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Resumo

Actualmente os CubeSats, satélites de pequenas dimensoes, requerem sistemas de controlo precisos
e rigorosos. De modo a alcangar estes requesitos o uso de rodas de inércia, como componente princi-
pal do sistema de controlo, € uma opcao a considerar. Esta tese apresenta o desenvolvimento de um
sistema de rodas de inércia (SRI) a ser integrado no ECOSat-lll, actualmente a ser desenvolvido pela
Universidade de Victéria. Tal permitira a criagao de uma nova classe de missoes actualmente dificeis

de alcancar.

E apresentado um design éptimo e confiavel de uma roda de inércia usando um motor de corrente
continua sem escovas.

Apresenta-se ainda o design de todo o sistema, com destaque para o volante e com especial
atencdo a configuracao e rearranjo de cada motor no sistema final. A massa do volante é minimizada
tendo como restricdes 0 momento de inércia necessario, a espessura e o tipo de material utilizado. O
binario necessario e o binario ocasionado por perturbacdes externas também é analisado. A simulacao
dinamica do SRI mostrou distlrbios sistémicos no binario aplicado, que se mostraram desprezaveis.
Um modelo mais simples do motor utilizado é apresentado permitindo assim simular o SRI e como tal
observar e avaliar a sua resposta. A determinagao dos tempos médios de falha do sistema também foi

considerada.

Finalmente, um protétipo totalmente funcional, que satisfaz todas as restricbes e exigéncias é ap-
resentado, bem como todos os testes realizados que demonstram a eficacia e a confiabilidade do SRI

que ira ser integrado no micro-satélite ECOSat-IIl.

Palavras-chave: sistema de Controlo; CubeSat; Roda de Inércia; Dinamica e Controlo;

Volante; Desenvolvimento e Design
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Abstract

Stringent mission and payload designs in CubeSats, which are a type of miniaturized satellite for space
research, require faster and more accurate pointing systems. These requirements can only be achieved
by using reaction wheels for attitude control purposes. The thesis presents the design and development
of a Reaction Wheel System (RWS) to be integrated on ECOSat-Ill mission, currently under develop-
ment at the University of Victoria. The proposed design feature will enable a new classes of missions

currently difficult to achieve.

The optimal design, reliability analysis, and construction of a miniaturized reaction wheel prototype
using a commercial off-the-shelf brushless DC (BLDC) motor is presented.

The hardware design is described, with emphasis on the disk-rim flywheel design and on the RWS
arrangement for minimum power consumption. Its mass is minimized subject to constraints on the re-
quired moment of inertia, flywheel thickness and type of material used. The required torque and the
maximum external disturbance torque acting on the satellite are estimated. The dynamics simulation
has shown negligible systemic torque disturbances. A simpler model of a BLDC motor is presented in
order to model the RWS. The determination of the mean time to failure is also one of the objectives of
the thesis.

Finally, a fully functional prototype, which satisfies all the constrains and requirements, is presented
as well as all the tests performed to demonstrate the effectiveness and the reliability of the RWS to be

integrated in the ECOSat-IIl micro-satellite.

Keywords: Control System; Cubesat; Reaction Wheel System; Flywheel; Dynamics and Con-

trol; Development and Design
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Chapter 1

Introduction

The use of satellites for scientific, commercial and military purposes has been rising year after year.
Over the past years there has been a huge investment in miniaturizing the space technology and this
has given origin to a new kind of satellites - the nanosatellites. These satellites are in a range between 1
kg to 10 kg and have become an increasingly popular alternative over the traditional more bulky satellites
[1]. One reason for miniaturing satellites is to reduce the cost, i.e., heavier satellites require larger rockets
with greater thrust. On the other hand, smaller and lighter satellites require small and cheaper launch
vehicles, as well as they can be integrated in multiple launch projects or on the excess capacity of larger
launch vehicles.

The decreasing cost of this miniaturized satellites are making them accessible to academia and
student-led projects. Within this group of satellites, there is a specific class of satellites, which have a
volume of exactly one liter and a mass of no more than 1.33 Kg - the CubeSats [2]. The first Cube-
Sat designed was proposed in 1999 by Professors Bob Twinggs and Jordi Puig-Suari, and the main
goals was to provide an opportunity for graduate students to design, build, test and operate a smaller

spacecraft [3].

1.1 General context

1.1.1 The ECoSat project

In September 2010, Geocentrix (a Canadian company) organized the first Canadian Satellite Design
Challenge (CSDC) and invited twelve universities across Canada to design and develop a micro-satellite
[4]. This challenge has contributed to an increase in expertise and training of highly-qualified personnel
at several universities during the development of a 3U CubeSat.

To participate in this competition, the University of Victoria proposed the development of a micro-
satellite, the Enhanced Comunications Satellite (ECOSat), and developed by a multidisciplinary group
of students and faculty mentors. Simultaneously, one of the objectives of this group is also get involved in
the community by actively working with small schools, different organizations and international outreach

[5]. The know-how acquired from the fully in-house designed CubeSat with power, command and data



handling, mechanical, and payload systems has been an invaluable tool in training of future space
engineers and UVic attained a 37¢ place during the phase one of the program in 2012 [6]. In 2014,
during the 2"¢ phase of the CSDC program, ECOSat placed 1%¢ in the competition and won the prize
and right to launch the CubeSat into orbit. This gave origin to the 37¢ phase of the project: the ECOSat-IlI
project.

ECOSat-Ill will be flying a primary hyperspectral imaging payload, supported by an experimental
communications system and attitude control system. Thus, there are several assignments to accomplish

in the next phase of the competition [7],

Provide hyperspectral imagery of Canada at 150-meter resolution.
e Downlink the hyperspectral imagery over a custom-developed 40 MBit communications system.

Improve ECOSat-lll Attitude Determination and Control systems with the addition of momentum

wheels and more complex attitude determination algorithms

Provide accurate initial orbit determination and low rate telemetry through the use of an experi-

mental below-the-noise-floor communications system.

1.1.2 Thesis Motivation

The mission of these CubeSats require precision pointing, and therefore there is a need for an Attitude
Determination and Control System (ADCS). On the previous generation satellite, ECOSat-I, this sub-
system used GPS and magnetic map data for attitude determination and magnetorquers as a Control
System (CS) [8]. Now, that the ECOSat group has moved into the third round of the CSDC a new design
for the ADCS must be implemented. Magnetorquers have a full range of control at polar orbits, and
become less effective at lower inclination orbits. The ECOSat-1Il mission will have an orbital inclination
of ¢ = 51.6°. Moreover, due to the primary mission requirements, a precise pointing is required which
cannot be achieved if the satellite only uses magnetorquers. Thus, the ADCS must consist also of mul-
tiple reaction wheels that spin at fast enough rates to allow the conservation of angular momentum in
order to generate control torques on the rotation axis, so that the satellite can turn about this fixed axis

and orient itself in the desired direction.

There are several companies working on the miniaturization of Reaction Wheel Systems (RWS), to
be integrated on the ADCS of micro-satellites. These actuators can be very expensive (in the order of
10% to 10° dollars) [9]. The performance of the RWS is quantified by the maximum angular momentum,
maximum output torque, electrical power, and the level of micro-vibrations produced by the wheels. Cur-
rent research focuses on increasing angular momentum and maximum output torque, and decreasing
electrical power and micro-vibrations [10]. There are several reaction wheels available on the market
which could be considered and used on ECOSat-Ill. However, the use of these off-the-shelf solutions
would have a high cost for the project. Another factor that was taken into consideration relates the

durability of the system. Currently, RWS designed for CubeSats are not able to operate in harsh space



conditions for more than 1 year. Moreover, creating a RWS in-house enables a better learning, under-

standing and know-how for future missions.

According to a NASA report on the state of the art in small spacecraft technology [10] the world
smallest proven reaction wheel, RW1, was used on BEESAT, a picosat design and operated by TU
Berlin, and it had a mass of approximately 72 g [11]. However the estimated mean time to failure (MTTF)
is approximately one year which is not compatible with the mission objectives for ECOSat-1ll that requires
a MTTF of 2 years.

In this thesis, the design and implementation of a in-house developed RWS is proposed and, after

manufacturing and validation, will become an important component of a space qualified ECOSat-1lI.

1.1.3 Methodology

Consistent project methodology provides structure for high quality deliverables. In the case of the devel-
opment of the RWS it is fundamental to determine the needs and the goals of this project. Throughout
this thesis there is a specific methodology that was followed, and the main objective is to demonstrate
that is feasible to construct a reliable and inexpensive RWS which fulfils all the missions requirements.
Thus, the following methodology, presented in Fig. 1.1, is proposed and should be considered here-

inafter.

Include the RWS
on the ECOSat-ll

~Compatibie—
with

_, ECOSatll Selection of the _
requirements motor ~— .mqum;rnems

FiriiEEl T Verification through
testing
Fiywneet ) ~~ Compatible i Construction of the
. ~— with System real RWS
selection ~—__requirements? _—

Figure 1.1: Proposed methodology to be used in the design and construction of the RWS

It was agreed that the use of a commercial-of-the-shelf (COTS) motor should be considered, due to
time constrains and specially due to its reduced dimensions it would be more expensive to construct an
in-house motor. After the selection of the desired motor, the design of the flywheel must be considered,
based not only on specific requirements, but also on several constrains that must be fulfilled. If the
optimum design is in accordance with ECOSat requirements then a preliminary assembly design must
be proposed and simulated in order to determine if there are any internal perturbation torques that

can influence the RWS adversely. Following this analysis, a dynamic model of the all system must



be simulated and consequently integrated on the Attitude Determination and Control System (ADCS)
simulation of the complete satellite system. Simultaneously, an estimation of the MTTF and a reliability
analysis of the system shall be made. A specific control system for the selected motor should also be
studied as well the implementation of some concepts to perform health monitoring for the RWS. Several
tests should be also performed in order to validate the selected motor for space applications. This
will finally end up in the construction of the RWS prototype to be incorporated on the ECOSat-Ill. Due
to time constrains, the construction and final analysis of the complete and integrated system, and the

implementation of health monitoring methods in the RWS will not be considered in this thesis.

1.2 Theoretical Background

The main objective to be achieved is to design and construct a reliable RWS to be integrated on ECOSat-
IIl. This RWS must take into consideration the following constraints: the maximum allowed mass, volume,

durability and reliability of the all systems.

1.2.1 Basic concepts and equations

The governing equations for the satellite’s attitude are expressed using angular kinetic and angular
kinematics equations. Angular kinetic equations express the rate of change in angular velocities due to
external torques and disturbances. The angular kinematics equations specify the relationship between
absolute angular velocity of the satellite and its orientation in the space [12].

According to the angular kinetic equations an object that is spinning has a rotation associated with it,

known as its angular momentum. The total angular momentum, L, of the satellite can de written as [13],

L=Tw,+h (1.1)

where h = I,.,,swrws iS the angular momentum of the RWS, I is the inertia tensor of the satellite and w,

is the angular rate vector in the satellite’s fixed-body reference frame.

The time derivative of L, in relation to the inertially fixed coordinate system, % ;> €an be written as:
dL dL
—| = — L 1.2
a|, " ar], (12)

where %\B is the time derivative of the angular momentum relatively to the satellite’s fixed-body ref-
erence frame. If the external torques are neglected, the total angular momentum is conserved, 1.e.

4k | = 0. However, in real orbital conditions 4% |, # 0, which is caused by forces that act on the satellite

R
such as the solar radiation, gravity gradient, magnetic field and aerodynamics. Furthermore, it is also
assumed that the moments and products of inertia of complete system remain constant. Thus, it is
possible to infer that:

dL

Q%+h+wwdk%+hﬁza— (1.3)
I



As an initial simplification, it will be assumed that the direction of the vector that expresses the
total angular momentum of the satellite, L is coincident with the direction of the angular rate vector
of the satellite w.r.t the body reference frame, meaning that w, x (I;wy, + h) = 0. In summary, as a
consequence of the law of conservation of the angular momentum, it is possible to define an active
system able to control the angular rate of the satellite during its orbital movement. This will allow the

design and manufacturing of a RWS able to control the attitude of the satellite.

1.2.2 Requirements and constrains

ECOSat-lll has several requirements and constrains, which shall be considered before starting develop-
ing an operational RWS. They have evolved significantly over the course of the project. This evolution

will not be described here, but only the final requirements and constraints.

Requirements | Description

[Eco/ADCS-170] | The ADCS shall consume less than 1W during nominal opera-
tions.

[Eco/ADCS-190] | ECOSat must be able to rotate at 1 revolution per orbit.
[Eco/ADCS-200] | The entire ADCS system must weigh less than 250 g.
[Eco/ADCS-320] | The ADCS must survive fluctuating temperatures of —40 to +125
degrees Celsius.

[Eco/ADCS-330] | The ADCS must be able to operate in a fluctuating temperature
range of —30 to +85 degrees Celsius.

