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Abstract

In space exploration, CubeSats—small satellites of less than 10 centimeters—challenge conventional knowledge.
Tightly packed into little more than the size of a shoebox, but with boundless potential nonetheless, these
technical marvels are directing a revolution in the fight for space. Their revolutionary influence stems not
only from their diminutive size but also from their extraordinary contribution to democratising utilisation of

space, breaking through traditional barriers to understanding.

The primary goal of this project is to improve a single aspect of a CubeSat prototype. Specifically, it is
desired to push the boundaries of new methods in the field of Attitude Determination and Control Systems

(ADCS).

After a thorough evaluation of the prototype’s present state, special attention has been paid to resolving
any identified performance flaws. The result of these efforts was the creation of new operating modes that
are purposefully used to maximise the performance of the current control systems. Simultaneously, little
problems like inflexible drive configurations, code optimisation, and the Inertial Measurement Unit’s (IMU)
limited resolution were carefully fixed. These efforts produced groundbreaking outcomes that closed the door
on enduring problems from earlier studies, like static errors in position control, and opened up new research

directions. A number of significant findings support these improvements’ accuracy and efficacy.

Moreover, the Simulink model that came before this project experienced a significant transformation. By
achieving better block diagram arrangement and better parametrization, the model’s quality and readability
have been greatly increased. Remarkably, the improved model showed almost indiscernible discrepancies
between its output and actual experimental data, confirming the new model’s careful parameterization. This
significant advancement highlights the project’s dedication to accuracy and creativity in the ever-evolving

field of CubeSat technology, while also reaffirming its technical strength.
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Resumen

En la exploracién espacial, los CubeSats (pequenos satélites de menos de 10 centimetros) desaffan el
conocimiento convencional. Empaquetadas en poco mas que el tamano de una caja de zapatos, pero con un
potencial ilimitado, estas maravillas técnicas estan dirigiendo una revolucién en la lucha por el espacio. Su
influencia revolucionaria surge no sélo de su diminuto tamano sino también de su extraordinaria contribucién

a la democratizacion de la utilizacién del espacio, rompiendo las barreras tradicionales al entendimiento.

El objetivo principal de este proyecto es mejorar un tinico aspecto de un prototipo de CubeSat. Especificamente,
se desea ampliar los limites de nuevos métodos en el campo de los Sistemas de Control y Determinacién de

Actitud (ADCS).

Después de una evaluacién exhaustiva del estado actual del prototipo, se ha prestado especial atencién
a resolver cualquier defecto de rendimiento identificado. El resultado de estos esfuerzos fue la creacién
de nuevos modos de funcionamiento que se utilizan especificamente para maximizar el rendimiento de los
sistemas de control actuales. Al mismo tiempo, se solucionaron cuidadosamente pequenos problemas como la
configuracion inflexible de la controladora del motor, la optimizacion de cédigo y la resolucion limitada de
la Unidad de Medicién Inercial (IMU). Estos esfuerzos produjeron resultados innovadores que cerraron la
puerta a problemas persistentes de estudios anteriores, como errores estaticos en el control de posicién, y
abrieron nuevas direcciones de investigacién. Varios hallazgos importantes respaldan la precision y eficacia de

estas mejoras.

Ademas, el modelo de Simulink anterior a este proyecto experimenté una transformacién significativa. Al
lograr una mejor disposicion del diagrama de bloques y una mejor parametrizacién, la calidad y legibilidad
del modelo han aumentado considerablemente. Sorprendentemente, el modelo mejorado mostré discrepancias
casi imperceptibles entre su resultado y los datos experimentales reales, lo que confirma la cuidadosa
parametrizacién del nuevo modelo. Este importante avance resalta la dedicaciéon del proyecto a la precision y
la creatividad en el campo en constante evolucién de la tecnologia CubeSat, al mismo tiempo que reafirma su

solidez técnica.

Palabras clave: CubeSat, ADCS, Rueda de reacciéon, IMU, PID, Simulink
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Chapter 1

Introduction

1.1 Object

This work's primary goal is to conduct an analysis and application of attitude control techniques. Among
other things, these manoeuvres could involve passive attitude control or the application of magnetorquers

and/or inertia wheels.

1.2 Scope

Together with the ultimate solution, there are a number of deliverables that must be made. First, this

project's nal report, which includes an account of every step taken to nish the project.

Next, the code that manages the whole CubeSat attitude determination and control system (ADCS) will be

provided; this code will be discussed in the relevant part.

Furthermore, a Simulink model with the highest level of authenticity achievable will be provided. To enable
comparisons between experimental and simulated outcomes, this model will be easily comprehensible and

tailored to the case study of this project.

In addition to the parts that have been emphasised, a humber of results, both simulated and experimental,

are required to demonstrate the accuracy and calibre of the nished product.

Ultimately, a list of un nished projects from this work, as well as suggestions for more projects in the same
eld that could enhance the PLATHON project and the ADCS, will be prepared.

1.3 Requirements

The nal outcome needs to be enhanced over earlier iterations. This enhancement could be made to the

ADCS response times or quality (i.e., error xes, less stationary errors, etc.).

The lab prototype needs to be able to execute 1DoF movements as quickly and precisely as possible.
1
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The ADCS code must be reduced to a manageable size, well documented, and include additional comments

to aid in comprehension.

For the bene t of upcoming research in this eld, the Simulink model that is to be constructed needs to be

visually intelligible.

Finally, using auxiliary tools (such MATLAB, Simulink, and other computational tools) any applicable

improvements must be justi ed.

1.4 Rationale

In the present environment of space exploration and satellite technology, the research and use of attitude
control manoeuvres for CubeSats, with a particular application in a 1DoF demonstrator, have a basic basis.

There are several important reasons why this research is relevant.

First, there is an urgent need to enhance and perfect CubeSat attitude control capabilities due to the
exponential growth in their usage [1]. These tiny satellites have shown their value in a variety of space
missions, such as communications and Earth observation, but maintaining accurate orientation control is still

a signi cant di culty [2]{[4].

Figure 1.1: Nanosatellite launches with forecasts (Source: [1])

To maximise the functionality and operating e ciency of CubeSats, it is also necessary to build attitude
control manoeuvres speci cally for them. For these satellites to function well in a variety of missions and

space settings, they must be able to manoeuvre and stabilise their orientation [5]{[10].

