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ABSTRACT

Attitude control contributes largely to the success of any spacecraft mission. This
makes the attitude determination and control subsystem (ADCS) a fundamental
element in the development of nanosatellites aimed at remote sensing, scientific
experiments and exploration objectives. For a complex space mission, meeting
stringent requirements of the ADCS demands mitigating failure possibilities and
uncertain disturbances, often linked to system faults, actuation saturation, and
miscalculation in parameters.

In view of this, previous methodologies proposed solutions for these chal-
lenges in spacecraft design and dynamic systems like aerial vehicles. This the-
sis proposes a computationally less complex approach specifically tailored for
nanosatellites, addressing faults, saturation, and uncertainties through a fault-
tolerant attitude control architecture. The objective is to ensure asymptotic stabil-
ity while overcoming these obstacles. The proposed fault tolerant control system
incorporates two methods: an Anti-windup compensator and an Adaptive Neuro-
Fuzzy Inference System (ANFIS).

The purpose of the anti-windup compensators for nanosatellites is to effec-
tively manage actuator faults and saturation. The anti-windup compensators that
have been developed rely on the Linear Matrix Inequality (LMI) approach, a
method previously addressed in literature, ensuring both performance and global
stability. Improvements to Fault Tolerant Control (FTC) architecture design with
the anti-windup compensator involve transitioning from a Single-input-Single-
output (SISO) system to a Multi-input-Multi-output (MIMO) system, implemented
channel by channel. This approach is versatile, applicable to various dynamic sys-
tems such as nanosatellites, UAVs, and other robotic systems.

The developed FTC, equipped with anti-windup compensators, demonstrates
through simulation results its effectiveness in mitigating the impact of actuator
faults and saturation. Additionally, the thesis outlines the ANFIS controller’s de-
sign, which tackles challenges related to actuator faults and saturation by combin-
ing a neural network loop with a fuzzy logic scheme. Simulation results indicate
that this controller effectively handles system responses, albeit requiring slightly
more computational power compared to the pure anti-windup structure, particu-
larly during fault and saturation occurrences.
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1. INTRODUCTION

1.1. Motivation

Researchers and space explorers are highly intrigued by nanosatellites due to their
potential to serve as platforms for exploring space science, research, and propul-
sion. Increased demand for nanosatellite applications has driven advancements in
their design and technologies, aimed at fulfilling diverse mission objectives and
specific requirements. Irrespective of such mission objectives, nanosatellites have
common systems and subsystems addressing various parts of the spacecraft op-
erations. The Attitude Determination and Control System (ADCS) stands as a
critical subsystem directly influencing mission control objectives. Its pivotal role
lies in fulfilling various mission objectives through specific requirements. Specif-
ically, the focus on designing the ESTCube-2 ADCS is aimed at meeting distinct
mission requirements to achieve the scientific mission objective of demonstrating
the low-Earth orbit (LEO) electric solar wind sail (E-sail).

The ESTCube-2 mission is a build up on the ESTCube-1 based on lessons
learnt as part of the Estonian Student Satellite Program [6]. The ESTCube-2
nanosatellite was designed to demonstrate technologies for deep interplanetary
space mission of CubeSats and nanosatellites [1]. The ESTCube-2 mission aimed
to set a baseline for the ESTCube-LuNa concept aimed at bringing the E-sail
to the solar wind. Algorithms for attitude determination and control have been
previously developed specifically for ESTCube 2, aligning with the objectives of
attitude estimation and control to meet the predefined mission requirements. The
ESTCube-2 nanosatellite actuators and sensors have been designed and selected
in [7, 8] while attitude control schemes have been designed and simulated [9, 10]
based on specifications of the actuators.

For the focus of this thesis, the ADCS will deal mainly with attitude control of
nanosatellites with actuators faults. Actuators and other physical control systems
are susceptible to faults, failures, and saturation, as outlined in various sources
[2, 11, 12]. These issues can arise due to limitations in magnitude and/or rate,
where the controller might require an output from the actuator that exceeds its
capacity to deliver. The actuator saturation usually occurs when the output of the
controller can no longer have an effect on the controllable variable leading to a
control phenomenon regarded as “windup”. This windup problem usually results
in system instability and further degradation in system performance.

When addressing actuator saturation, several methods have been identified, but
the most practical involves preventing the occurrence of the “windup” problem.
This can be straightforwardly achieved by guaranteeing that the actuator’s capac-
ity exceeds the controller’s demand, ensuring the actuator can manage the required
output. Another approach involves designing the control law in such a way that
the controller’s demand remains below the actuator’s limit. Both strategies serve
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to prevent actuator saturation and mitigate the “windup” issue effectively. A typ-
ical situation is considered when the angular momentum of a spacecraft reaction
is pegged at 1.5 mNm while the demand from the controller tends to over saturate
the wheel beyond that angular momentum. A solution considered for this involves
an additional control concept that ensures the controller tackles the windup prob-
lem whenever it occurs and while also maintaining stability. This solution can be
referred to as Anti-windup (AW) with employment of the Anti-windup compen-
sators. The solution is also considered for fault and failure in actuators. Exploring
and designing this control architecture for nanosatellites brought about consider-
ation of other fault tolerant control (FTC) approaches which are discussed further
in this thesis.

In the past, certain FTC methods [13–15] have addressed actuator faults within
their systems. However, ensuring asymptotic stability and equilibrium state con-
vergence, while important, isn’t adequate for space missions. Achieving stability
with finite-time attitude maneuvering and precise pointing becomes imperative in
this context. In this thesis, the problems of actuator fault and saturation are ad-
dressed with employment of AW technique in the spacecraft actuator system. The
approach aims to simplify the FTC structure and enhance the efficiency of the atti-
tude control system for typical complex space missions. Based on the experience
of developing and operating ESTCube-1 [6, 16], ESTCube-2 aimed to continue
in-orbit demonstration of the plasma brake and the electric solar wind sail (E-sail),
commonly known as the Coulomb Drag Propulsion (CDP) system [17].

This research is primarily motivated by the necessity to delve into the design
of a FTC structure that ensures stabilization within a finite time while keeping
computational complexity minimized. Furthermore, it aims to introduce an FTC
architecture specifically tailored to accommodate multiple disturbances, actua-
tor faults, and reaction wheel (RW) saturation. This architecture is optimized to
fulfill the Attitude Control System (ACS) mission requirements of the ESTCube-
2 nanosatellite [8]. The proposed control architecture will guarantee finite-time
equilibrium-state convergence for the ESTCube-2 ACS and ensures optimal per-
formance of the RWs even with limited momentum exchange. The AW based
FTC architecture will optimize the performance of the RWs during the deploy-
ment of the 300 m tether for the demonstration of the Coulomb Drag Propulsion
system. The design does not include a fault-detection observer or disturbance
observer, which avoids further computational complexities and allows for larger
angle manoeuvres with RWs as demonstrated in simulation results.

1.2. Research Aim and Objectives

The research aims to introduce a Fault-Tolerant Attitude Control architecture de-
signed to effectively address and manage issues related to actuator faults, failures,
and saturation specifically in nanosatellites, using ESTCube-2 as the model case.

14



The fault tolerant control (FTC) architecture provides the system with the abil-
ity to tolerate certain faults and disturbances without necessarily identifying such
fault, to reduce the effect of the computational complexity. The FTC schemes de-
veloped here are not only applicable to nanosatellites alone, but can be expanded
and applied to larger spacecrafts as well as adapted for other dynamic systems
such as aircrafts and UAVs. Inorder to address the aim of the research, the follow-
ing objectives will be considered;

• Understand the structure of the satellite model to be able to design the Anti-
Windup based FTC architecture based on a full order AW compensator de-
sign approach

• Develop the full order AW compensator based on design approach given in
[18] and expanded for the satellite model.

• Explore the ANFIS design on the satellite model for further learning and
adaptive tuning.

• Conduct simulations to validate the effectiveness of the FTC architecture
designed for the ESTCube-2 nanosatellite [11].

1.3. Progress in this work

This work studied and discussed the development of control algorithms for the
ADCS on board ESTCube-2. The satellite is planned to be launched in the third
quarter of 2023 and further works will present in-orbit validation of the ADCS.
For the Coulomb drag propulsion test involving the plasma brake deorbiting ex-
periment and the E-Sail interplanetary propulsion, the ESTCube-2 is required to
spin up to one rotation per second for tether deployment [IV]. This is also part of
previous works on ESTCube-1 demonstrated and simulated [9]. ESTCube-2 is re-
quired to maintain precise attitude stabilization for pointing navigation. Given the
necessity to design a system that can maintain satellite control requirements dur-
ing specific mission phases, this thesis was inspired to focus on the Anti-Windup
fault-tolerant control architecture [I].

There was the need to consider a machine learning approach in which [II]
focused on the research of using machine learning and neural network models
for recognition tasks. This work explored the use of recurrent neural network
(RNN)with Gated-Recurrent Unit (GRU) cells as baseline, aimed at retaining
long-temporal information in order to output a class prediction. This work showed
that neural networks can be applied to store states (spacecraft state space) based
on learning from the environment and provide a feedback to the network as reward
in a reinforcement learning (RL) scheme. This research work formed the bases
of the Adaptive Neuro Fuzzy Inference System implementation on the ESTCube-
2 FTC architecture given in [III]. While centered on space research, the thesis
presents control algorithms applicable across various systems and research areas.
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1.4. Thesis Outline

This work comprehensively presents a Fault Tolerant Control architecture for
nanosatellites, showcasing modeling and simulation tests using the ESTCube-2
platform.