Table 1.1: Main requirements to be used on the RWS design

In the preliminary design of the ECOSat-1ll, a structural analysis was performed by neglecting the
effect of some sub-systems of the satellite, including the RWS [7]. This analysis has provided data such
as an estimate for the satellite’s center of mass ,(z¢geo, Ycgeo, 2cgeo), relative to the geometric center of

the satellite, its inertia tensor I, and total mass, m.

Properties Value
ms 3.66 kg
(Zegeos Yegeor Zegeo) (2.6589, —0.0082, 0.3078) mm
Ly Iy Ip. 6.885 x 1072 1.998 x 107° —5.199 x 10~°
Iy= (I, Iy, I, 1.998 x 107°  3.517 x 1072 0.499 x 10~° | kg.m?
L. I, I. —5.199 x 107° 0.499 x 1075  3.617 x 10~2

Table 1.2: Spacecraft characteristics summary [7]

Is is also important to define the orientation of the fixed-body reference frame of the satellite. It will
be assumed that the fixed-body reference frame of the satellite will be oriented in relation to the nadir
point (+Z-axis) and the velocity vector (+X-axis), as seen in Fig. 1.2

After defining the requirements, the characteristics of the satellite and the orientation of the body
axes, it is important to define the required torque that shall be provided by the RWS in order to perform
the required manoeuvres for this mission.

ECOSat-Ill will have a circular orbit around 800 km above Earth’s surface. Moreover, one of the main



Figure 1.2: Body axis orientation of ECOSat-lll [7]

objectives of this CubeSat’s mission is to provide hyperspectral imagery of Canada at 150-meter reso-
lution. Another objective refers to the mission ground track and to the ground station access. According
to the ECOSat team [7] simulations for the orbit of the satellite, using STK - AGI software, the angular
rate of the satellite above Victoria around the Y-axis of the satellite w.r.t. the fixed-body reference frame
is presented in Fig. 1.3.
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Figure 1.3: Angular rate [deg/s] of ECOSat-lll above Victoria

Here, each peak corresponds to the angular rate of one crossing of the satellite above the UVIC’s
Ground Control Station in a total of six crossings during one day. The obtained data assumes that
no external disturbances act on the satellite. Moreover, implementing this manoeuvre will enable the
hyperspectral camera to be pointing during the maximum duration to a specific point on Earth, in this
case into the direction of the ground track facility in Victoria, BC, since its ascension on the horizon.

Then the torque, required to rotate the satellite with such angular rate can be easily determined by
simple deriving the data obtained by STK (see Fig. 1.3) and by making use of the following relation,

Sz 0
T.,. | =1 |0 (1.4)
T 0



T,

Zo+

where [T, ., T.

Sy+

|7 is the torque vector that shall be delivered by the satellite w.r.t. the fixed-body
reference frame considering the absence of external perturbations, and 6 is the angular acceleration of
the satellite around the Y-axis in the body reference frame.

Thus, it is now possible to determine the torque that needs to be delivered around the Y-axis of the

satellite w.r.t. the body reference frame, T, in order to perform the desired manoeuvre, see Fig. 1.4.
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Figure 1.4: Torque that should be applied on ECOSat-lll during its crossing above Victoria (maximum
angular rate), considering the absence of external perturbation torques

This assumes there are no disturbance forces acting on the satellite. However, in real space condi-
tions, this assumption is not truly correct and several forces will exert external perturbation torques to
the satellite. In 1.3 this external forces will be analysed in order to get more precise and accurate results

about the actual torque that shall be applied to each axis of ECOSat-lIl.

1.3 External perturbation torques

Even in space, there are natural forces that in turn make bodies tumble. These forces are caused by
solar radiation, gravity gradient, Earth magnetic field and aerodynamics. In the context of attitude and

control this forces are called disturbance forces.

1.3.1 Gravity gradient

Gravity gradient torques result from the fact that two opposing points of the spacecraft have a finite

distance in a declining potential field [14, 15].

k
T 3

9= gaBe x 1o R) (1.5)

where k = w3 R?; wy is the mean orbital angular velocity in [rad/s]; R, is the vector that expresses the

distance from satellite to the mass center of the Earth.



1.3.2 Solar radiation

The radiation emitted by the Sun generates a pressure on the satellite’s surface. This pressure generates

a torque, which can be modulated accordingly to the following formula, [14, 16]

T, = %As(l + q)cos(i)(csp — ¢g) (1.6)

Since the upper bound is the only interesting solution, the worst case incidence angle occurs when
i = 0°. F, is the solar constant, which for a satellite at 800 km altitude is F, = 1367 W/m? [16].
A, = 0.10 x 0.30 cm?, which is the surface area of biggest incident of direct solar radiation. It will be
assumed the worst case, where the center of mass,c,, is located in the center of the satellite and the
center of solar pressure,c,,, acts in the furthest possible area of the longest face, 1.e. ¢;p — ¢4, = 0.15

cm. According to J.Wertz [14] the typical reflectance factor is ¢ = 0.6.

1.3.3 Earth magnetic field

The spacecraft’s motion across the geomagnetic field induces an electromagnetic field in the spacecraft

which in return interacts with the geomagnetic field. This generates a disturbance torque [14, 17],

Ty = BDyes (1.7)

where B is the Earth’s magnetic field in Tesla. For polar orbits the Earth’s magnetic field is B = 2M/R2,
where M = 7.96 x 10*®> T m3 (magnetic momentum) and for equatorial ones is half of that value. Thus, an
arithmetic weighting between both values is considered, based on the fact that the orbital inclination of
the satellite is ¢ = 51.6°. Since there are no data yet available about the antenna and the magnetorquer
that are going to be integrated on ECOSat-lll, the residual dipole (D,..s) must be estimated based on
previous available data on CubeSats.

Based on Korean Hausat-1 and on the Danish AAUSat [17] the values for magnetic activated control
satellites(magnetorquers) are between 0.022 A.m? and 0.075 A.m?2, respectively. Thus, for ECOSat-lIl a
good initial estimative would be D,.., = 0.048 A.m?, which corresponds to the arithmetic mean of these

values.

1.3.4 Aerodynamics

Forces caused by aerodynamics should also be considered, specially for low Earth orbit satellites, since
the atmospheric pressure can not be entirely negligible. This force can be used in order to estimate the

maximum aerodynamic torque acting on the satellite [18]. Thus, the following relation is derived:

Toero = %(pCdAVz)(ca —¢q) (1.8)

where p = 9.59 x 10713 kg/m3, considering the average density between the solar maximum and the

solar minimum [19]; A, = 0.10 x 0.30 cm? is the biggest surface area; V is the satellite orbital velocity



relative to Earth inertial reference frame; ¢, the aerodynamic center and ¢, the center of gravity. For the
same reason used for the solar radiation perturbation torque, it will be assumed that ¢, — ¢, = 0.15 cm.

The drag coefficient was assumed to be C,; = 2.5 [18, 20].

1.3.5 Total maximum magnitude

In space, each external perturbation torque has a specific torque vector associated with it. Neverthe-
less, for the preliminary design, the only required factor to be considered is the upper bound of these
perturbation torques, 1.e. the worst case torques. Then, it will be assumed that all the external per-
turbation torques are acting in the same direction simultaneously at the maximum possible magnitude.
The magnitude of the torque determined will be replied to each axis of the body reference frame. This
assumption was used due to the lack of data for the preliminary design. Nevertheless, it represents a
good estimate for the real perturbation torques magnitude that the satellite will be subject to. These

external perturbation torques are expressed in Table 1.3

Perturbation torque | Magnitude [Nm]
Gravity gradient 43 %1078
Aerodynamic 2.9 x 1077
Solar radiation 82 x 1077
Magnetic field 2.0 x 10-°
Total 2.4 x 1076

Table 1.3: Magnitude of each principal external perturbation torque
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Chapter 2

Reaction Wheel System Design

As mentioned in Chapter 1 it was early decided in the development of the RWS of ECOSat-IIl that the
RWS should be designed in-house on the basis of a commercial off-the-shelf motor. In this Chapter a
summary of the system engineering activities that were responsible for the development of the ECOSat-
Il RWS are going to be presented.

Firstly, the available solutions are going to be described. Particular only Brushless Direct Current
(BLDC) motors are going to be considered. Also, a briefly introduction to the arguments behind this
choice followed by a summary of the selection criteria and the final trade-off for the motor that is going
to be used in the RWS is presented. After the design of the flywheel is characterized, considering the
minimization of the mass, as well as the radial stresses induced by its rotation, in order to select the
best design to be implemented in ECOSat-Ill RWS. Finally, an analysis to the RWS configuration is
going to be presented in order to determine the optimal arrangement of each wheel, taking into account

redundancy factors and also the minimization of the power consumption.

2.1 Available solutions

In space applications, it is highly desirable to eliminate all types of surface contacts, bearings and gear
drives, as well as electrical brushes. In support to future space missions, Goddard Space Flight Center
(GSFC) established a program, which had the objective to manufacture a new type of motor highly
desirable for space applications. Under contract to the National Aeronautics and Space Administration,
NASA, Sperry-Garragut developed the first in a series of BLDC motors that would see use in many parts
of the Space Program [21].

The principle of photoelectric sensing of rotor position and electronic commutation of the motor was
proved feasible [21]. These DC motors were the first to demonstrate self-starting capability. In addition
they have higher efficiencies when compared to the Alternative Current, AC, motors, and they are qual-
ified for long-term space missions. Moreover, the operability time is bigger when compared to brushed
motors. This came from the fact that BLDC motors do not have brushes, meaning the operating life time

is mainly limited by bearing failure [21, 22], which will be further analysed in Chapter 5.
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With the development of miniature Hall sensors, the basis for the modern-day BLDC motors was
completed. BLDC motors are believed to be the optimal choice for reaction wheels thanks to their linear,
symmetric torque response, efficiency and durability. This linearity breaks down at the rotation speed
zero-crossing, where the motor demonstrates highly non-linear behaviour due to the static friction that
needs to be overcome to accelerate the BLDC from zero rotation speed [23]. This friction is mainly
caused by bearing friction [21].

Thus, it shall be very useful to operate the motor out of the zone of non-linearity, as well as to
avoid the zero-crossings. The reason why this operational limits should be applied to the motor will be

explained and better understood along this dissertation.

2.1.1 Selection Criteria

For the selection of the BLDC motor that is going to be mounted in ECOSat-Ill RWS there are several
requirements that should be fulfilled. Some of them were already described for the all the RWS, while

others were created in order to fulfil the mission objectives;

e The motor should be able to operate in a fluctuating temperature range of —30 to +85 degrees
Celsius, which is the temperature variation the satellite will suffer during its operation in the low
Earth orbit;

e The selected motor should be vacuum proof. A non-vacuum lubricant implies an heavier, her-
metically closed, cage and consequently an increase in the cost of the satellite. Moreover, its
operability would be corrupted if the RWS lost its pressure, for instance due to micro perforations

caused by meteorites.

e The maximum torque provided by the motor should be bigger than the sum of the disturbing torque

with the torque required to perform all the manoeuvres above Victoria, B.C;

e Its volume and dimensions should not compromise the useful volume needed in order to integrate

all the other components on ECOSat-lll;

e The existence or not of sensors to determine the rotational speed; The most common integrated

sensor available for this motor are hall sensors, which gives the rotational speed of the rotor;

e The cost of the motor and all extra external components. BLDC motors are more expensive to
manufacture than brushed DC motor and they also require an additional cost due to external

components, specially required to control the commutation sequence.

2.1.2 Selected motor

Hereupon, there are several parameters that should be considered in the selection of the adequate,
commercial off-the-shelf (COTS) BLDC motor. For that, it was necessary to make an comprehensive
market research of high quality motor manufactures for candidates that shall deliver the required torque

and simultaneously fulfil all the aforementioned criteria factors.
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Model/Requirements 1202 004 BH (FH) | 1608 004 BH (FH) | 2209T005S (FH) | EC 10 flat (MX) | EC 6 flat (MX)
Torque [MNm] 0.16 0.205 0.094 0.24 0.339
Temperature range [°C] —30to +85 —30to +85 —30to +85 —40 to +85 —20 to +100
Maximum Velocity [rpm] 40000 12000 10000 15000 25500
Nominal Voltage [V] 4 3 5 4 6
Power [W] 0.652 0.116 0.06 0.2 1.5
Sensor Hall Sensor Hall Sensor Hall Sensor Hall Sensor Hall Sensor
Cost [$] 82.77 121.45 177 170 140

Table 2.1: Comparative analysis of several available motors presently available at the market

All motors presented in Table 2.1. have the advantage of having incorporated hall sensors, which will
aid and simplify the controllability of the motor. Simultaneously, it also avoids the need of extra peripheral
components to determine the rotational speed of the motor. The maximum rotational speed is also an-
other factor to consider during the motor selection, since the bigger the nominal rotational speed during
a specific manoeuvre, without being in the saturation domain, the smaller will be the flywheel. As result,
lighter will be the system. Almost all the aforethought motors are able to operate, theoretically, inside the
fluctuating temperature range. The cost of the motor is also one of the main factors to consider, since

one of the objectives of this thesis is to prove that is possible to construct a reliable and low-cost RWS.

