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Abstract

A highly miniaturised reaction wheel was developed for Delft University of Technology’s PocketQube (PQ)
mission as topic of this thesis project. Delfi-PQ, a picosatellite, aims to demonstrate a reliable core bus platform
for PocketQubes with a form factor of 5x5x5 [cm] and one or more payload(s). PocketQubes hold the poten-
tial to reduce the cost of access to space and disrupt traditional space applications by providing cost effective
global coverage. Three-axis stabilisation supports advanced capabilities such as Earth observation, high data
rate transfers and propulsive manoeuvres. Precise attitude control requires reaction wheels with accurate speed
control and low vibration levels. Power and volume requirements, however, drive a simple and compact design.
Presently, no suitably miniaturised reaction wheel exists in the world. Therefore, a reaction wheel is developed
specifically for the PocketQube mission. Due to a strict power requirement the research in this thesis focuses
on characterising the power consumption of the reaction wheel.

Based on orbital disturbances and the operational context of the Delfi-PQ mission, requirements for the reac-
tion wheel were derived. A suitable electric motor was selected and conclusions from a preliminary design
were used to create a detailed design of a single reaction wheel. A simple flywheel is attached to a brushless
electric motor and secured in a pressurised housing to protect the bearing lubrication from the vacuum of
space. An in-depth model of the motor was created in Simulink and validated through functional testing of
the motor. Model results were used to estimate control electronics power consumption. The housing of the
reaction wheel was tested for its ability to seal off the motor and flywheel under atmospheric pressure. Then,
the motor with flywheel was subjected to vibrations representative of the launch environment and functional
testing of the reaction wheel including operational scenarios was performed. Furthermore, a micro-vibration
test bench was developed in parallel to characterise the disturbances produced by the wheel. Based on con-
clusions, recommendations for improving a proposed design for a complete three-wheel assembly were derived.

With a mass of about 8 [g], average power consumption of around 15 [mW] and size of 20x20x12 [mm] the en-
gineering model has been developed successfully. The reaction wheel can provide at least a torque of 2.7 x 107
Nm over its full speed range and has a (one way) momentum storage of 1.1 x 10~* Nms. This is sufficient for
attitude stabilisation and ground station tracking on a triple-unit PocketQube in a Low Earth Orbit with an
altitude of above 360 [km]. The motor with flywheel uses about 35% more power than the motor alone. This
is due to an imbalance of the flywheel which leads to more mechanical friction, although additional effects
are present. Disturbances created by the wheel constrain Earth observation scenarios are speeds over 4000
[RPM]. A proposed three-wheel design was created that further pushes the boundaries of miniaturisation with
dimensions of 31x31x22 [mm] including control electronics. Future developments should focus on developing
control electronics, improving the vacuum seal of the housing and most importantly, the balance of the flywheel.
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Introduction

In this chapter the background for this thesis topic is discussed considering recent research, followed by a def-
inition of the research scope and design process.

1.1. Background

In the past two decades satellite capabilities have been revolutionised by advancements in "nano-, micro-, and
miniature technologies" [50, p.2]. On one hand this has led to "increasingly capable and cost-effective space mis-
sions based on sub-500 kg satellites" [49, p.1]. On the other hand "largely supported by academic research" [49,
p-1], completely new classes of satellites (nanosatellites (<10 kg) and picosatellites (<1 kg)) have emerged that
are now fully capable of performing scientific measurements. For example, the nanosatellite Radio Aurora Ex-
plorer (RAX) has studied "the formation of magnetic Field-Aligned Irregularities (FAI) in the lower polar ionosphere
(80-300 km)" [45].

Nanosatellites, especially, have thrived on miniaturisation of space technologies, while picosatellite class satel-
lites have great potential for future missions. More than 126 educational institutions have launched over 266
satellite missions [47]. Space agencies including the European Space Agency (ESA) and the National Aeronau-
tics and Space Administration (NASA) operate CubeSat (a standardised nanosatellite) programs [50]. CubeSats
have disrupted commercial space markets by replacing larger satellites in some applications and they have
"spawned significant commercial activity, including providers of complete satellites, components, and launch ser-
vices, many of them starting as academic spin-off " [50, p.1]. Altogether, over 482 CubeSats have been launched
to date [47]. Manifold research in miniaturisation of technologies has led to advances in "microelectronics, low-
power communications, high-efficiency solar cells, low-cost precision fabrication, high-energy-density batteries,
MicroElectroMechanical Systems (MEMS), high-density memory, field-programmable gate arrays, miniature high-
efficiency motors and actuators, advanced materials, integrated optics, microsensors, and microfluidics" [50, p.4].
Nanosatellites now have advanced capabilities such as precise three-axis attitude control [36], improved data
rate communications [42] and on-board propulsion [19]. At present further advancements in miniaturisation
are required for picosatellites to share the same functionalities. However, they hold the potential to further
reduce the cost of access to space research and technology demonstration. Universities and others will be able
to more easily conduct research in space and demonstrate new technologies. Moreover, distributed networks
of picosatellites can replace traditional space applications by cost-effectively providing global coverage [31] for
applications such as traffic monitoring [39]. Apart from this, inexperienced groups can start developing satel-
lites of their own. For example, "Emerging and developing countries have an opportunity to realize the tremendous
potential [of space missions] for workforce and indigenous technology development" [50, p.9].

