we| |
G B 1 —w, 0 Wy Wyl |q1
Go 2 Wy  —Wg 0 Wy q2
_43_ | W TWy TW: 0 | [493]

Eq. (20) can also be expressed as in eq. (25).

m
2
&l

Q-
Il
N | —

where Z(q) is defined by eq. (26).

qalsxs + [q1.3%]

T
—dq1:3

where I35 is a 3x3 identity matrix [62].

(23)

(24)

(25)

(26)

Finally, if w(¢) is known, the differential equations for the quaternions are linear [43].
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C. Spacecraft Kinematics

The relationship between the angular momentum rate in the inertial reference frame and the
moment summation can be summarized as the kinematic equation of motion for rigid bodies,

as shown in eq. (27).

- dH!

where H is the angular momentum, which can be described as in eq. (28)

H=1J &g, (28)

where &g/ is the angular velocity vector respect to the body reference frame obtained from
the inertial reference frame (B/I), and J is the matrix of products of inertia of the rigid

body. J is a real positive definite and symmetric matrix defined by eq. (29).

where J,;, Jyy, and J,, are the principal moments of inertia, and J,,, J,., and J,, are the
cross-moments of inertia.
In order to calculate the rate of angular momentum in the inertial reference frame

based on eq. (27), it is essential to utilize the transport theorem in the way shown in eq.

(30) [63].

- dH" dH® S
ZMZWZT—FWB/[XH (30)
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Using eq. (28), the derivative of the angular momentum vector H as seen by the body
reference frame is as expressed by eq. (31).
dH’

Then, the equation that describes the change of & along time can be defined as in eq.

(32) [63].

&= J =@ x (J&) + M) (32)

Then, from eqs. (20) and (32), eq. (33) shows the system describing the dynamics

and kinetics of a spacecraft when it is modeled as a rigid body.

F= (&)= (33)

Here, the states of the system 7 are the four quaternions and the three angular rates.
The instantaneous net torque M is determined by the contribution of the moments from
the attitude control system, which are the control inputs «. This leads to the fact that the
derivative of the state vector Z is function of the states and the inputs of the system, ¥ and

i, respectively.
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V.SIMULATION FRAMEWORK

Simulating spacecraft attitude controllers before deploying them into an actual spacecraft
is of paramount importance in the field of aerospace engineering. Spacecraft attitude con-
trol is critical for numerous spacecraft functions, including maintaining communication with
Earth, pointing scientific instruments accurately, and stabilizing the spacecraft during ma-
neuvers. Simulating spacecraft attitude controllers allows engineers to thoroughly test and
validate the performance of the control algorithms and software in a controlled and cost-
effective environment before implementation. The process of simulation is crucial to ensure

the following:

1. Safety: Since space missions involve significant risks and expenses. By simulating
various nominal and failure scenarios, engineers can improve the system’s robustness
and reliability, minimizing risks associated with deploying unproven control algorithms

directly on a spacecraft.

2. Cost-effectiveness: Developing, building, and launching a spacecraft is an expensive
endeavor. Simulating the attitude controller allows engineers to detect and address
issues early in the development process, reducing the likelihood of expensive design

changes or costly modifications during the testing phase.

3. Realistic Representation: Simulations provide a realistic representation of the
spacecraft’s dynamics, environmental conditions, and actuator inputs. By incorpo-
rating accurate models of the spacecraft’s physical properties and the external forces
acting upon it, engineers can evaluate the controller’s performance under a wide range

of operational scenarios.

4. Tterative Design Process: Simulations enable an iterative design process, allowing
engineers to refine the attitude controller continuously. This iterative approach im-
proves the overall effectiveness of the attitude control system and enhances its ability

to meet mission requirements.
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A simulation framework was developed in MATLAB Simulink to support the analysis
of flight-operation scenarios along with data processing and evaluation of different guidance,
navigation and control algorithms in normal and abnormal conditions.

The simulation framework provides a simple way to incorporate the algorithms needed
for spacecraft implementation. A block diagram representation of its main components is
illustrated in Figure 10. Here, a Spacecraft Plant consisting of a 6 degrees of freedom rigid
body dynamics, which equations were explained in Chapter IV, gives the states of the space-
craft. These states are taken by the attitude controller and compares them with a commanded
attitude. Then, having the actual and desired attitude, the controller computes the torques
T, T,, and T, that the spacecraft attitude control system has to perform.

In order to translate the controller output torques into the actual torques that the
spacecraft will experience, a Compressed Air Thrusters Model is developed, as shown in
Figure 11. Since the spacecraft test bench consists of a thrusters ACS, this system is modeled.

This model consists of a set of operations described as follow:

1. Control Allocation: Since the control architectures provide a desired control action
to be performed by the vehicle, those values are translated into actual actuator control
actions, depending on the hardware configuration, thus determining the force that each

actuator has to execute.

2. Failure Injection: The force coming from the Control Allocation for each actuator is
passed through a user-defined actuator failure injection filter and failure time. Here,
the actuators to which the user wishes to inject a failure are imposed to be zero at a

desired time.

3. PWM Signal: The force for each actuator is normalized taking into account a max-
imum force that the actuator can perform. Then, a Duty Cycle value is obtained
according to the force magnitude. This Duty Cycle value is interpolated from a set of
data obtained from a Compressed Air Thrusters test bench which was developed previ-
ously by Betancur Vesga [59]. After obtaining the Duty Cycle value for each actuator,
the Pulse Width Modulation (PWM) signal can be generated.
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4. Thruster On/Off: Finally, each PWM signal is sent to a set of solenoid valves that
open and close the air flow at high pressure, thus generating a force. Each force is
converted to torques by calculating the product between the force and the distance of

the solenoid valve respect to the Center of Gravity of the spacecraft.

This Compressed Air Thrusters model in addition to enabling thruster failure injec-
tion, it also allows to calculate a fuel mass change based on the PWM signal, as will be

described below.
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Fig. 10. Simulation framework.
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Fig. 11. Compressed Air Thrusters Model.

A. Disturbances Model

Considering disturbances in spacecraft attitude control system simulations is of utmost im-

portance as the results may provide more accurate information about the actual phenomena.
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Disturbances refer to external forces or factors that can perturb the spacecraft’s orientation
and stability, such as gravitational effects, atmospheric drag, solar radiation pressure, and
thruster misalignments. These disturbances can significantly impact the performance and
effectiveness of the attitude control system.

The scope of the disturbances modeling process for this project is to consider the
disturbances due to the laboratory environment, such as moments due to gravity acting on
spacecraft mass distribution, which also taking into account fuel mass change due to air lost
caused by the control action; friction due to mechanical joints on the test bench, and sensor
errors such as angular rates bias that can be caused as a consequence of sensor deterioration
or environmental effects. This helps to achieve results similar to those that a spacecraft test

bench might have.

1) Sensor Errors

Sensors play a vital role in measuring the spacecraft’s attitude and providing feed-
back to the control system. However, sensors are prone to errors due to various factors such
as noise, biases, calibration inaccuracies, temperature variations, and aging. By simulat-
ing sensor errors, the performance of the attitude control system under realistic conditions
can be assessed, taking into account the limitations and inaccuracies associated with sensor
measurements. This is why sensor errors are considered into the spacecraft simulation model.

For this work, gyroscopic sensor bias are implemented, thus generating angular rate

steady state errors, modeled using eq. (34).

bias (34>

&y
I
&l
+
€l

where Wy, 18 a user-defined angular rate bias vector and @ is the final angular rates vector

after sensor bias.