Thus, based on the maximum useful speed and on the temperature range, it is possible to conclude
that FAULHABER 1202 004BH (see Fig. 2.1) is the best motor to be used in ECOSat-lll, as part of the
RWS. A negative factor to consider relates to the fact that any of the investigated motors are designed
for vacuum conditions. However, it is possible, according to the FAULHABER Company to replaced the
original lubricant by an ultra high vacuum lubricant. All the characteristics of the selected motor can be
consulted in Appendix A

Figure 2.1: FAULHABER 1202 004 BH [24]

2.1.3 Maximum useful speed

From the requirements and also from the STK simulation already presented in Chapter 1, the maximum
torque expected to be delivered by the RWS to the Y-axis of the satellite w.r.t. the body reference frame
in order to guaranty the desired manoeuvre should be 6.83 x 10~ N.m. As an initial simplification to

determine the maximum useful speed of the motor, some assumptions are going to be made:

e There is no data yet available for the configuration of the wheels, so it will be assumed the worst
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case, I.e. each wheel will be aligned with the axis of the satellite in the body reference frame,
meaning that the maximum torque provided by the wheel that is aligned with the Y+ axis of the
satellite should be 6.83 x 10~% N.m (sum of the torque provided by the manoeuvre and the one

from the external perturbations);

e As a matter of simplification in order to determine the maximum useful speed the BLDC motor is

going to be analysed assuming a simplified DC motor model.

This will be defined for the selected motor which is the maximum useful speed at which the flywheel
shall rotate.

In a DC motor the following relations are well understood [23]:

kel =T + T, =T + k1o (2.1)

where, T [N.m] is the resulting torque, T, [N.m] is the resistance torque, k,, is the torque constant and
Iy [A] is the stall current of the motor.

The current intensity in the motor, I [A], as well the stall current, I, can be expressed as,

U—ken
[=2 "t 2.2
hen, 2.22)
I = Cot G : Cun. (2.2b)

where, C, is the motor static friction coefficient; C,, is the motor dynamic friction coefficient; R is the
motor resistance, phase-phase [)]; k. the motor back-EMF constant and n is the motor rotational speed

[rpm]. By rearranging equation 2.3 it can be concluded that,

U—ken B Co+ Cyn
R km

T = ( )b (2.3)

Based on the aforementioned relation the characteristics for the power consumption of the motor can
be determined. It is known that the input power, P;,, [IW] delivered by the battery or the electrical source
of energy and the output power, P,,; [W] delivered by the axial shaft of the motor can be determined

using the following relations,

U —ken

P,=UI=U , 2.4
L=k 2.4
2mn
P,=—T. 2.
= 25)

Nevertheless, to obtained the torque already specified, T, = 6.83 x 1075 N.m, the required input

power is given by,
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T,
Preq = U(Iy + =22)
km

(2.6)

Thus, the power input shall be bigger than the power required for a specific torque at a determined

speed assuming a nominal voltage of U = 4 V. Therefore, Fig. 2.2 can be obtained,
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Figure 2.2: Maximum useful speed the motor can delivered for T..,. The blue line corresponds to the
P,., and the red line corresponds to the P;,, for and input voltage of U =4V

In conclusion, it was easy to determine that the maximum useful speed is 36800 rpm. Hereupon, it

will be assumed the operational rotational speed equals to half of the maximum useful speed 18400rpm.

This means the voltage delivered by the battery for each motor in order to have this rotational speed shall

beU =21V

2.2 Flywheel Design

The value of the maximum speed n,,,, is of primary importance in the flywheel's design, since higher

speeds results on a higher momentum storage, but simultaneously on an higher centrifugal stresses

which should not exceed the admissible values of the selected material.

As modern designs require light weight, the design parameters are chosen in order to ensure mini-

mum mass and additionally minimum stresses. Both of this requirements are essential for the design of

the flywheel that is going to be integrated on ECOSat-11l RWS. Lighter mass of the satellite implies a re-

duce in its launch costs. Moreover, the stresses at which the flywheel will be subject will also determine

the durability of the RWS, which as it will be analysed in this thesis will have a negligible impact on it.

Nevertheless, the present method here developed can be applied to the design of a flywheel with other

industrial or technological applications.
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2.2.1 Design criteria

The moment of inertia of a mass element about a given axis is proportional to the square distance
between the element and its axis. Thus, smaller mass at a large distance is more preferable than
a larger mass at small distances, from the point of view of the minimum weight. However, in bodies of
revolution, larger distances imply larger circumference and areas [25]. To ensure this, a rim-disk flywheel
is suggested [26].

In sum, these factors must be investigated properly in order to achieve the optimum design for the
flywheel mass considering at the same time the radial stresses at which the wheel is going to be ex-
posed.

Different aspects of flywheel designs were investigated by several authors along with other rotating
disk machine elements. You et. al. [27] made numerical analysis of elastic plastic rotating disks with
arbitrary variable thickness and density; the governing equation is derived from the basic equations of
rotating disks. Nevertheless, a much more simple model will be used in this thesis, since it is going to be
considered a disk-rim flywheel with uniform density and thickness. Bedier and Naggar [28] developed a
method to minimized the mass of the flywheel subject to constrains of required moment of inertia and
admissible stress; the major theoretical assumptions are based on the theory of the rotating disks of
uniform thickness and density which were applied independently to the disk and the rim with a suitable

matching condition at the junction.

2.2.2 Simplified analytical model

As an initial starting point a disk-rim flywheel (see Fig. 2.3) is going to be considered. It should be
indicated that the flywheel is fitted with a hub around the axis of rotation for mounting around the shaft.
This hub serves as a reinforcement of the disc and neglecting it in the calculation will be an approximation
in the safe side [28].
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Figure 2.3: Disk-rim flywheel scheme [28]
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The aforementioned disk-rim flywheel is going to be defined according to several parameters, namely
Ry, which is the outer radius of the rim; R;, which is the inner radius of the rim; b associate to the width
of the rim and ¢ that corresponds to the disk thickness.

This disk-rim flywheel is subject to internal stresses due to the inertial forces as result of its rotational
speed. Under the action of the inertial forces only the three principal stress will be considered: o,., tensile
radial stress; o, tensile tangential stress and o,, axial stress, which is generally also a tensile. The stress
conditions occur throughout the section and vary primarily relative to the radius r. It is assumed that the
axial stress o, is constant along the length of the section and because the disk is thin when compared
to its diameter. Thus, axial stress throughout the section is assumed to be zero, o, = 0. Moreover, the

internal and the external pressure are also going to be consider as zero. Thus, according to Bedier and

Naggar [28],
A 3-v 5,5, B
Op =5~ g AT —|—72 (2.7)
A 143w ,, B

where v is the Poison’s ratio of the material; w is the angular velocity of the flywheel; p is the material
density and A and B are arbitrary constants to be determined from the boundary conditions imposed on
both the disk and the rim.

From the previous equations 2.7 and 2.8 it can be easily concluded that B = 0, since B/r? = 0
gives the only finite solution for the resolution of this problem. The maximum value for the radial and the
tangential stress occurs at the center of the disk, where r» = 0.

Nevertheless, there is still yet to determine the arbitrary constant A/2 from the boundary condition at
r = R;, where the disk and the hub join together. This condition is imposed by the centrifugal force on
the rim transmitted to the edge of the disk as radial stress (o..|R;).

The total centrifugal force on the rim can be computed assuming all the rim mass, M,.;,,, is concen-
trated along the mean radius of the rim, R,;,, = 1 (R; + Ro). Moreover, the mass of the rim is considered
to be uniformly distributed, which implies that M,.;,, = prb(R3 — R?). Hereupon, the centrifugal force, F,

is given by,

Fc = Mm'mWQEMm- (29)

It must be also assumed, that the area over which this force is uniformly distributed is the contact
area between the disk and the rim, given by 27 R;t. Thus, the resulting radial stress at the disk edge is
given by:

1
o, = 7t Riy(a® = 1)@ +1) (2.10)

where y = b/t and © = Ry/Ri. By using the previous Eq. 2.10 as a boundary condition, the solution for

the value of the constant A in Eq. 2.7 and Eq. 2.8 can be easily calculated.
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Since the maximum radial stress occurs at » = 0, it is easy to conclude that

31;1]—&-%?;(2—1)(:5—1—1) . 2.11)

_ _ Ao
Orgiskmazr — O0diskmaz — 5 = pw Ri

Based on the aforementioned relations it is now possible to define the two objective functions that
shall be used in in order to optimize the mass, Eq. 2.12, and the maximum radial stress, Eq. 2.13 for

different flywheel configurations,

Mdisk—rim(Ri7 Y, .13) = pﬂ-Rth[l + y(mQ - 1)]a (21 2)
3+v 1
O"’"dzsk’mam (R” y? l') = pw2R72 T + Zy(xz - 1)(1‘ + 1) : (213)

2.2.3 Shape optimization

After defining the simplified analytical model, a shape optimization for the geometric parameters of the
disk-rim flywheel was considered.

The major objective to optimize is the mass of the flywheel. Another factor to take into account is
the radial and the tangential stresses at which the flywheel will be subject, which may compromise the

entire RWS. Also, there are some constrains to consider.

e Inertial constrain: 1t will be assumed the non-optimized RWS configuration (worst case) in which
each of the three wheels are aligned with the X,Y and Z axes w.r.t. the satellite fixed-body reference
frame. Consequently, each wheel should be able to store angular momentum over a dynamic
range of H,., = 1.09x 1072 Nms. The value for H,.., takes into consideration the integration of the
maximum disturbing torque magnitude caused by any external forces acting on the satellite, as well
as the necessary angular momentum that should be transferred to the satellite in order to maintain
the required attitude during its manoeuvre above Victoria, B.C., which takes approximately 400
seconds to complete (see Fig. 1.4). Thus, according to Eq.2.14, the inertia momentum of the

flywheel w.r.t. the wheel spin axis I, shall be bigger than 5.533 x 10~7 kg.m?.

Zwheel

30
I > Hyog— —
™™

ZZwheel —

(2.14)

ZZmotor

where n is the nominal angular velocity of the flywheel, which accordingly to 2.1.3 should be 18400

rpm.

e Geometric constrain: It was defined that the difference between the internal radius of the disk,
R;, and the external radius of the rim, Ry, should be bigger than 2 mm, in order to facilitate the

manufacture of the flywheel;

Another factor to consider relates with the selection of the best material to be used in the construction

of the flywheel.
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After several analysis to different materials with distinct proprieties, such as density, young modulus,
maximum shear stress and its applications to the aerospace industry, it was concluded that aluminium
and copper are the main desirable materials to be used [23, 29]. Throughout this section it will be shown
that aluminium has a better performance than copper, not only because it is a lighter material, but also

due to its mechanical properties.

Now, by using a linear multi-objective optimization problem (MOOP) it is possible to determine the
right parameters for the design of the flywheel. For a given system, the Pareto frontier or Pareto set is
the set of parametrizations (allocations) that are all Pareto efficient, 1.e. a state of allocation of resources
in which it is impossible to make any one individual better off without making at least one individual

worse off.

Finding Pareto frontiers is particularly useful in engineering. By yielding all of the potentially optimal
solutions, it is possible to make trade-offs within this constrained set of parameters, rather than needing

to consider the full ranges of parameters [30].

The following feasible objective space graph (see Fig. 2.4) shows several solutions for the problem.
However, the optimal solutions are all located in the Pareto-optimal front (in red). It was also considered
that both of the objective functions have the same weight, which results in the marked optimal solution

for each material.
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Figure 2.4: Feasible objective space

In summary, it is easy to conclude by analysing both of the aforementioned graphs that aluminium is
a much more desirable material than copper due to its weight and by the reason that a flywheel made
from aluminium will suffer a smaller maximum radial stresses. For this reason, hereinafter, aluminium is

the only material that is going to be considered in the analysis.
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2.2.4 The real flywheel

In the real flywheel a hub around the axis of rotation shall be considered in order to mount the shaft to
the flywheel and to serve as a reinforcement of the disc, see Fig. 2.5. The thickness of the hub will be
defined as 1 mm.

Figure 2.5: Computational model of the real flywheel [SolidWorks®©]

Moreover, the real flywheel will also display another difference in the geometry when compared to
the theoretical disk-rim flywheel. This difference relates to the use of fillets. It was defined that each fillet
shall have a radius of 0.5 mm. This value was set in order to facilitate the manufacture of the flywheel
and simultaneously reduce the stress accumulation in these areas.

After selecting the material and by using the pareto optimal solution, the best values for each design
parameter that minimizes the mass and the maximum radial stress of the flywheel was obtained, see
Fig.2.6. All the results were rounded to a precision of 0.5 mm in order to promote an easier and less
expensive manufacture of the flywheel. The properties of the flywheel, namely the moments of inertia
around each axis w.r.t. the flywheel's reference frame, as well as its mass were determined using
SolidWorks© (see Appendix. B).