The goal of this thesis project is to develop a highly miniaturised power efficient reaction wheel as part of the
Delfi satellite programme. Specifically, the PocketQube is a three-unit picosatellite that is scheduled for launch
in 2018, developed by Delft University of Technology. Reaction wheels directly support three-axis stabilisation
and pointing of picosatellites, a key enabling technology. Pointing the satellite towards science targets, tracking
ground stations and stabilisation during thrusting manoeuvres is required to support other capabilities such as
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remote sensing, high data rate communication and orbit changes. A highly compact Attitude Determination
and Control System (ADCS) currently measures 52x52x52 mm [10]. However, Delfi-PQ consists of cubes of
only 50x50x50 mm indicating the present discrepancy between available solutions and requirements. Further-
more, due to reduced space for solar panels on picosatellites power consumption of existing ADCS systems is
also prohibitive. For example, the reaction wheels of the three Unit (100x100x340 [mm]) CubeSat Delfi-n3Xt,
a satellite launched by TU Delft, used a maximum of 750 [mW] of power [19]. Improvements in power con-
sumption of one to two orders in magnitude are required for the wheels to be feasible on picosatellites.

In this report first the research objective and scope are defined followed by the definition of the design process.
In the first design phase the operational context (Chapter 2) and orbital disturbances (Chapter 2) are used to
derive system requirements in Chapter 4. In the following phase a preliminary design is created by selecting
an electric motor in Chapter 5 and the design and evaluation of a supporting structure in Chapter 6. In the
next phase a detailed model of the motor is presented in Chapter 7 and tests of the selected motor are used to
verify its performance and validate the model in Chapter 8. The detailed design of the reaction wheel is given in
Chapter 9. In the testing phase a test bench for measuring disturbances produced by the wheel is developed in
Chapter 10 and the reaction wheel design is verified in Chapter 11, Finally, conclusions and recommendations
are given in Chapter 12.

1.2. Research scope

In this section the research aim and objective are presented. The knowledge required to fulfil the objective is
obtained by answering the identified research questions. Goals are defined that will be used to evaluate the
success of the research in Chapter 12.

Research aim and objective
The external aim of this research project is:

To contribute to miniaturisation of space technology in general and the capabilities of picosatellites (<1 kg of mass)
in particular by enabling 3-axis stabilisation and active pointing.

There is no ADCS small enough for 3-axis stabilisation of pico-satellites made of units of 5x5x5 [cm]. For active
and precise pointing reaction wheels are required. However, presently they are both too large and consume

too much power (see Appendix A).

The research objective of this thesis is therefore:
To design, integrate and test a PocketQube reaction wheel and characterise its power consumption in detail.

Research questions
Power consumption is expected to be the driving requirement for a PocketQube reaction wheel, hence it is the
main focus of the research. The following research questions have been formulated to guide the research:

1. What is the ideal performance of a reaction wheel?

2. What effects lead to non-ideal performance and how can they be modelled?

3. What is the real performance of a miniaturised reaction wheel?

4. What is the power consumption of the reaction wheel in detail?

Project goals

Several goals are derived from the research questions that will be used to evaluate the success of the research
project. Next to characterising the power consumption the required steps to verify the design are included.
Goals are given in Table 1.1.
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Table 1.1: Research goals

Research
Question Goal Subgoals
1,2 Model the reaction wheel Model ideal motion

Identify all disturbances and inefficiencies
Model non-ideal effects

3 Design, integrate and test the RW Create preliminary design

Integrate and test preliminary design
Validate models

Improve and create detailed design
Integrate engineering model

Test and verify the design

4 Characterise the power consumption  Design tests to measure power consumption
Analyse differences between theoretical
and real performance

Characterise power consumption due

to non-ideal effects

1.3. Design process
The design process that is used to design a prototype of the reaction wheel is visualised in Figure 1.1.

Design inputs are lessons learnt from the design of the reaction wheels for Delfi-n3Xt, high-level requirements
and the operational context of the wheel, i.e. the PocketQube environment. After deriving the disturbance
torques acting on the PocketQube the requirements at reaction wheel level are established. At this stage the
process splits into a modelling and a hardware development branch. A preliminary design of the reaction wheel
is created and conclusions from its verification are used to derive requirements at component level. Meanwhile,
models of the reaction wheel are created and validated with functional tests of the motor, which are also used to
verify some component level requirements. A detailed design of the reaction wheel is then created, the hardware
manufactured and all tests are performed. Finally, conclusions with respect to the research questions, goals and
objectives are made, and recommendations for future work are given.
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Operational Context

The reaction wheel is developed as part of the Delfi program at TU Delft, which previously successfully devel-
oped and launched two CubeSats: Delfi-C3 and Delfi-n3Xt. The general objectives of the Delfi-PQ mission are
treated in Section 2.1, after which the environment of the reaction wheel and its purpose is considered in more
detail in Section 2.2 and Section 2.3

2.1. Delfi-PQ mission

The Delfi-PQ mission aims to demonstrate a reliable core bus platform for PocketQubes with a form factor of
5x5x5 [cm]. The three-Qube platform will fly one or more payloads, which may include an advanced subsystem
such as an Attitude Determination and Control Subsystem. Delfi-PQ is developed with a bottom-up engineer-
ing philosophy and components that are ready can be integrated into the first satellite, or in one of the planned
successive launches. The first mission is scheduled for a mid-2018 launch.

2.2. PocketQube environment

The context in which the reaction wheel operates and the interfaces it has with other subsystems are a starting
point for the design.

Figure 2.1 shows three levels, a reaction wheel assembly consisting of three reaction wheels, an Attitude Deter-
mination and Control level and the overall PocketQube level. The reaction wheel will be part of three reaction
wheels that are integrated in the overall ADCS, which in turn is integrated into the PocketQube. Basically, the
PocketQube consists of a stack of Printed Circuit Boards (PCB) measuring 5 by 5 [cm], which form the basis
for each subsystem. The reaction wheels share their PCB with magnetorquers, an ADCS processor and attitude
sensors. This represents the physical environment of the reaction wheel.