2) Mass Change Disturbances

In order to incorporate a spacecraft attitude control model with changes on its mass
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distribution due to fuel mass change, the spacecraft kinematics need attention. From eq.
(32), eq. (35) is presented, which incorporates the change rate of the matrix of products of

inertia J.
Qdisturbances = J_l[_aj X (JC—J) - J(‘U + M] (35)

Then, J can be calculated using eq. (36).

- Jpa—
J=m full empty : (36)
M pyull — Mempty

where Jyu and Jeppry, and m gy Mempry are the matrices of products of inertia and the total
mass with the spacecraft full of fuel mass, respectively. And 7 is the fuel mass change rate,
and can be calculated using eq. (37).

16

o=~y Y PWM;, (37)

i=1
where 1, is the fuel mass change rate per thruster and PW M; is the PWM signal state (1
or 0) of each thruster.

In order to enhance the thrusting performance of each solenoid valve, a 3D printed
nozzle was design and putted at the soleoind valve exit. Then, the fuel mass change rate per

thruster 11, can obtained using the flow through a nozzle theory described by Sutton and

Biblarz [64]. Thus, eq. (38) can be deduced.

Yairtl
: A* Prank Yair Yair + 1\ 2Gair—D
“\ U 38
mpt ( 7jtcmk ) ( Rair 2 ’ ( )

where A* = 7(D*/2)? is the nozzle throat cross area, with D* as the nozzle throat diameter,

Piani and Tjnp are the full pressure and temperature of the air tank, respectively, and vy,

and R,; are the specific heat and air gas constant, respectively.
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Now, having 7 from eq. (37), the current mass can be obtained by a continuous-time
integration using eq. (39). Here, initial fuel mass mg, an Upper Saturation Limit (USL),
and a Lower Saturation Limit (LSL) are considered.

(

mo = Mgir

m = /m with USL = m s (39)

\LSL = Myl — M fuyel

The initial fuel mass mq can be calculated taking into account the initial pressure of
the air tank at the beginning of the flight, using the ideal gas equation as shown in eq. (40).
PV

air — 2Mai7"a— ) 40
" RT;fank ( )

where M, is the air molar mass, P/,

is the current pressure of the air tank, V' is the
volume of the air tank, and R is the molar gas constant. The coefficient 2 is to get the total
air mass, as there are two air tanks.

Then, having the current mass from eq. (39), the current matrix of products of inertia
can be obtained by a matrix interpolation [65].

Finally, after having the current and change rate of the matrix of products of inertia,

J and J, @ can be solved.

3) Gravitational Disturbances
The disturbance of gravity acting on spacecraft mass distribution is computed using
eq. (41). This equation is derived by assuming that the spacecraft behaves like a pendulum

when it is stabilized.

. 21\ 2 .
FGravity = - (_71-) J sm(@) ) (41>

T
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where ﬁgmmy is the vector of forces due to gravity, 7 is the period of oscillations, J is the

matrix of moments of inertia, and d is the Euler angles vector.

4) Friction Disturbances
The friction due to mechanical joints in the test bench is also considered, as described

by eq. (42), where ¢y is the friction coefficient and & is the angular rates vector.

ﬁFriction = —Cy W (42>

5) Center of Gravity Shifting
Since ﬁGmmmmml and F Friction are forces, they act on the CG of the spacecraft.
As mass change is being considered, the CG changes its position along every flight. Hence,
several measurements from the spacecraft test bench were performed to adjust the simulation
dynamics, thus obtaining the frequency and amplitude of the oscillations without control
action. A CG shifting coefficient equation was obtained from the measurements, as shown

in Figure 12.

CG shifting coeficient
T T T

4 y=7.878 Mo -0.18

CG coeficient

0 0.1 02 03 0.4 05 06 07 0.8
Fuel mass [kg]

Fig. 12. CG Shifting Coefficient.
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The final disturbances model considering mass change, gravitational, and friction dis-

turbances, is shown in Figure 13.

}YFl‘iCtiﬂ?i .
o
+
] " N — " | 3
f‘(?rur'ity
Approximate | Tt fuel -
‘- . . Mempty
CG Location
+
Tpistur
Disturbances p
1 m Interpolate J
L | J
1
Jiuli—Jempty . .
T full —Mampiy j Spacecraft ||
Compressed Air x Plant
Thrusters Model
Actual T

€l

Fig. 13. Disturbances Model Block Diagram.

6) Disturbances Values

As mentioned previously, in order to fine-tune the simulation dynamics, various mea-
surements were carried out on the spacecraft test bench. Thus, Table I describes the values
used for the disturbances described above. It is important to note that period of oscillations
and coefficient of friction were neglected for yaw axis due to the mechanical design of the
test bench, as will be explained in Chapter VI.

To obtain the matrices of products of inertia Jy,; and Jepmpry, Autodesk Inventor 3D
CAD software [66] was used to model the spacecraft test bench, taking into account the mass

and position of each hardware element, obtaining the matrices shown in eq. (43).
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TABLE II
VALUES USED FOR DISTURBANCES MODEL.

Variable

Description Value

Gravitational Disturbances

Period of oscillations (roll, pitch, yaw) 6.54, 7, N/A s

Friction Disturbances

Coefficient of friction (roll, pitch, yaw) 0.02, 0.05, N/A

Mass Change Disturbances

mpt
M full
M fuel

mempty

Nozzle throat diameter 0.00414 m
Nozzle throat area 1.346x1075 m?
Tank pressure 997671.38 Pa
Tank temperature 297 K

Air specific heat 1.4

Air gas constant 287 J/(kgK)
Mass change per thruster 0.0315 kg/s

Spacecraft mass with filled air tanks 17.17 kg
Full air tanks mass 0.72 kg
Spacecraft mass with empty air tanks  16.45 kg

N/A: Not Applicable.

0.405
Jrur = |2.679 x 1074
0.006

2.679 x 1074 0.006 0.450 —0.027 0.022
0.410 1.579 x 1074| , Jempty = | —0.027  0.482 0.013| (43)
1.579 x 104 0.558 0.022  0.013 0.624

B. Verification of Simulation Models

In order to verify the simulation models developed, multiple tests have to be performed.

For this purpose, implementation data, as will be described in Chapter VI, is obtained to
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generate the “actual” data sets. Then, simulations with disturbed and undisturbed models
are run doing the same maneuver as in implementation tests. After doing this process, there
will be three data sets: actual, disturbed model, and undisturbed model. Then, a correlation
analysis and a RMSE of pairs actual-simulation models can be performed.

Correlation analysis refers to the examination of the association or connection between
two or more quantitative variables. This analysis is primarily based on the assumption of a
linear relationship between these variables. Like measures of association for binary variables,
correlation evaluates the “strength” or “degree” of the association between the variables, as
well as its direction.

The outcome of a correlation analysis is represented by a correlation coefficient, which
can range from -1 to +1, indicating a perfect positive or negative linear relationship between
the variables, respectively. On the other hand, a correlation coefficient of zero implies that
there is no linear relationship between the two variables under investigation [67].

For this analysis, two correlation coefficients are considered, the Pearson correlation

coefficient (p) and Lin’s coefficient of concordance (CCC).

1) Pearson Correlation Coefficient
The bivariate Pearson Correlation calculates a sample correlation coefficient, which
assesses the intensity and direction of linear associations between sets of continuous variables.
In broader terms, it investigates whether there is statistical indication for a linear relationship
among these variable pairs within the population, represented by the population correlation

coefficient, described by eq. (44) [68], [69].