An excellent chance to research and show the viability of these attitude control manoeuvres in a regulated

2
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and repeatable setting is presented by the emphasis on a 1DoF demonstrator [4], [11], [12]. This pragmatic
approach not only provides validation for the theory and concepts created, but it may also serve as a basis

for future developments and applications in increasingly sophisticated CubeSat attitude control systems.



Study and implementation of attitude control manoeuvres
for cubesats: application to a 1DoF demonstrator

Chapter 2

Background and state of the art

2.1 CubeSats

Small, standardised satellites known as "CubeSats" have cubic dimensions of 10 x 10 x 10 centimeters (1U
CubeSat), though they can be assembled into bigger structures in groups of two, three, six, and so on. They

became popular as an accessible and reasonably priced substitute for space travel in the early 2000s.

Figure 2.1: CubeSats in space (Source: [13])

When compared to traditional satellites, these ones were designed to enable colleges and educational
institutions to take part in space missions at a reduced cost and in a shorter amount of time for development.
They can be quickly constructed and launched because of their high degree of modularity and adaptability.
They can perform a wide range of tasks despite their small size, including telecommunications, scientic

research, Earth observation missions, space technology testing, and studies of climate change.

The increased popularity of CubeSats in space exploration can be attributed to their standardisation, which
allows for the use of common components and launch platforms in their design, construction, and launch
processes. These tiny satellites have shown to be useful for a wide variety of purposes.

4
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2.2 State of the art

The state of the art in the control and attitude determination of CubeSats re ects an ever-evolving eld that

addresses fundamental challenges in the stabilization and precise guidance of these small, modular satellites.

CubeSats' attitude control systems are crucial to preserving their intended orientation in orbit. Typically,
these systems consist of software that applies control algorithms intended to modify the satellite's orientation
and hardware, like reaction wheels [3], [4], [11], [14] or magnetorquers [3], [6], [15]. Control techniques range
from traditional PID controllers to more sophisticated approaches like optimum or adaptive control, which

adjust to the CubeSats' size, weight, and energy requirements [9], [14], [16].

The precise orientation of the satellite in space is measured and calculated by the CubeSat attitude deter-
mination devices. These systems gather information about the position and orientation of the CubeSat
using a variety of sensors, including gyroscopes, magnetometers, star sensors, GPS, and imaging systems.
Combining information from several sensors enables a more precise determination of the satellite's attitude.
The information from various sensors is combined using data processing algorithms, such as sensory fusion,

to precisely determine the CubeSat's spatial orientation|a critical component of space missions.



2.3. PROJECT BACKGROUND CHAPTER 2. BACKGROUND AND STATE OF THE ART

2.3 Project background

Within the framework of the PLATHON project and
the Polytechnic University of Catalonia (UPC), there
are various projects that are connected to the subject

matter of this thesis.

Yi Qiang Ji Zhang [17] used reaction wheels to de-
velop hardware and software for a CubeSat prototype

that included 1DoF attitude control.

Using MATLAB and Simulink, Joan Serrano [18]
created a simulation model based on the behavior
of the CubeSat prototype to simulate actions like

tumbling.

In order to study the attitude control systems of an

Ul CubeSat and new types of photovoltaic panels
based on origami patterns, Daniel Castillo [19] de-
velops, designs, and manufactures a test prototype

at the mechanical and electronic levels.

Alev Yilmaz [20] focuses her e orts on using the
Arduino IDE to write code and e ectively apply PID
control methodologies, as well as researching, design-
ing, and implementing an attitude control system

fora 1U CubesSat. Figure 2.2: PLATHON project chronology

In order to compile her thesis, Gelia Alexia Sanz
[21] tests the motor's precision, tolerance, frequency,
and behavior. She also creates a MATLAB interface

allowing the results to be compared.
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Chapter 3

Methodology

The work ow that has been used for this project is shown below.
Firstly, a review of the current state of the art in the CubeSat eld has been conducted (see Chapter 2).

Subsequently, an assessment of the project's present state will be conducted, considering the lab setting as

well as the CubeSat prototype, which is the subject of this investigation.

Following that, a sequence of enhancements will be put into place that impact the device's ADCS. These
will be applied after reviewing all of the prior research conducted thus far, identifying potential areas for

improvement, and implementing these changes as needed.

Conversely, and concurrently with the physical environment enhancements, a Simulink model created recently
for the PLATHON project will serve as a foundation to enhance its functionality and achieve the greatest

resemblance to the CubeSat prototype while accounting for all relevant factors.

Finally, once the improvements have been put into practice, a humber of experimental ndings will be
attained that con rm the accuracy and calibre of the changes made. Intermediate results that have been

essential to the creation of a higher-quality solution will also be provided during the solution description.
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Chapter 4

System overview

This chapter begins with an in-depth examination of the experimental setup, thoroughly examining the
nuances of the work environment. A particular focus is placed on the wide range of work tables available to
the researchers, each with distinctive characteristics. This analysis takes into account the ergonomic features
and practicality of each work table in addition to o ering insight into the workspace's physical arrangement.
Researchers can ensure productivity and facilitate seamless cooperation by optimising their work ow by

comprehending the subtleties of these workstations.

On the other hand, a comprehensive analysis is conducted to clarify the CubeSat's condition prior to the
initiation of the present work. This comprehensive analysis covers the CubeSat's hardware and software,
illuminating the di erences and similarities between each component. Remarkably, the report includes a
critical assessment of the CubeSat's weaknesses in addition to merely documenting its qualities. Through
identifying and describing these constraints, the study seeks to provide a thorough baseline that will serve as

a framework for the ensuing improvements and adjustments made throughout the investigation.

This chapter ends with a comprehensive suggestion for the next stage of research, which o ers an outlook
for the future. The points of weakness in the CubeSat system that have been identi ed are closely related
to this idea. It not only lists the shortcomings but also provides an estimated course of action for xing
them. Additionally, the plan takes a proactive stance by outlining the precise actions that will be taken to
strengthen the gaps that have been found. The research aims to close the gaps in the CubeSat's capabilities
and provide a more reliable and e cient platform for experiments and applications in the future by outlining

a detailed strategy for improvement.
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4.1 Experimental environment

The entire experimental process was conducted in SpaceLAB, the rocket launch monitoring facility used for

various special ESEIAAT aerospace development projects.

The two "air-bearing based testbeds" that are available are housed within this lab. These test environments
simulate space conditions by using pressurised air, enabling the CubeSat prototype to move without friction.
By reducing resistance to movement, this test platform simulates space conditions, making it easier to assess
the CubeSat's functionality and interplay among its various components in a safe and accurate setting prior
to its launch into orbit. This aids in improving the nanosatellites' functionality and design prior to their

deployment on actual missions.