Chapter 2 provides an overview and background on Fault Tolerant Control
and applications to Aircrafts and Nanosatellites and current implementations with
specified missions.

Chapter 3 describes the ESTCube-2 Nanosatellite with its mission objectives
and system requirements. It provides preliminary requirements for the ADCS
design as well as requirements for the successful deployment of tethers for the
Coulomb drag propulsion tests.

Chapter 4 describes the mathematical approach to modelling of nanosatellite
dynamics with specific actuator models. The Anti-Windup compensator is devel-
oped based on previous works and applied to the nominal PD-like controller.

Chapter 5 focuses more on research studies on machine learning algorithms
into fault tolerant control, specifiying studies on reinforcement learning. Addi-
tionally, Adaptive Neuro-Fuzzy Inference System is modelled based on Fuzzy
logic and compared with the AW design.

Finally, a conclusion and summary of the works of these thesis relating to
all published works is given to further present an outline for a potential future
research in specified areas.
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2. BACKGROUND ON FAULT TOLERANT ATTITUDE
CONTROL

2.1. Reference Frame

In the realm of aerospace engineering, understanding and defining the position
and orientation of objects in space is crucial. This is achieved using reference
frames. Reference frames are used to define the position of a point in space. In
aerospace applications, reference frames are used for attitude determination defin-
ing position and orientation of a body or point mass, as well as of one frame with
respect to another. The following reference frames are mostly used in satellite
representations.

2.1.1. Earth-Centred Inertial Reference Frame (ECIF)

The Earth-Centred Inertial Reference Frame (ECIF) has its origin at the centre of
the Earth. The x-axis of this reference frame points through the point where the
vernal equinox (point when the sun’s rays cross directly over the Earth’s equator
and providing nearly equal periods of day and night) and the equatorial plane
cross. The z-axis points through the Geographic North pole and the y-axis is the
cross product between x and z axis completing the right hand Cartesian coordinate
system.

2.1.2. Earth-Centred Earth Fixed Reference Frame (ECEF)

The Earth-Centred Earth Fixed Reference Frame (ECEF) has its origin at the cen-
tre of the Earth and is fixed with respect to the surface of the Earth. The x-axis
points in the direction towards the intersection between the Greenwich Meridian
and the Equator. The z-axis is the direction from the centre of the Earth pointing
towards the North pole while the y-axis is the cross product between the x-axis
and the z-axis completing the right handed system.

2.1.3. Spacecraft Body Reference Frame (SBRF)

Spacecraft Body Reference Frame (SBRF) has its origin from the centre of mass
of the satellite. The x-axis is orthogonal to the z-axis and the y-axis completes the
right hand orthogonal coordinate reference system.
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2.2. Attitude Parametrization

2.2.1. Direction Cosine Matrix (DCM)

The DCM represents the attitude in a 3×3 transformation matrix. This is de-
scribed by the vector dot product between two coordinate axes representing the
cosine of the deviation in angle.

A =

u · x u · y u · z
v · x v · y v · z
w · x w · y w · z

 (2.1)

This DCM is less common and applicable in space missions for attitude rep-
resentation considering the computational power in computing nine elements as
opposed to the quaternion representation of four elements. This therefore makes
the DCM less economical in computation based on processing power of On-Board
Computers (OBC). Additionally, DCM depends on the order of rotation which are
sometimes controversial with respect to the rotation angles from DCM. The Euler
angle and Quaternion further described is more applicable.

2.2.2. Euler Angles

The Euler angle representation describes one coordinate frame to another in three
successive rotations. These successive rotations are defined as roll, pitch and yaw,
where the roll angle φ is a rotation about the x-axis, the pitch angle θ about the
y-axis and the yaw angle ψ about the z-axis. The rotation (axis transformation)
matrices are defined as follows:

Rx =

1 0 0
0 cosφ sinφ

0 −sinφ cosφ

 (2.2)

Ry =

cosθ 0 −sinθ

0 1 0
sinθ 0 cosθ

 (2.3)

Rz =

 cosψ sinψ 0
−sinψ cosψ 0

0 0 1

 (2.4)

where Rx is the transformation matrix for a fixed point about the x axis. Ry is
the transformation matrix for a fixed point about the y axis. Rz is the transforma-
tion matrix for a fixed point about the z axis. Therefore the resultant transforma-
tion matrix from inertial to body frame is given as

R = Rz.Ry.Rx

18



R =

 cosψ sinψ 0
−sinψ cosψ 0

0 0 1

 cosθ 0 sinθ

0 1 0
−sinθ 0 cosθ

1 0 0
0 cosφ −sinφ

0 sinφ cosφ



R =

[
cosθ .cosψ cosψ.sinθ .sinφ − cosφ .sinψ cosψ.sinθ .cosφ − sinφ .sinψ

cosθ .sinψ sinψ.sinθ .sinφ − cosφ .cosψ sinψ.sinθ .cosφ − sinφ .cosψ

−sinθ cosθ .sinφ cosφ .cosφ

]
(2.5)

2.2.3. Unit Quaternions

Quaternions are referred to as hyper complex numbers and were first introduced
by mathematician Rowan Hamilton in the early 19th century and over time have
been applied to mechanics solutions. Quaternions are used to express a rotation
by a rotational angle about an axis unlike Euler angles which represent rotations
by a series of rotations about x, y or z axes. The rotation performed by quaternions
are not explicitly about an x, y or z axes. Just like complex numbers, quaternions
have basis i, j, k satisfying the following expression

i2 = j2 = k2 =−1 = i jk (2.6)

Therefore we can define quaternions as follows representing an addition of
both scalar and vector component.

q = iq1 + jq2 + kq3 +q0 (2.7)

Thus quaternions contain four numbers and for simplicity in expressions, q0 is
the scalar part of the quaternions and the vector component is represented as

qv = iq1 + jq2 + kq3 (2.8)

The normalized quaternion is therefore represented as

q0 = cos(θ/2) (2.9)

qv = êsin(θ/2) (2.10)

where
• ê is the rotational axis,
• θ is the angle of rotation.
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The author in [19] defined and derived the multiplication of two quaternions
in order to obtain the quaternion rotation as follows

a⊗b = a0b0 −avbv +a0bv +b0av +a×b (2.11)

In recall of complex conjugates, the quaternion complex conjugate can be rep-
resented as

q∗ = q0 −qv = q0 − iq1 − jq2 − kq3 (2.12)

Therefore the norm of a quaternion can then be defined easily as

∥q∥=
√

q∗⊗q (2.13)

∥q∥=
√

q2
0 +q2

1 +q2
2 +q2

3 = 1 (2.14)

The inverse of a normalized quaternion satisfying the above equation is

q−1 = q∗ (2.15)

2.2.4. Quaternion Rotation

In order to obtain the quaternion rotation operator, we make use of the normalized
quaternion defined in Equations 2.9 and 2.10. Therefore we express the quaternion
as

q = q0 +qv = cos(
θ

2
)+ êsin(

θ

2
) (2.16)

and perform quaternion products in order to obtain the rotations.
By defining two quaternions as p= cos(α

2 )+ êsin(α

2 ) and q= cos(β

2 )+ êsin(β

2 )
we obtain the quaternion product as follows.

r = p⊗q =

(
cos(

α

2
)+ êsin(

α

2
)

)
⊗
(

cos(
β

2
)+ êsin(

β

2
)

)
(2.17)

r = cos
(

α +β

2

)
+ êsin

(
α +β

2

)
= cos(γ)+ êsin(γ) (2.18)

The product of two quaternions as seen above represents the two consecutive
rotations by α and β . Equation 2.19 represents the rotation of a quaternion and a
vector v

q⊗ v = (q0 +qv)⊗ (0+ v) =−qv · +q0v+q× v (2.19)

However, multiplying this expression by the conjugate of the quaternion q∗

gives the expression in Equation 2.20 which is a vector and expressed further in
the form of direction cosine matrix in Equation 2.21
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w = q⊗ v⊗q∗ =
(

cos2
(

α

2

)
− sin2

(
α

2

))
v+2(qv · v)qv +2q0(qv × v) (2.20)

w1
w2
w3

=

2q0
2 −1+2q1

2 2q1q2 −2q0q3 2q1q3 +2q0q2
2q1q2 +2q0q3 2q2

2 −1+2q0
2 2q2q3 −2q0q1

2q1q3 −2q0q2 2q2q3 −2q0q1 2q3
2 −1+2q0

2

v1
v2
v3

 (2.21)

the DCM above can also be defined as a general rotational matrix

C = (2q0
2 −1)v+2(q.v)q+2q0(q× v) (2.22)

2.2.5. Error Quaternion

The error quaternion is defined as the rotational quaternion between two rotations.
The error quaternion is obtained by quaternion product of the inverse quaternion
representing the desired quaternion of one point to another and the initial quater-
nion itself, given below

qe = q−1
d ⊗q (2.23)

qe =


qd0 qd1 −qd2 −qd3
−qd1 qd0 qd3 −qd2
qd2 −qd3 qd0 −qd1
qd3 qd2 qd1 qd0




q0
q1
q2
q3

 (2.24)

The quaternion error qe satisfies the unit quaternion constraint.