S(A, B) = ﬁé (AZ-U—AMA) (BZ';B,UJB) | (44)

where A and B are the two data sets, N is the number of data points, us and o4 are the
mean and standard deviation of A, respectively, and up and op are the mean and standard

deviation of B.
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2) Lin’s Coefficient of Concordance
Lin’s concordance correlation coefficient (CCC) evaluates the concordance between a
fresh test (Y) and a reference test (X). This metric quantifies the level of agreement between
these two measurements of the same variable. Similar to correlation, the CCC scale extends
from -1 to 1, indicating perfect agreement when the value is 1. However, it is essential to
note that CCC cannot surpass the absolute value of Pearson’s correlation coefficient p. Lin’s

concordance correlation coefficient can be calculated using eq. (45) [70], [71].

2 SXY

cCcC = )
(ux — py)? + 5% + 53

(45)

where Sxy is the covariance between X and Y, puy and py are the mean of X and Y,

respectively, and Sx and Sy are the variance of X and Y, respectively.

3) Data Distributions for p-value

It is important to note that a correlation coefficient should be interpreted together
with a p-value, which helps to assess whether a correlation is real (statistically significant
when p-value < 0.05). In order to do so, the data distribution of each data set has to be
determined, so the p-value can be calculated.

To find the data distribution of each data set, they have to be compared and fitted
with probability data distributions. An algorithm developed by Lorenz [72] in MATLAB
tries to fit all valid parametric probability distributions to a data set and provides the best
fitting probability data distribution with its parameters.

After having the data distributions, the p-value can be computed using several tests.
For instance, if the data follows a normal distribution, a z-test or a t-test can be used to

calculate the p-value. Or if the data follows a t-distribution, the t-test can be used as well

[73].
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VI. SPACECRAFT TEST BENCH IMPLEMENTATION

This chapter presents a test bench for relevant and successful implementation of the quater-
nion based controllers that will be developed and described in Chapter VII. The controllers
were implemented on a concept spacecraft test bench named Extreme Access System (EASY),
designed and built at the Advanced Dynamics and Control Laboratory of Embry-Riddle Aero-
nautical University (ADCL), FL (see Figure 14). The concept spacecraft aims to support the
development of novel autonomous prospector space exploration spacecraft for in situ resource
utilization in environments such as asteroids, where gravitational force is minimal. One of
the major goals of this chapter is to describe a real way to test the algorithms developed in
Chapter VII. The subsequent results intend to evaluate the performance of the developed
control laws for missions in which the extreme environment might put the whole system at

risk.

Fig. 14. Extreme Access System (EASY) Spacecraft Test Bench.

EASY spacecraft is mounted on a three degree of freedom gimbaled platform that
allows free motion in roll, pitch, and yaw axes. The main purpose of this setup is to demon-
strate full attitude control and angular rate regulation in gravity-less environments while
tracking pre-defined attitude trajectories, and recovering from tumbles or other kind of ab-

normal conditions that might occur in space.
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A. Spacecraft Hardware Description

EASY counts with 24 solenoid-valves acting as thrusters. This propulsion system consists of
sixteen fixed thrusters grouped in pairs, parallel (horizontal configuration) and orthonormally
(vertical configuration) located to the reference plane zy, allowing yaw and pitch rotations,
respectively; and eight Thrust Vectoring Control (TVC) placed in pairs, distributed around
the z axis, connected to a servo motor mechanism. This configuration allows each pair of
solenoids to have a rotation around its position to achieve a yaw rotation. Figure 15 shows

the location of each thruster around the z and y axes of EASY.

bottom  up

Fig. 15. Location of the thrusters in the z and y axes. Yellow for Thrust Vectoring Control; red and blue
for horizontal configuration, left and right side respectively; dark blue for vertical configuration, denoting

both bottom or up.

EASY spacecraft is mounted into an active system to allow gravity offloading, simu-
lating partial gravity environments. This active system is called IGOR (Integrated Gravity
Off-Loading System). IGOR is capable of simulate reduced gravity by integrating a single-
point joint to suspend the spacecraft through a load cable and a pair of linear drive tracking
stages in the horizontal plane. Since the friction in the horizontal movement allows only
operation by humans, this system gives a vertical partial gravity motion. Figure 16 shows

IGOR system attached to EASY spacecraft.



SIMULATION AND IMPLEMENTATION OF FAULT TOLERANT CONTROLLERS... 56

IGOR

EASY
Spacecraft
Test-bed

Fig. 16. Integrated Gravity Off-Loading System with EASY.

The propulsion system (see Figure 17) uses compressed air stored in a pair of reservoirs
(R1 and R2) at high pressure, which can reach up to 4500 psi of pressure. Four regulators
(PR1 to PR4) are used to drop the pressure from the reservoirs to 130 psi, which is the
desired operating pressure of the thrusters. Additionally, four sensors (PS1 to PS4) are
placed along the system to monitor the pressure levels. For safety purposes, four relief valves
(RV1 to RV4) are used before each pressure regulator in case the system suffers over-pressure.
Solenoid valves (Q1 to Q24) are placed at the end of the system with their corresponding
nozzles. Each nozzle has been designed to produce at least 1 Newton of thrust.

The opening and closing of the solenoids are regulated by means of Pulse Width
Modulated (PWM) signals from the digital IO pins on the onboard computer. The con-
trol architectures that will be described in Chapter VII were first tested in simulation to
corroborate proper operation, as described in Chapter V. After confirming that the control
laws work properly in simulation, they are deployed into the target flight computer through
Simulink-Real time environment, which is an efficient code generation and prototyping tool

from MathWorks software. It allows the development of applications directly from Simulink
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HP | LP

PS1 ps2 - % vie -

RV1

Fig. 17. Pneumatic system for propulsion. R; are reservoirs, PR; are pressure regulators, PS; are sensors,

RV, are relief valves, and Q; are solenoid valves.

so that they can be tested and run on a dedicated target computer or hardware [74].

The control algorithm code is generated automatically from Simulink and is compiled
into the target machine using a real-time kernel. The host computer has the capability of
downloading the code through a TCP/IP protocol. The flight computer selected for the
target is the PC-104 PCM-3355 (see Figure 18), integrated with the serial module Emerald
MM-4M-Port and the Onyx MM Digital I/O module (see Figures 19 and 20). This enables
EASY spacecraft to include serial and analog input modules, along with digital 1/O. The
digital control signals are used to actuate each of the solenoid valves that regulate the proper
amount of air that each thruster requires for attitude control.

The Inertial Measurement Unit (IMU) used in EASY is 3DM-GX3-45 by Microstrain
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I @y

) PC-104 PCM-3355 Emerald MM-4M-Port ioi
Fig. 18. . Fig. 19. Fig. 20. Onyx MM Digital
Main computer. Serial module. I/O module.

[75] (see Figure 21), which is capable of providing accurate measurements of attitude and
angular rates (signals required for the controllers). The IMU outputs can be read by one of
the serial ports of the flight computer by means of a RS232 communication protocol. Table

IIT describes some of the main characteristics of the sensors within the Microstrain.

TABLE III
CHARACTERISTICS OF MICROSTRAIN IMU. SOURCE: [75]

Accelerometers Gyroscopes Magnetometers

Initial bias £0.002 g +0.25°/sec +0.003 G
Noise density +80 ug/vVHz  0.03°/sec/vHz 100 uG/V Hz
£0.05° +0.05° £0.05°

Alignment error

Sampling rate 30 kHz 30 kHz 7.5 kHz max

Fig. 21. 3DM-GX3-45 IMU. Source: [75]

The sensors, actuators, flight computer and additional hardware were tested sepa-
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rately to corroborate full functionality before they were mounted and fully incorporated into
the EASY. The diagram in Figure 22 describes the main test framework. The prototype is
connected via Wi-Fi to the host computer by a high data rate transmission 5.0 GHz connec-
tion, achieved through Simulink xPC Target linked with a Ubiquity Rocket M5 transmission
station that is onboard EASY. The data transmission rate is crucial for online tuning of
the controllers and signal monitoring. This architecture also aids test repeatability and the

injection of failure scenarios.