Selected material

Aluminum |

Value for each parameter
(Theoretical)
b = 0.004m —l
t = 0.0013m
R, = 0.0149m Value used in the design
R, = 0.0127m b = 0.004m
t = 0001m
R, = 0.015m ],
R, = 0.0125m Properties of the flywheel:

m =3.85x10"2% kg
1, =567 x107"kg m?
I =1,, = 2.87 x 10~ "kg m?

Figure 2.6: Flywheel’s design chart

2.2.5 Comparative analysis

As it was already verified the real flywheel design fulfils all the specified requirements namely the inertial
and geometric constrains. Moreover, the use of the optimal Pareto-front has enabled to determine the

best solution for the minimum mass and simultaneously maximum radial stress.
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After setting the parameters in which the flywheel was based it was important to verify if the results
based on the theoretical model for the flywheel are in accordance with the ones obtained for the real
flywheel. In order to made such verification a structural analysis, using ANSYS Workbench, were per-
formed in order to determine the maximum radial stress the structure was subject at different rotational
velocities. After modulated the flywheel in ANSYS Workbench a ten-noded tetrahedral element (tet10)
was selected, having the mesh an element size of 1.5 x 10~ m. This allow the validation of the results

obtained by using the theoretical disk-rim flywheel’'s simplified design.
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Figure 2.7: Maximum radial stress [Pa] for different rotational velocities [rad/s] computed theoretically
and by using ANSYS Workbench software

Based on the previous graph, Fig. 2.7, it was possible to verify that the theoretical results expected
were different than the ones obtained by ANSYS Workbench. The computed values using ANSYS
Workbench were 13.35% smaller than the theoretical ones and this difference is independent of the
rotational speed of the wheel. It was also noticed that if the hub and the fillets previously described were
neglected the difference between the theoretical and the computational values were only 4%. Thus, it
can be assumed that this difference is mainly justified by the reinforcement caused by the hub and the
fillets that were applied to the structure. Moreover, the value for the maximum radial stress obtained
theoretically are always bigger than the ones obtained computationally, which for preliminary design
proposes can be used as an upper bound for maximum radial stress over which the flywheel is subject.

Consequently, it is possible to conclude that the method developed along this section is good, fast
and simple enough to be implemented for project and preliminary design proposes of a disk-rim flywheel
in which the main objective is to minimize the mass of the flywheel, as well as the radial and tangential

stresses.

It is not only important to define the radial and the tangential stress, but to determine if the structure

will yield when subject to that stresses. A yield strength or yield point of a material is defined in engi-
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neering and materials science as the stress at which a material begins to deform plastically. Prior to
the yield point the material will deform elastically and will return to its original shape when the applied
stress is removed. Once the yield point is passed, some fraction of the deformation will be permanent
and non-reversible. One good way to determine if the material starts to yield is by using the von Mises
yield criterion, which is formulated in terms of the von Mises stress or equivalent tensile stress [31]. This
criterion is very well known in industry and it will be used to test the reliability of the structure. After all,
if the material starts to yield, the provided torques by the RWS system will be impossible to determine
and the entire system would, consequently, be inoperative. Aluminium as a tensile yield strength of 414
MPa, which is far bigger than the value for the von Mises stress at which the structure will be subject,

see Fig. 2.8. Thus, no yield of the material will occur.
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Figure 2.8: Maximum Von Mises equivalent stress [Pa] relative to the angular velocity of the flywheel
[rad/s]

2.3 RWS Configuration

In the previous sections it was assumed a standard configuration of three wheels each one aligned with
the body X,Y and Z axes of the satellite w.r.t. the fixed-body reference frame. This was done in order
to ensure each wheel would be capable to deliver the required torque into each axe of the satellite.
However, that configuration has a fundamental problem, since there is no redundancy in the RWS.
Hereupon, a detailed analysis of the arrangement of the RWS, considering not only the redundancy of
the system but also the minimization of the power consumption is going to be done.

A good way to start setting the actuators in the satellite is to align each actuator along each principal
body axis of the satellite to provide full three-axis control authority and maximize torque capability [32,
33]. However, due to redundancy reasons a fourth wheel is normally added to maintain full 3-axis
controllability when one wheel fails [13]. There is a NASA standard configuration already tested that

could be used. In this configuration a fourth skewed wheel is added, such that its axis is equally inclined
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from the three orthogonal reference axes [34].

Considering more recent investigations in these field there are other configurations that can have
better performance. Pyramidal configuration is an approach that can be considered as a specific ar-
rangement of actuators in satellites and attitude simulators [32].

Harushisa Kurokawa [35] showed that the pyramid type is one of the most effective candidate torquer
for attitude control, having such advantages as a simple mechanism and a larger angular momentum
space. In that study it was also concluded that if the skew angle of pyramidal arrangement is tan=1(1/2),
then the size of the workspace, 1.e. the region allowed for the angular momentum vector, along the
three axis is almost identical, meaning this configuration therefore gives the maximum unidirectional
workspace size [35].

Nevertheless, there are several factor in the RWS configuration that should be consider to optimize
the entire system. One of the design criteria of this system is to minimize the power consumption of the
system during the attitude manoeuvre, specially the one that is going to be performed above Victoria,
BC.

Obviously, choosing a proper skew angle will lead to achieve minimum power consumption, which is
the objective to be achieved in the ECOSat-11l RWS configuration. Also, other criteria such as maximum
rotational speed of the wheels can be assumed as the main goal in this optimization, as well as the
rotation necessary, without going into saturation, to maintain the angular momentum if one of the four
wheels fails [32]. However, this last described criteria are not going to be taken into consideration.

It was verified that the standard configuration proposed by NASA can not be used with the selected
motor. For instance, if the wheel aligned with the body y+ axis fails the system will be overloaded, 1.e.
the other wheels to maintain the desired attitude will enter into saturation before the conclusion of the
desired manoeuvre (in less than 400 s, which is the time required to perform the manoeuvre described
in Chapter 1). In sum, maximum rotational velocity for each wheel will be reached in a very narrow time
when compared to other configurations.

Thus, hereinafter only the pyramidal reaction wheel arrangement is going to be considered, not only
due to its redundancy, but also due to the time it takes, in case one of the wheels fail, for the system to

enter into saturation (see Section. 4.7).

2.3.1 Pyramid configuration

Along this section the pyramid configuration shall be studied in order to determine which arrangement
shall be the best in terms of power consumption.

The direction of each spin axis can be flipped, but it is defined intentionally, as shown in Fig. 2.9. The
reason why this was defined in such way, relates to the fact that it enables to reduce the perturbations
caused by each motor and simultaneously make a null vector of the torque generated during the stabi-
lization of the RWS around the nominal speed after the switch on of the satellite in orbit. This reason will
be better analysed and understood in the following Sections.

Moreover, it will be implicitly assumed that all the reaction wheels on the spacecraft are identical,
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which is usually, but not universally the case. However, for ECOSat-1ll mission each reaction wheel is

going to be construct exactly in the same way.

(+) Y-axis
RWA #4 _ RWA #1
o) -
(+) X-axis
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-
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A A
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RWA #3 RWA #1

RWA #3 RWA #4
(+) Z-axis

Figure 2.9: Reaction Wheel array in the pyramid configuration [32]

Assuming the configuration aforementioned, see Fig.2.9, it is possible to arrange the applied wheel
angular momentum of the individual wheels in a column vector H,, = [H;H2H3H,)" € ®*, where the
subscript W denotes the n-dimensional wheel frame. The transformation from the wheel frame to the
body frame is given by the 3 x 4 distribution matrix W, whose columns are unit vectors in the body frame
w;, along the spin axes of the wheels [36]:

W = [w1, ..., Wa)3x4 (2.15)

Thus, the total angular momentum generated by the RWS is H; € R and are related with the angular

momentum of each individual wheel according to

H, =WH,, (2.16)

and the torque relationship can be written as

T, = WT,, (2.17)

where T; € ®? is the total torque and T, = [T}...Ty]T € R* is the torque vector of the wheel array. Thus,

assuming the specific configuration shown in Fig. 2.9, the distribution matrix W can be expressed as,
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cosBicos Py —cosPicosfBy  —cosfPBicosPy  cos P cos P
W = —sin ,62 sin BQ —sin ﬂg sin ,62 (21 8)

—sinfBycosfBy —sinPicosPy  sinfBycosPe  sin [y cos Po

Based on the transformation matrix, W, presented in Eq. 2.18 it is possible to determine the velocity
each wheel should rotate in order to maintain the required angular angular momentum of the satellite
during a specific manoeuvre.

It will be assumed all the angular momentum generated by the RWS is transmitted to the satellite.
As it was already specified the major variation on the angular momentum will occur above the Island of

Vancouver, as mentioned in Chapter 1.

2.3.2 Power analysis

After defining the pyramid configuration as the one that is going to be used, the goal is now to find the
optimal angle 5; and 3, that minimizes the power consumption.

This configuration will be optimized for the manoeuvre above the Vancouver Island. In this, the y-axis
of the RWS should be aligned with the body y-axis of the satellite, since this is the axis, over which the
system shall have the biggest manoeuvrability.

The variation of the total angular momentum of RWS is determined by integrating the torque that
shall be delivered to each axis of the satellite (see Chapter 1) over the manoeuvre time, which takes
approximately 400 seconds.

Thus, the variation of the total angular momentum generated by the RWS during the manoeuvre
above Victoria, BC, should be AH,; = [4.88 x 107%;1.091 x 1073; 4.88 x 10~*] Nms. The values for AH,_
and AH,_ correspond to the variation of the total angular momentum if only the external perturbation
torques were considered acting on these axes during the aforementioned manoeuvre.

Based on the variation of the total angular momentum it is possible to determine the angular momen-

tum variation of each individual wheel,

AH, =W'AH,, (2.19)

where the superscript  denotes the pseudo-inverse matrix of W. It was assumed that each wheel had
an initial rotational velocity of 18400 rpm. By knowing the variation of the angular momentum of each

wheel, it is now trivial to determine the final rotational velocity of each wheel,

AH, = Awy Iy, (2.20)

where I, = [I;...I,]T € ®* which corresponds to the inertia momentum of each wheel around the spin
axis. By using the relations developed in Section 2.1.3 the power consumption was determined for

different values of 5; and 3,.
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In sum, the determination of the power consumption was done by using the variation of the total
angular momentum. Based on that, it was possible to determine the final angular velocity of each wheel
assuming the simplified DC model described in Chapter 1, which are related with the necessary voltage
to be provided to each motor. Several simulations to different 8; and g2 angles were performed in order
to determine the configuration that generates the lowest power consumption, see Fig. 2.10.

Based on the graph presented in Fig. 2.10 it was possible to conclude that the best configuration

which minimizes the power consumption for the required manoeuvre implies that 5, = 45° and 5, = 60°.
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Figure 2.10: RWS power neglecting the electronics power consumption as function of the skew angle.
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Chapter 3

Reaction Wheel Internal Disturbances

Disturbance torques and disturbance forces acting on the motor are of special concern because they
potentially have a great impact on other subsystems too. There is also other concern that should be
considerered which relates to the fact that the RWS could not be perfectly aligned with respect to the
satellite’s principal axes. This misalignment does not result in periodic disturbances and its effect can
be described as a torque off-set [23]. However, its analysis shall be made after the conclusion of the
structural design and setting its location inside ECOSat-IIl, which was not yet defined. Nevertheless,
along this thesis it was assumed to be in the center of mass of the satellite.

Hereupon, in this Chapter only periodic disturbance forces and torques from the RWS are going to

be discussed, since this would be more severe and difficult to control, if necessary.

3.1 Sources of disturbances

There are two main disturbances that may affect the dynamics of the RWS. Both of them should be
analysed in order to determine if they can disturb the entire system and finally a method to solve this
disturbances will be analysed if it has a visible impact on the satellite performance. The main sources of

this internal disturbances are [23],

¢ Axial play in the shaft of the motor. From the specifications of the selected COTS motor -
FAULHABER 1202 004 BH, the axial radial play in the motor axle, d,;4,, Will have a value of 0.011
mm at the bearing exit. Again according with the specification the distance between the origin
of the motor and the bearing exit, dycqring iS @about 0.074 mm. Thus, according to this data the

maximum deflection of the motor’s shaft is given by,

fuzte = tan (f’“’) (3.1)

bearing

¢ Flywheel manufacturing tolerances. Its impossible to create a perfect manufactured material
with a uniform density distribution. Thus, it will be assumed that the center of mass of the real fly-

wheel will have a shift in relation to the perfect model. This shift for simplicity is going to be caused
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due to tolerance manufacturing errors. The errors caused by a non-uniform density distribution of
the material that compose the flywheel is going to be neglected. Hence, the density distribution is
going to be considered uniform. This manufacturing error will be represented by an angle which
correlates the tolerance in the width of the rim with the deflection of the center of mass [23]. This

angle is obtained assuming a variation in the flat feature of d;serance = 0.01 mm

Biman = tan (M) (3.2)

Twheel

The following Fig.3.1, shows how the sources of this internal disturbances will deflect the flywheel

relatively to a perfect RWS model.