The reaction wheel has interfaces with each subsystem. In Figure 2.1 the most important ones are shown. Ar-
rows represent an interface, and the associated text explains in general terms its main aspects. Some detail is
left out for clarity’s sake. For example, Electromagnetic Interference (EMI) of the reaction wheel with the com-
munication subsystem is not included, because EMI is already considered in other interfaces. It is evident that
interfaces exist beyond mere structural or electrical connections that are important for the proper functioning
of the entire satellite.

The interfaces relevant for the design of the reaction wheel are considered in detail. For example, the dis-
turbances produced by the reaction wheel are of major importance, while the interface between the control
electronics and the main processor of the satellite is not so relevant. The important interfaces are shown in Ta-
ble 2.1, which serve as input for the requirements derivation process in Chapter 4. The important interfaces are
treated in more detail throughout this report. For example the disturbances are treated in detail in Chapter 10.
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Table 2.1: Important interfaces

Interface Important Aspects
Structural connection
Wheel to Wheel Disturbances
EMI

Wheel - Control electronics
RW Assembly - ADCS

ADCS - PocketQube

Control electronics - ADCS

Motor Control

Rotor position
Structural connection
Disturbances
Structural connection
Disturbances

Power

Housekeeping data
Commands

Delfi-PQ Reaction Wheel Context & Interfaces

Delfi-PocketQube Other subsystems
not depicted
OBC EPS
Commands Power
Attitude Determination & Control Subsystem Ak f
ST Processor Sensors
actuators
EMI Commands Commands
Disturbance HK HK
Power Power
3-Wheel Assembly Commands

HK
EMI
Power

Structural connection P

Disturbances OIio)

ot H H Structure H Structure

Thesis: Motor control gt_rl:ctgral support gFrlthtgral support
Reaction Rotor position isturbances isturbances
Wheel
Acronyms: Housekeeping data (HK), Electromagnetic Interference (EMI), On-Board Computer (OBC), Electrical Power Subsystem (EPS)

Figure 2.1: Context and Interfaces

2.3. Reaction wheel in-orbit operations

The reaction wheel’s purpose is to generate torque and store angular momentum to control the orientation of
the satellite in space. The wheel must counteract external (and internal) disturbances to maintain a particular
orientation and perform manoeuvres over its orbital period.

Disturbances include aerodynamic drag, interaction of the satellite with Earth’s magnetic and gravitational
field and solar radiation pressure. Other effects such as Earth’s oblateness and third body perturbations, e.g.

the gravitational attraction of the Moon, are negligible.

Attitude manoeuvres include changing of the satellite’s orientation, e.g. from sun-pointing to Earth point-
ing, and initiating a specific rotational motion, e.g. actively pointing towards a ground station during a flyby.
These are mission specific. For the design of the reaction wheel Earth pointing and ground station tracking are
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considered. Manoeuvres are used to evaluate torque and momentum storage requirements derived in Chapter 3.

Internal disturbances may include fuel sloshing, deployment of solar panels and disturbances created by the
wheel itself. For the PocketQube only the latter is of relevance. It is crucial to test whether these disturbances
limit the pointing of the satellite.

On a per orbit basis, the reaction wheel will continuously increase its rotation speed as it counters disturbances.
When the satellite is over Earth’s poles the momentum can be ’dumped’, i.e. the rotation speed can be reduced,
as the satellite’s magnetorquers stabilise the satellite. Momentum dumping strategies vary and depend on mis-
sion specific orbits. The wheel is developed to fit a once or twice per orbit dumping scenario, i.e. at least every
second polar pass momentum shall be dumped.






In-orbit disturbances

In this chapter the external disturbances acting on the satellite are analysed. They typically drive the design
of the reaction wheel. In the calculations an Earth-pointing mode of Delfi-PQ is assumed, which means that
the aerodynamic and gravity gradient torques are secular and the solar and geomagnetic torques are cyclic.
Other effects such as Earth’s oblateness, third body perturbations and radiation pressure from reflected and/or
re-emitted sunlight are assumed to be negligible. The effect of aerodynamic drag is discussed in Section 3.1.
Disturbances resulting from the interaction between the satellite and Earth’s magnetic and gravitational field
are analysed in Section 3.2 and Section 3.3, respectively. Solar radiation pressure is considered in Section 3.4.
In conclusion a torque and momentum storage requirement for the reaction wheel are derived in Section 3.5
and Section 3.6, respectively.

3.1. Aerodynamic drag
In Low-Earth Orbit (LEO) gas molecules impact the satellite resulting in a drag force acting through the centre
of pressure of the satellite. An offset with the centre of gravity of the satellite results in a disturbing torque

about the centre of gravity of the satellite. This torque can be approximated for different geometries using
Equation (3.1) [28].

Taero = Flift X (Caerp — Cgrav)

(3.1)

1
Taero = 5 X px Cgrag x Ax Vez X (Caerp — Cgrav)

Air density, p, is taken during solar maximum conditions [9]. The drag coefficient of the satellite Cg,4g is as-
sumed to be 2 [28]. The largest surface area of the satellite is: 0.16 x 0.5 = 0.08[m?]. Ve is the satellite’s orbital
velocity with respect to the atmosphere and is calculated for a circular orbit using: V =/ %%L, where 1 is a
standard gravitational parameter of the Earth, R is the Earth’s radius and h the altitude of the satellite above
ground. It is assumed that this is the speed of the satellite with respect to the atmosphere. The distance between
the centre of aerodynamic pressure cqerp and the centre of gravity of the satellite cgrq, is assumed to be given
by the offset of the centre of gravity from the geometric centre of the satellite [28]. A scaled down value of the
CubeSat standard limit on this value is used (0.0025[m]).