EASY IMU
Spacecraft Prototype
MATLAB States
Computer
Athena Il flight Micro-Strain
computer ) IMu
Fa 5 Commanded
i ? ‘ Attitude Controller }4_ Atiitude <=~ )
+‘\ Filoa ‘
¥ = | = |ll i, 1 |
4 ﬁ 3 Desired Tx, Ty, Tz |
. | . v . .
. b Simulink
Wired CRbY e .
connection . o Q s [ Control Allocation J xPCTarget
I S i . Folce
[ i |
o |
ey I Failure
NETGEAR 08 (@) F3 PWM signal Injection
5GHz Router
UDP & TCPIP 5GHz ROCLET RS or
communication Pico Station Y
Solenoid board

Fig. 22. Schematic and Block diagram of Test Bench and Hardware framework used on EASY.

B. Control Allocation

It is important to note that the control architectures provide a desired control action to
be performed by the vehicle. Therefore, those values have to be translated into actual
actuator control actions, depending on the hardware configuration. For this purpose, a
control allocation process is defined to determine the output of each actuator.

As previously mentioned, there are a total of 24 thrusters in EASY spacecraft, each
of them is capable of supplying a maximum of 1 Newton of force. In order to implement
the attitude controllers, the first step is to develop a set of equations that describe the total

forces and moments that act on EASY spacecraft due to its specific actuator configurations.
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The actuator configurations can be defined as vertical, horizontal, and TVC, as de-
scribed in Chapter VI Section A. With the vertical propulsion system configuration, pitching
and rolling maneuvers are generated along the y and z axes, respectively (see Figures 23 and
24), while yawing maneuvers are generated with the horizontal configuration along the z axis

(see Figure 25).

Negative Pitch Positive Pitch

Fig. 23. Pitching maneuver. Negative with thrusters number 1, 4, 6, and 7. Positive with thrusters number

2,3, 5, and 8.

Negative Roll Positive Roll o

Fig. 24. Rolling maneuver. Negative with thrusters number 1, 3, 6, and 8. Positive with thrusters number

2,4, 5, and 7.

Similarly, EASY spacecraft is able to perform pitching and rolling maneuvers with
the TVC configuration when the four pair of thrusters are in vertical direction (see Figures
26 and 27), and yawing maneuvers when the TVC servomotors are rotated 90 degrees (see
Figure 28).

Assuming an offset in the yaw’s thrusters location of 15 degrees respect to z axis, egs.

(46) and (47) define the forces and moments with respect to the Center of Gravity (CG)
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,
: D

Fig. 25. Yawing maneuver. Negative with thrusters number 10, 12, 14, and 16. Positive with thrusters
number 9, 11, 13, and 15.

Fig. 26. Thrust Vectoring Control Pitching maneuver. Negative with thrusters number 17, 19, 22, and 24.
Positive with thrusters number 18, 20, 21, and 23.

| Negative Roll

Fig. 27. Thrust Vectoring Control Rolling maneuver. Negative with thrusters number 17, 20, 22, and 23.
Positive with thrusters number 18, 19, 21, and 24.

of EASY, respectively. It is important to note that this equations consider only the sixteen

fixed thrusters configuration.
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Fig. 28. Thrust Vectoring Control Yawing maneuver after rotating servomotors. Negative with thrusters

number 18, 20, 22, and 24. Positive with thrusters number 17, 19, 21, and 23.

(—Tg + TlO + T15 — T16)COS(15O) + (—T11 + T12 + T13 — T14)sin(15°) F‘z
Z FSpacec’raft = (—Tg + Tm + T15 — Tlg)sm(15°) + (T11 — T12 — T13 + T14)COS(150) =
(o + Ty + T+ Tg) — (T + T3+ T5s + T7)

(46)

a0

L,(To+Ty+T5+1T7)— L,(Th + 15+ T + Tk) M,
Z MSpacecra,ft - Lx(T2 + TS + T3 + TS) - Lz(Tl + T7 + T4 + TG) = My ) (47>
LTy + Ty +Tis+Tis) — L.(Tio + Tho + Tha + Ti6) M,

where L, L,, and L, are the corresponding arm distances from the CG of EASY to the
actuator locations.

In order to achieve the required forces and moments commanded from the controllers,
egs. (46) and (47) must be solved to find the exact thrust required per each actuator. It
can be seen that there are a total of six equations for six unknowns, but since there is a
total of sixteen actuators, the system is over actuated. In order to guarantee that a global
solution for the forces and moments equations is obtained for all instants of time, a control
logic was employed in which each pair of upper and immediately lower thruster is treated as
one actuator. If a positive thrust is demanded then the lower thruster is activated; on the
other hand if a negative thrust is demanded the upper one is activated. This conducts to a

new configuration based on thruster’s pair, as described in Table IV.
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Thus, egs. (46) and (47) can be rewritten with the new configuration as in eqs. (48)
and (49).

TABLE IV
CONFIGURATION OF THRUSTERS FOR CONTROL ALLOCATION.

Name Thruster numbers
Tk 7,8
Tr 3,4
Ta 1,2
Ty D, 6
Ta, T, T, Tp 9 to 16

(Tp — Ta)cos(15°) + (Te — Ts)sin(15°) F,
> Fspaceerast = | (Tp — Ta)sin(15°) — (T — Tp)cos(15°) | = | F, (48)
—(Te+Tp+Te+Th) F,
Ly(Tg + Ty) — L,(Tr + T¢) M,
> Mspacecrapt = | Lo(Tr + Ti) — Lo(Ti + Ta) | = | M, (49)
L(Ta+Tp+To+Tp) M,

It is important to note that the spacecraft will just perform rotational motion, no
translation motion is considered acting in z and y, therefore, F, and F, are always zero.
Since this would leave five variables and four equations, the force needed for translation
motion in z axis will be divided in two. Eq. (50) describe the new set of equations used to

find the thrust forces.
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el -1 1 o0 o o 7 |

F./2 0 0 -1 -1 0]|/| Tw

M, | =|L, L, -1, L, 0| Ts (50)
M, L, L. —L, L, 0| Tu

| Lo 0 0 0 L |Tisen

Then, eqgs. (51) to (55) are obtained after solving for each force and moment. It is
important to notice that a maximum of five thrusters will be acting at the same time, and

therefore there are a total of five equations for five unknowns at every instant of time.

1= -2y i‘z - i‘fi (51)
T == It (52)
To =%~ 1 1L (53)
TH:—%— i\z +ﬁi (54)

Tapcp = —]\L/[Z (55)

I}

It is important to mention that for this case of study, the z axis translation motion
is neglected, as the IGOR system would require more work to get it up and running, and
this work focuses just in attitude control, thus F} is considered to be always zero. Therefore,
the forces on the three axes are zero, so the spacecraft remains stationary, controlling only
its rotation. However, it is necessary to describe these control allocation system of equations
since EASY spacecraft could have the ability to control z axis translation motion, even if it

is not being used for this work.
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C. Stability and Performance Metrics

In order to have a proper assessment of the different controllers, it is important to establish
some qualitative performance criteria that measure how good is the controller in terms of
attitude tracking error and angular rates as well as the total activity of the actuators (in this
case solenoid valves). This is achieved by recording the time history of different sensors from
which tracking error and commanded values can be used for subsequent analysis. By their
definitions, performance metrics are meant to penalize variables of interest for each flight, for
this reason, a higher or lower value mean a worse or better performance of the controllers,
respectively, except for the global performance index, which gives an overall value based on

the performance metrics previously defined. This index is better when it has a higher value.