2.3. Fault Tolerant Control

Fault Tolerant Control (FTC) has received significant attention in addressing mod-
ern control engineering challenges. Advanced control systems are integral to en-
suring the safety and consistent performance of contemporary technological sys-
tems. This is especially critical in crucial systems like aircraft, spacecraft, and
nuclear and chemical power plants, where even minor faults could lead to catas-
trophic outcomes for the entire system. As a result, there’s a need to develop new
control approaches and designs capable of managing such malfunctions while
preserving overall system performance and stability. These approaches or designs
often fall under the umbrella of Fault-Tolerant Control (FTC) Systems.

The existence of redundant systems is a critical component in FTC. Conse-
quently, the various FTC methods essentially represent diverse approaches for
implementing and making the most of these available redundant systems. It is
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worth noting that while additional redundancies might enhance the fault tolerance
of a system, these redundancies inevitably lead to increased complexity. This
added complexity can pose challenges in terms of both the physical design and
the financial constraints during the implementation phase. The performance of a
control system, therefore relies on existing and available control actuators on the
system, and special care has to be taken to avoid over working the available and
remaining actuators in the event of an actuator fault or failure in order to prop-
erly steer the system to safety. Sensor failures are also important to consider as
this may lead to inaccurate information and decision making which can affect the
safety of the entire system. It is often easier to employ multiple sensors with vari-
ous methods to increase the overall reliability of the system. More recently, smart
sensors and sensor fusion have been adopted in various applications with the aim
of self validating the entire sensor estimation system.

In terms of FTC, actuator faults/failures are more difficult to deal with as they
are more directly related to the control and behaviour of the system. Therefore this
thesis focuses more on the FTC based on actuator faults/failures. This section, will
further discuss some FTC techniques and then FTC solutions applied to spacecraft
development.

2.3.1. Classification of Fault Tolerant Control System

FTC systems’ design typically revolves around two primary approaches, which
hinge on how component redundancy is utilized: passive and active FTC method-
ologies. In the passive system, component failures are thought and assumed to
be known whereby the control system considers and takes into account such fail-
ure modes while designing the system. In this scenario, if the control system is
crafted considering these potential failure modes, it’s anticipated that in the event
of a component failure, the system will uphold its intended performance as ini-
tially designed. The passive FTC system is such that the control system can work
under several operating scenarios or component failure modes which must have
been considered at the design stage.

In contrast to the passive system, an active FTC system reacts to the system
component failures actively by properly reconfiguring its control actions so that
the stability/performance of the entire system can still be acceptable [20]. This
approach relies mainly on real-time fault detection/diagnosis system which pro-
vides information about the status of the system and the working conditions of
its components. One main concern in the active FTC system is the limited time
to perform a fault detection and diagnosis (FDD) or fault detection and isolation
(FDI). This also increases the computational complexity of the entire processing
system. An active FTC has the capacity to deal with unforeseen faults and still
achieve an optimal performance of the system. Due to the interest in designing
a FTC system that has the capacity to guarantee stability as in the passive FTC

22



and also to ensure performance optimization provided by the attribute of an ac-
tive FTC, a hybrid FTC system that combines both active and passive have been
considered in recent FTC developments.

The drawback of an active FTC system considered is the increased complexity
in processing often leading to longer time delay which is mostly considered un-
desirable in any control system. An excessive time delay in an FDD system has
been shown to contribute adversely to the stability and performance of the system
[21]. In such a case, a passive FTC can be incorporated to provide the needed sta-
bility in the entire system in a hybrid FTC setup which eventually provides both
the stability and optimal performance.

2.3.2. Fault Tolerant Control Approaches to Spacecraft Development

In earlier development of FTC, research works had implemented control schemes
to deal with disturbances and uncertainties but failed to address fault and failure in
system components [22]. Further research works then aimed at not only accom-
modating faults but also guaranteeing control performance and system stability
[23, 24]. These works implemented control methods based on adaptive control,
absolute stability theory, control allocation [25] and sliding mode control (SMC)
schemes [26]. These control methods, each has it’s advantages and preferences to-
wards performance on any particular system and have been implemented as FTC
approach for various applications.

Spacecraft attitude control development, has over the years seen increased in-
terest in the use of FTC strategies to keep up with complex missions capable of
sensor and actuator fault estimations. For an active FTC approach, magnetic ac-
tuation failure was addressed in formation flying of JC2Sat-FF spacecraft [27].
Based on actuator fault observation, an attitude determination and control system
(ADCS) fault processing method was developed for the NS-2 satellite ACS [28].
In another formation flying application, an SMC based FTC was developed ensur-
ing global asymptotic stability [29]. Actuator saturation has also been considered
in designing an integrated controller that accommodates faults with FTC capabil-
ity [30]. An FTC system in a recent study was designed with a nominal controller
and second order filter-like compensator capable of handling multiple actuator
faults and saturation [31]. Additionally, in Amrr et al. [32], an FTC system with
a time delay was designed to handle uncertainties, disturbances and time varying
actuator faults for a small spacecraft.

The SMC has been observed to perform better and has advantages over other
approaches in FTC system relating to spacecraft applications [33]. Lee et al. [34]
developed an SMC approach to deal with actuator fault and external disturbances,
in which the actuator fault was modelled as an effectiveness decrease of the ac-
tuator. The SMC approach usually requires a large control power, in which most
actuators based on momentum exchange are limited by saturation, thereby inca-
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Figure 1. Actuator magnitude saturation non-linearity

pable of providing enough control for required attitude manoeuvre. Due to this
limitation, this thesis considers the Anti-Windup (AW) compensator as one alter-
native to solving problems with failure and saturation in control engineering.

In solving actuator magnitude saturation problems, AW compensator has been
designed and applied in combination with feedback controller [35, 36]. An ap-
proach previously implemented on a quad-rotor unmanned aerial vehicle, had
designed a decentralized AW compensator that guarantees asymptotic stability
using linear matrix inequality (LMI) AW synthesis [18, 37]. This approach is
re-designed based on the LMIs for the AW synthesis and applied to deal with ac-
tuator fault and saturation in the satellite, guaranteeing asymptotic stability and
ensuring equilibrium state convergence in finite time.

2.4. Anti-Windup Compensator

A brief description of the “windup” phenomenon is discussed here with a review
of Anti-Windup (AW) compensator techniques and methods of synthesis. The
idea of the AW compensator considers an actuator in a physical system which is
constrained by either magnitude and/or rate limitations. In such a case, saturation
occurs in the actuator when the controller demands more than the limits of the
actuator and creates a non-linearity in the system. Studies have shown that both
magnitude and rate saturation present in a system can significantly impact and af-
fect the stability of the system leading to degraded performance. The non-linearity
of the magnitude saturation is represented in Figure 1

The limits of the magnitude saturation are mapped into a range of values and
for a scalar case the saturation non-linearity is described by
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Figure 2. Closed loop control system

sat(u), û ≜


uN , if u ≥ uN

u, if un ≤ u ≤ uN

un, if u ≥ un

(2.25)

If saturation limits are symmetric then un =−uN , where un and uN are the min-
imum and maximum available actuator values respectively given sat(.) : R 7−→R.
Similarly for a vector case given sat(.) : Rm 7−→ Rm with a symmetric non-linear
saturation given by

sat(u) = [sat(u1), ...,sat(um)]
T

where sat(ui) := min|ui|, ūi × sign(ui).
A closed loop control system with a typical PID controller has been observed

to encounter the “windup” phenomenon caused by its actuator saturation as shown
in Figure 2. In the Figure, u is the unsaturated control signal and û ∈ Rm is the
unsaturated control signal input to the plant y is the plant output, r is the reference
input, K is the nominal controller and G is the described plant. Typical actuator
saturation and control signal saturation are considered and the “windup” problem
has been used to describe any form of performance degradation that could occur.
Common effects of the saturation on control systems which may arise from failure
of the actuator to meet the demands of the controller are long rise and settling
times, change of direction/phase shifts, large overshoots and prolonged periods of
actuator saturation. All these may lead to instability in the entire system, therefore
giving rise to the need to avoid or prevent the occurrence in practical engineering
applications.

Modern Anti-Windup Compensators

Modern AW compensators are based on techniques with earlier generic AW frame-
works and eventually graduated to more complex methods. Several modern AW
approaches have been discussed in literature and classified on various criteria
based on stability and performance objectives [35, 38–40]. Most AW frameworks
have a generic structure as shown in Figure 3 where the plants, controllers and AW
compensators can either be in a linear or non linear form therefore giving rise to
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Figure 3. Basic Anti-Windup Structure

various AW formulations. Most AW algorithms are synthesised using Linear Ma-
trix Inequalities (LMI) [41, 42], but there are other synthesis methods using Linear
Quadratic Regulators [43] (LQR) and Lyapunov Equation Solution [44, 45]. In
view of all the AW frameworks and performance obejctives as well as stability
concerns, the approach adopted for the AW design in this work is as described in
[18, 46] and discussed further in Chapter 4.3 where a brief description and set up
of the AW framework is given.
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3. ESTCUBE-2 MISSION OBJECTIVES AND
REQUIREMENTS

The ESTCube-2 is a three-unit CubeSat with scientific mission objective of low-
Earth orbit technology demonstration. The primary mission objective was to
demonstrate the electric solar wind sail (E-sail) in the LEO where the electric
sail can be used as an ionospheric plasma brake (PB) for deorbiting. The PB uti-
lizes an induced Coulomb drag effect in the LEO’s ionosphere from a charged
tether. The tether is charged in synchronization with the satellite spin rate. Fur-
ther details and experiment requirement of the PB are described by Iakubivskyi
et al. [17]. The ESTCube-2 includes other secondary experiments such as the
deep-space platform prototype, Earth observation cameras and a material corro-
sion experiment [1].