This simplified equation only considers normal pressure forces. A better approximation is obtained using parti-
cle/surface interaction models that can be derived from free-molecular flow theory [34, p.5]. This also accounts
for friction effects as molecules slip on the surface of the satellite [18]. Free-molecular flow conditions hold
when the molecular mean free path is larger than the spacecraft dimensions [34, p.4]. Molecules that have im-
pacted the satellite travel far before they interact with other gas particles and the air flow is thus undisturbed
by the satellite’s presence. The resulting torque is simply the sum of the individual drag contributions by the
different spacecraft elements [34, p.4]. Delfi-PQ has a simple rectangular shape so for the orientation with
maximum area no summations are required. However, a more detailed analysis should evaluate the aerody-
namic drag as a function of satellite orientation. Furthermore, time-varying effects such as lower densities in
eclipse and changes in the relative orientation of the satellite’s velocity vector with the gas molecules should

11
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Figure 3.1: Aerodynamic disturbance torque a) as a function of centre of gravity offset and b) as a function of altitude for an offset of
0.003m

be accounted for. However, for a first approximation the formula used above is considered sufficiently accurate
[28].

The sensitivity of the torque to parameter changes is illustrated in Figure 3.1. The torque is inversely propor-
tional to altitude and directly proportional to centre of gravity offsets. The value of the torque for an offset of
0.003 [m] at an altitude of 360 [km] for maximum solar activity is taken as design torque.

3.2. Geomagnetic torque
A residual dipole of the satellite will interact with Earth’s magnetic field resulting in a force perpendicular

to both the local magnetic field lines and the orientation of the satellite’s dipole. The resulting torque on the
satellite can be calculated as [28]:

2M

(Rg + h)3
Where B is the FEarth’s magnetic field strength at satellite altitude, M is the Earth’s magnetic moment and D
is the satellite’s residual dipole. This equation assumes the satellite can be described as a simple dipole and
gives an approximation of the maximum value of Earth’s magnetic field as a function of altitude and holds for
the maximum value occurring above Earth’s poles. The satellite’s residual dipole D is difficult to predict. The
1 unit CubeSat Compass-1 used an estimate of 0.01 [Am?] [18], while for Delfi-n3Xt a three unit CubeSat, a
residual dipole of 0.001 [Am?] was assumed. The latter is used for Delfi-PQ as well because the residual dipole
can be measured and modified during testing. The geomagnetic torque as a function of the residual dipole for
different altitudes is shown in Figure 3.2. Like the gravity gradient torque it is relatively insensitive to altitude,
but it is proportional to the residual dipole. The design torque is 1.95 x 107 [Nm].

Tem=DxB=Dx (3.2)

3.3. Gravity gradient torque
Due to the satellite’s non spherical mass distribution a torque acts around the centre of gravity of the satellite

that attempts to align the satellite’s largest moment of inertia axis with the nadir axis. This torque can be
calculated as [28]:

3u
2(Rg + h)3
Where p is Earth’s standard gravitational parameter, R is the satellite’s distance from the centre of the Earth
and I, and I are the satellite’s moment of inertia around the nadir axis and along track direction respectively.
O is equal to the pointing error of the satellite and is maximum at 45 degrees. This equation neglects third body

gravity fields, assumes a spherical Earth and a rigid satellite that is small when compared with its distance from
Earth [18].

Tgrav = |, - I|sin20 (3.3)
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Figure 3.2: a) Geomagnetic torque b) Solar radiation torque
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Figure 3.3: Gravity gradient torque as a function of a) satellite orientation b) altitude for largest deviation

A plot of the gravity gradient torque for different altitudes and orientations is shown in Figure 3.3. The design
torque is taken at 360 [km] altitude at the largest deviation of 45 degrees as 1.6x 10~ [Nm]. Because the satellite
altitude is relatively small compared to Earth’s radius the torque is not very sensitive to changes in altitude,
but changes in orientation of the satellite have a large effect. For a spherical Earth, the gravity gradient torque
will remain constant over one orbit for an Earth pointing mode provided that the pointing error is constant in
magnitude and direction.

3.4. Solar radiation pressure
Photons emitted by the Sun strike the satellite and exchange momentum. The resulting pressure force acts
through the centre of pressure of the satellite. An offset with the satellite’s centre of gravity results in a torque
on the satellite. This torque can be calculated as [28]:
Cs .
Tsp = ?As(l +q) cosi(Csorp — Cgrav) (3.4)
Here c is the speed of light, i is the incidence angle of sunlight. It varies from 0 to 90 degrees, but the maximum

value at 0 degrees is considered. The solar constant ¢ in an Earth orbit is maximum at 1412.9 [%] [16]. The
reflectance of the satellite’s face illuminated by the sun, g, is assumed to be 0.6 [28], a value which is largely
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determined by the solar cells. The force arm is again assumed to be equal to the offset of the satellite’s centre
of gravity.

The solar radiation torque as a function of incidence angle is shown in Figure 3.2 b). It is independent of altitude
because the solar constant is a function of distance from the Sun. In eclipse the torque will be zero. The design
torque is taken at its maximum of 4.5 x 1071,

3.5. Minimum required torque

All disturbance torques together can be seen in Figure 3.4. The torques do not act in the same direction, so in-
stead of summing the individual torques, the maximum disturbance torque including a margin of 50% is taken
as minimum design torque. As Delfi-PQ should be able to operate in low earth orbits the geomagnetic torque
is the largest, but in very low orbits (below 320 [km]) the aerodynamic torque becomes important as well. At
360 [km] the geomagnetic torque including a margin is 1.95x 107" x 1.5 = 2.93 x 10~/ [Nm]. This design torque
covers disturbances at all altitudes above 320 [km]. Furthermore, as explained in Chapter 5, the motor is able
to deliver more torque over most of its speed range.