1) Angular Rate Activity
Eq. (56) shows the performance metric corresponding to the sum of the Root Mean
Square (RMS) of the three angular rate signals. This performance metric is defined in order
to quantify the total rotation motion of the spacecraft, since high and long angular rate

values are undesired for attitude control.

T T T
€q = / w2 dt + / w2 dt + / w2dt , (56)
0 0 0

2) Quaternion Tracking Error
The Quaternion Tracking Error performance metric corresponds to the RMS of the
total unit quaternion tracking error, as shown in eq. (57). Additionally, eq. (58) shows a
time-dependent quaternion error metric. These metrics are relevant as they give an idea of

how the controllers perform in steady state.

T
0q = \// [(1 —0go)?+ g3 + dq3 + 0q3) dt (57)
0
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where d¢; are the components of the quaternion error vector d¢, as will be described in

Chapter VII.

3) Solenoid Activity
The Solenoid Activity performance metric corresponds to the total actuation activity
of the solenoids. This is calculated using eq. (59) and refers to the RMS of the solenoid
PWM commanded signal and is basically the RMS of the total time the solenoid valves

remained open. This performance metric is important as fuel consumption is a main driver

g:i,//jsi(t)dt, (59)

for spacecraft missions.

4) Global Performance Index
In order to have an overall performance metrics combining the previous set of metrics,
a Global Performance Index can be computed using different weights for each of the indices
in egs. (56) to (59) considering relative importance or weight on the study. For that effect,
the expression shown in eq. (60) was used to calculate the global performance index.

1 /éq 04 64 3 )
Pr=1-—-|++ + + :
! 4 (CQ Crg Carq, Cas

(60)
PI:PI/CPI )

where Cq, Caqg, Caq,, and Cag are cut-off values used to normalize the resultant index with
respect to the worst case (biggest value) from each set of tests, and Cp, is a cutoff value to
normalize the resultant global performance index with respect to the best nominal case of

the set of tests considered. It can be seen that each metric is weighted equally.
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VII. DEVELOPMENT OF FAULT-TOLERANT CONTROLLERS

Fault-tolerant controllers ensure reliable system operation by responding to faults. They
incorporate redundancy and advanced recovery mechanisms to minimize disruptions and
maintain stability. This chapter describes the development of a Fuzzy Logic Controller (FLC)

and gives the mathematical theory for two types of NLDI controllers implemented.

A. Fuzzy Logic Controller (FLC) Development

The FLC used in this work was designed based on the Sugeno structure, this due to its
benefits on computational processing on the defuzzification process, as described in Chapter

I Section 6 [5]. Figure 29 shows the controller process.

e [y OSdus — - td Control
4@ q X Gain
! [LI Allocation

dqo sign()

-

Wy Wd Tuzzy Controller

|
: \ TFuzzifier H Inference H D(‘l'lw,ziﬁ(‘r‘ |

Pref
Oref
Uref

Euler to Quaternion
Transformation

Fig. 29. Fuzzy controller architecture block diagram.

Initially, ¢pcr, Orer, and s are the Euler angles that describe the desired space-
craft attitude. Then, they are transformed into quaternions gz. Then, from the spacecraft

dynamics, the quaternion error can be calculated using eq. (61).

5§:§d®%_1 ) (6]-)
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where ¢4 is the quaternion error vector, gy is the desired quaternion, ¢! is the inverse of the
actual quaternion, and ® is the quaternion product [76].

Subsequently, the desired angular rate &y can be defined as in eq. (62).

@a = [0g06q1  0qodqa  dqodqs]” (62)

This vector and its rate of change are taken as input signals for the fuzzy controller.
Then, the fuzzifier converts those signals into linguistic values defined as Negative Big (NB),
Negative (N), Negative Small (NS), Zero (Z), Positive Small (PS), Positive (P), and Positive
Big (PB), this process is called fuzzification, and is carried out by a set of membership
functions, which are shown in Figures 30 and 31. Then, having the linguistic values, an
inference process is carried out based on a collection of rules that relate both inputs to
an output. These rules are governed according to Table V. As Sugeno structure suggest
for defuzzification process, there are no output membership functions, just discrete values
representing a fraction of the maximum actuation. This structure was implemented instead
of Mamdani structure, as its defuzzification process requires less calculations and variables’
size, thus requiring less computational effort [5], [77]. Finally, as the output value of the
fuzzy controller is normalized, a tuning process could be done by varying an output gain
from the controller to the spacecraft ACS. This could be seen as varying the fraction of the

maximum actuation, thus adapting the controller properties to the real platform.
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(a) wg membership functions for roll and pitch. (b) dwg/dt membership functions for roll and pitch.

Fig. 30. Fuzzy input membership functions for roll and pitch axes.
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Fig. 31. Fuzzy input membership functions for yaw axis.

TABLE V
RULE TABLE FOR MEMBERSHIP FUNCTIONS.

NB N NS Z PS P PB

B. Nonlinear Dynamic Inversion (NLDI) Controller

In order to perform a comparison between the fuzzy-logic controller described above and

other “high level” fault-tolerant controllers, an NLDI controller was implemented. The “high

level” adjective is due to its nonlinearity architecture, being able to model phenomena in a

non-linear way, which can be more accurate as real physics is nonlinear.

Recalling the system of equations of motion in nonlinear state space form from eq.

(33) and replacing the quaternion definition to the quaternion error using eq. (61), the system

becomes as described in eq. (63).
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F=f@ia) =4 : (63)

where the state vector corresponds to & = [, d¢]”, the control law for the NLDI controller

is proposed by Markley and Crassidis [62] as in eq. (64).

M(t) = & x (J&) + Jid,(t) (64)

where 0, () is a virtual controller or pseudo-controller chosen to stabilize & to zero and §¢

to the identity quaternion, and has the form shown in eq. (65).

Uy(0q, J) = =Ko — K613 , (65)

where Kq and K, are pseudo gains defined as:

ko, O 0 ky 0 0
Ko=10 ky 0| EK=|0 ky 0 (66)
0 0 ke 0 0k

Substituting eq. (65) in eq. (64), the control law discribed by eq. (67) is obtained.

M(t) = & x (J&) + J[— Ko — K 0¢.3] (67)

A slight modification to the virtual controllers is introduced to guarantee the shortest

path in final orientation, as described by Markley and Crassidis [62] with eq. (68).

U, (0q,0) = —Kqd — Kysign(0qo)0qi:3 (68)
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Then, the final control input for the Spacecraft would be the one shown in eq. (69).

M(t) =3 x (J&) + J[-Ko@ — K,sign(qo)0qi.3] (69)

Finally, the closed-loop system after implementing the control law in eq. (67) has the

form shown in eq. (70).

faepr(0q a,) = ¢ (70)

Figure 32 shows a block diagram for the architecture of the quaternion based NLDI

controller described.

S0 a(t) £ unLor(t) [~ Control - -
Allocation " =
_ Al e 4

sign( )

Kq

Euler to Quaternion

P

Transformation

S D
LS4

Fig. 32. Quaternion based NLDI controller block diagram.