The specific requirements for the ESTCube-2 ADCS which stems from the
mission objectives as earlier mentioned include the following:

• Spin up the satellite in order to deploy the tether for plasma brake technol-
ogy demonstration using centrifugal force.

• Obtain attitude measurements for estimating the Coulomb drag effect.
• Provide the angular momentum and spin control for tether deployment.
• Ensure a pointing accuracy of at least 0.25deg.
• Ensure a pointing stability of 0.125deg/s.

3.1. Satellite Design

The design of the ESTCube-2 satellite is based on lessons learned from the ESTCube-
1 mission [6] ensuring that the PB tether is deployed satisfactorily. The mechan-
ical design of the satellite is done to accommodate an avionics stack, the side
panel system and the various payloads. The avionics stack as shown in Figure
4 consists of the on-board computer (OBC) system for data logging, storage and
task scheduling; the electrical power system (EPS), the communication system
(COM) for telemetry; the star tracker (ST) and the attitude and orbit control sys-
tem (AOCS) performing attitude determination and attitude control. Each of these
systems is embedded on a different PCB as shown in the avionics stack module of
Figure 5.

3.2. Attitude Determination and Control System (ADCS)

The attitude determination and control system (ADCS) performs an important
role in the mission objectives of the satellite. The main components of the ADCS
are embedded in the OBC within the avionics stack (see Figure 5). The ADCS
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Figure 4. Exploded view of ESTCube-2 3U CubeSat [1].

Figure 5. ESTCube-2 satellite avionics stack module [1].
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subsytem can be sub divided into three major blocks which work together in ful-
filling mission requirements. These blocks are: sensors, actuators and algorithms
embedded in the OBC as seen in Figure 6.

Based on the mission requirements, a star tracker (ST) system and a cold gas
propulsion system are introduced to enable the ADCS functionality beyond the
Earth’s magnetic field. This concept stems from the interest in developing fur-
ther deep space mission (ESTCube-LuNa mission). However, these systems still
serve as a necessary backup option on the ESTCube-2 design. The sensors on the
ESTCube-2 satellite comprises the following:

• Magnetometers
• Gyroscopes
• Accelerometers
• Sun sensors
• Star tracker

On the OBC board are two redundant sets of MEMS sensors: two magnetome-
ters (LIS3MDL), two gyroscopes (BMG160) and an accelerometer (FXOS8700CQ)
in each set. There is an additional magnetometer on each of the side panels of

Figure 6. ESTCube-2 ADCS [2].
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Figure 7. ESTCube-2 Magnetorquers [1].

ESTCube-2 for a better characterisation of the residual magnetic field of the satel-
lite. There is a two-axis sun sensor located at the middle of every side of the
satellite. the sun sensors which are developed in-house are based on an evolved
design similar to the ESTCube-1.

As indicated in Figure 6, the actuators onboard the satellite are:
• Three coreless magetorquers with a magnetic moment of 0.45 Am2, de-

signed in-house as shown in Figure 7;
• Three Hyperion Technologies RW210 Series nanosatellite RWs. Measuring

25 mm×25 mm×15 mm3, mass: 32 g and momentum storage: 3.0 mNms;
• Three Wittenstein Cyber Motors CYBER2 nanosatellite RWs for redun-

dancy. Measuring: 20 mm× 20 mm× 20 mm, Mass: 30 g, Momentum
storage: 2.0 mNms;

• GOMSpace NanoProp CGP3 cold gas propulsion (CGP) system.
The ADCS makes use of Unscented Kalman Filter (UKF) to interpret sensory

data and account for uncertainties that arise from various sensory measurements.
While the UKF provides the most probable attitude of the satellite, the control
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algorithms aim to calculate the required control values for various actuators on
board the satellite. The ESTCube-2’s mission requirement provides for certain
maneuvers to be executed, employing the use of sensors and actuators availble for
deep-space missions.

Based on mission requirements, the ADCS is expected to execute four main
control maneuvers:

• Detumbling to establish reliable communication between the satellite and
ground segments mainly achieved by the B-dot control algorithm;

• Satellite pointing for Earth Observation camera operations as well as high-
speed data downlink;

• Reaction wheel unloading/desaturating for continuous operations; and
• Satellite spin-up for experiment deployment.

The popular B-dot algorithm making use of magnetorquers is utilized for the
detumbling operations, while a specialized regulator is used for the cold gas
propulsion system which will be tested for deep-space operations. The spin-up
of the satellite for the PB technology demonstration is also done by CGP and
magnetorquers as backup.

For satellite pointing maneuvers, the RW is used with various control laws
as previously discussed and simulated in [8], [10]. The satellite can also makes
use of magnetorquers in a PD-like control law for pointing operations. Similar
control laws are also employed for unloading and desaturating of the RWs, while
further tests for unloading of the RW using the CGP are required for the deep-
space operations. Based on the pointing maneuver, FTC schemes are designed in
this thesis [11].
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4. FAULT TOLERANT CONTROL DESIGNS FOR
ESTCUBE-2

Generally, the design of the attitude control system for satellites necessitates a ro-
bust actuation system that offers precise control. Depending on the size and mass
of satellites, the available actuators used to obtain such precise control typically
have some limitations in their capacity. If the capacity is exceeded, a specific
actuator might fail to provide the required precise control, leading to actuator sat-
uration. This could compromise system performance and induce instability. Due
to fault and/or failure on a particular actuator, saturation may occur on other actu-
ators as a result of over reliance and excessive generation of torque in the case of
a RW. Actuator faults and saturation are considered collectively in Chapter 4.2.

4.1. Mathematical Modelling

According to the governing laws of dynamics, applying a force to a body any-
where other than its center of mass will induce a rotational intent in the body. The
relationship between the body’s rotation and its momentum is defined as

h = Jω (4.1)

where h is the body’s momentum, J is the inertia matrix and ω is the angular
velocity.

4.1.1. Inertia Matrix

The inertia matrix J can be obtained by relating the location of a portion of mass
from the center of a body, r , and its angular velocity as shown in Equation 4.2

h =
∫

r× (ω × r)dm (4.2)

The inertia matrix J about an arbitrary origin is then given below based on
cross products of individual elements:

J =

 Jx −Jxy −Jxz

−Jyx Jy −Jyz

−Jzx −Jzy Jz

 (4.3)

J =

∫v(y
2 + z2)ρmdv −

∫
v(xy)ρmdv −

∫
v(xz)ρmdv

−
∫

v(yx)ρmdv
∫

v(x
2 + z2)ρmdv −

∫
v(yz)ρmdv

−
∫

v(xz)ρmdv −
∫

v(zy)ρmdv
∫

v(x
2 + y2)ρmdv

 (4.4)

where
• ρm is the density of the satellite
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and Jx, Jy and Jz are the moments of inertia about the x, y and z axis respectively,
and Jxy = Jyx , Jxz = Jzx and Jyz = Jzy are the products of inertia.

If the principal axes of inertia coincide with the axes of the body frame by
being symmetric with its axes Jxy = Jxz = Jyz = 0, the inertia matrix reduces to:

J =

Jx 0 0
0 Jy 0
0 0 Jz

 (4.5)

4.1.2. Dynamics

Based on the Quaternion model earlier discussed and its advantages in space tech-
nology applications over the Euler angle representations, the spacecraft dynamics
model here is derived, reviewed and simplified in terms of quaternions. The satel-
lite is assumed to be a rigid body and a point mass in orbit to derive the dynamic
model. Therefore with Newton-Euler formulation and application of Newton’s
second law to the spacecraft rotational motion;

M = ḣi (4.6)

where
• h is the angular momentum
• M is the applied torque or external moment in inertial frame with reference

to body frame
in view of Coriolis Equation [47], Equation 4.6 can be expressed as

M = ḣ+ωi × h (4.7)

and the rate of angular momentum can be defined as

ḣ = Jω̇i =−ωi × Jωi +M (4.8)

M can be expressed as addition of all disturbance torques and a control torque
Tc

Jω̇i = Td +Tc −ω
×
i Jωi. (4.9)

where
Td is the sum of disturbance torques acting on the satellite;
Tc is the applied control input torque;
ω ∈ R3 is the angular velocity vector of the spacecraft;
Jω̇i is the rate of angular momentum ḣ in the inertial reference frame;
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ω
×
i is the skew symmetric representation of the angular velocity in the inertial

reference frame.

ω
×
i =

 0 −ω3 ω2
ω3 0 −ω1
−ω2 ω1 0

 (4.10)

The satellite model with RW can be described with respect to Nadir direction
as

Jω̇i = Td +Tc −ω
×
i (Jωi +H) (4.11)

where the angular momentum of the wheel H = [h1 h2 h3]
T is added to obtain the

effective angular momentum of the satellite in the inertial reference frame. The
satellite’s angular velocity can also be represented by body frame rotation relative
to the orbit frame as described in [10].

4.1.3. Kinematics

The kinematic model tends to describe the orientation of the satellite with inte-
gration of the angular velocity. The kinematic model expressed in quaternions are
derived based on [48].

q̇v =−1
2

ω × qv +
1
2

q0ω (4.12)

q̇0 =−1
2

ω
T qv (4.13)

The reduced kinematic equation is given byq̇1
q̇2
q̇3

=
1
2

 q0 −q3 q2
q3 q0 −q1
−q2 q1 q0

ω1
ω2
ω3

 (4.14)

where [q1,q2,q3] are vector components of qv.