The torque requirement is evaluated considering whether it can support ground station tracking. Required
slew rates for tracking a ground station for various inclinations (as seen from the ground station) are shown in
Figure 3.5. It can be seen that it takes between 17 to about 30 seconds to initiate the maximum slew rate (during
direct flyover) with a torque of 2.93 x 10~7. Considering an orbital period of between 90.4 and 94.6 minutes,
this time period is considered acceptable.
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Figure 3.4: Disturbance torques
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3.6. Minimum required momentum storage

The required momentum storage in the wheel is derived by integrating the worst case disturbance torque over
the time it builds up up during one orbit [30]. The gravity gradient and aerodynamic torques are constant. The
magnetic torque is cyclic with a period of half an orbit as the magnetic field direction flips at the poles, i.e it
builds up over one quarter orbit. The solar radiation torque can be assumed to be maximum after a quarter
orbit [30].

By considering some torque scenarios in Table 3.1 the importance of the satellite’s residual dipole becomes
apparent. Taking the estimate based on the Compass-1 nanosatellite a momentum storage requirement of
2.7 x 107* [Nms] should be taken. However, the residual dipole assumed for the Delfi-n3Xt satellite leads to a
requirement of 0.72 x 10™* [Nms]. Similarly, if the satellite is launched during a solar maximum a much larger
momentum storage would be required than during moderate solar activity, as a result of the increased atmo-
spheric density.

The final momentum storage requirement is set based on two considerations. First, the residual dipole of the
satellite can be changed after the satellite is integrated. The value used for the Delfi-n3Xt design is used as a
limit value. Now the aerodynamic drag is the biggest contributor. Secondly, the satellite is not launched during
a solar maximum [16] and an average of the momentum storage required during a solar maximum and average
solar activity is a reasonable approximation. This yields a momentum storage requirement of 1.1 x 10™4 [Nms].

Clearly, this value is sensitive to the specific orientation of disturbance torques and to errors due to simpli-
fication in the manner in which they are calculated. To account for this, an inherent safety factor of two is
implemented by designing the wheel so that it can store the required momentum in both rotation directions.
This is considered in selecting a suitable electric motor in Chapter 5.
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The requirement can be evaluated by comparison with the value for Delfi-n3Xt’s momentum storage require-
ment, which at 1.56 x 10~3 [Nm] is about 9 times larger. Considering that Delfi-PQ weighs about 8 times less
this is reasonable, although it depends on how exactly the requirement was established.

Table 3.1: Disturbance torques and momentum

Torque at 360 [km] Time period Momentum

Disturbance Case [10-5 Nm] [1orbit]  [107° Nms]
Aerodynamic drag Solar maximum 0.031 1 171.28
Average solar activity 0.01 1 55.23
Geomagnetic torque Scaled estimate of Compass-1 0.195 1/4 268.6
Delfi-n3Xt residual dipole 0.052 1/4 71.6
Solar radiation pressure Solar maximum 0.000151 1/4 0.21
Average solar activity 0.000145 1/4 0.2
Gravity gradient torque ;L > degree deVI.atl.on 0.00163 1 8.8
rom Earth pointing
5 degree deviation 0.00028 1 156

from Earth pointing

3.7. Chapter summary

In this chapter external disturbances acting on the spacecraft were analysed to derive torque and momentum
storage requirements for the reaction wheel. Aerodynamic drag, geomagnetic torque, gravity-gradient torque
and solar radiation pressure were considered and the sensitivity of design parameters was analysed. Espe-
cially problematic is the geomagnetic torque as it relies heavily on the assumption for a residual dipole of the
satellite. It was judged that, since the residual dipole can be manipulated after integration of the satellite, the
value assumed during design of the Delfi-n3Xt satellite scaled down to PocketQube dimensions is a reasonable
estimate. The torque requirement was set at 1.5 times the maximum expected disturbance torque. The momen-
tum storage requirement was set after detailed consideration of the different disturbances, and how they act
over one orbit. Nonetheless, simulations of how the torques evolve over one orbit are required to establish a
definitive value. To account for sensitivities of the requirement to input parameters the wheel will be designed
such that it can store the required momentum in both directions of rotation. In the next chapter the torque and
momentum requirements are used to derive the complete set of requirements at the RW level.



System requirements

Requirements are derived to ensure the reaction wheel is designed to fit the need of the PocketQube mission.
First, the functions that the wheel should be able to perform are discussed in Section 4.1. In combination with
some PocketQube mission specific requirements all requirements are derived from them. Characteristics of the
wheel are derived in Section 4.2, and constraints on it are discussed in Section 4.3. Requirements at RW level
are then presented in Section 4.4, whereas component level requirements are given at the beginning of their
respective sections. Finally, verification and validation of the requirements is discussed in Section 4.5.

4.1. Capabilities

The high level functions of the reaction wheel, as shown in Figure 4.1, are to produce torque and store angu-
lar momentum. At a lower level important requirements such as controlling the rotation speed with a certain
accuracy are found. By quantifying to what extent the RW should fulfil these functions the performance re-
quirements of the wheel are derived. Torque and momentum storage requirements were already derived in
Chapter 3. In this section the detailed functions identified in Figure 2.1 are quantified.