C. NLDI Augmented with Artificial Immune System (NLDI+AIS)

Another controller previoslly developed at ADCL, called NLDI augmented with Artificial
Immune System (NLDI4-AIS) was implemented.

The NLDI+AIS controller is based on a dual approach compiling feedback lineariza-
tion and Model Reference Adapative Immune System (MRAIS) to avoid disturbances. This
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architecture guarantees that the closed loop response behaves as similar as possible to a de-
sired system dynamics and also contains a set of nonlinear functions describing the response
of the immune system of living organism against external hazards [37], [78].

Similar as NLDI, the control input is defined by eq. (71).

M(t) = dinppi(t) = & x (J&) + Ji,(7, 3, 1) (71)

For this case, u, (0§, d, t) will be a time-varying virtual adaptive controller. Then, the

closed loop system after implementing the control law of eq. (71) becomes eq. (72).

fnepryars(6q,u,) = (72)

It is important to notice that in this case, the control input #, is a time-dependent
function, as it varies according to certain conditions. The development of those variations are
deduced after several mathematical operations shown by Perez and Moncayo [37] and Perez
Rocha [78], where the authors show a bio-inspired controller, since it uses an architecture
that mimics the autoimmune system of some living beings, hence its name. Thus, the final

control law can be written as in eq. (73).

@,(#,1) = ~C(1)& — Ko(t)3q sign(3q:) | (73)

where C(t) and Kq(t) are defined by eq. (74).
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where ¢; (%), c2(t), c3(t), kg, (1), kg, (t), and kg, (t) are time-variant coefficients which are function
of the change of virtual control inputs and the states vector (see eq. (63)). Figure 33 shows
a block diagram for the architecture of the adaptive NLDI+AIS controller, where the delays
271 and 27 belong to the logic of the controller measuring changes from initial to current
behavior of the system. Their definition is developed by Perez and Moncayo [37] and Perez
Rocha [78].

€l

Control
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RNy
q®d,

Dre f
Orer

Vref

Euler to Quaternion
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Fig. 33. Adaptive NLDI+AIS controller block diagram.
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VIII. RESULTS

A. Fault-Tolerant Controllers Implementation

Table VI shows the maneuver performed by the Spacecraft using each controller in the test
bench. For the implementation, the control algorithms were deployed into PC-104 PCM-3355
flight computer through xPC Target. Total thruster failure at a given time were injected while
doing the tracking maneuver.

TABLE VI
SPACECRAFT MANEUVER.

Time [s] 0 20
¢ [deg] 0 45
0 [deg] 15 0
P ldeg] 0 0

The maneuver scenarios were conducted three times for each controller for 40 seconds
so that a correct verification of the operation of each controller can be made. Table VII shows
the ID assignment for every flight carried out. Thus, having a total of 27 flights performed
for the controllers performance comparison analysis.

Three maneuver scenarios were considered having either nominal and different types

of failures. These scenarios are described as follow:

e Nominal Scenario: No thruster failures injected.

e Failure Scenario 1: Thrusters 1 and 2 stop working after 21 seconds from the beginning
of maneuver. This scenario was chosen as thrusters 1 and 2 highly affect pitch maneuver
and also have an influence in roll.

e Failure Scenario 2: Thrusters 7 and 8 stop working after 21 seconds from the beginning

of maneuver.

Since at 21 seconds from the beginning of maneuver the spacecraft is performing roll

and pitch tracking maneuvers, the failures were injected at this time to see their performance.
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TABLE VII
TEST FLIGHT IDS FOR CONTROLLERS PERFORMANCE COMPARISON.

Maneuver (DI NLDI+AIS Fuzzy
Scenario
N1 NA1 F1
Nominal N2 NA2 F2
N3 NA3 F3
N4 NA4 F4
Failure 1 N5 NA5 F5
N6 NAG F6
N7 NA7 F7
Failure 2 N8 NAS F8
N9 NA9 F9

Other types of failures were injected to see the simulation fitting performance results, as will
be shown in the next section. Yaw axis tracking maneuvers remained zero due to test bench
mechanical limitations on its design, since the gimbaled platform described in Chapter VI
has a lot of inertia in this specific axis.

Figure 34 shows the Euler angles tracking for a flight test with each controller, respec-
tively, displaying the nominal scenario on its third repetition and failure scenario 1 on its
second repetition. Figure 35 presents the thrusters activity for each test shown previously.
Likewise, Figures 36 to 39 show the behavior of each performance metric over flight time,
respectively. For these performance metrics, a lower value means a better performance, since
the definitions shown in Chapter VI Section C penalize variables of interest for each flight.
Then, Figure 40 presents the final value of each performance metric shown before. Finally,
Figure 44 shows the average global performance metric for each controller in both nominal

and failure scenarios.
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. 34. Euler angles tracking for flight tests 3 and 5.
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Fig. 35. Thrusters activity over flight time for flight tests 3 and 5.
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Fig. 38. Quaternions time error metric over flight time for flight tests 3 and 5.
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Fig. 39. Solenoid activity metric over flight time for flight tests 3 and 5.
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Fig. 40. Final values of performance metrics for flight tests 3 and 5. Better for lower values.

The FLC, as can be seen in Figure 34, has a good performance for steady state error
for both nominal and failure scenarios, keeping the tracking error below 5 degrees. However,
it shows an overshooting for roll axis with an amplitude of around 15 degrees. Also, after 20
seconds of test time, when roll and pitch commanded angles change at the same time, there
is a yaw influence. This behavior can be attributed to the ACS thrusters misalignment, in
which a thruster can influence other axes depending on the current attitude, as can be seen
in 35, where yaw thrusters 9, 11, 13, and 15 turn on after the change of angle at 20 seconds,
and thrusters 10, 12, 14, and 16 slightly turn on while the spacecraft is performing the first

roll maneuver, where some thrusters produce torques in yaw axis.
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Additionally, the FLC demonstrates superior performance in most metrics, sometimes
even better than NLDI+AIS controller. It can be noticed that for dg and dg; metrics, the
values are lower for the failure scenario with NLDI4AIS and Fuzzy controllers, as opposed
to the NLDI controller. As can be seen in Figures 36 to 38, performance metrics can improve
or worsen through the flight, suggesting that a controller can be better or worse than others
performing certain maneuvers.

In order to see the performance of all the 27 flight tests carried out, Figures 41a, 41b,
and 41c show the results for each scenario with each controller. Also, Figure 42 displays a
bar chart of all flight metrics final values. A minimum-maximum normalization process was
applied for comparison purposes, and Figure 43 presents the average of these final metric
values. It is important to recall that for these performance metrics, a lower value means
a better performance. Finally, Figure 44 shows the global performance metric for each
controller. This plot is the main relevance as it gives an overall result taking into account
each performance metric.

As can be seen in Figure 41, FLC had the worse performance in some flights, having
high steady state errors in all axes. However, for some other flights, it shows the best
performance for steady state error, being able to control roll axis with some overshooting
to almost zero, and yaw axis with some oscillations. NLDI and NLDI4+AIS controllers were
able to control all three axes with some steady state error. It can be noticed that NLDI+AIS
prioritizes steady state error over time to reach steady state.

Additionally, for nominal scenario, the FLC had divergent behavior in the yaw axis for
one flight test, starting to rotate away from the commanded set point. However, in another
flight test it was able to control better than NLDI and NLDI+AIS.