Figure 3.1: Deflection angles representation due to internal disturbance torques sources in the Reaction
Wheel

This deflection of the rotation axis will create a torque that is going to act in the RWS. This torque
is caused due to the gyroscopic effect and it should be analysed how the magnitude and the frequency
of the generated torque will be reflected in the response of the all system. In this Chapter it will be
assessed the effect these error angles may have in the RWS. The major objective to compute is the
resulting worst-case accelerations of the flywheel with respect to the origin of the body-fixed motor

reference frame.

3.2 Induced disturbances

3.2.1 Mathematical representation

The objective here is to assess the acceleration of the flywheel center of gravity in the body-fixed refer-
ence frame. Thus, the position vector of the flywheel center of gravity, !, expressed in the body-fixed

motor reference frame is given by,
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pM _ M | pM/Rr

w o w?

(3.3)

where rM is the position vector from the body-fixed motor reference frame origin to the origin of the rotor
reference frame. The motor reference frame origin is considered to be in the geometric center of the mo-
tor’s cage, 1.e. 0.74 mm above its base and the origin of the rotor reference frame is considered to be 1
mm above the base of the motor shaft. Assuming this, 7 = [0; —2,51n(04z1c ); 20c08(0azic)], Where z, =
1.74 mm is the distance to the flywheels base relative to the origin of the motor reference frame. The vari-
able r! is the position vector from the origin of the rotor reference frame to the flywheel center of mass
expressed in the rotor reference frame. This vector is written as, r!, = [0; —z4,8in(0man); 2wc08(Oman)],
where z,, = 2.477 mm is the distance from the origin the rotor reference frame (flywheel’s base) to the
flywheels center of mass. This value was obtained using ANSYS Workbench. The rotation matrix RM/%

transforms a vector expressed in the rotor reference frame in the motor reference frame.

1 0 0
R]\/I/R =10 cos eamle —sin eamle (34)

0 sinfuze  €coSOuzie

Nevertheless, it shall be consider that the motor is rotating around its Z-axis with speed w, which
will affect the temporal evolution of the acceleration vector in the motor reference frame. Thus, a time-

dependent transformation matrix R~* shall be added to Eq. 3.3.

coswt sinwt 0
R*" = | —sinwt coswt 0 (3.5)
0 0 1

This means Eq. 3.3 shall be re-written as

TM — Téw _"_RM/RthTT (36)

w w*

The instantaneous velocity of the flywheel center of gravity with respect to the motor origin is obtained

by taking the derivative of Eq. 3.6:

,  drM , : , -
oM = % =M L Q x M 4 RM/RRuwir 4 ) x (RM/RRw,T ). (3.7)

Thus assuming that 7+ and 77 are fixed in time within their respective reference frames, Eq. 3.7 can

be simplified to:

oM = Q x M 4 QO x (RM/ERYT ) = Q x rM, (3.8)

The instantaneous acceleration of the center of gravity in the body-fixed motor reference frame can

then be expressed by taking the first derivative of Eq.3.8
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M dv{‘f
w fr—

yT =OxrM 4 QxiM L QxQxrM, (3.9)

a

Since 7 is fixed in time, Eq. 3.10 will be simplified as,

dv]% .
aM = d;fU =QxrMpraxQxrM (3.10)
where,
0
Q= | —wsinbuze | » (3.11)
w cos eaar:le
0
Q= | —wsinbuze| - (3.12)
w oS Oyzie

Again, assuming that the origin of the motor reference frame is the pivot point of the motor axle, the

angular acceleration can be easily defined by

M _ M _M
Qo =Ty Ay - (313)

Disturbance torques
With the disturbance force applied on the flywheel center of gravity, the disturbance torque, 7/, acting
on the motor reference frame origin can be calculated,

Tfw _ MM

w w 7

(3.14)

where IM represents the inertia tensor of the flywheel w.r.t. the body-fixed motor reference frame.
However, there is only data available for the moment of inertia tensor of the flywheel w.r.t. the body-fixed
flywheel reference frame. Thus, a transformation of the inertia tensor shall be considered. For simplicity

the moment of inertia of the motor will be neglected. This implies that,

IM — RJ\/[/Rth RR/f'wI w RR/f'w t + I RM/Rth t +ITM, (315)
w f w >

where Iy, is the diagonal inertia matrix in which its components were determined in Section. 2.2.4;
RE/fw is the transformation matrix that transforms the inertia tensor expressed in the flywheel’s refer-
ence frame in the rotor reference frame; I, is the additional moment of inertia due to the translation of
the reference frame from the flywheels center of mass to the rotor reference frame and similarly 7,.. is
the additional moment of inertia due to the translation of the reference frame from the rotor reference

frame to the motor reference frame. The index ! denotes the transpose matrix.
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According to Eq. 3.14, it is easy to conclude that the magnitude of the disturbing internal torque is

proportional to the rotational speed of the wheel (see Fig. 3.3).
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Figure 3.2: Magnitude of the disturbing torque as function of the velocity

It was verified, this magnitude as expected increases with the rotational speed of the flywheel. It was
also possible to conclude that the disturbing torques caused by the axial play on the shaft of the motor
and due to imperfections on the manufactured flywheel, will generate a harmonic disturbing torque two
orders of magnitude bigger than the required torque needed to control the satellite (see Fig. 3.3, which

describes these disturbing internal torques for a rotation speed of 18400 rpm).
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Figure 3.3: Internal disturbing torques caused by one wheel rotating at 18400 rpm. (Red, Blue, Green) -
disturbing torque component in the X, Y, Z direction in the body-fixed motor reference frame, respectively

From the data expressed in Fig. 3.3 it was possible to conclude that the magnitude of the torque in

the X and Y direction is two orders of magnitude bigger than the disturbing torque on the Z directions.
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Nevertheless, the disturbances on the Z direction shall not be, in any case ignored, since it will have an

impact on the torque/speed curve despite the harmonic characteristics of the disturbance.
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Figure 3.4: Torque/speed curve of the motor without the flywheel (blue) and respectively the upper (red)
and lower (blue) torque/speed bound considering the flywheel

In Fig. 3.4 it was shown the maximum and the minimum limits of the torque in the torque/speed curve
in order to verify the possible variation on the results expected with and without the flywheel coupled on
the selected motor.

This lower and upper bounds should be later verified through experiments. However, this topic here
discussed shows that the coupled flywheel will definitely influence the motor response. It was also
verified that the value of dso1erance Will have an huge impact on the magnitude of the disturbing torque
generated, meaning that higher manufacturing precision, 1.e. smaller tolerances, will cause a reduction
in the magnitude of the disturbing internal torque. By intentionally neglecting this problem, it will be later
shown that the internal disturbing forces acting on the RWS will have a negligible impact on the satellite.

This means that no higher manufacturing tolerance precision would be needed.

Then, the modulation of the all RWS internal disturbances, and consequently the definition of its
dynamics, become more complex. This is not only caused due to unpredictable behaviour (which is not
going to be considered in this thesis), but also due to the difficulty to determine the initial phase of each
disturbance component induced by each wheel.

Despite having uncertainties about the phase of each initial disturbing torque, a simple modulation
can be done assuming a random shift on the phase between each disturbing torque component. Based
on the optimum RWS configuration it is possible to determine the induced torque on each axis of the
body-fixed satellite reference frame by the RWS.

Assuming perfect conservation of the angular momentum, all the torque generated by the RWS will
be transferred to the satellite.

To assess the impact of the disturbance torque on the satellite the maximum angular displacement

32



relatively to its desired pointing position, caused by this internal disturbances, shall be determined.
Thus, the angular displacement around the y+ axis w.r.t. the satellite’s body-fixed reference frame
shall be determined, since any angular displacement around this axis will have a bigger impact on
the satellite pointing precision than the angular displacement generated around the other axes. First
the total disturbance torque is converted into corresponding angular acceleration vector of the satellite,
assuming all the torque generated by the RWS was transferred to the satellite. The double integration
over time of this parameter will assent to determine the maximum angular displacement, d.,;, relatively
to the pointing position that the satellite will suffer when the RWS is activated and the wheels rotate at a

certain speed,

5mt://(1b)*1wadt. (3.16)

To verify this disturbances it is going to be assumed that all the reaction wheels are rotating at a
random speed, between 5000 and 20000 rpm. Assuming the previous described operating mode, and a
random value for the phase perturbation component of each wheel, it is possible to draw a scheme of
the angular displacement of the satellite around the y-axis w.r.t. the satellite body-fixed reference frame
(see Fig. 3.5).

5 %10

Angular displacement [rad]
=]

1 1 L | | 1 1 1 1
] 0.05 01 0.15 02 0.25 03 0.35 04 0.45 0.5
Time [s]

Figure 3.5: Angular displacement of the satellite around the y-axis w.r.t. the satellite body-fixed reference
frame

3.2.2 Modelled results

The results obtained in this section have showed that despite their significant magnitude, these distur-
bances are not likely to affect the mission performance. The disturbances induced by the RWS greatly
exceed the required maximum value and their amplitude is directly related to the reaction wheel rotation
speed. At 18400 rpm the calculated amplitude of the resulting disturbance torques is in the order of mag-
nitude of 10~2 Nm, whereas the maximum external disturbance torques are in the order of magnitude of
1076 Nm.

Then, a first analysis may lead to conclude that the internal disturbances caused by the RWS will
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make its use impossible. Nevertheless, since the disturbances originated by the RWS are periodic, the
absolute impact on the satellite attitude will be negligible. This is confirmed by Fig. 3.5, which shows that,
at a random velocity of rotation for each wheel, the impact of the angular displacement of the satellite
relatively to the desired point can be negligible. Moreover, the pointing precision required for ECOSat’s
mission is approximately 2°, which is bigger than the maximum oscillation induced in the satellite by this
disturbing internal forces - about 10~2 degrees, meaning there is no need to increase the controllability

of this system. This confirms that the effect of this disturbance forces can be considered negligible.
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Chapter 4

Control of the Reaction Wheel System

BLDC motors have been used in different applications, such as industrial automation, automotive,
aerospace, instrumentation and appliances since 1970’s [37]. BLDC motor is a type of DC motor where
its commutation is done electronically instead of using brushes. Therefore there is a need of less main-
tenance. Moreover, electronic commutation technique and permanent magnet motor cause BLDC to
have immediate advantages over brushed DC motor and induction motor in several electric applications
[38].

In this section the overall system model is going to be explored, as well as its response to a desired
input. Subsequently a close-loop PID controler will be designed. The designed model shall be integrated
on the Attitude Control and Determination System (ADCS) of ECOSat-lll. Then, a fast and precise torque
and velocity control is the major objective for the RWS.

BLDC motor has more complex control algorithm compared to other motor types due to electronically
commutation [37]. Therefore, accurate model of motor is required to have complete and precise control
scheme of the BLDC motor. To design a BLDC motor drive system, it is necessary to have a motor

model that gives a precise value of torque which is related to the current and back-EMF [39].

4.1 Motor operating principle

A BLDC motor can be also referred to as an electronically commutated motor. There are no brushes on
the motor and the commutation is performed electronically at certain rotor positions. The magnetization
of the permanent magnets and their displacement on the rotor are chosen in such a way that back-EMF
shape is trapezoidal. Thus, the three-phase voltage system, which as a rectangular shape, will create a
rotational field with low torque ripples. This, in a certain way means that the BLDC motor is equivalent to
an inverted DC commutator motor. In that the magnets rotates while the conductors remain stationary
[38]. In a DC commutator motor the current polarity is reversed by the commutator and the brushed.
However, in a BLDC, which has no brushes the reversal of polarity is performed by semiconductor
switches which must be switched accordingly with the rotor position, using for that the signals originated

by the integrated hall sensors [40].
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Figure 4.1: Simplified electrical circuit of a BLDC motor

4.1.1 Equation of motion

A BLDC motor can be modulated in a similar manner as a three-phase synchronous machine, but since
there is a permanent magnet mounted on the rotor, some of their dynamic characteristics are different
[38]. A modelling based on an abc phase variable is more convenient for this motors than using d-q axis

[37]. Nevertheless, some assumptions should be made to the model in order to simplify it:

e Magnetic circuit saturation is ignored;
e Stator resistance, self and mutual inductance of all phases are equal and constant;
e Hysteresis and eddy current losses are eliminated;

¢ All semiconductor switches are ideal and no losses are going to be considered;

Then, the voltage equation of a BLDC motor based on Fig. 4.1 can be expressed as:

di,

v, :Ria—s—Lé—s—Ea, (4.1a)
i

v :Rib+L%+Eb, (4.1b)
) di.