(a) Small testbed (b) Large testbed

Figure 4.1: SpacelLAB air-bearing based testbeds

The large test table is depicted in Figure 4.1b, while the small test table, where the majority of the tests in
this work have been conducted, is shown in Figure 4.1a. For the future development of ADCS based on the
usage of magnetorquers, the second table incorporates a Helmholtz cdge addition to a lower pressurised

air exit.

In addition to the air-bearing testbeds themselves, the supports that the prototype is resting on also need to
be considered. This is because, in the case of the large test table, the support is signi cantly heavier than
the one on the small table, which a ects the assembly's inertia. This is because the prototype's reaction
wheel needs to be able to rotate both the CubeSat and the support that it is resting on. the impact on the

utilisation of the various supports will be explained in Chapter 5.3.

1A structure that produces a constant controlled magnetic eld for electronics and physics tests and investigations.
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4.2 CubeSat

Yilmaz is credited with the development of the CubeSat prototype, as shown in her work on programming
[20]. After then, the prototype was further improved with Sanz's help in her project [21]. These researchers'
joint development highlights the iterative nature of the CubeSat design and the group e ort to improve its

capabilities.

Figure 4.2: CubeSat prototype (Source: [20])

Examining the main goal for building this CubeSat prototype reveals that the investigation of attitude
determination and control techniques was the main priority. Consequently, the prototype is furnished with

an advanced range of hardware and software elements that are especially designed to enable comprehensive
research in this eld. In the following sections, these elements will be thoroughly examined in order to
provide insight into their respective roles as well as the ways in which they interact together to further
the goal of developing attitude determination and control techniques inside the CubeSat architecture. A
thorough examination of the prototype's features and design will lead to a sophisticated comprehension of its

contribution to the advancement of CubeSat technology.

10
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42.1 Hardware

The prototype is made up of a 3D printed plastic structure that acts as the foundation for the other
components. The three primary layers of hardware on this structure are as follows: the battery is located in
the lowest layer and supplies the remaining elements with the necessary power; The only actuating component
of the attitude control system at this time is an inertia wheel that was installed in the intermediate layer;

The remaining electronics that comprise the CubeSat prototype are located at the top.

The CubeSat's electronics are comprised of a breadboard onto which all of the component parts are soldered.
This board is shown at the top in Figure 4.2, and its connection diagram for the following elements is shown
in Figure 4.3:

~ 12 V battery to power the CubeSat.

Buck DC-DC converter to power di erent parts of the circuit at a maximum voltage of 5 V.
STM32 Bluepill microcontroller, where the attitude control software is installed.

MPU9250 sensor, responsible for attitude determination.

Motor controller, which receives the setpoints from the microcontroller and commands the reaction

wheel motor through an adapter.

Bluetooth module to be able to communicate with another device.

Figure 4.3: Prototype wiring (Source: [20])

Appendix C contains all of the information regarding the components that were mentioned.
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4.2.2 Software

The software installed on the prototype is in charge of determining attitude and controlling it. It does this by
processing sensor measurements to determine attitude, combining that data with the setpoint to create the
required control actions, and executing those actions through the reaction wheel. The Arduino IDE platform

has been used exclusively for the development of the software.

Figure 4.4: Android terminal

Through the use of an Android application with a terminal for writing and receiving data, this software can
be accessed via Bluetooth. The user is prompted to select one of three possible operating modes (see Figure

4.4), as listed in Table 4.1, when the software is launched by powering on the CubeSat.

Table 4.1: Pre-work operating modes

Mode Title Description

1 Actual orientation The prototype's orientation is continuously printed by
the Android terminal, expressed in degrees.

2 Current mode The Android terminal asks the user to insert current set-
points, which creates a moment of inertia that makes
the prototype rotate.

3 Positioning RW The user is asked to enter the angle increment they
want the prototype to experience. As soon as the data
is entered, the program determines automatically what
control actions need to be sent to the reaction wheel
in order to get the desired rotation.

12
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4.2.3 Performance

In her work summary, Sanz [21] identi es a few issues that need to be addressed. For example, she notes that
the prototype constantly displays a static error in position control, which is around 2°. She speculates that

this could be due to low-quality hardware that was installed, particularly the reaction wheel and IMU.

Furthermore, it is evident that the developed Simulink model is not realistic enough, implying that the PID

controller's parameters might not be optimal.

4.3 Main lines of work

The rationale outlined in Section 4.2.3 has been critical in concentrating this work on enhancing the ADCS,
with one of the primary goals being to enhance system response, minimise static errors, and guarantee, to the
greatest extent feasible, faster response times. In order to achieve this, it has been determined theteating
new operating modes that are exclusive to the speed loop and resemble the present Mode 3

in Table 4.1 is one of the greatest strategies . By identifying the optimal controller for the cascade
control's internal loop, this method would guarantee that the issues ADCS is currently experiencing are not
a result of this control loop. After the speed loop is set up properly, the position loop will be the only thing
to worry about. This choice was made in light of the fact that, in earlier studies, trial and error was used to

con gure the PIDs of both loops simultaneously.

On the other hand, the advantages of having a realistic Simulink model are so great that it has

also been decided to try to enhance earlier work in this area . To achieve this, a study of the current
model will be conducted, with the values adjusted once the PIDs have been set up correctly. Then, the
simulation results and the actual experiments will be compared in order to measure the degree of similarity

between the model and reality.
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Study and implementation of attitude control manoeuvres
for cubesats: application to a 1DoF demonstrator

Chapter 5

Attitude Determination and Control

System

This chapter provides a thorough overview of all aspects related to the CubeSat ADCS. In order to commence
this investigation, Section 5.1 o ers a brief yet comprehensive synopsis of the ADCS concept. This includes
an in-depth examination of the particular ADCS components of the prototype, clarifying their roles within
the larger system. This section also explores the system's conceptual foundations, o ering insights into
the underlying framework that directs its operation. Moreover, the discretization idea is explored in detail,
revealing the subtleties of the conversion of continuous processes for attitude determination and control into

discrete operations inside the CubeSat architecture.