4.1.4. Linearization

Inorder to evenutally proceed with controller design, a linearization of the nonlin-
ear plant model is required. To do this, a linearization about an attitude equilib-
rium point of q0 = 1 and q1,q2,q3 = 0 based on first-order Taylor series expan-
sion [49, Sec. 3.2.2] is achieved. Equation 4.15 represents the partial derivative as
a function g of q and ωi of the kinematic equation given in Equation 4.14

q̇v =
∂g
∂q

(q)+
∂g
∂ωi

(ωi) (4.15)

with the consideration of ωi = 0 at equilibrium point,
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q̇− ˙qeq =
∂g
∂q

(q−qeq)+
∂g
∂ωi

(ωi −ωieq) (4.16)

Therefore Equation 4.14 can further be expanded as

q̇1
q̇2
q̇3

=

0 0 0 1
2(q0) 0 0

0 0 0 0 1
2(q0) 0

0 0 0 0 0 1
2(q0)




q1
q2
q3
ω1
ω2
ω3

 (4.17)

Based on state space model ẋ = Ax+Bu with u = Tc, and approximation of Equa-
tion 4.9 (Jω̇i ≈ Tc) with negligible disturbance torque and q0 = 1 at equilibrium:

A =

[
03

1
2(I3)

03 03

]
,x =

[
qv

ωi

]
,B =

[
03

J−1

]
(4.18)

The linearized model of ESTCube-2 G(s) in state space form with neglected an-
gular momentum of RW based on approximation and simplicity used in obtaining
the AW compensator KAW (s) is given as

[
q̇v

ω̇i

]
=



0 0 0 0.5 0 0
0 0 0 0 0.5 0
0 0 0 0 0 0.5
f41 0 0 0 0 f46
0 f52 0 0 0 0
0 0 f63 f64 0 0


[

qv

ωi

]
+



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

(Tc) (4.19)

with functions f41, f46, f52, f63, f64 given below and ωo = 2π/To.

f41 = 8(Jz − Jy)ω
2
o −2ωo

f46 = (−Jx − Jz + Jy)ωo

f52 = 6(Jz − Jx)ω
2
o

f63 = 2(Jx −−Jy)ω
2
o −2ωo

f64 =− f46

(4.20)

4.2. Actuator Fault/Failure and Saturation Modelling

This thesis focuses on addressing actuator faults and saturation, particularly con-
cerning the collective behaviour of the RWs, given their susceptibility to torque/momentum
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capacity limitations. Specifically, RW saturation occurs when these components
cannot deliver the necessary and excess torque beyond their designated specifica-
tions.

The RW considered in the ESTCube-2 case has a momentum storage of about
1.5× 10−3 Nms. The RW has a spinning wheel and an electric motor. The mo-
tor produces a required torque based on conservation of angular momentum con-
trolled by an embedded computer. As the RW is not a linear system, the torque
produced is not directly proportional to the current applied. The nonlinearity in
the RW is mostly as a result of friction [50], which tends to delay the rotation of
the motor until the stator current threshold is attained. By application of a rotating
mass with inertia Jrw and damping coefficient b, the RW can be modeled as shown
in Equation 4.21.

ḣ = Jrwω̇ +bω (4.21)

where ḣ is the rate of angular momentum or the applied wheel torque.
To further consider the full model of the system with addition of the fault/failure

and saturation modelling, the faults are classified mainly into four categories
based on their effects on the RW. These are:

• F1: Decreased reaction torque,
• F2: Increased bias torque,
• F3: Failure to respond to control signals,
• F4: Continuous generation of reaction torque.

Since RWs are considered to be sensitive and vulnerable to sources of faults as
described in [51], the faults are described based on loss of actuator effectiveness
fault (F1), bias fault (F2), outage failure (F3) and hard-over failure (F4) respec-
tively. The faults itemized F1–F4 can be mathematically modeled as

Tci = ei(t)τdi + τ̄i (4.22)

where
Tci as indicated in Equation 4.9 is the actual control torque input on the spacecraft;
τdi is the desired torque signal for each n reaction wheels;
ei(t) indicates the effectiveness value of the ith reaction wheel between 0 and 1;
and
τ̄i is the uncertain input fault on the satellite.

A summary of the reaction wheel faults and the model parameters is shown in
Table 1. The hard-over failure is a result of continuous increase or decrease in the
speed of the wheel, which in turn generates a continuous torque irrespective of
the control input signal. In the case of no fault, the actual control torque from the
reaction wheel is equal to the desired torque signal with Tci = τdi, where ei(t) = 1
and τ̄i = 0.
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Table 1. Reaction Wheel Faults and Parameters

Fault Type τ̄i ei

F1 Loss of actuator effectiveness 0 0 < ei < 1
F2 Bias τ̄i ̸= 0 1
F3 Outage 0 0
F4 Hard-over τ̄i ̸= 0 0

Equation 4.23 gives the actual control input torque Tc by n reaction wheels.

Tc = E(t)τd + τ̄ (4.23)

where
τd = [τd1 τd2 .... τdn]

T ∈Rn is the commanded torque vector from the n actuators;
E(t) = diag[e1(t),e2(t), ...,en(t)] ∈ Rn×n indicates the actuator effectiveness ma-
trix; and
τ̄ = [τ̄1 τ̄2 .... τ̄n]

T ∈Rn is the uncertain fault vector based on additive torque from
F2 and F4.

The combined satellite model from Equation 4.11 , with addition of actuator
fault is given in Equation 4.24 with the accompanying assumptions:

Jω̇i = Td +E(t)τd + τ̄ −ω
×
i (Jωi +H). (4.24)

Assumption 1: The additive torque from F2 and F4 may be uncertain; however,
there exists a positive scalar quantity f0 that bounds it such that ||τ̄|| ≤ f0.

Assumption 2: The external disturbance torque represented by Td is also un-
certain but bounded by a positive scalar quantity.

In the event of actuator failure, the remaining actuators need to exert more
torque than optimal to compensate for the failed actuator and maintain system
stability. However, this increased effort can lead to actuator saturation, potentially
causing system instability. Actuator saturation can involve both magnitude and
rate limitations. This thesis specifically focuses on magnitude saturation, as it af-
fects the angular momentum of the wheel. When addressing magnitude saturation
in the Reaction Wheel (RW), the thesis introduces a non-linear constraint with
bounded saturation limits defined as |hi| ≤ hmax.

4.3. Anti-Windup Compensator Design

As described briefly in Chapter 2.4, the approach to the AW design is as given in
[18] [46]. The approach relies mostly on guaranteeing stability for various plant
structures (G(s) ∈RH ∞) with input saturation and gives the assurance that there
exists an AW compensator which can globally stabilize the system provided the
AW compensator is of the same order as the plant, referred to as a Full-Order AW
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Compensator. This section will give a brief review of the full-order AW design
based on description in [18].

4.3.1. MIMO Full-Order AW Design

A typical AW configuration is shown in Figure 8 with the plant G(s) assumed to
be stable (G(s) ∈ RH p×m

∞ ). In this configuration, K(s) is the nominal controller,
u ∈ Rm is the unsaturated control signal, um ∈ Rm is the saturated control signal
(plant input), r ∈ Rn is the reference, y ∈ Rp is the plant output and Θ(s) is the
anti-windup compensator. The state space satellite system G(s) ∈ RH p×m

∞ is
given as

G(s)∼
[

Ap Bp

Cp Dp

]
(4.25)

with Ap ∈ Rn×n, and Bp,Cp,Dp as known real matrices with appropriate di-
mensions. The control plant input um = sat(u) is based on the saturation function
defined in Section 2.4. The full-order AW compensator provides stability and
improvements based on techniques of [18, 46, 52] and has the following structure

KΘ(s) =
[

M(s)− I
G(s)M(s)

]
(4.26)

where M(s) ∈ RH m×m
∞ is the chosen right factor stable transfer function matrix

of a right coprime factorisation of the plant G(s) = N(s)M−1(s). The coprime
factorization has to be of the same order as the plant so that the AW compensator
can have the formulation

KΘ(s) =
[

M(s)− I
N(s)

]
∼

Ap +BpF Bp

F 0
Cp +DpF Dp

 . (4.27)

Figure 8. Typical Anti-Windup Configuration
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where F is chosen so that Ap +BpF is Hurwitz1 and N(s) = G(s)M(s) is the dis-
turbance filter. Based on the above AW compensator structure, an equivalent rep-
resentation is shown in Figure 9 in which the structure is decoupled into a nominal
linear system, a nonlinear loop and a disturbance filter (N(s)). In this represen-
tation, the nominal linear system only determines the overall system behaviour
if no saturation occurs (ũ = 0). However if saturation occurs (ũ ̸= 0) then the
nonlinear loop and disturbance filter sections contribute in the system behaviour.
Given that the nominal linear system from the above representation is designed
to stabilise the plant G(s) when no saturation occurs, the general stability of the
entire system can then be a solution of finding if the nonlinear loop is stable. The
deadzone operator used in the nonlinear loop is related to the saturation function
as Dz(u) = u− sat(u).