X/CZRZC-FLE—FEC, (410)

where L is the armature self inductance [H]; R is the armature terminal resistance [Q?]; V., V,, V. are
the terminal phase voltage [V]; i4, i, and i, are the motor input current [A] and E,, E, and E. are the

back-EMF voltage of the motor for each phase.
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In a three-phase BLDC motor, the back-EMF is function of the rotor position and the back-EMF
voltage of each phase has 120 deg phase different angle difference so equation of each phase should
be,

€a = kuwf(0e)w, (4.2a)
ep = kyf(0e — 27/3)w, (4.2b)
ec = kyf(0c +2m/3)w, (4.2¢c)

where k,, is the back EMF constant of one phase [V/rad.s ]

The electrical,d., and mechanical,d,,, rotor angle can be related by,

0, =2, (4.3)

Moreover the f(6.), which is the back-EMF reference function which has trapezoidal shape and

maximum magnitude of +1 can be represented by,

1, if0 <0, <2n/3
1—%(6. —2n/3), if2n/3<6.<m

f(0e) = (4.4)
-1, if 7 <6, <57/3

—1+ £(0 +57/3), if5r/3 <0 <2m

The total electromagnetic torque output can be represented as the summation that of each phase,

Te = Ta + Tb + Tc7 (45)
where,
Ta = Ktiaf(ee)v (463)
Tb = Ktibf(ee - 27T/3)v (46b)
T. = Kyief(6. +27/3), (4.60)

The mechanical dynamic equation of the motor can be now correlated with the electromagnetic

torque,

Thus, the mechanical torque provided by the wheel can be expressed by the following equation,

Te—-T;,=J—— + Bwpm, (4.7)



where J is the moment of inertia of the motor coupled with the moment of inertia of the flywheel [kg.m?];

B is the dynamic frictional torque constant [Nm/s] and T; the load torque

Friction Model

A critical point is that, depending on lubrication regime, different surface interaction mechanisms occur,
certainly leading to distinct wear and friction responses. In most cases, friction and lubrication relation-
ship is characterized with basis on nV/W (oil viscosity x sliding velocity /normal load) factor in a curve
called Stribeck diagram, which requires experimental data to determine the friction coefficients [41].
Accordingly to the manufacturer data the friction model to be applied is will be based on a model
which assumes the Coulomb friction. The Coulomb friction coefficient is a static force that is slightly
higher than motive force when two materials are at rest while in contact with each other [42]. Assuming

this as the basis friction model, the friction torque can be described as,

Cy, ifn>0
Ti=4q—-Cy, ifn<0 (4.8)
0, ifn=0

These are reasonable models of friction that could be applied. However, some of the torques gener-
ated during near zero rpm are only one order of magnitude smaller than the required torques and have
a very random and non-linear behaviour. For this reason it is not preferable for the RWS to operate near
the zero rpm. This behaviour can cause considerable attitude errors, and shall have great consequences
in the performance of the assigned tasks. Moreover, if the wheels are kept in low rpm range for long,

there might be some impact on the wheels reliability [32].

In some actual space programs, specially those involving imaging satellites, the interruption of an
imaging mission due to wheel speed zero-crossing should be avoided. Thus, it shall be found an agree-
ment between the reliability and the agility of the RWS. Since this spacecraft is a Cubesat the agility of
the RWS does not have priority above the reliability. For such cases, the wheels should be forced to
operate only within the half of the speed range without a sign change, 1.e H; € [Hpin, Hmaz] [32]. This
scheme is also implemented by setting the nominal speed to half the maximum speed, as considered in
Chapter. 1. The value for H,,;, was defined based on the speed below which the RWS starts to lose its

non-linear behaviour. This speed was defined as 600 rpm according to the manufacturer.

4.2 Open-loop response

After defining the modelling equations of a BLDC motor a open-loop response analysis shall be made
in order to determine the expected results. Unlike a brushed DC motor, the commutation of a BLDC
motor is controlled electronically. It should be also considered that a BLDC motor is fed by a three

phase MOSFET based inverter, as it can be seen in Fig. 4.1. In this thesis, since there is no information
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available about the three-H bridge drive that is going to be used, all the losses in the commutation are
going to be neglected. The gating signals for firing the power semiconductor devices in the inverter is
injected from a hysteresis current controller which is required to maintain the current constant with the

60 deg of one electrical revolution of the motor. This can be obtained using the signals from the hall

sensors,
Rotor position (6.) [deg] | H1 | H2 | H3 | Switch closed

0—60 1 0 0 Q1 Q4

60 — 120 1 1 0 Q1 Q6

120 — 180 0 1 0 Q3 Q6

180 — 240 0 1 1 Q3 Q2

240 — 300 0 0 1 Q5 Q2

300 — 360 1 0 1 Q5 Q4

Table 4.1: Six step switching sequence for commutation

In every 60 deg of rotation, the hall sensor changed its state and each combination of hall sensor
states represents a specific rotor position. The BLDC motor uses six step inverter operation for commu-
tation part. This six-step commutation is a relatively inexpensive and cost-effective feedback, where only
two windings are energized at a time. Each step rotates at 60 electrical degrees, which six paths make a
full 360 degree rotation, meaning only a full 360 degree loop is able to control the current. Consequently,
is possible to determine which switches of the MOSFET based inverter are going to be closed in order

to modulate the three phase signals. A scheme of the BLDC motor can be observed in Fig. 4.2.
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o
a
8
a

2
! .

a
UI@ g@

= pRY mempneted MATLAE
LAB | Functioni

..a

a
2

)
2
B

Here the simulink model has the V,, V, and V,, 1.e. the terminal phase voltage of the motor as

input, as well as the load torque caused by the static friction due to surface interaction mechanisms,
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as explained in the previous frictions model. The block named MATLAB function1 is responsible to
determine the signal of the back-EMF reference function according to the mechanical motor angle, see
Eq. 4.1.1. The simulink block named as MATLAB Function2 is responsible to determine the signals each
hall sensor is going to generate in order to perform the six step switching sequence for commutation.
In order to simplify the commutation and assuming no losses in the 3-phase H bridge, a full simulink

scheme for the brushless DC motor can be designed, see Fig. 4.3
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Figure 4.3: BLDC motor drive block

The open loop response of the motor with the designed flywheel can be verified in Fig. 4.4. The
input variable is the voltage, which in this case was 2.1 V. As previously determined, see Chapter 1, this

voltage input will induce the motor to rotate at a velocity of 18400 rpm.
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Figure 4.4: Open loop response for an input voltage of 2.1 V

It was also verified that if the value of the static friction torque suffers some deviations form the
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value specified by FAULHABER the response of the motor for that input will suffer significant changes.
Moreover, this value is expected to be modified, based on the fact that the actual lubricant shall be
replaced by a vacuum proof lubricant.

Assuming the lubricant is going to be modified the final static and dynamic friction coefficients can be
very different from the tabulated values. Thus, a change in the model parameters shall be made in order
to adjust the open loop response of the motor. Nevertheless, the aforementioned model is prepared to

assume this alterations, and no significant changes, except in the model parameters, have to be made.

4.3 Model validation

In the previous section it was presented a model for a three phase motor that is going to be integrated
on the simulation of the ADCS of the satellite in a future phase of the project. In the current phase only
a simplified DC motor is going to be considered [43], see Section 4.4. Moreover, the BLDC model shall
help to understand the response of the motor to several inputs and determine if the selected actuator
components are the desired ones in order to fulfil ECOSat’'s mission objectives.

National Institute of Technology Karnataka, NITK, India, developed a simulink simulator for a brush-
less DC motor [44, 45]. This model developed by this faculty team are going to be the basis to validate
the simplified model designed in this thesis. To test and validate the previous model a step-size of 0.1 s
and an automatic solver selection in both simulations was used. As a matter of fact, the complex model
developed by the NITK has a simulation time bigger than the one developed in this thesis. Moreover,
only mybldc block was used and an adaptation of the commutation drivers were made. In the model de-
veloped by NITK the inductance of the motor was neglected contrary to the developed model. This was
considered in order to simplify the simulation and decrease the simulation time. Moreover, this model is
based in a state-space modelling, which was easily defined based on the information presented in the
User Manual [45]. The following figure, shows the results for the motor rotational speed over time, for a
voltage input of 2.1 V. As observed, the response is extremely similar to the one presented in Fig. 4.4,

which is the motor’s response using the BLDC model developed in this thesis.
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Figure 4.5: Open loop response for an input voltage of 2.1 V' - using NITK adapted model
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Hereupon, it is possible to conclude the aforementioned model for a BLDC motor developed in this
thesis represents a reliable and correct model of the motor that is going to be used in order to charac-
terized the RWS.

4.4 Model implemented in the ADCS

For the ADCS there is no need to observe and analyse the commutation process and the internal
currents that flows throughout the BLDC motor. The only important factor was to implement as far as
possible the simplest model that gives reliable and realistic output results. This can be achieved by
implementing a simplified common DC motor model. Thus, in the ADCS in order to test the overall
satellite control system a Simulink model of a DC motor (see Fig. 4.6), based on the Newton’s law
combined with the Kirchhoof’s law for the DC motor was considered.

d*0

9
27 5Y — Eypni 4.
Tz B+ Co = ki, (4.9)

1 rimv oY

o o (4.10)

Now, by using the Laplace transform, Eq. 4.4 and Eq. 4.4 can be written as:
Js%0(s) + BsO(s) = kmi(s), (4.11)
Lsi(s) + Ri(s) = V(s) — kest(s), (4.12)

where s denotes the Laplace operator. Hence, the following block diagram for the DC motor can be

construct,
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Figure 4.6: Simplified DC model

It was also verified that for the simplified DC motor model the output response are similar to the re-

sponses generated by the BLDC motor model. This model is going to be implemented in the preliminary
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ADCS simulation, due to its simplicity and since there is no need to increase the simulation time in order

to analyse the commutation process and observe the current flows.

4.5 Close-loop controller design

PID control is the most general form of feedback control. In the feedback vector of a BLDC controller
often both the rotation speed and the current are included. The objective here is to decrease the costs
of the launch by reducing the satellite’s mass and also by decreasing the quantity of electronic material
that should be used. Moreover, since the highly miniaturized drive electronics may leave no room space
for components to measure the current, in order to suppress this problem the feedback vector contains
only the rotation speed [23].

Selecting a motor with integrated sensors, in this case hall sensors, which will enable the system
to determine the rotation speed of the motor is definitely one advantage to consider. Thus, the BLDC

control consists of two elements [23]:

e Commutation control: As introduced commutation is actively executed by the drive electronics.
Commutation control is required to ensure that the applied voltage is at all times applied over the

proper set of stator electro coils for effective actuation of the motor.

e Control available power: In general it is not desirable for a motor to continuously deliver the
maximum torque. Therefore, a PID controller shall be implemented over the input voltage to control

the power available to the motor. This will also enable to control the velocity of the motor.

In this chapter it will be developed a controller to regulate the available power, which on its turn
controls the torque of the motor. The commonly used PID control is implemented so that the supply
voltage and thus the torque can be regulated. Using a typical representation of PID control the controlled

voltage can be expressed as,

de(t)
dt ’

u(t) = Kpe(t) + K; /Ot e(t)dt + K4 (4.13)

where u(t) is the voltage that is applied over the motor, e is the rotation speed error, K, is the propor-
tional gain, K is the integral gain and K, is the derivative gain. e can be expressed in terms of the

instantaneous rotation speed n and a reference rotation speed n,..; using the relation

P (4.14)

The biggest issue to define the parameters and the gains of the PID controller relates to the fact that
sometimes the searching for a simplified transfer function that could modulate the system can not be so
transversally known. In this case it is important to make use of non-parametric techniques in order to
tune the system response to a specific input.

There are several non-parametric techniques that can be used in order to tune the PID. One of the

most old and used methods was developed by Ziegler and Nichols and published in 1942, and is widely
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used by controller manufacturers and process industry. The method is based on the determination of
some features of process dynamics [46]. The controller parameters are then expressed in terms of the
features by some simple formulas [47].

The determination of this parameters were based on the step-by-step response method [46]. It
was verified after applied this method and also by using manual tuning for corrections that, K, = 9.7;
K; =0.67 and K, = 0.4. This gains provided the desired responses for the RWS computational model,
with a transient phase taking less than 3 s. The following figure, Fig. 4.7, represents the Simulink scheme
of the close-loop model for this actuator that is going to be implemented in future simulations of the RWS.

Here the torque input vector [1 x 1], T;, corresponds to the torque one shall generate around the
z-axis direction w.r.t the fixed-body motor reference frame. This torque is then converted into the desired
angular velocity of the wheel. The input parameters of the PID control corresponds to the desired
velocity that was integrated from the desired torque, as well as the feedback angular velocity variable, w; .
Moreover, the system shall start with a nominal velocity of 18400 rpm, which is also an input parameter
of the PID control, generated by a step block, whose step time variable is ¢ = 0 s.

After the PID control block a saturation block was implemented, in order to prevent the motor from

damage, by avoiding voltage overload.
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Figure 4.7: PID simulink block

It will be further explored in the overall system, but adding a low-pass filter to the system was nec-
essary in order to reduce the noise generated by the time-derivative block used to determine the torque
from the angular speed. It was observed that a simple second order low-pass filter with a low pass
band frequency of 2.4 rad/s would be enough in order to get the desired results, without increasing the
transient step time delivered by the actuator. The parameters of the low-pass filter, namely the low-pass

band frequency were determined by using manual tuning of the response.