The focus for a detailed description of all the improvements made to the ADCS is provided in Section
5.2. This includes a careful analysis of the additions, subtractions, and improvements made to di erent
ADCS components. The section gives a thorough explanation of how each enhancement advances the overall
development of the CubeSat system's attitude determination and control techniques. These improvements
are explained not only in terms of their technical details but also in the context of the larger objective of
expanding CubeSat technology. Lastly, Section 5.3 summarises the results of the changes that were put into
practice and provides a thorough veri cation of the precision and quality of the improvements made to the
ADCS.
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5.1 Introduction

In the context of Attitude Determination and Control Systems (ADCS), an object's three-dimensional
orientation| that is, the orientation of a spacecraft, satellite, aircraft, rocket, or any other body in space|is
referred to as its attitude. Systems known as ADCS are made to recognise and regulate an object's orientation

in accordance with its operational speci cations.

Figure 5.1: ADCS Subsystems (Source: [22])

In order for items in space to continue functioning properly, they must be kept in the proper position and
orientation, which requires ADCS. This is particularly critical for applications where the wrong orientation
can seriously impair mission performance and outcomes, like satellite communication, precision navigation,

Earth observation, and space missions.
These systems consist of two main components:

" Attitude determination : This system component measures and computes the object's present spatial
orientation. Magnetometers, gyroscopes, accelerometers, and star sensors are a few examples of sensors

that are used to gather orientation data.

" Attitude control  : After determining the current orientation, the system uses actuators to maintain
and modify the orientation in accordance with the desired parameters. Actuators include RW, thrusters,

and magnetorquers.

15
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5.1.1 ADCS of the CubeSat prototype

The following is an explanation of each component that makes up the ADCS of the CubeSat prototype.

Inertial Measurement Unit

A device that can estimate and report particular dynamic states, including
angular velocities and accelerations, is called an IMU. Additional dynamic
states, such as attitude (roll and pitch), increases in speed, and platform

location, can be deduced from these readings.

IMUs are the primary part of inertial navigation units, which are used in
satellites, missiles, airplanes, unmanned aerial vehicles (UAVS), and other

unmanned systems.

The MPU-9250 variant is utilized in the laboratory prototype. It consists Figure 5.2: MPU-9250
of a compact package that houses a 3-axis gyroscope, 3-axis accelerometer,
3-axis magnetometer, and a Digital Motion Processor (DMP) as part of a

9-axis MotionTracking device.

An IMU's DMP uses raw data from accelerometers and gyroscopes to process it and provide exact information
about the movement and orientation of a device. It lessens the strain on the system's CPU and aids in the

simpli cation of di cult computations.

Attitude controller

An essential part of an attitude control system is the attitude controller,
sometimes referred to as the yaw controller. Its main job is to measure
an object's current orientation in real time using sensors like magne-
tometers and gyroscopes in order to maintain and control the object's
three-dimensional orientation. It then computes the error by comparing
this orientation to the desired orientation (also known as the setpoint).
The attitude controller uses this error to determine when to activate ac-
tuators, like magnetorquers, thrusters, or reaction wheels, which apply

forces or torque to change the object's orientation and lessen the error.

Figure 5.3: STM32 The STM32 microcontroller in the CubeSat prototype is responsible for
carrying out this task. The Arduino work environment has been utilised

to program the algorithms that this microcontroller operates. The set of operating modes that comprise the

program that the STM32 executes are already explained in Table 4.1, and Appendix A contains the entire

code that was previously commented.
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Reaction wheel

A nanosatellite's reaction wheel is a mechanism intended to regulate and preserve its orientation in orbit.
These reaction wheels are essential parts that help nanosatellites be stabilised and oriented di erently.
Reaction wheels rotate in the opposite direction of the desired direction when a nanosatellite has to alter its
orientation or retain a particular orientation. Because of the opposing angular momentum that results, the

nanosatellite can change its orientation in accordance with the angular momentum conservation principle.
For the nanosatellite to remain oriented precisely and steadily during its entire mission, reaction wheels are

necessary.

(a) ESCON Module 24/2 (b) MAXON Motor 351006

Figure 5.4. Reaction wheel system main elements

A reaction wheel system is employed in the CubeSat prototype utilised for this project. In turn, this system

consists of the following components:

" ESCON Module 24/2 : this module gives users precise control over the motor's behaviour (see Figure

5.4a).

" Maxon Motor 351006 : With the help of the ESCON Module's instructions, the Maxon motor is in
charge of rotating the ywheel (see Figure 5.4b).

Mass: The entire CubeSat rotates because to the angular accelerations this element receives from the

motor.

The ESCON module 24/2 has been con gured in earlier works to use a PWM signal to de ne current setpoints.
Stated di erently, the ESCON module receives a PWM signal as input and converts it into a current setpoint

for the motor.
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5.1.2 Model

In automatic control systems, a PID (Proportional, Integral, and Derivative) controller is a device that keeps

a variable, like velocity or position, at a speci ed value. As can be seen in Figure 5.5, "derivative" predicts
and counteracts sudden changes in error, "integral" deals with the accumulation of errors over time, and
"proportional" modi es the output in relation to the existing error. These three words work together to
enable a exible and e ective reaction; proper tuning is necessary to maximise performance across a range of

systems and circumstances.

Figure 5.5: PID controller (Source: [23])

The CubeSat control model is based on a cascade contfglin which the internal loop regulates the CubeSat's
rotation speed and the external loop manages the spacecraft's orientation. For this inner control loop, as can
be seen in Figure 5.6, the CubeSat's target speed serves as the loop's setpoint. This setpoint is contrasted
with the IMU's real speed reading (which is considered to be ideal, giving instantaneous measures with no
error). The speed error is the result of subtracting the reading from the setpoint. The PI controller uses
this error as an input to determine the necessary control action to spin the CubeSat. The duty cyclé of the
PWM signal supplied to the reaction wheel driver is equal to this control action. The ESCON Module 24/2
sends a current to the motor based on the duty cycle of the generated PWM signal. This injected current

generates a torque in the motor that produces the angular movement of the CubeSat, following the function
of the last block.

! I PWM I Torque
i@—» PI A Driver Motor

1
Js

IMU

Figure 5.6: Velocity control loop

1Advanced strategy that employs two or more controllers connected in series in order to improve control accuracy and stability.
The primary controller modi es the primary variable, and the secondary controller modi es a related variable. This allows for
faster and more accurate responses in complex systems.

2The fraction of time, represented as a percentage of the entire period, that a periodic signal is in an active state.