If the controller K(s) has been designed to achieve a desired level of perfor-
mance in nominal conditions, then we consider the system in Figure 9 as stable
and yd representing the deviation of the real output y from the nominal linear out-
put ylin which is affected by the control signal ulin. This is further expressed by
the mapping Tp : ulin 7→ yd whereby the size of the mapping can be minimized by
minimizing the L2 gain. With the state space realisation given in Equation 4.27,
the AW problem becomes a solution of determining the matrix F which minimizes
the L2 gain of the operator Tp while also guaranteeing asymptotic stability. Con-
cepts from Lyapunov stability, L2 gain minimization and Circle criterion are used
in achieving this [53–55]. Based on the evaluation of the inequality examined in
[18], the system will be exponentially stable provided an L2 gain γ > 0. Results
on the solution can further be found in the cited reference and are presented in the
following theorem.

1where F is chosen so that Ap +BpF is Hurwitz

Figure 9. Equivalent Representation of AW Structure
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Theorem 1 (4.3.1): Assume that G ∈RH p×m
∞ and that the unconstrained rela-

tionship between K(s) and G(s) is stable. The system given is well-posed if there
exist matrices Q > 0 and L and scalars U > 0 and γ > 0 such that the following
linear matrix inequality holds2:

He




ApQ+BpL BpU 0 0
−L −2U I 0
0 0 −γ 0

CpQ+DpL DpU 0 −γ


< 0 (4.28)

If such matrices exist, then an AW compensator shown in Figure 9 ensuring
global asymptotic stability can be constructed with Equation (4.27) by simply
using F = LQ−1 such that ||Tp||L2 < γ . If a measure of L2 gain obtained from
Theorem 1 is not required, the following corollary may be used to construct the
AW compensator instead.

Corollary 1: Assume the same conditions with K and G as in Theorem 1 are
satisfied. Then the system in Figure 9 is globally asymptotically stable, well-posed
and there exists a constant γ > 0 such that ||Tp||L2 < γ if there exist matrices
Q > 0 and L and a scalar U > 0 for the following linear matrix inequality to hold:[

QAT
p +ApQ+BpL+LT BT

p BpU −LT

⋆ −2U

]
< 0 (4.29)

The proof of the above LMI is the same as was given in [18] for Theorem 1.
Remark 1: With choosing the transfer function matrix M(s) ∈ RH m×m

∞ as a
factor of the coprime factorization of the plant, an AW compensator can be de-
signed which may result in a system with higher order extra states and considered
to be expensive computationally. In order to achieve reduced states or no extra
states, a low order and static AW compensator can be introduced but M(s) in this
case is not chosen as the plant’s coprime factorization but as a combination of the
nominal controller and plant.

Remark 2: In a case where G(s) /∈ RH ∞ the LMIs (4.28) and also Equation
4.29 become infeasible. In order to overcome this, a small change to the LMIs
can be made such that: if there exist matrices Q > 0, diagonal U > 0 and L such
that a new LMI can be obtained as in [18] then F = LQ−1 can be used to contruct
the AW compensator.

4.3.2. SISO/SIMO Full-Order AW Design

In the case of the SISO/SIMO system, the system has only one control input with
one or possibly more than one output. In similar comparison with the MIMO case
in previous section, consider the single loop AW compensator structure in Figure

2the notation He{A}= A+A′.
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10 with its equivalent representation in Figure 11 with Gi(s) ∈ RH pi×1
∞ as the

plant and state space realisation given as

Gi(s)∼
[

Ai Bi

Ci Di

]
(4.30)

where Ai ∈Rni×ni , Ki(s) is the controller and Θi(s) is the AW compensator whose
state space similar to Equation 4.27 is given as

KΘi(s) =
[

Mi(s)− I
Ni(s)

]
∼

Ai +BiFi Bi

Fi 0
Ci +DiFi Di

 . (4.31)

Similar to previous section, all signals and parameters including u, um ∈ R, r ∈ R
and y ∈Rpi are as defined. Also, the mapping of Tp : ulin 7→ yd is important to the
AW performance and shows the deviation of the saturated state from the nominal
linear state of the system. Additionally, similar to Theorem 1 (4.3.1), the follow-
ing theorem satisfies the full order AW compensator design for the SISO/SIMO
case.

Theorem 2 (4.3.2): Assume that Gi ∈ RH pi×1
∞ and that the nominal intercon-

nection of Ki(s) and Gi(s) is asymptotically stable and well-posed. If there exist
matrices Qi > 0 and Li and scalars Ui > 0 and γi > 0 such that the following linear
matrix inequality holds:

He




AiQi +BiLi BiUi 0 0
−Li −2Ui I 0

0 0 −γi 0
CiQi +DiLi DiUi 0 −γi


< 0 (4.32)

then the equivalent system in Figure 11 with AW compensator in Equation 4.31
where Fi = LiQ−1

i , globally exponentially stable, well-posed such that ||Tp||L2 <
γ . Also, if the L2 gain obtained from the Theorem is not required (stability is the
only concern), the following corollary may be used.

Figure 10. Single-loop AW Structure
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Corollary 1: Assume that Gi ∈ RH pi×1
∞ and that the nominal interconnection

of Ki(s) and Gi(s) is stable and well-posed. If there exist matrices Qi > 0 and Li

and scalar Ui > 0 such that the following linear matrix inequality holds:[
QiAT

p +AiQi +BiLi +LT
i BT

i BiUi −LT
i

⋆ −2Ui

]
< 0 (4.33)

then the equivalent system in Figure 11 with AW compensator in Equation 4.31
where Fi = LiQ−1

i , is globally exponentially stable, well-posed and there exist a
γi > 0 such that ||Tp||L2 < γi.

Theorems 4.3.1 and 4.3.2 are presented in a manner that doesn’t confine the
plant and controller to a specific structure. They can be generalized and applied
to any stabilizing plant and controller system. A more straightforward result and
formulation, as presented, will be applied to the nanosatellite (ESTCube-2) model
on the design of an appropriate AW compensator.

4.4. Integrated Anti-Windup FTC Design

In the design of the AW-FTC for the nanosatellite model, the non-linear plant
model has to be linearized based on Equation 4.19. Also, the state space model
(ẋ = Ax+Bu) represented in Equation 4.18 is used to create the system of LMIs
and obtain variable matrices Q and L in Equations 4.28 and 4.29 to construct the
AW compensator in Equation 4.27. The actual control outputs of the nanosatellite
are the attitude in quaternion and the angular velocity of the nanosatellite. The
control input (u) is the control torque (Tc) on the satellite.

The nominal controller (K(s)) has a PD controller structure with angular ve-
locity and quaternion error qe (given in Equation 2.24) as inputs. A decoupled

Figure 11. Equivalent Representation of Single-loop AW Structure
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representation as shown in Figure 12 can be considered to have a plant structure
as G(s) = GD(s)X as well as the controller such that K(s) = X−1KD(s) where
KD(s) is the nominal PD controller for each element of the state.

Given
G(s) = GD(s)X , K(s) = X−1KD(s) (4.34)

where X ∈ R m×m is a static nonsingular matrix with its inverse considered as a
control allocation matrix X−1, GD(s) and KD(s) can be diagonal matrices as:

GD(s) = blockdiag(G1(s),G2(s), ...,Gm(s)) (4.35)

KD(s) = blockdiag(K1(s),K2(s), ...,Km(s)) (4.36)

The quaternion error qe with the desired quaternion qd as well as the desired
control torque are given below:

[
qe
]
=


qd0 qd1 −qd2 −qd3
−qd1 qd0 qd3 −qd2
qd2 −qd3 qd0 −qd1
qd3 qd2 qd1 qd0




q0
q1
q2
q3

 (4.37)

ud = [ud1 ud2 ud3]
T =

kωω1 + kqqe1
kωω2 + kqqe2
kωω3 + kqqe3

 (4.38)

The following assumptions can be made about the plant and controller struc-
ture

Assumptions:
1. The plant and controller have the structure given in Eq 4.34.
2. The closed loop interconnection of the plant G(s) and the controller K(s) is

asymptotically stable.

Figure 12. Full Anti-Windup Structure
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3. G(s) ∈ RH ∞ (and by extension, each Gi(s) for i ∈ {1, ...,m} is stable, i.e.,
Gi(s) ∈ RH ∞.

Based on the nominal control law presented in Equation 4.38, results of the
simulation without an induced fault or saturation in the momentum storage of
the wheels is presented in Figure 13. The result shows the attitude in quaternion
stabilizes to Nadir pointing mode in about 4000 s and the angular velocity atten-
uates to 0 deg in about 750 s in all axes. The angular momentum of the wheel is
also seen to accommodate the torque needed within the limit of the momentum
storage, such that the performance is regulated for effective pointing manoeuvre.

The integrated AW–FTC is simulated based on satellite model with actuator
faults discussed earlier in Equation 4.24. The faults are summed up with a gener-
ated effective torque based on the model. With the nominal controller under the
induced faults, the system is unable to attain attitude stabilization with overload-
ing of the wheels and saturation of the angular momentum. The initial angular
velocity of the satellite is (1,1,60) deg/s, while the saturation limits based on
the reaction wheel momentum is placed at ±1.5× 10−3Nms. Attitude stabiliza-
tion is achieved in all three axes within about 1300 s as shown in Figure 14(a).
Similarly, the angular velocity completely attenuates in about 1300 s as shown in
Figure 14(b). The RW angular momentum varies intermittently within the limits,
while the control input to the AW compensator is capped when no further torque
is required (required torque becomes zero).
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(a) (b)

(c)

Figure 13. Nominal control law simulation result.
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(c) RW torque response
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(d) RW angular momentum response

Figure 14. Control performance of Integrated AW–FTC architecture with RW fault and
saturation.
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5. INVESTIGATIONS OF MACHINE LEARNING
ALGORITHMS ON FAULT TOLERANT CONTROL

Given the necessity for precise dynamic models, especially in scenarios involving
failures, disturbances, gravitational models, and other uncertain nonlinear fac-
tors, it becomes crucial to employ robust approaches with adaptive schemes. This
adaptability is essential to accommodate the inherent complexity of space mis-
sions.