As previously mentioned the nominal rotational speed of each wheel shall be 18400 rpm, which im-
plies that in the beginning of the simulation, torques bigger than the ones expected for a pre-determined
orbital manoeuvre may exist. The same shall occur in the real system. For the aforementioned RWS it

shall be possible to simulate the start of this initial phase, when the system is switch on, and determine
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how it will affect the satellite, before the stabilization of the system in its nominal velocity.
The filtered results for the torque generated by one of the wheels in the Z-axis direction w.r.t the body-
fixed motor reference frame are presented in Fig.4.8. As observed in Fig. 4.8 it takes approximately 20 s

for the torque delivered by each motor to stabilized after it was switch on.
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Figure 4.8: Torque generated in the Z-axis direction w.r.t the body fixed motor reference frame

This initial oscillation on the torque delivered is caused by the initial stabilization on the velocity of
the wheel, since after the switch on of the motor it shall acquire a nominal angular velocity of 18400 rpm,
which may take some time until it reaches the stable state. During that time there is an oscillatory torque
which generates a torque magnitude two orders bigger than the torque needed to be provided by each
motor in the axial direction in order to control the satellite during its manoeuvres.

Intuitively, this could lead to an unpredictable effected on the initial attitude of the spacecraft. How-
ever, the way how the pyramid configuration is rearranged as it will be seen, will neutralized this oscilla-
tory torques right after the switch on of the system. Thus, it shall be expected a negligible effect on the

satellite caused by this initial torque.

4.6 Overall system simulation

In the previous section it has been shown the response of an individual motor. Nevertheless, as it was
presented in Chapter. 2, the RWS is going to be composed by four independent motors rearranged on
a pyramidal configuration.

Based on the assumptions previously described it is now possible to create a valid model of the
overall system. This actuator will have an input a [3 x 1] vector, which corresponds to the required torque

that shall be applied to each axis in the satellite’s body-fixed reference frame, T;,,. The variable T,,; is a
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[3 x 1] vector which corresponds to the real torque delivered by the actuator to the satellite.

A schematic representation of the RWS model can be seen in Fig. 4.9. Inside each RW block there
is the overall model of the each motor and respective flywheel. Both matlab functions are responsible to
convert torque vector, T;,, in the torque each wheel should delivered.

The transformation from the wheel body frame is given by the 3 x n distribution matrix W, already
mentioned. This means that in MATLAB Function1 a pseudo-inverse of the mentioned matrix shall be

used, in order to determine the torque vector of the wheel array.
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Figure 4.9: Overall RWS simulink block

In order to test and verify the behaviour of the actuator to the input responses a simulation analysis
was performed. Accordingly to the satellite requirements and to the calculations already performed the
minimum torque that shall be delivered around the y-axis of the satellite w.r.t. the body reference frame
above Victoria shall be T, = 6.8 x 107% Nm. It is difficult to estimate which torque is necessary to
apply to the X and Y-axis, since only the upper bound of the perturbation torques caused by external
factors were defined. Thus, it is going to be conjectured that the necessary torque needed will have a
magnitude similar to the upper bound torques defined by the external perturbation forces. In sum, it will
be assumed for the simulation a constant value of 7,, = T, = 2.33 x 10~% Nm will be considered.

In this simulation to have more realistic results the update rate of the actuator variables will have a
step size of 0.1 s, which will be the update rate of the real system to be implemented in ECOSat-lII.

The results obtained for the torque delivered by the actuator to the y-axis w.r.t. the satellite’s fixed-
body reference frame to the aforementioned input step at ¢ = 50 s can be consulted in Fig. 4.10. The
input step is performed at ¢t = 50 s in order to assure that each wheel was already rotating at its nominal
speed by the time the step input was imposed.

This results were obtained without the implementation of the low-pass filter already mentioned, in

order to see how the noise generated by the derivative block will affect the response of the overall
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system.
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Figure 4.10: Torque generated in the Y-axis direction by the overall RWS w.r.t. the satellite’s body-fixed
reference frame - filter off

It is also possible to verify that the initial oscillatory torque produced by each motor was suppress
when considered the overall system, as it was expected due to the creation of a null space torque vector
caused by the way how the spin axis of each wheel are oriented in the pyramid configuration. Moreover,
based on the results obtained it is possible to conclude that for a torque magnitude in the order of 10~
Nm the noise generated will not have a negligible impact in the obtained response. This justifies why
the use of a low-pass filter is important in order to obtain more accurate results. After applied the filter
to the RWS, the following results were obtained, see Fig. 4.11
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Figure 4.11: Torque generated in the Y-axis direction by the overall RWS w.r.t. the satellite’s body-fixed
reference frame - filter on

It is also important to determine and verify the changes in the rotational speed for each wheel.

The following Fig. 4.12 shows how the rotational speed of each will evolve during the aforementioned
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manoeuvre.
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Figure 4.12: Angular velocity of each wheel [rpm] as function of the simulation time. (Brown - RWA #1;
Red - RWA #2; Green - RWA #3; Blue - RWA #4

It is noted an harmonic oscillation around the nominal rotation speed of each wheel in the beginning
of the simulation, which is caused by the switch on of the system. This oscillation will produced an
undesired initial torque. However, as already explained it will be suppress due to the arrangement of the

spin axis of each wheel.

4.7 Saturation of the RWS

The saturation of the RWS is one of the major concerns that should be taken into consideration. The
rapid saturation of the RWS using the standard NASA configuration already mentioned in Chapter.2.3
was one of the reasons that led one to choose the pyramid configuration for the arrangement of the
RWS, which ensures a bigger time until saturation, as well as guaranties the redundancy of the system.
The mean time to saturation will determine the viability of the RWS, since if the RWS saturates in a
very narrow time, there is a constant need to use the magnetorquers to desaturate the RWS. This will
have major implications on the pointing precision, since magnetorquers have reduced pointing when

compared to reaction wheels.

The RWS is projected based on the maximum torque that should be provided by the system. Each
main manoeuvre above Victoria, B.C, takes approximately 400 s to complete. This means that the RWS
should be operational and outside the saturation limits in order to guaranty the maximum pointing pre-
cision, for at least during this time. It is advisable to proceed to the desaturation of the wheel before
this manoeuvre, as well as to start the manoeuvre above Victoria with the wheels rotating at its nominal

speed, in order to increase the speed range available and prevent saturation.
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Along this section a deeper study of the mean time to saturation is going to be considered, not only
in the normal conditions, but also assuming that one of the wheels fail.

The results here presented are going to focus on the mean time this system takes to saturate, assum-
ing that after the saturation of the first wheel, all the other wheels continue to provide exactly the same
torque previously delivered,i.e. each wheel will not increase the delivered torque in order to maintain the
torque vector provided by the RWS.

Thus, after the failure of the first wheel it should be expected a decrease in the magnitude of the

torque vector generated by the RWS.

4.7.1 Mean time to saturation - normal conditions

In normal conditions, 1.e if all the wheels are operational, for the manoeuvre already specified the RWS

will entered into saturation only after 580 s, as it can be seen in Fig. 4.13.
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Figure 4.13: Torque generated in the Y-axis direction by the overall RWS w.r.t. the satellite’s body-fixed
reference frame in normal conditions until saturation

Thus, as expected for normal conditions the time it takes for the system to enter into saturation are
inside the limits, 1.e. above 400 s. This guarantee that the mission objectives and requirements are fulfil,
specially the ones related with the pointing position accuracy because there will be no need to use the

magnetorquers which have reduced precision during this manoeuvre.

4.7.2 Mean time to saturation - failure of one wheel

It is also important to verify if the system takes more than 400 s to reach saturation during the aforemen-
tioned manoeuvre case one of the wheels fail. Considering the failure of the wheel number #1, Fig. 4.14
is obtained.

The initial oscillating torque presented in the beginning of the simulation is related to the fact that the
wheel failure was considered exactly after the switch on of the system. These torques in this case can

not be cancelled, since it is impossible to generate a null total torque vector.
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Figure 4.14: Torque generated in the Y-axis direction by the overall RWS w.r.t. the satellite’s body-fixed
reference frame assuming wheel #1 has failed until saturation

Exactly, as in the normal conditions, one shall assume that a constant torque will be required during
the orbital manoeuvre above Victoria. That step was defined at ¢t = 50 s. As observed in Fig. 4.14, the
system will take approximately 400 s to reach saturation, which is in the boundary of the defined limit.
Nevertheless, this will not derail the RWS project, since this graphs were generated assuming worst
case conditions. This means that the pointing precision shall not be affected, neither if one of the wheels

fail.
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Chapter 5

Mean life estimation

5.1 Mean time to failure

There are several space environmental factors that can cause the failure of a satellite. For instance, the
use of electronic components which can be doped by solar radiation; the impact of micrometeorites; the
failure of the propulsion system and software malfunction are examples of the causes that can induce a
total failure of the satellite. However, the main contributor to satellite failures with 20% of the total satellite
failures in the last 15 years is the RWS [48]. Thus, make a life estimation and increase the durability of

this system is essential for the mission’s success.

5.1.1 Basic Rating Life

There are several factors that can determine if the RWS is going to fail or not. Nevertheless, the reliability
and the mean time to failure, MTTF, of this system is largely dependent on the bearing characteristics
and lubrication of the motor.

Bearing life is an important factor to determine the survivability of the satellite under normal condi-
tions [48, 49]. There are a number of factors involved in the life of the bearings, including the amount of
bearing load the ball bearing is expected to handle. On Earth it is important to know the bearing life of the
ball bearings in order to plane in advance when the replace of the bearing should be performed. How-
ever, in harsh space conditions and more precisely on ECOSat’s mission it is impossible to substitute

the bearing in case of failure. Thus, a rigorous analysis on the MTTF of the bearing should be performed.

According to ISO 281:2007 [50], for an individual bearing, or a group of apparently identical bearings
operating under the same conditions, the life expectancy associated with 90% reliability, with contempo-
rary, commonly used material and manufacturing quality, and under conventional operating conditions is

given by,

C 106
_ (S K
Lo ( >Xn><60><24><365’ (1)
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where, Ly, is the bearing life expectancy [years]; C.. is the basic dynamic radial load rating [N]; P- is the

dynamic equivalent radial load [N] and n corresponds to the rotational speed of the motor [rpm].

Dynamic equivalent radial load, P.

Bearings subjected to primarily dynamic radial loads are usually subject to some axial forces. To interpret
this combined radial and axial load it is convenient to consider a hypothetical load with a constant

magnitude passing through the center of the bearing, P,, see Eq.5.1.1

P, = XF, +YF,, (5.2)

where, F, = 1 N is the radial load and F,. = 0.6 N is the radial load.
Compute the values for X and Y, see Tab.5.1, depends on the ratio F,,/F,; on the number of rolling
elements in a single row bearings, Z = 6; and on the nominal diameter of the ball bearing, D,, = 1 mm.

The presented values for this parameters are specific for the selected motor (FAULHABER 1202BH004)

mle| gxe

- e [ X|Y| X [ Y

0.172 [ 0.19 2.30
0.345 | 0.22 1.99
0.689 | 0.26 L.71
1.03 ] 0.28 1.55
38 [os0] * | O %0 Tas
2.07 | 0.34 1.31
3.45 [ 0.38 L.15
517 | 0.42 1.04

Table 5.1: Value for factors X and Y [50]

Based on the aforementioned table it was possible to conclude that X = 0.56 and Y =, which implies
that P. =2.636 N
Basic Dynamic Radial Load Rating, C.

It is defined as the constant radial load that a group of apparently identical bearings will theoretically
endure for a rating life of one million revolutions. The calculation of the basic dynamic radial load rating
is computed accordingly to ISO 281:2007 [50].

C, = bmfc(icosoz)0'7Z2/3D11U'87 (5.3)

where b,, is the rating factor depending on normal material and manufacture quality, which as a value of

1.3 for radial and angular contact ball bearings [50]; 7 is the number of rows of rolling elements in one

52



bearing, which is 1 for the selected motor; « is the nominal contact angle [°] and its value was provided
by the manufacturer as o = 12° and f. is a coefficient dependent on the shape, processing accuracy
and material of the bearing parts, which can be determined based on the following table that shows the

values of f. for a single row radial bearing,

D%ii;ea fc
0.10 55.5
0.11 56.6
0.12 57.5
0.13 58.2
0.14 58.8

Table 5.2: f. value for radial ball bearings [50]

The value for the pitch circle diameter of the ball set, D,,,, was estimated since there was no available
data with the desired information. It was assumed that D,,, = 7.5 mm, considering the mean diameter
between the cover of the motor and the shaft. By considering the data aforementioned and accordingly
to Tab.5.2, f. = 58.2. Now, by solving Eq.5.1 it is possible to compute the value of the basic dynamic
radial load rating which is C,. = 246 N.