Reaction wheel
functions

v v

F1 Produce F2 Store Angular
Torque Momentum

v Y 4 v v

F1.1 Change F2.2 Control
wheel rotation F1.2 Do this over 2 R speed of wheel F.2'3 oy
. wheel up to h . rotation speed of
speed at certain | | total speed range ) with certain
certain speed wheel
rate accuracy

Figure 4.1: Reaction wheel functional breakdown structure

Functions F1.1 and F1.2 are not quantified further, as the torque requirement is sufficient to select a suitable mo-
tor. The maximum speed requirement F2.1 depends on the selected motor and flywheel size. This is calculated
in Section 5.3. Function F2.3, is a direct selection criterion for an electric motor type in Section 5.5. Function
F2.2 is quantified by considering a typical stability and pointing requirements for an Earth observation satellite.

Firstly, the best Ground Sampling Distance (GSD) achievable on a PocketQube platform is estimated as 8 [m],
based on twice the diffraction limit for a telescope with an aperture diameter of 4 [cm]. The satellite should be

17
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pointed to within 20% of the GSD for the time it takes to fly over the same area. Simply relating the change
in pointing angle and the specified time period to a maximum acceleration, in combination with the satellite’s
moment of inertia yields a motor torque error limit of 0.0041 [Nm].

Secondly, over half an orbit the satellite should point to within 10% of its Field of View (FoV). This translates
to a maximum deviation in angular velocity, and a momentum error limit of about 0.134 x 10~7. Combined
with the momentum of inertia of the motor plus flywheel derived in Chapter 6 this yields a speed error limit
of about 300 [RPM]. Furthermore, over one orbit the wheel speed will increase as disturbances are countered.
It is crucial to know the rotation speed of the wheel so that saturation can be prevented. It is assumed that
knowing the rotation speed to within 10 [RPM] is sufficient.

4.2. Characteristics

After considering the interfaces and functions, the required characteristics of the reaction wheel are derived in
this section. Technical characteristics typically include interfaces and internal aspects such as physical limita-
tions and the internal configuration.

Interfaces identified in Section 2.2 must be translated to specific requirements, where possible. A very impor-
tant interface is the disturbances produced by the reaction wheel, which impact other reaction wheels, other
actuators, sensors, and the entire PocketQube. Apart from stability criteria derived in the previous section
there is no limit on disturbances, unless they interfere negatively with another component. For example, in
the Delfi-n3Xt reaction wheel assembly design a negative effect of disturbances on the performance of other
wheels was observed [22]. As such it is important to characterise these disturbances, which is the subject of
Chapter 10. Another similar interface is EMI produced by the motor in the reaction wheel. However, as is
discussed in Chapter 9 the motor is surrounded by a housing, which shields against such interference. The
subject of commands and power is more directly related to the development of the control electronics, which
lies outside the scope of this thesis. However, the reaction wheel should operate on the bus voltage of 3.3 [V].

Physical requirements include mass, volume, structural properties and what types of material are used. Mass
and volume requirements are derived from the overall PocketQube technical budgets. Based on a preliminary
volume budget the reaction wheel should measure no more than 14x14x8mm. However, with these dimensions
the flywheels were sized and manufactured, before it was realised that vacuum rated grease in electric motors
leads to much higher friction and therefore power consumption of the motor (this is discussed in Chapter 6).
With the required addition of a housing for the reaction wheel the dimensions increased. It was decided to
allow for a slightly larger prototype of 20x20x12 [mm], with a view to gather the required information to both
optimise the flywheel size and the housing dimensions (see Section 9.2). Similarly, the mass of the RW shall
be less than 8 [g] for a first prototype, but should be optimised further in subsequent iterations, ideally to be
less than 3 [g]. The reaction wheel should interface with the overall three-wheel assembly, which in turn shall
interface with the ADCS of the PocketQube. The flywheel shall be made of bronze, for its high density, easy
manufacturability and cheap availability (also used on Delfi-n3Xt wheel).

The configuration of the reaction wheel is specified in the requirements, no further quantification is required.

4.3. Constraints

Along with what the reaction wheel does and what it is, it is important to consider under what constraints it
must perform its tasks. Physical requirements are in principle also constraints, but in this section a constraint
is an external factor that influences the performance of the wheel. A distinction is made between the launch
and space environment.

During launch the reaction wheel experiences vibrations transmitted from the launch vehicle via the Pock-
etQube to the wheels. Currently, no launch vehicle has been selected and it is decided to qualify the RW for the

largest expected vibrations during launch. The qualification levels and frequencies are shown in Section 11.5.

In space the reaction wheel must contend with vacuum, zero-g, radiation and temperature changes. Radiation
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is typically not accounted for in very small satellite programs as radiation hard processors are not available.
Regardless, this requirement is is only relevant for the drive electronics. Both vacuum and zero-g are important
for the electric motor, because standard grease evaporates in vacuum, and ball bearings float in their races and
cages. The effects of changes in temperature on the electric motor are analysed in Section 5.5.

4.4. Reaction wheel requirements

Based on the rationale of the preceding sections the requirements for the reaction wheel are given in this
section. At the highest level the functional requirements define the capabilities of the reaction wheel, and the
mission requirements define its operational environment. At the systems level, i.e. the complete RW assembly,
these requirements are broken down and quantified.

Top level requirements
Functional requirements
SYS-F1. The RW shall be able to generate torque around its rotation axis.
SYS-F1.1 The RW shall be able to accelerate/decelerate to counter disturbances.
SYS-F1.2 The RW shall be able to accelerate/decelerate at the required rate over its operational speed range.
SYS-F2. The RW shall be able to store angular momentum around its rotation axis.
SYS-F2.1 The RW shall be able to counter the total disturbance momentum over one orbit.
SYS-F2.2 The RW shall be able to control its speed.
SYS-F2.3 The RW shall be able to determine its rotation speed.