Reinforcement Learning (RL) which has become increasingly important in
several fields and applications can be used to address aforementioned issues and
failures typical of space missions. RL is a sub division of ML with supervised
and unsupervised learning as other approaches. While supervised learning aims
to learn by exploiting and comparing input-output data pairs as inputs and targets,
unsupervised learning aims to extrapolate certain patterns and properties/features
of the dataset, typically expressing a probability distribution of the dataset. Table
2 gives a summary of the learning approaches.

Table 2. Summary of Different Learning Approaches

Learning Ap-
proach

Remarks Task Type Algorithms/Methods

Supervised
Learning

This system tends to
learn by exploiting
input-output dataset
pairs

Classification

Regression

Artificial Neural Networks, Nearest
Neighbour, Discriminant Analysis,
Support Vector Machines
Artificial Neural Networks, Linear
Regression, Decision Trees, En-
semble methods, Support Vector
Machines

Unsupervised
Learning

This system tends to
learn by considering
the structure of the
dataset and extrapolat-
ing patterns and fea-
tures

Clustering

Dimensionality
Reduction

Artificial Neural Networks, Hidden
Markov Models, Guassian Mixture,
K-means, Hierarchical Clustering
Artificial Neural Networks, Prin-
cipal Component Analysis, Linear
Discriminant Analysis

Reinforcement
Learning

This system tends to
learn the action to take
inorder to maximize
reward based on cer-
tain inputs

Model-based

Model-free

Model-established methods,
Model-learned methods

Value iteration methods, Policy-
iteration methods

5.1. Reinforcement Learning

Reinforcement learning (RL), unlike supervised and unsupervised learning is a
kind of learning that relies on the environment to obtain a feedback into the net-
work from the environment as opposed to learning from a dataset provided based
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on a supervisor. RL is basically learning what to do, how to do (mapping) in-
order to maximize numerical reward. The learner is not directed on action to take,
rather explores which actions would yield the most reward [3]. The categories of
RL involves states (xt), actions (at) and rewards (rt). The actions taken could also
affect the environment, so the RL can be modelled as a Markov Decision Process
(MDP) with state space (X), action space (A) and reward function as r(xt ,at).

RL typically involves three concepts; a policy (π), a reward function (rt) and a
value function.

• Policy: A policy refers to a mapping from a perceived state of the environ-
ment to actions to be taken in those states.

• Reward Function: The reward function defines the goal in terms of numeric
value (reward) sent by the environment to the agent indicating the desirabil-
ity of that state.

• Value Function: Similar to the reward function but returns the total amount
of reward an agent can accumulate from that state to the future.

The reinforcement learning theory suggests that an agent can obtain a policy
which provides the mapping between states x ∈ X where X is a set of possible
states, for an action a ∈A, where A is a set of possible actions. Using a transition
probability p(xt+1|xt ,at), the dynamics of the agent can be represented from one
state to another at a given time interval. The policy can follow a conditional
probability distribution across the states which can either be deterministic π(xt)
or stochastic π(at |xt). A reward r(xt ,at) is received each time the agent performs
an action and then aims to maximize the accumulated discount reward given by
the function in Equation 5.2 from a given time t to a future time T .

R=
T

∑
i=t

γ
i−tr(xi,ai) (5.1)

Where the coefficient γ is the discount factor between 0 and 1, which expresses
the preference of rewards at a given time to future rewards. Recall, the value
function V π is the total amount of reward an agent can accumulate from that state
to the future. Therefore the value function with a policy is given below:

V π(xt) = E[R|xt ,at = π(xt)] (5.2)

While RL methods are either model-based or model-free, the latter is usually
considered common where the agent learns an optimal policy by interacting with
the environment without knowledge of the state transition probability distribution
and reward function [3, 56]. Figure 15 shows the interaction between the agent
and environment based on the MDP [3]. RL approaches can be classified into two
main categories:

• Value iteration method: Aims to find good estimate for the value function by
iteratively updating the estimate to obtain an optimal state value function.
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• Policy iteration method: Involves choosing a policy π and then iteratively
evaluate the policy based on the state value function and improve it.

Spacecraft control problems have been considered with the policy iteration learn-
ing method [3, 57], where a parameterized policy is learnt such that:

πθ := π(a|s,θ) (5.3)

where θ ∈ Rd is the parameter vector for the policy. The policy aims to find the
probability that an action a is taken when the environment is in a state s. While the
value function method relies on the value function, the policy iterative approach
selects actions without input from the value function, whereby the value function
may be used to learn the policy parameter θ .

A variant of the Proximal Policy Optimization (PPO) algorithm which is a
policy iteration-based method for a discrete control scenario to address problem of
orienting a spacecraft to a reference attitude by means of torque values which are
discretized is considered by Elkins et al. [58]. In this work, the attitude controller
(agent) performs large angle slews and stabilizes the system about the desired
orientation maintaining the pointing accuracy requirement. Similarly, the authors
in Vedant et al. [4] proposed an RL method based on the PPO algorithm for the
ACS. The rigid body of the spacecraft is represented with the environment model,
while the state space is defined by the error quaternion vector. Figure 16 shows
the reinforcement learning method for the attitude control problem with the PPO.
In this method, a curriculum learning based method is used to support the RL
training whereby the agent is first trained with an initial state environment close to
the target state and then a difficulty parameter is linearly introduced and increased
to strengthen the problem. This method shows slightly better performance than
the classical quaternion rate feedback (QRF) control.

Figure 15. The interaction between Agent and Environment from Sutton et al. [3]
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Figure 16. RL design with PPO from Vedant et al. [4]

Some other RL approaches have been studied and shown to produce better per-
formance in comparison with PID controllers based on rise time and susceptibility
to noise [59–61]. The stabilization of satellite attitude is considered in [59] and
[61], while in [60], an orientation tracking problem is addressed in which the ACS
consists of two neural networks (NN) for both angular rate control and orientation
control. The angular rate controller is first implemented to guarantee an angular
rate below a certain threshold in which the orientation controller activates once
the spacecraft angular rate drops to achieve the desired attitude angles.

The attitude angle and angular velocity limits are considered as state con-
straints in the design of a practical ACS in Dong et al. [62]. In the design, a
novel RL algorithm is introduced to account for the state constraints by introduc-
tion of barrier functions to encode the information of the forbidden region of the
attitude and angular velocity limits into the cost function. Additionally, both real
time and past data are used in updating the NN weights during the learning pro-
cess. The study shows a reduced computational complexity in updating the NN
weights in comparison with model predictive control methods.

5.2. Adaptive Neuro-Fuzzy Inference System Design

Amongst recent and advanced intelligent control approaches is the Adaptive Neuro-
Fuzzy Inference System (ANFIS) which has provided promising results with con-
trol strategies aimed at adapting to constantly changing conditions (environment).
The ANFIS can be seen as an approach of artificial intelligence that combines the
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benefits of both neural networks and fuzzy logic systems [5]. The system aims
to learn and make decisions based on analysed data just like other neural network
approaches, but also has the ability to process incomplete data like a fuzzy logic
system.

In this section, the ANFIS controller is implemented to explore its performance
on the design of spacecraft control with nominal PID control and the Anti-windup
compensator already designed. The ANFIS controller aims at reducing compu-
tational complexity and settling time while also encouraging the effective perfor-
mance of actuator in the presence of uncertainty and disturbances. In the ANFIS
design, the fuzzy inference system is applied to a feed forward adaptive neural
network architecture that consist of 5 layers. The layers each contains a number
of adaptive nodes with parameters described by a first order Takagi-Sugeno (TS)
fuzzy model [63], with two fuzzy if-then rules each defining a linear relationship
between the inputs and outputs.

Rule1 : I f x is A1 and y is B1 then f1 = p1x+q1y+ r1 (5.4)

Rule2 : I f x is A2 and y is B2 then f2 = p2x+q2y+ r2 (5.5)

The functions of each layer and node depicted in Figure 17 is described as
follows:

Layer 1: The node output in this layer is defined by the membership function
of input variables.

O1,i = mAi(x) f or i = 1,2

O1,i = mBi−2(y) f or i = 3,4

Layer 2: Product of membership function for each input variables called firing
strength

O2,i = ωi = mAi(x)×mBi(y) f or i = 1,2

Figure 17. Architecture of Adaptive Neuro-Fuzzy Inference System [5]
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Figure 18. ANFIS controller simulation block structure

Layer 3: Normalize output of layer 2 called normalized firing strength

O3,i = ω̄i = ωi/(ω1 +ω2) f or i = 1,2

Layer 4: Each node is an adaptive node with a node function which is a linear
combination of input variables based on first order TS model.

O4,i = ω̄i fi = ω̄i(pix+qiy+ ri)

where pi,qi,ri are called consequent parameters.

Layer 5: This single node output is the summation of all incoming nodes from
previous layers.