5.1.2 Modified L, formula

Taking into account that both of the aforementioned loads were computed the value for the MTTF, based
on Eq. 5.1.1 can be easily calculated. Assuming that in the majority of the operational time each motor
will rotate at its nominal speed, 1.e. at n = 18400 rpm the value for the basic rating life should be
Lyo = 84.07 years. Nevertheless, this result is based in a general-purpose equation that covers all types
and qualities of bearing making no allowance for specific cases, which may lead to some unrealistic
results as observed. Thus, a modified formula shall be used in order to take into consideration life

adjustment factors for reliability (a,), and operating conditions (as),

Lllo = a1a2L10. (54)

The life adjustment factor for the reliability, a;, recommended by the standards is given below,

Reliability (%) | a;
90 1.00
95 0.62
96 0.53
97 0.44
98 0.33
99 0.21

Table 5.3: Reliability factor [49]

It was decided that for a Cubesat, a reliability of 99% must be considered, since for space applications
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it is fundamental increase the reliability of the the system, due to the high cost of technology that is being
used in this industry, as well as the impossibility of orbital maintenance in case of failure, specially for a
CubeSat.

It is also extremely useful to add the operational conditions, as, in order to determine the bearing life
time, which is not considered in the non-modified formula. The factor a5 is designed to take into account
the thickness of the EHD (Elasto Hydro Dynamic) film relative to the composite roughness of the balls
and raceways, as well as the cleanliness of the bearings, balls, raceways [51] [49]. The value of as is
determined based on the oil film parameter (A), which is the ratio between the resultant oil film thickness
and surface roughness, see Fig. 5.1.
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Figure 5.1: Typical experiment A and rolling fatigue life [51]

Thus, in order to determine a- it is strictly necessary to know the value of A, which can be obtained
using the following equation [51],

A=T-R-A-D, (5.5)

where T is a factor dependent on the bearing type, which for a ball bearing as a value of 1.5 [51]; R is
a factor related with the rotation speed; A is a factor related with the viscosity of the lubricant and D is
related with the bearing dimensions.

Unfortunately there is not enough data available to determine the lubricant characteristics of the
FAULHABER 1202BH004 motor, so several assumption are going to be made in order to compute the
oil film parameter.

The first assumption relates to the type of lubricant that is included in the motor. One of the most
common lubricants are the esters which were developed by the The British Petroleum in 1970 and af-

ter qualified by the European Space Tribology Laboratory (ESTL) for high speed mechanisms in the

54



aerospace industry [52]. Moreover, the selected motor is highly recommended for aerospace applica-
tions. Thus, it should be coherent to assert that diester oil is the type of lubricant used in the selected
motor.

There are several types of diester oil, however determine its viscosity is impossible based on the data
provided by the FAULHABER company. Since, the objective is minimize the value of a; and consequently
the value of A, it will be assumed the RWS motor will have the lowest viscosity for the diester oil, which

is 1 mPa.s. This implies that A shall be 0.03, according to Fig. 5.2.
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Figure 5.2: Term related to lubricant viscosity, A [51]

The second assumption relates to the diameter series of the bearing and also its bore diameter,
d. As already explained the pitch diameter was computed based on the average value between the
diameter of the shaft and the diameter of the cover. As a matter of simplification the bore diameter will
be considered equal to the pitch diameter of the bearing, 1.e d = 7.5 mm.

Moreover, there is no data about the diameter series of the bearing. In order to minimize as it will
be assumed the diameter series of the bearing is 7.5. As it can be seen in Fig. 5.3, there is no data
available for d = 7.5mm, which means the value of D will be based on an extrapolation outside the chart
limits.

Hereupon, it will be assumed that the factor related with the bearing dimensions is D = 0.18.
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The last factor to determine is the one that relates to the rotational speed. By analysing Fig. 5.4 it is

possible to conclude that for n = 18400 rpm, R ~ 25.
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Figure 5.4: Term related to speed, R [51]

Then it is possible to determine the value of A which is 0.28 and based on Fig. 5.1 it is concluded that
as = 0.15.

Thus, the MTTF using the modified Lo formula, see Eq.5.2, can now be updated. This alteration on

the formula in order to give more realistic and reliable results as lower the basic rating life to L}, = 2.3
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years. The value for the basic rating life previously determined ensures that the satellite shall have
success in its 2 years mission. Moreover, the use of four motors in a pyramidal configuration instead of
three motors oriented according each axis in the body reference frame guaranties a redundant system,
and consequently ensures qualitatively the increase of the life span of the RWS.

It is important to understand that the MTTF was determined based on the bearing failure of the
motor, which is the main reason for the RWS failure, but not exclusively the only one. There are other
factors which shall be taken into consideration, namely the fatigue caused on the system during the
launch inside the rocked due to the micro-vibrations or the doping of electromechanical components
responsible to control the torque delivered by the motor. These are only some examples of other factors
that shall be considered in order to obtain a more reliable value for the MTTF of the RWS. Nevertheless,
these other factors were neglected in this thesis, since there is yet any prototype available to perform
such empirical tests. The change in the lubricant to a vacuum prove lubricant will also change the value
in the MTTF. However, there is as yet no data available in order to determine the rate of change this
modification will cause.

Notwithstanding considering other factors, in this Chapter it has been proven that under normal
conditions with a reliability of 99% each motor should survive with no failure during a basic rating life of
two and half years. This confirms once again that the RWS until now projected will be able to undertake

the aforementioned space mission if only bearing failure is considered.
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Chapter 6

Conclusions

In order to improve the pointing capabilities of CubeSats, a fast and precise response control system is
required. Reaction wheels are an effective solution and rely on the simple principle of conservation of
angular momentum, and they can also be developed within the stringent budgets of CubeSats supported
by faculties and private institutions with current technologies.

The objective of the thesis was to develop a low-cost and reliable RWS for CubeSat applications, in
particular to the ECOSat-IIl mission.

Firstly, an analysis of the requirements were made in order to determine the characteristics of the
RWS, as well as to estimate the maximum torque that should be applied by the system, ignoring all
the external perturbation forces, during ECOSat’s principal manoeuvre. Next, the calculation of the
perturbation torques enabled to determine the maximum torque expected to be delivered by the RWS
during its orbital movement. This has allowed to define the upper bound for the expected torque to be
delivered.

Next, the RWS design was presented. An comprehensive market research was done in order to
determine all the available commertial solutions. The FAULHABER 1202 004 BH BLDC motor was
selected due to its performance characteristics suitable for the proposed mission. The determination
of the nominal speed of the motor, as well as the range of rotational velocities for each wheel was
quantified.

Following the motor selection, an optimization of the disk-rim flywheel design was performed based
on the minimization of its mass and radial stress. The process developed for the design of the flywheel
can be applied to other industrial applications as well. The optimal RWS configuration to minimize the
power consumption was also obtained. This analysis led to the conclusion that a pyramid configuration
would be the best trade-off between the system’s redundancy and its power consumption.

An extensive analysis of the torques caused by the internal disturbances, where the main sources
are the axial play in the shaft of the motor and the flywheel manufacturing tolerances, has proved to
have a negligible effect on the satellite reliability.

A new simplified model for a BLDC motor was also designed. The aforementioned model was the

basis for the overall RWS model, which will be further implemented in the ADCS model already during

59



the development phase. Nevertheless, for simplicity, in the first phase of the design process a common
DC motor has been implemented in the ADCS of ECOSat-lll.

The analysis based on a simulink model confirmed the viability of the system. It has been shown
that a good and fast response for the desired input torques to be provided by each wheel is achievable.
Moreover, the mean time until the system reaches the saturation is under the design limits, considering
either the operation under normal conditions or assuming a failure of one wheel.

Finally, a MTTF analysis was performed in order to determine with a reliability of 99% if the future
RWS would survive for at least during two years in space under nominal conditions.

In conclusion, it has been demonstrated that is possible to construct and develop a low-cost and
reliable RWS to be implemented on a CubeSat.
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Chapter 7

Recommendations and Future Work

The following research aspects should be considered and implemented in order to achieve the final RWS

assembly:

a)

Experimentally verify all the computational predictions in order to evaluate and validate the data

obtained using the BLDC simulink model.

The design of the RWS assembly has not proven to be a trivial task. Thus, a joint collaboration
between the faculty of Victoria and the FAULHABER Group would be very positive, in which it could
be possible to optimize certain parameters for the specific use of the BLDC motor. An example
relates to change of the lubricant into a high vacuum lubricant and the selection and construction of
the brushless drive in order to minimize the noise generated and possibly the mechanical constant

time.

It should also be developed an health monitoring system for each reaction wheel. Traditional diagnos-
tics focus on detection of damage in order to identify components that will need replacement. Since
bearing replacement is impossible in most spacecraft, the major objective here would be to detect
potential problems early enough so that effective mitigation (e.g., the injection of additional lubricant)
is possible prior to the occurrence of irreversible damage. The challenge is to identify the parameters
that indicate the lubrication status before the bearing enters a damaging mode of operation. The use
of cage temperature sensors has shown in previous studies that is highly effective for identifying the
transition between EHL and mixed lubrication regimes [53]. Detection of this transition is the critical
indicator that more lubrication is needed in order to prevent the damage. This would have improve

the MTTF and increase the reliability of the system.

Special attention is needed in the area of space qualification. The materials that were suggested
were feasible within those specifications for a space qualified product. The motor used, however is
not vacuum proved and space qualifications tests shall be performed in order to guaranty its viability
for a future launch. Moreover, further electronic components to use shall consider if the drive is space
qualified or not. Furthermore, vibration tests shall be conducted, as well as vacuum and temperature

tests, in order too assure the motor is qualified for space applications. These tests are also important
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in order to determine if some change to the preliminary design shall be conducted, namely in the

arrangement of the RWS configuration or a change in the flywheel moment of inertia.
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Appendix A

1202BH004 motor

67



~

2 FAULHABER
Brushless Flat DC-Micromotors 0,16 mNm

For combination with

Drive Electronics:
Speed controller with adapter board

Series 1202 ... BH

1202 H 004 BH 006 BH
Nominal voltage Un 4 6 \%
Terminal resistance, phase-phase R 16 70 Q
Output power " P2 max. 0,652 0,492 w
Efficiency T max. 51 42 %
No-load speed No 41740 37 600 rpm
No-load current lo 0,028 0,015 A
Stall torque MH 0,222 0,124 mNm
Friction torque, static Co 0,003 0,003 mNm
Friction torque, dynamic Cv 0,52 :10% |0,52-10® | mNm/rpm
Speed constant kn 10 587 6431 rom/V
Back-EMF constant ke 0,094 0,156 mV/rpm
Torque constant km 0,902 1,485 mNm/A
Current constant ki 1,109 0,673 A/mNm
Slope of n-M curve An/AM 187 793 303 121 rpm/mNm
Terminal inductance, phase-phase L 26 58 uH
Mechanical time constant Tm 246 397 ms
Rotor inertia J 0,125 0,125 gcm?
Angular acceleration Ol max. 18 -103 10 -103 rad/s?
Thermal resistance Rth1/Rth2 |0/94 K/wW
Operating temperature range -30 ... +85 °C
Shaft bearing ball bearing
Shaft load max.:
—radial at 10 000 rpm (at shaft step 3,4 mm) 0,6 N
—axial at 10 000 rpm (axial push-on only) 1 N
— axial at standstill (axial push-on only) 1 N
Shaft play:
- radial < 0,011 mm
— axial < 0,060 mm
Number of pole pairs 4
Weight 1,1 g
Direction of rotation electronically reversible
Recommended values - mathematically independent of each other
Speed up to Nemax. 40 000 40 000 rpm
Torque up to 23 Me max. 0,16 0,12 mNm
Thermal current up to 34 lemax. 0,199 0,095 A
D at 40 000 rpm 2 at 10 000 rpm 3 thermal resistance Rth2 not reduced 4 at standstill
- Scal | d .
3@ Scale enlarge 1,48 =0,12 211 20,04 4x21,05 0,05 Connection
»
012 +0,05 0,56 0,15 J 23,4 £0,05 4x10 £0,05 1 Star point
- +0,01 - 2 Phase A
21 0 > ; -0 3 Phase A
1 i 4 Phase B
. {%,,, . 1 5 Phase B
{ @ 6 Phase C
) 7 Phase C
— 30,05 Y 8 Hall sensor In +
0.2 0,01 9 Hall sensor In -
= 10 analog Hall A Out +
3006 11 analog Hall A Out -
32401 12 analog Hall B Out +
b - 13 analog Hall B Out -
14 analog Hall C Out +
54405 0,2 +0,03 15 analog Hall C Out -
+0,05 I I Connectors
4,8 -0,06 15 1 15-pole; 0,3 mm pitch; e.g.:
Hirose: FH23-155-0.3SHAW (05)
? also available with round stator 12 + 0,05
b also available with 1 mm output shaft length 1202 H ... BH
For notes on technical data and lifetime performance © DR. FRITZ FAULHABER GMBH & CO. KG
refer to “Technical Information”. Specifications subject to change without notice.
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Flywheel’s blueprint
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