18



5.1. INTRODUCTION CHAPTER 5. ADCS

As illustrated in Figure 5.7, the cascade control comprises both simple control loops (position and speed).
In this case, the intended turning angle serves as the setpoint, and the orientation error is computed by
comparing it to the present orientation (as determined by the IMU's reading, which is again considered to be
an ideal component). This orientation error is used by the P controller to determine the required control
action, which in this case is the speed at which the CubeSat is desired to rotate (i.e., the speed loop setpoint

that was discussed for the inner loop).

sp I'sp ! 1

—»Q—» P Velocity CL =

IMU

Figure 5.7: Position control loop

There are some factors that need to be considered because of the control loop architecture. Considering the

closed loop angular velocity, for instance:

K, + Kiy1l
— ( p SK)»Jsl (5.2)
1+(Kp+ H)55
+ .
G = - fwS*Ki (5.2)

Js2 + KpS+ Kj

Equation 5.2 illustrates the second-order nature of the control loop, which has an observable zetdn the
function's numerator. In the past, a pre lter was added to reduce the impact of this zero, as seen in Figure
5.8.

The speed loop's control action, which, as previously
mentioned, re ects the duty cycle that the response
wheel's PWM signal presented to the driver is in-
tended to have, is another factor that in uences the

control loop.
Figure 5.8: Velocity loop pre lter (Source: [18])
Because the duty cycle is limited and distinct, an

anti-windup must be incorporated. In PWM control

systems, as the output of the system becomes saturated, there is a possibility that the integral term of the
controller will collect a substantial error during this period, leading to a phenomena called "windup." By
restricting or modifying the integral term during saturation, anti-windup stops this uncontrolled development

and enables a smoother recovery and more accurate system response when saturation happens. In brief,

Table 6.1 displays the nal model's parameters.

3Zeros in a transfer function modify the response by a ecting the signal's phase and attenuation across the frequency by
cancelling out the gain at a particular frequency.
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5.1.3 Discretization

Practical implementation in digital and computational systems is typically the driving force behind discretizing
a system|that is, expressing its variables and actions in discrete rather than continuous terms. Working
with computers and digital controllers requires discretization since these devices have nite precision and
discrete time increments. The use of control algorithms, computer simulation, and numerical calculations
are made possible by the conversion of a continuous system into its discrete equivalent. This permits the
employment of certain tools and techniques in the digital area. Particularly in domains like automation,

control engineering, and dynamic systems simulation, this is pertinent.

The control loops in this particular instance have all been discretized. Initially, the controllers are shaped
like this:

e(k) = ysp (k) y(k) (5:3)

o(k) = c(k)+ ci(k) = Kpe(k) +(c(k 1)+ Kie(k)) (5.4)

Where (k) is the error between the setpoint {ysp) and the variable measured §) at instant k, ¢, is the

proportional component of the control action (c) and ¢ is the integral part.

The error, or the discrepancy between the setpoint and the sensor measurement, is calculated and shown
in Equation 5.3. The control action, which is the total of the integral and proportional control actions, is
calculated using Equation 5.4. As can be observed, the integral control action has a cumulative nature as it
is the total of the prior integral action and the current integral action, which is the error multiplied by K;.

In contrast, the control action is simply the error multiplied by K.

The PI controller, which is the controller utilised in the speed loop, is discretized in Equation 5.4. Equation

5.5 represents the controller P that is utilised for the position loop:

cp(K) = Kpe(k) (5.5)

Apart from the controllers, other components that have to be discretized are the speed controller anti-windup
system and the speed loop pre Iter, which are explained in Section 5.1.2. The discretization of the pre Iter is

represented by Equation 5.6:

Ki! dT !sp(k)+ Krl) 'gsp(k l)
Ki dT+ K},

lgsp (k) = (5.6)

Where !gsp (K) is the Itered speed setpoint at time k, ! sp is the velocity setpoint before lItering, K", and
K| are the constants of the PI velocity controller and dT is the time di erence between the current sample

and the previous one, also called sampling time. Among the most crucial factors to consider is that the
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quantity of variables that are broadcast by Bluetooth|which change between the di erent modes|strongly

in uences the sample time. So much so that the sampling time is 33 ms for Mode 3 and 44 ms for Mode 4:

dT = t(k) t(k 1) (5.7)
Anti-windup was also previously in place in the discrete environment. Because all that needs to be done to

prevent the windup is to limit the integral action, this instance is easier to implement. The developed code

demonstrates this implementation (see Appendix A).
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5.2 ADCS improvements

This section summarises and arranges all of the updates that have been made since the last work on the

CubeSat prototype.

5.2.1 Motor drive recon guration

Yilmaz [20] uses the ESCON Studio program to describe the con guration created in the ESCON Module
24/2 motor driver in his work. Nevertheless, it has been shown in this work that this con guration might not
be ideal because it employs values for the MAXON 351006 motor that are not its nominal values at various

places in the arrangement (see Appendix C.1).

Using the ESCON Studio application, certain parameters of the motor driver (the ESCON Module) have
been changed for this project. The motor rotation speed limit has been raised to 10,000 revolutions per
minute, among other changes. This removes some limitations that were there when attempting to enhance

the CubeSat control loops.

The user starts ESCON Studio by selecting the kind of motor they want to operate. The MAXON motor

351006 is the example where the "maxon EC motor" option is chosen:

Figure 5.9: Boot wizard - Motor type

The motor's characteristics, including its speed constant, thermal time constant of the winding, and number

of pairs of poles, are listed below:

Figure 5.10: Boot wizard - Motor data
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The system data is then entered. At this stage, the motor characteristics sheet's nominal current of 0.974
A is chosen to be used. Despite the fact that the aforementioned data sheet also lists a maximum speed

of 15,000 rpm, in this instance, a maximum speed of 10,000 rpm has been set because it is believed that a
higher engine speed will not be required:

Figure 5.11: Boot wizard - System data

In the following section, details regarding the available input are requested. Here, the digital Hall sensofs

that are included into the MAXON 351006 motor are chosen to sense the rotor's position as well as its speed:

(a) Rotor position detection (b) Rotation speed sensor

Figure 5.12: Boot wizard - Sensor type selection

Next step is giving the wizard the operating mode of the driver to proceed. It is preferable that it function in

current regulator mode in this instance, as it was in earlier works:

4Devices that detect magnetic elds to measure current, position, speed or presence, using the Hall e ect in semiconductor
materials.
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Figure 5.13: Boot wizard - Operation mode

The user is prompted to select the purpose for which to activate the drive at the following screen of the
procedure. Using the drive's digital input 2 at a high logic level to signal that the user wants to enable the

drive, the chosen mode will be activated, making use of the assembly of the soldered pieces on the breadboard:

Figure 5.14: Boot wizard - Habilitation

The function type must then be entered by the user to indicate the setpoint. In this instance, as in earlier
works, this function is setup as a PWM setpoint, meaning that the drive's digital input 1 introduces a PWM
signal, whose duty cycle indicates the current setpoint. A 10% duty cycle is associated with the negative
rated current, while a 90% duty cycle is associated with the positive rated current, as shown by the setup
in Figure 5.15. These duty cycle limits were established through experimentation since "invalid duty cycle

value" errors can occasionally occur at values below 10% or above 90%:
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Figure 5.15: Boot wizard - Setpoint

The user selects the o set they want the system to have in the wizard's next step; in this example, an o set
of 0 A is needed.