Mission requirements
SYS-M1. The RW shall survive the PocketQube operational environments.
SYS-M2. The RW shall operate within PocketQube constraints.
SYS-M3. The RW shall have a lifetime of one year.
SYS-M4. The RW shall support Earth-observation and propulsive manoeuvres.

System level

Performance requirements

SYS-PE1. The RW shall be able to store at least 1.1 x 10~% [Nms] angular momentum about its rotation axis in one
direction of rotation.

SYS-PE2. The RW shall be able to generate at least 2.93 x 10~/ [Nm] of torque around its rotation axis over its
operational speed range.

SYS-PE3. The RW shall not generate instantaneous disturbance torques larger than 0.0041 [Nm].

SYS-PE4. The RW shall not have a momentum error of larger than 3.182 x 107> Nms over half an orbit.

SYS-PE5. The RW shall be able to determine its rotation speed to within 10 [RPM].

SYS-PE6. The RW shall have a nominal power consumption of 15 [mW].

SYS-PE7. The RW shall have a lifetime in space of at least one year.

Physical requirements
RW-PH1. The housing shall provide structural support for the motor and flywheel.
RW-PH2. The housing shall contain an airtight sealed environment with one atmosphere pressure.
RW-PH3. The RW shall weigh less than 8g.
RW-PH4. The RW shall ideally measure less than 14x14x8 [mm], but for a first design it shall measure less than
20x20x12 [mm].
RW-PH5. The RW shall have an eigenfrequency above 60 Hz [8].

Environmental requirements
RW-EN1. The RW shall be able to operate between -15 and 45 degrees Celsius.
RW-EN2. The RW shall be able to operate in vacuum.
RW-EN3. The RW shall be able to withstand the radiation environment in Low Earth Orbit.
RW-EN4. The RW shall be able to survive accelerations during launch with a root mean square value of 7.2 [g] [8].

Interface requirements
RW-IN1. The RW shall operate with the bus voltage of 3.3 [V].
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Table 4.1: Requirements verification tests

Test type Test equipment RW model type Requirements to verify
Control electronics
. Power supply Motor P1 - Pe6, P7
Motor functional test Oscilloscope Motor with flywheel 11
Multimeter
Signal generator
— Power amplifier E4
Vibration test Shaker RW PH1, PH5
Accelerometer
Vacuum chamber
Vacuum test Pressure sensor Housing E1, E2
Data acquisition unit
. . . P3
Microvibration test see Chapter 10 RW I
. Scale Components
Simple tests Ruler RW PH3, PH4
. . E3
Not experimentally verified 3

RW-IN2. The RW shall have a structural interface with the ADCS system.
RW-IN3. The RW shall not generate electromagnetic disturbances that interfere with other subsystems.

4.5. Requirements Verification and Validation plan

In this section the approach to verify and validate the design is presented. Furthermore, verification of the
requirements themselves, i.e. answering the question whether they are the right requirements, is considered.

The tests and methods required to verify the design are shown in Table 4.1. Compliance with functional re-
quirements is implicit in proving compliance with performance requirements. Three requirements are not
verified experimentally within the scope of this thesis. Electromagnetic interference is assumed negligible be-
cause of the reaction wheel housing’s shielding effect, and the radiation environment is not important for the
reaction wheel itself. It is, however, relevant for the drive electronics. The lifetime performance of the reaction
wheel should be tested after the engineering model has been verified, and so lies outside the scope of this thesis.

Validation of the design is not performed in this thesis. The wheel cannot be tested in a representative environ-
ment, as neither dedicated control electronics nor the ADCS of the PocketQube has been developed. However,
the requirements can be verified by considering their completeness and content and establishing that they are
the correct set of requirements with respect to the need of the PocketQube for 3-axis stabilisation. Completeness
is assessed by consulting ESA standards, checklists for requirements, and the requirements for the Delfi-n3Xt
reaction wheel [22]. In comparison with ESA standards the requirements are not complete, however it was
judged that in a bottom-up engineering approach the agility of a minimal approach outweighs the assurance of
a rigorous set of requirements. Instead, the comparison focused on whether any important requirements were
missing to develop a prototype. Apart from this, the requirements must be logically coherent internally. For
this reason a traceability matrix of all requirements was used to search for missing requirements by following
their logical breakdown (Appendix B). It also includes the component level requirements that are presented at
the beginning of their relevant sections.

4.6. Chapter summary

In this chapter requirements at RW level were derived by considering the capabilities expected of a reaction
wheel, the characteristics it should have and constraints under which it operates. At the highest level functional
requirements define exact functions and mission requirements specify the operational environment within the
PocketQube satellite. On a systems level performance requirements quantify how well functions should be
performed while physical requirements define measurable quantities that drive the RW’s structural design and
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configuration. Environmental requirements define the external operational environment of the satellite and
interface requirements specify how the reaction wheel fits inside the PocketQube. A requirements verification
plan was established detailing which tests are required to verify the design. The completeness and internal logic
of the set of requirements were assessed through comparison with existing requirements, and a requirements
traceability matrix. In the following part of this report a preliminary design is created and evaluated based on
the derived requirements.
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Electric motor selection

The basis of the RW is its electric motor. It controls the speed and acceleration of the reaction wheel and
is the major contributor to its power consumption. This chapter presents the analysis and selection of the
electric motor that will drive the reaction wheel. First, the requirements for the motor are given in Section 5.1.
Different electric motor types are then considered in Section 5.2. Brushless Direct Current (BLDC) motors are
then analysed in detail in Section 5.3. Results of a comprehensive search for available motors are given in
Section 5.4 and a motor is selected in Section 5.5.