The final values of performance metrics for all tests shows that NLDI+AIS had the
best performance with angular rate activity éq for all tests, followed by NLDI and FLC,
which the last showed a lot of angular activity compared to the others. For the quaternion
error metric dq, it can be seen that for the nominal scenarios, the FLC behaved better in
one out of three tests than the other controllers, and for failure scenarios, the FLC showed a

better performance than NLDI and NLDI+AIS in some flights, having the best result in the
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tests flight F3. For the time-dependent quaternion error metric dq;, the FLC had the worse
result on flight F'7, this due to the divergence on yaw axis described before, so a comparison
of this metric is difficult to accomplish in this situation, however, NLDI and FLC showed
to have similar behaviors. Finally, the solenoid activity metric §, NLDI and FLC controllers
behaved similar in most of the failure scenarios, and NLDI+AIS had the best results overall.

Extending the previous insights, Figure 43 shows the average of the performances
metrics for each flight scenario. These results suggest that for nominal scenario, NLDI and
FLC behaved similar for all performance metrics. The FLC shows a better performance in
the solenoid activity metric on nominal scenario. In general, the FLC showed to have worse
results than NLDI and NLDI4AIS, however, it can be comparable to NLDI results for most
of the performance metrics.

Finally, the average global performance index (Figure 44) presents insights about
the overall performance of the three controllers. The values are normalized, as described
in Chapter VI Section C, so they serve as a reference for comparison purposes. For this
performance index, a higher value means a better performance. It shows that the FLC
performed better than NLDI for nominal and failure scenario 2, and worse for failure scenario
1. The NLDI shows better results in failure scenario 1 than in the other scenarios, in contrast
with FLC, which has the opposite behavior. At last, the NLDI4+AIS performed the best of

all, showing better performance for failure scenario 1 than for the other scenarios.
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Fig. 41. Euler angles tracking for all flight scenarios.
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Fig. 42. Final values of performance metrics for all tests. Better for lower values.
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Fig. 44. Average global performance metric. Better for higher values.

B. Simulation Model Performance

For the simulation framework performance evaluation, RMSE values between simulation
models and implementation data were calculated. For this purpose, the flights performed
for the controllers assessment were taken, and also, other 82 flight tests were performed with
different controllers, thus having a total of 109 flight tests, which can be seen in Appendix A.
Here, an undisturbed model, referred to as the “Old model”, and a disturbed model, referred
to as the “New model”, are compared.

Figure 45 shows a comparison between each model, considering the total maneuver
and the transient responses of each test, and also showing the mean of all RMSE values for
each case. These values are also shown in Figure 46 for a better visualization.

It can be noticed that for some test flights, the New model performed both better and
worse than Old model. However, the overall results show an improvement of the simulation
model when disturbances are considered, having around 0.66° and 0.28° mean RMSE less for
transient response and total maneuver, respectively. Also, for both models, the total mean

RMSE values were better than the transient response, having the highest difference on the
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Additionally, a correlation analysis was performed in order to get a value to compare

the agreement between the two simulation models data and actual data. In order to do this
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correlation analysis, after noticing that yaw axis was having issues due to implementation
difficulties, this axis was not considered for this analysis. Then, the data distributions were
found using a probability data distribution fitting algorithm [72]. Figure 47 shows the data
distributions for roll and pitch axes and Table VIII presents the characteristics of each data

distribution, where p is the mean, ¢ is the standard deviation, and v is the degrees of freedom

[79].
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Fig. 47. Data distribution of New and Old model errors.

TABLE VIII
CHARACTERISTICS OF EACH DATA DISTRIBUTION FOR ROLL AND PITCH AXES.

Disturbed Undisturbed

Distribution Name T-Distribution T-Distribution

[ -0.2223 -0.2707
o 1.3587 1.2206
v 1.2571 1.0933

In order to show the performance of the simulations for a flight test, Figure 48 shows
the results of actual and simulations for the test flight number 25 (see Appendix A). Finally,
the correlation coefficients were calculated for both flight test and all the flight tests carried
out. The results are shown in Figure 49, where all p-values were below 0.05, sufficient to say

that the coefficients are statistically significant.
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Fig. 48. Actual and Simulation data for flight test #25.
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Fig. 49. Correlation coefficients results for rest flight #25 and all test flights.

As mentioned previously, the yaw axis is showing difficulties in implementation data.
However, for test flight #25, simulations showed to have a similar behavior when the ma-
neuver was performed. Also, even though the steady state error in pitch angle is different
for both simulation models, the behavior of the data shows to be almost the same, having
transient responses very close to each other. On the other hand, roll axis simulations (espe-
cially in the New model), show to have a similar steady state error, even though the transient
response is not very accurate.

Finally, the correlation coefficients show that the undisturbed model performed better
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for the roll axis of test flight #25 according to the Pearson’s correlation coefficient. However,
in all other cases, the coefficients suggest that the disturbed model performs better simulating
the actual data. Nevertheless, it is important to note that the coefficients do not vary

significantly, all being greater than 0.9.
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IX. CONCLUSIONS

The results presented in this thesis demonstrate promising capabilities of the controllers to
minimize tracking errors under uncertain conditions. They also show acceptable characteris-
tics that make them suitable for real-time implementations. Specifically, the FLC developed
shows performance on a par with NLDI and NLDI+AIS controllers, in some cases even better
than NLDI for both nominal and failure scenarios. This demonstrates the capacities that a
FLC can have despite that its nature is highly human logic dependent. The design process
of the FLC suggests that control action is more critical near to the set-point (or commanded
point), that is why MFs are closer to zero and the design process focused in how closer
should each MF be to zero. Also, MFs are highly dependent on the physical platform, as
disturbances may influence each rotation axis differently. On the other hand, despite good
results shown for specific test flights, FLC showed not to be consistent for all test flights,
changing the results even for the same flight maneuver. This behavior could indicate that
the proposed FLC may be a highly disturbance-dependent controller.

Regardless of good results for the dq; performance metric showed better results for
the FLC, in space applications the time dependency is not the main driver of spacecraft
missions, since smoother maneuvers without overshooting may prevent failures, specially for
scientific payload pointing, docking maneuvers, etc. However, this type of controllers provide
a powerful tool for initial approach to attitude controllers, making spacecraft physics and
control theory easier to understand from a “logical” point of view.

In general, for the comparison of nominal and failure tests individually, the controllers
showed an overall good performance on the failure scenario, being able to complete the
maneuver even if the thruster failures are injected throughout the change of attitude.

Additionally, the challenges of moving from simulations to implementation include
unknown physical disturbances that can be difficult to approach in a simulation environment.
Nevertheless, simulations provided the necessary tools to initially test each controller before
moving to implementation, saving resources and time needed for EASY operation.

The Old and New model simulations comparison with actual data showed that includ-
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ing disturbances can enhance the similarity of simulation data to real data, making control
design more accurate before moving to implementation on test bench. In general, both sim-
ulations can model the implementation data with an error margin that varies depending on
the axis and maneuver performed. However, tools such as ML could be the desired option,
since taking into account every disturbance may be very difficult due to high uncertainties in
the physical platform. High fidelity simulation flight data can be obtained with ML models,
making easier the failure data retrieval which may be difficult to find from real flights and

impractical to reproduce.
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X. RECOMMENDATIONS

The FLC design of this thesis is considered to be an initial approach, so that it can be
given more robustness with advance fault-tolerant characteristics. This can be done by
applying model-dependent gains that vary through flight. Some research works, as described
in Chapter I Section 6, show control architectures that couple FLC with PID controllers,
making a controller that can adapt depending on the output from the plant.