Figure 5.16: Boot wizard - O set

Lastly, the wizard's subsequent pages display the setup of digital and analog inputs and outputs along with a

quick rundown of the con guration that was done:
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(a) Digital inputs and outputs (b) Analog inputs

Figure 5.17: Boot wizard - Digital inputs and outputs, and analog inputs

(a) Analog outputs (b) Con guration summary

Figure 5.18: Boot wizard - Analog outputs, and con guration summary

The regulator adjustment is done after the engine and system characteristics have been entered.To accomplish

this the "Auto Tuning" option is selected:

Figure 5.19: Controller tuning - Tuning type

26



5.2. ADCS IMPROVEMENTS CHAPTER 5. ADCS

Shortly after, the screen depicted in the gure below shows up, and to start auto tuning, the Start button

must be pressed:

Figure 5.20: Controller tuning - Auto tuning

Lastly, the following outcomes are attained following the autotuning process:

Figure 5.21: Controller tuning - Completed tuning

The motor current controller has successfully nished the adjustment process, as shown in Figure 5.21, where
it can be seen that its parameters have been automatically con gured to follow current and speed setpoints

with extreme precision and response speed.
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Furthermore, experiments can be conducted with ESCON Studio's own tools to observe the real-time evolution

of various parameters: the con gured controller is depicted in a block diagram in the following picture, for
instance:

Figure 5.22: ESCON Studio - Controller monitor

Conversely, Figure 5.23 provides a summary of the con gured control system, comprising inputs and outputs,
the controller, and the motor and sensor system:

Figure 5.23: ESCON Studio - Synopsis

28



5.2. ADCS IMPROVEMENTS

CHAPTER 5. ADCS

To summarise, all of the con guration created for this improvement is shown in Table 5.1:

Table 5.1: ESCON con guration summary

Parameter

Value

Description

Operation mode

Current regulator

Input range [0.1, 0.9] PWM duty cycle, digital input 1
Output range [-0.976, 0.976] A
Fixed o set 0 A
Motor type EC motor -
Speed constant 1080.0 rpm/V
Thermal time constant winding 1.7 s
Number of pole pairs 4 -
Max. speed 10000 rpm
Nominal current 0.974 A
Max. output current 2.54 A
Speed feedback sensor Hall sensors Polarity: maxon
Habilitation mode Habilitation High level, digital input 2
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5.2.2 IMU resolution improvement

As elucidated in Section 4.2.3, a primary vulnerability of the system may originate from the inferior quality
of components like the MPU or reaction wheel. These components were thoroughly examined, and it was
found that the MPU resolution for speed readings was %/s. These speed readings were made possible by
certain library functions that have access to the MPU's DMP. Moreover, it was found that IMU calibration
issues required the speed value to be multiplied by 1.35 after multiple tests, resulting in a nal resolution of
1.359/s.

La principal decisbn tomada en este campo fue la de intentar mejorar dicha resolucon. Para ello, se estudo

©omo funcionaban concretamente estas funciones para comprobar si la mejora de la resolucon era posible. De
echo, se descubrd que una posible solucon era la de acceder a la trama de datos para obtener las lecturas de
velocidad incluso antes de ser tratados por el DMP. Como consecuencia de este descubrimiento, se desarrolb

la funcon RawGyro():

Code 5.1: RawGyro()

void RawGyro(){
uint8_t Buff2];
I2Cread(mpuAddress, 0x47, 2, Buf);
intl6 t gz = Buf[0] << 8 | BuUf[1];
//250 dps should correspond to 2715 (32768) in terms of gz:
vz = (float)gz * 250.00 / 32768.00;

vz = vz * 8; [/ Conversion test

The raw speed reading is contained in bytes that are directly extracted from the #C° data frame by this
function. The speed reading in®/s is then obtained by processing the extracted bytes within the same
function. The IMU was originally set up to measure speeds between -25%'s and 250 °/s. Since this data is
recorded in two bytes (16 bits total, including the sign bit), it has been calculated that multiplying the value
by 250=2%° will yield the actual speed. Experimental veri cation has con rmed that this value needs to be
multiplied by a factor of 8 in addition to this factor in order to obtain an exact speed value in °/s. The true
origin of this second factor is entirely experimental. When this function is used in place of the original one, a

resolution of 0.06°/s is obtained. This is about 23 times better than the previous resolution of 1.35°/s.

512C is a serial communication protocol used to interconnect integrated circuits in electronic devices.
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5.2.3 Velocity PI controller tuning

It is very di cult to tune both PID controllers simultaneously through trial and error when working with a
cascade control system, as previous projects do. This is the rationale behind the decision to create two more

operating modes in addition to the three that are currently in use, as listed in Table 4.1:

" A mode to operate on the open speed loop, where the setpoint is the input current to the motor
(expressed in the range [ 100% +100%]) and the output is the real speed of the prototype, expressed

in °/s.

~ A mode to operate on the closed speed loop, where the setpoint is the desired angular speed of the

prototype and the output is its real speed, both expressed irf/s.

The creation of these two additional modes has made it possible to con gure the Pl angular velocity controller

separately, guaranteeing the proper operation of this loop. Once this controller has been adjusted, the
position controller alone can be changed using program Mode 3 (Positioning RW). The codes created for the
new speed loop-focused modes are detailed in Appendix A. Table 4.1 is updated as indicated in Table 5.2

following the successful implementation of these two new modes:

Table 5.2: Post-work operating modes

Mode Title Description

1 Actual orientation The prototype's orientation is continuously printed by
the Android terminal, expressed in degrees.

2 Current mode The Android terminal asks the user to insert current set-
points, which creates a moment of inertia that makes
the prototype rotate.