O5,i = ∑
i

ω̄i fi = ∑
i

ωi fi/∑
i

ωi

The input variables to the controller block in Figure 18 are angular velocities
ωi and quaternion attitude qe errors similar to the integrated anti-windup architec-
ture previously described. The output variable is the control torque generated as
Tc (ud). The ANFIS controller performs the unsupervised learning and takes in
angular velocity and quaternion attitude error states as input. An initial training
of the model is done to record initial states to be used in further iterations.
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To verify the performance of the designed ANFIS controller, Table 3 lists pa-
rameters and details of the control implementation in simulation. The satellite’s
moment-of-inertia matrix is given as diag[0.033 0.033 0.0067] kg.m2. Figure 19
presents simulation result of the ANFIS controller attaining stability even with in-
duced fault. Compared to the nominal response presented in Figure 13, the ANFIS
controller aims to stabilize the satellite attitude and attenuate the angular velocity
within a set time, while ensuring that the initial saturation of the angular momen-
tum does not affect the desired control scheme. The result is of interest and reveals
promising performance as it has reduced computational complexity for the entire
complex system. The settling time can also be improved with optimization on the
ANFIS model’s learning rate.

Parameter Value
Satellite mass 4 kg
RW maximum torque 1×10−4 Nm
RW maximum angular
momentum 1.5×10−3 Nms
Initial angular velocity (0,0,12) deg/s

AW γ2 1.8124
Kq 0.01
Kω 0.002

Table 3. Simulation Parameters
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Figure 19. ANFIS controller response based on induced fault and saturation
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6. CONCLUSION AND FUTURE WORK

This thesis presents the fault tolerant control architecture designed for ESTCube-2
nanosatellite. The main focus is to present a fault tolerant attitude control architec-
ture able to tackle and handle concerns of faults/failure and saturation of actuators
on nanosatellites considering the ESTCube-2 model. Recall the mission objective
of the ESTCube-2 to demonstrate the plasma brake technology based on electric
solar wind sail in Low Earth Orbit (LEO). In achieving this, the tether on board
the plasma brake module is charged in synchronization with the controlled satel-
lite spin rate. Together with other mission objectives, specific requirements for the
Attitude Determination and Control System (ADCS) of ESTCube-2 were identi-
fied, including spin-up manoeuvres, angular momentum provision, spin control
for tether deployment, and precise pointing accuracy and stability of 0.25 deg and
0.125 deg/s respectively. As the results of the PhD thesis rely on simulations, the
implementation in orbit is currently delayed due to the unforeseen ESTCube-2
deployment failure from the launch vehicle. Further investigation is under-way to
gather accurate information and provide an updated overview of the situation and
the current status of ESTCube-2 at the time of this thesis submission.

The research aim of the thesis is therefore to develop a Fault-Tolerant Con-
trol (FTC) architecture tailored for the ESTCube-2 nanosatellite, with a specific
focus on mitigating faults, failures, and disturbances without the need for ex-
plicit fault identification, thereby addressing the imperative of reducing compu-
tational complexity. In contrast to the ADCS design of the ESTCube-1 mission,
this thesis focuses on the FTC design that also guarantees finite time stabilization.
The proposed integrated anti-windup (AW) fault-tolerant control architecture, en-
compassing both full-order Multiple-Input, Multiple-Output (MIMO) AW com-
pensators and Single-Input, Single-Output (SISO)/Single-Input, Multiple-Output
(SIMO) designs, targets the dynamic structure of the ESTCube-2 nanosatellite.

Of notable significance is the introduction of the channel-by-channel AW com-
pensator approach (SISO/SIMO), wherein individual compensators are designed
for each control channel of the nanosatellite. This approach, characterized by
its transparency and flexibility, enables independent design and alteration of each
channel, demonstrating commendable performance. The full-order AW compen-
sator, simulated based on set requirements with satellite dynamics, also proves
effective, with both designs showcasing the capability to handle actuator magni-
tude saturation. Importantly, the research findings indicate that the performance of
the AW compensator extends beyond satellite structures, suggesting broader ap-
plicability to systems modeled as a series interconnection of dynamic parts. This
versatility positions the proposed fault-tolerant control architecture as a valuable
contribution not only to satellite engineering but also to a wider spectrum of dy-
namic systems.
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The thesis also proposes a combined architecture with the adaptive neuro-
fuzzy inference system (ANFIS) controller, aimed at exploring the resourceful-
ness of neural network and fuzzy logic system. The result shows that the ANFIS
controller provided a smoother control reaction on the actuators even with induced
faults. Further investigations are recommended to validate dynamic states under
various conditions, reflecting data from an observer. While the entire architecture
addresses faults and uncertainties, future work suggests exploring larger-scale,
varying faults, uncertainties, and disturbances. Model-free approaches, particu-
larly utilizing algorithms such as Proximal Policy Optimization (PPO), are pro-
posed for enhanced effectiveness in handling these scenarios. The overarching
implication is that the developed fault-tolerant control methods and architectures,
initially tailored for space applications, hold potential for broader implementation
across diverse systems, contributing to advancements in modern control engineer-
ing.
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SUMMARY

This research is carried out at the University of Tartu, Tartu Observatory, the
Finnish Meteorological Institute and the Estonian Student Satellite Programme.
This thesis presents the ESTCube-2 attitude determination and control system
(ADCS). ESTCube-2 is a satellite built according to the three-unit CubeSat stan-
dard. The main scientific mission of ESTCube-2 is to perform the in-orbit electric
solar wind sail demonstration. The electric solar wind sail is a propellant-less
propulsion technology concept. Ultimately, the ESTCube-2 nanosatellite will aim
to demonstrate technologies for deep interplanetary space mission of CubeSats
and nanosatellites.

This thesis focuses on designing a fault-tolerant control architecture for the
ESTCube-2 nanosatellite, which is tasked with demonstrating plasma brake tech-
nology in Low Earth Orbit (LEO). The satellite has specific requirements for its
ADCS to achieve its mission objectives, including tether deployment and angu-
lar momentum control with pointing accuracy and pointing stability of 0.25deg
and 0.125deg/s respectively. The research aims to provide a fault-tolerant con-
trol (FTC) architecture that can handle faults and disturbances without the need to
identify the faults, thus reducing computational complexity. An integrated anti-
windup fault-tolerant control architecture is proposed. This includes the design of
an anti-windup (AW) compensator, which addresses actuator saturation. Two de-
sign approaches are discussed: a full-order multi-input multi-output (MIMO) AW
compensator and single-input/single-output (SISO) or single-input/multi-output
(SIMO) designs. The SISO/SIMO approach is considered for each individual
control channel, providing transparency and flexibility for independent channel
design and tuning.

The AW compensator’s performance is found to be promising, reducing com-
putational burden and simplifying channel tuning. The thesis also proposes a
combination of this architecture with an Adaptive Neuro-Fuzzy Inference System
(ANFIS) controller, which offers smoother control reactions in the presence of
faults.
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SISUKOKKUVÕTE

Veakindel asendikontrollisüsteem nanosatelliitidele ESTCube-2 näitel

Käesolev uurimus viidi läbi Tartu Ülikoolis, Tartu Observatooriumis, Soome me-
teoroloogiainstituudis ja Eesti Tudengisatelliidi programmis. See töö käsitleb
ESTCube-2 asendi määramise ja kontrolli süsteemi (ADCS). ESTCube-2 on kol-
meühikuline kuupsatelliit. ESTCube-2 missiooni peamine teaduslik eesmärk on
katsetada orbiidil elektrilist päikesepurje. Elektriline päikesepuri on kütusevaba
tõukesüsteemi kontseptsioon. ESTCube-2 proovib demonstreerida uusi tehnoloo-
giad, mis võimaldaks planeerida süvakosmose missioone kuup- ja nanosatellii-
tidele. See töö keskendub veakindla kontrollsüsteemi arendamisele ESTCube-2
satelliidi jaoks, mille eesmärgiks on testida plasmapidurit maa-lähedasel orbiidil
(LEO).

Missiooni õnnestumiseks on asendi määramise ja kontrolli süsteemil kindlad
nõuded, mille hulgas on lõõa välja laskmine ja pöördemomendi täpsuse ja sta-
biilsuse kontroll vastavalt 0.25 kraadi ja 0.125 kraadi/s täpsusega. Antud uurimu-
se eesmärk on luua veakindel süsteem (FTC), mis käsitleb vigu ja ebakorrapä-
rasusi ilma vajaduseta neid tuvastada, vähendades süsteemi arvutuslikku keeru-
kust. Selleks on välja pakutud integreeritud anti-windup (AW) tõrkekindel juht-
süsteem. See süsteem hõlmab anti-windup kompensaatori disaini, mis käsitleb täi-
turite küllastumist. Käsitletakse kahte lahendust: mitme-sisendi/mitme-väljundiga
(MIMO) ja ühe-sisendi/ühe-väljundiga (SISO) või ühe-sisendi/mitme-väljundiga
(SIMO) AW kompensaatorit. Iga üksiku kontrollkanali puhul kaalutakse SISO/SIMO
lähenemisviisi, mis tagab läbipaistvuse ja paindlikkuse sõltumatu kanali kavan-
damisel ja häälestamisel. AW-kompensaatori jõudlus on paljutõotav, vähendades
arvutuskoormust ja lihtsustades kanali häälestamist. Töös pakutakse välja ka sel-
le arhitektuuri kombinatsioon adaptiivse Neuro-Fuzzy Inference System (ANFIS)
kontrolleriga, mis pakub sujuvamaid kontrollreaktsioone rikete korral.
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