As mentioned before, ML techniques are recommended to obtain a better represen-
tation of EASY spacecraft test bench implementation data. Tools such as Support Vector
Machine, Autoencoders, etc, could be a good approach for this purpose.

EASY spacecraft showed to be a good platform for spacecraft attitude controllers.
However, several improvements can be done in order to generate more accurate data. First,
the rotation mechanism for yaw axis varies greatly respect to roll and pitch, as it has more
inertia, which makes yaw control more fuel-consuming. Then, mass change rate suggests to
be a design problem due to the position of the air tanks, as their position greatly changes
the CG of EASY through flights, an undesirable factor on real applications, so horizontal
positioning could mitigate this problem. Additionally, IGOR system could not be applied
in this work, so translation control action can be developed. Finally, a model for the use
of TVC configuration is highly recommended, as this may provide different failure scenarios
and more actuation of the propulsion system.

Extensive testing should be performed in order to provide a more comprehensive

analysis of the performance of the attitude controllers.
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Appendiz A. Test flights database

APPENDIX

TABLE IX
TEST FLIGHTS DATABASE.

Test ) 6 P Trait  trail Whias tyias tanky  tanks Controller
1 015 30 45 0000 0000 0 0 000 0 3000 3000 PID
2 015 30 45 0000 0000 0 0 000 0 3000 3000 PID
3 00 15 30 45 45 000000 000000 0 0 000 0 3000 3000 PID
4 00 15 30 45 45 000000 000000 0 0 000 0 3000 3000 PID
5 00030 30 015151515 00000 17 11 000 0 2100 2500 NLDI+AIS
6 0003030 015151515 00000 18 11 000 0 1800 2500 NLDI+AIS
7 002020 121200 0000 0 0 1500 11 1800 2800 NLDI+AIS
8* 002020 121200 0000 16 11 000 0 3000 3000 NLDI+AIS
9 002020 121200 0000 24 11 000 0 2700 2000 NLDI+AIS
10* 002020 121200 0000 25 11 000 0 1100 1800 NLDI+AIS
11* 00 20 20 121200 0000 38 11 000 0 800 900 NLDI+AIS
12 002020 121200 0000 47 11 000 0 2600 1800 NLDI+AIS
13 0 30 30 30 30 0001515 00000 17 11 000 0 2000 2000 NLDI+AIS
14 0 30 30 30 30 0001515 00000 18 11 000 0 900 1200 NLDI+AIS
15 0045454575750 00000000 00000000 0 0 000 0 3000 3000 DRL
16 0045454575750 00000000 00000000 0 0 000 0 3000 3000 DRL
17 0045454575750 00000000 00000000 0 0 000 0 3000 3000 DRL
18 0045454575750 00000000 00000000 1 10 000 0 3000 3000 DRL
19 0 45 45 45 45 00000 00000 17 11 000 0 3000 3000 NLDI+AIS
20 0 45 45 45 45 00000 00000 18 11 000 0 3000 3000 NLDI+AIS
21 004545 151500 0000 0 0 000 0 3000 3000 NLDI
22 004545 151500 0000 0 0 000 0 2000 2100 NLDI
23 004545 151500 0000 0 0 000 0 3000 3000 NLDI
24 004545 151500 0000 0 0 000 0 3000 3000 NLDI+AIS
25 004545 151500 0000 0 0 000 0 3000 3000 NLDI+AIS
26 004545 151500 0000 0 0 000 0 2000 2000 NLDI+AIS
27 004545 151500 0000 0 21 000 0 2200 2200 Fuzzy
28 004545 151500 0000 0 21 000 0 3000 3000 Fuzzy
29 004545 151500 0000 0 21 000 0 1500 1800 Fuzzy
30 004545 151500 0000 12 21 000 0 1100 1200 NLDI
31 0045 45 151500 0000 12 21 000 0 3000 3000 NLDI
32 004545 151500 0000 12 21 000 0 1800 1500 NLDI
33 004545 151500 0000 12 21 000 0 1500 1800 NLDI+AIS
34 004545 151500 0000 12 21 000 0 3000 3000 NLDI+AIS
35 004545 151500 0000 12 21 000 0 2000 2000 NLDI+AIS
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36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

00 45 45
00 45 45
00 45 45
00 45 45
00 45 45
004545
00 45 45
00 45 45
00 45 45
00 45 45
00 45 45
00 45 45
200015
200015
200015
2000 15
025 25 25
025 25 25
02525 25
02525 25
025 25 25
025 25 25
025 25 25
028 28 28
028 28 28
028 28 28
028 28 28
028 28 28
028 28 28
0 30 30 30
0 30 30 30
0 30 30 30
0 30 30 30
0 30 30 30
0 30 30 30
0 30 30 30
0 30 30 30
0 30 30 30
0 30 30 30
0 30 30 30
0 30 30 30
0 30 30 30
0 30 30 30
0 30 30 30
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0000
0000
0000
0000
0000
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3000
1400
3000
3000
3000
2000
3000
1800
3000
1800
3000
1800
1000
1800
1000
3000
1000
1000
1900
900
400
3000
2400
3000
2500
1900
2500
2500
3000
1000
1000
3000
3000
2200
3000
3000
2500
3000
1500
1000
1000
800
3000
1000

3000
1400
3000
3000
3000
1500
3000
2100
3000
1800
3000
1800
2000
1500
1900
3000
2500
2400
1500
2200
2000
3000
2000
3000
2100
2800
1800
1500
3000
2000
1800
3000
3000
2500
3000
3000
2100
3000
2000
1400
1200
1000
3000
1000

Fuzzy
Fuzzy
Fuzzy
NLDI
NLDI
NLDI
NLDI+AIS
NLDI+AIS
NLDI+AIS
Fuzzy
Fuzzy
Fuzzy
NLDI+AIS
NLDI+AIS
NLDI+4AIS
NLDI+AIS
NLDI+AIS,,
NLDI+-AIS,,
NLDI+AIS
NLDI4-AIS,,
NLDI4AIS,,
NLDI+AIS,,
NLDI+4AIS
PID
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI4-AIS,,
NLDI4AIS,,
NLDI+AIS,,
NLDI+4AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
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84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104*
105*
106
107
108*
109*

0 30 30 30
0 30 30 30
0 30 30 30
032 32 32
032 32 32
032 32 32
032 32 32
032 32 32
032 32 32
032 32 32
032 32 32
032 32 32
032 32 32
035 35 35
035 35 35
035 35 35
035 35 35
035 35 35
03535 35
035 35 35
035 35 35
404000
404000
404000
404000
404000
404000
404000
404000
404000

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0010 10
0010 10
0010 10
0010 10
0010 10
0010 10
0010 10
0010 10
0010 10
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0000
0000
0000
0000
0000
0000
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11
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2100
1500
3000
2000
2000
3000
2500
2000
2200
1500
1300
1000
1100
3000
2000
2000
2000
1800
1500
3000
1500
3000
2000
2100
1000
1700
3000
700
900
3000

2000
1000
3000
2000
2000
3000
2500
2000
2400
2300
2000
2000
2000
3000
2000
2000
2000
1500
1500
3000
1300
3000
600
1000
1100
2100
3000
1700
1100
3000

NLDI+AIS
NLDI+AIS
NLDI+AIS

NLDI+AIS,,

NLDI+AIS,,
NLDI+AIS
NLDI+AIS

NLDI+AIS,,
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS

PID
PID
PID
PID
NLDI+AIS
NLDI+AIS

NLDI+AIS,,

NLDI+AIS,,
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS
NLDI+AIS

*: Taken as an outlier due to high uncertainties in flight test or simulation divergence.
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