3 Positioning RW The user is asked to enter the angle increment they
want the prototype to experience. As soon as the data
is entered, the program determines automatically what
control actions need to be sent to the reaction wheel
in order to get the desired rotation.

4 Velocity open loop RW The user is asked to enter the current setpoint for the
motor (in the range [ 100% +100%]), which creates a
moment of inertia that makes the prototype rotate.

5 Velocity closed loop RW The user is asked to enter the velocity setpoint wanted
for the prototype to experience. As soon as the data is
entered, the program determines automatically what
control actions need to be sent to the reaction wheel
in order to get the desired velocity.

Ultimately, after utilising the trial-and-error approach and primarily Mode 5 of the program (velocity closed

loop RW), the optimal speed regulator parameters are as follows:
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Table 5.3: Velocity Pl parameters

Velocity Pl parameters
K 30
K/ 0.05

5.2.4 Position P controller tuning

Using Mode 3 (Positioning RW) and the code presented in Section 5.2.3, the velocity controller has been

con gured correctly, and the position controller has been con gured as well.

Similar to the internal angular velocity loop, the P controller in this instance has been set up by trial and
error, with the value of K, changing in accordance with the outcome of the previous experiment. Lastly, the

parameter that was found to be ideal is shown in the following table:

Table 5.4: Position P parameter

Position P parameter
K 0.75

p

5.2.5 General code optimization

Notably, all of the code written before this advancement has been optimised during the prototype's ADCS
re nement process. There were 529 lines of code in the earlier work, according to Sanz [21]. In this case,
though, the program has been condensed to 544 lines of code following the addition of two entirely new

modes of operation for the ADCS.

A careful examination of the current code revealed places for refactoring and consolidating functionality, which
led to this e ective optimisation. The addition of these additional modes of operation has not only increased
the system's capabilities but also made it possible to restructure the code more e ciently, getting rid of
redundant code and streamlining procedures. The signi cance of strategic planning and design in software
development has been emphasised by this re ning process, which greatly maximises code functionality and

readability without sacri cing system extension and improvement.
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5.3 ADCS results

Following the development and application of each of the previously mentioned improvements, a number of
tests have been conducted to con rm these advancements.

5.3.1 \Velocity loop experiment using small testbed

On the one hand, the ability to con gure the velocity PI through trial and error has been made possible by
the development of Mode 5 (velocity closed loop, see 5.1.1). The nal Pl has been con gured with the values
in Table 5.3.

Applying a setpoint of 20 degrees per second, the velocity closed loop mode has been used for this controller

con guration:

Figure 5.24: Velocity loop experiment - Velocity parameters using small testbed
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Figure 5.25: Velocity loop experiment - Velocity control actions using small testbed

Figure 5.24 displays the experiment's results, and Figure 5.25 illustrates the development of the PI control
actions. It is evident that the system can reach the setpoint in less than 0.2 seconds thanks to the PI
controller's con guration. The system exhibits a slight boost that could be minimised by adjusting the PI,
though it has been determined that this overshoot is insu cient to have a detrimental impact on the system's

performance. This attests to the speed loop's proper con guration.

5.3.2 Position loop experiment using small testbed

The position loop is then set up. In order to achieve this, Mode 3 (position closed loop, see Section 5.1.1)
is employed, and the P controller con guration that permits the fastest response time without causing
instabilities and undesired overshoots is again determined by trial and error. Following a number of tests, the

optimal controller was set up with the parameter in Table 5.4:

Similar to how the speed loop was completed, Mode 3 was executed once more in this con guration to

monitor the system's performance. A position setpoint comprising a 60-degree increment was applied:
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Figure 5.26: Position loop experiment - Attitude components using small testbed

Figure 5.26 shows the CubseSat's speed and position error over time. In order to reach the target position,
the speed loop applies the appropriate setpoint at each instant. The system takes 4 seconds to reach the

setpoint, making the position error tend to zero.

Figure 5.27: Position loop experiment - Velocity parameters using small testbed

The speed setpoint, the IMU-measured speed, and the error between the two values are all related in Figure
5.27. The purpose of this graph is to verify that the velocity loop|which can execute commands with a high

degree of accuracy and speed|is operating correctly.
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Figure 5.28: Position loop experiment - Velocity control actions using small testbed

Lastly, the development of the speed loop control actions is depicted in Figure 5.28. The comprehensive
action's cumulative nature is what stands out most. With a 500 unit o set, the total action is equal to the

sum of the two lower actions.

36



5.3. ADCS RESULTS CHAPTER 5. ADCS

5.3.3 Velocity loop experiment using large testbed

The same experiment is run on the large testbed with the same speed controller as in the previous speed

experiment so that conclusions can be made right away after observing the results.

Figure 5.29: Velocity loop experiment - Velocity parameters using large testbed

Both of the represented signals are prominent in Figure 5.29 because it is expected that the error will tend
to zero and the speed measurement will tend towards the designated setpoint, in this case 2(. On the
other hand, the speed measurement appears to start rising, but it stagnates at about 8/s in less than a
second. Since the RW lacks the force necessary to rotate the prototype-support assembly at a faster speed,
the primary cause of this phenomenon is the excessive weight of the support that the CubeSat is mounted on

in this experiment.
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Figure 5.30: Velocity loop experiment - Velocity control actions using large testbed

As seen in Figure 5.30, the RW is exerting its maximum e ort because the speed Pl's control action has

indeed been saturated.
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5.3.4 Position loop experiment using large testbed

This section describes the results of using Mode 3 of the program, but with a large testbed instead of a small

testbed, in a manner similar to that used for the position loop experiment.

Figure 5.31: Position loop experiment - Attitude components using large testbed

Because of the weight of the support in this instance, as was con rmed in the prior experiment, the prototype's
speed is saturated at about 8/s. The way the orientation of the prototype behaves is also noteworthy; it

successfully reaches the designated setpoint but starts to oscillate around it.

Figure 5.32: Position loop experiment - Velocity parameters using large testbed

Once more because of the array's speed saturation, the speed setpoint in the rst 15 seconds of the experiment
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is signi cantly higher than the actual speed of the CubeSat, as shown in Figure 5.32. It is con rmed that the

speed setpoint starts to oscillate around 0 after reaching the position setpoint.

Figure 5.33: Position loop experiment - Velocity control actions using large testbed

Lastly, the saturation of the control action is primarily visible in Figure 5.33 because of the integral action,

which quickly reaches its maximum value because of the set's velocity saturation.
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5.3.5 Comparison between new and previous ADCS

To conclude, the experiment that follows will show two very similar experiments through a series of graphs:
the prototype will be subjected to the positioning mode (Mode 3) again, this time with an angular position
setpoint of 6(°. The two experiments are identical in that the old ADCS will be used in one, while the ADCS

developed in this work will be used in the other. The comparison's outcomes are displayed below.

Figure 5.34: Position loop experiment - Attitude components comparing new and previous ADCS with small
testbed

Figure 5.34 illustrates how much faster the system is now; whereas the previous ADCS required approximately
9 seconds to reach the setpoint, the new ADCS only requires 4 seconds|less than half|to do so. As the graph
illustrates, the prototype's speed in the new ADCS is nearly twice that of the previous ADCS, indicating
that this is partially caused by the speed loop's reaction. However, if you examine the two angular velocity

measurements more closely, you will be able to see how the resolution of the older and newer versions di ers.

Figure 5.35: Position loop experiment - Velocity parameters comparing new and previous ADCS with small
testbed
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By comparing the velocity curves and the error curves, it is possible to observe the prototype's increased

speed and the improved angular velocity measurement resolution in Figure 5.35.

Figure 5.36: Position loop experiment - Velocity control actions comparing new and previous ADCS with
small testbed

In conclusion, despite the expectation of a more assertive control action based on the previous two graphs,
Figure 5.36 illustrates that the control action achieved using the new ADCS bears some resemblance to the
earlier scenario. It is important to keep in mind that, despite how it may appear, what is being shown is the

PWM signal's duty cycle, not the RW motor's input current.

One of the enhancements made to the ADCS has been the recon guration of the ESCON Module 24/2, as
detailed in Section 5.2.1. The primary modi cations include raising the maximum speed and raising the
de nition nominal current within the setup. In other words, even though Figure 5.36 appears to show that
both control actions are similar, the new ADCS actually injects a larger current into the motor|albeit one

that stays within the nominal current listed on the characteristics sheet.
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Simulink model

A Simulink model of the CubeSat prototype has been developed and improved during the course of this
project. The model's design aims to accurately represent the behaviour of the prototype under various
commands (position and speed) and conditions (external disturbances and shifts in mass), using exclusively

the small air-bearing based testbed model.

An overview of the original Simulink model, which was primarily developed in Sanz's work [21], is given in
Section 6.1. Section 6.2 provides a detailed account of the model's primary enhancements. Lastly, results

supporting the calibre of the implemented improvements are gathered in Section 6.3.

6.1 Original Simulink model

Simulink's graphical platform, which makes complicated system visual representation easier, and simulation
capabilities make it imperative to develop prototype models. Engineers can use this tool to optimise and
ne-tune the design prior to physical implementation, simulate system behaviour under various conditions,
and translate theoretical notions into mathematical models. Simulink makes control system analysis more
e cient by making it easier to tune parameters and assess system performance. This helps engineers construct

prototypes more quickly and a ordably.

Figure 6.1 illustrates how the Simulink model embodies the cascade control discussed in Section 5.1.2, which
includes the velocity and position loops as well as additional components added to the control algorithms

created in Arduino, like the pre Iter and anti-windup.
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Figure 6.1: Original Simulink model
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The following code demonstrates how the Simulink model from the preceding picture is utilised with a

MATLAB script called Digital ADCS.mlx, which was also created by Sanz:

Code 6.1: Digita ADCS.mix

1 % Controlador digital ADCSRW

2 clear all;

3 close all;

4

5 % Constants definition

6 angle_setpoint=60;

7

8 kpp=0.25;

9 kpw=20;

10 kiw=0.075;

11 dT=50;%ms

12

13 A=(kiw *dT)/(kpw+kiw *dT); % Prefilter coeff

14 B=kpw/(kpw+kiw *dT);

15

16 Integral_limit=400;

17 offset=500;

18 Regulator_limit_top=990;

19 Regulator_limit_bottom=10;

20

21 Kmotor= 8.82e-3; % [Nm/A]JTorque-current Gain. Motor
characteristic

22 Jbody= 0.05e-3; % 0.5 Moment of Inertia of full
spacecraft

23

24 tstop=40;

25 tstep=0.001;

26

27 sim('Digital_ADCS");

28 simplot('‘Angle’);

29 simplot('Speed?;

30 simplot('Regulator’);

Sanz [21] has already detailed some comparison ndings between this model and the trials conducted using

her ADCS. The following results are displayed:

45



6.1. ORIGINAL SIMULINK MODEL CHAPTER 6. SIMULINK MODEL

Figure 6.2: Simulink previous results - Angle error (Source: [21])

Figure 6.3: Simulink previous results - Angular speed (Source: [21])

Figure 6.4: Simulink previous results - Regulator parameters (Source: [21])

As can be seen from the results in Figures 6.2, 6.3 and 6.4, the constructed model is not very close to reality.
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6.2 Simulink model improvements

Throughout this project, the Simulink model's parameters in Figure 6.1 have been changed to ensure that the
model's output is in line with the lab tests. Table 6.1 contains descriptions of some of the model parameters,
such as the inertia of various bodies:

Table 6.1: Final model parameters

Parameter Value Units Description
Ky 0.75 (°=9)=° Proportional gain of position controller
Kp 30 (=9) * Proportional gain of velocity controller
K| 0.05 Hz Integral gain of velocity controller
L; 400 1 Integral limit for anti-windup
LE,WM 900 1 Upper limit of PWM generated signal
Lbwwm 100 1 Lower limit of PWM generated signal
| mot 0:974 A Motor nominal current
' mot 10000 rpm Motor max. velocity
Kmot 8:82 10 3 Nm=A Torque-current gain of motor
Jbody 844 10 ° kg m? Inertia of spacecraft + platform
Jrotor 51 10 7 kg m2 Inertia of RW rotor
Jmass 1:66 10 ° kg m? Inertia of RW mass
€n 1 ° Accepted error threshold for position loop
e 2 °=s Accepted error threshold for velocity loop
fsg 30.30 Hz Sampling frequency for Mode 3
fss 22.73 Hz Sampling frequency for Mode 5

The le Init.m, which is the rst component of the MATLAB & Simulink les created in this work, loads
certain basic parameters and starts the model simulation (see Appendix B.1). However, as it can be seen in
Appendix B.2, a second le handles the processing of the simulation results and displays them in a series of

graphs. Figure 6.5 displays the completed Simulink model created in this work:
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