5.1. Motor requirements

Requirements for the motor are derived from the system level requirements (see Appendix B for traceability).
Rotor position sensors are required to determine the rotation speed of the motor. As will be discussed in
Section 5.2 DC motors do not require these for operations, while BLDC motors do. Whether the requirement
can be relaxed in the case of DC motors depends on how well their speed can be determined from the supply
voltage duty cycle. The maximum speed of the motor directly drives the mass of the flywheel and it should
deliver the required minimum torque over its operational speed range.

COM-M1.
COM-M2.
COM-Ms3.
COM-M4.
COM-Ms5.
COM-Mé6.
COM-M7.
COM-MS.
COM-MO.
COM-M10.

The motor shall have a nominal power consumption of 12 [mW].
The motor shall have rotor position sensors.

The motor shall have a mass below 1 [g].

The motor shall have a maximum speed as high as possible.

The motor shall operate between -15 and 45 degrees celsius.

The motor shall have maximum dimensions of 14x14x7.5 [mm)].
The motor shall have a linear torque-speed relationship.

The motor shall operate at 3.3 [V].

The motor shall survive launch accelerations of 7.156 [g] (RMS).
The motor shall have a lifetime of at least 1 year.

5.2. Electric motor types

Many different types of electric motors exist. For RW applications a linear torque response, high efficiency and
long lifetime are desirable and therefore RWs are typically driven by Permanent Magnet Synchronous Motors
(PMSM) or Brushless Direct Current (BLDC) motors [11]. Novel applications such as ultrasonic motors have
been proposed [46] to prevent magnetic disturbances on other subsystems and eliminate the need for a housing
and lubricant to maintain the reaction wheel. However, for a highly miniaturised reaction wheel efficient and
affordable motors must be commercially available.

Both BLDC motors and DC motors are considered as they produce a linear torque response and are readily
available. Their main difference is their commutation principle. Brushed motors have a physical connection
between the rotating (rotor) and the stationary part (stator) which is used to control the switching of the drive
circuit. Brushes make contact and conduct electricity between the parts at certain orientations such that cur-
rent flow generates the required magnetic field to rotate the rotor. BLDC motors are electronically commutated.
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The switching of the drive circuit is controlled by sensing the position of the rotor using Hall sensors, or optical
encoders.

Brushless DC motors have a range of advantages over brushed motors at the cost of increased complexity and
cost. They allow precise torque control and are small compared to other motors [24]. BLDC motors have a
higher lifetime because they have fewer moving parts that can wear out over time. In addition, DC motors can
produce more electromagnetic interference due to brush arcing. Because of the aforementioned advantages the
brushless motor type is considered primarily. However, due to their widespread use in miniaturised systems
(e.g. smart phones), DC motors cannot be neglected without analysis.

5.3. Ideal motor performance

First, the maximum speed at which the minimum required torque can be delivered is calculated for each motor.
Subsequently the required flywheel size and total mass of the motor and flywheel combination are determined.
Finally, the effect of launch loads is evaluated. The maximum speed of the motor can be derived from its power
consumption, i.e. the current and voltage in its windings:

P=Vxi (5.1)

As the permanent magnets on the rotor rotate, a back electromotive force (EMF) is induced in the motor wind-
ings opposing the supply voltage. At every voltage, there exists a rotation speed where the back EMF equals
the supply voltage and the motor will only rotate at that speed. The motor is said to be self-regulating. The
back EMF constant k. describes how much voltage is induced at a given speed. In addition to the back EMF
there is a voltage drop due to the resistance of the motor phases. The voltage and current are therefore given by:

V=kexw+ixR (5.2)
V-k

i:ﬁ (5.3)
R

The current flowing through the phases determines the torque produced by the motor. At a specific supply
voltage a certain no-load speed is reached, where the back EMF equals the supply voltage. The motor draws a
certain amount of current to overcome the friction torque at this speed, resulting in zero net torque. To deliver
additional torque the motor needs to draw more current. The current therefore has two components: iy, the
no-load current and i,, the additional current.

i=ig+ia (5.4)

Next to the back EMF constant, the torque constant describes how much torque is produced per unit of addi-
tional current.

T =k x (iq) = k¢ x (i — ip) (5.5)
Substituting for i in eq. (5.3) yields:

Tzktx(w—io)

From this equation the maximum speed can be obtained by solving for w:

V- (12 + o) x R
ke

R is the resistance of two windings (current flows through two windings at any given point) and Ty,;, is the
required minimum torque derived in chapter 3. The friction is approximated here using the no-load current

(5.7)

Wmax =
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provided in the data sheet. In reality the friction changes with rotor speed. Furthermore, there are power losses
due to for example switching effects that are ignored here (see Section 7.5).

Next, the size of the flywheel is determined. The required moment of inertia of the wheel is derived from the
required angular momentum storage. The angular momentum of the rotor at maximum speed, including a
margin of 25% is:

b4
Hstore = Wmax x 0.75 x 30 X Imotor (5.8)
The total required moment of inertia is:

Hminimum

1 ired = —————— 5.9
required Omar % 0.75 x % ( )

The moment of inertia of the disk is then:
Laisk = Irequired — Imotor >=0 (5.10)

Assuming a perfectly shaped disk made of bronze the mass and thickness of the disk and motor combination
can be calculated as:

Tgisi X2
Mqisk = L;S—Z (5.11)
(=5%)
Mdisk
Laisk = D—lsz (5.12)
px(=5%)" xm
Miotar = Maisk + Mmotor (5.13)

Finally, the launch loads on the motor shaft as a percentage of the maximum allowed load is calculated as:

Fshaft = Maisk X Qraunch (5.14)
a X Mgi
Fiauneh = =% x 100 (5.15)
shaft

Calculating the launch loads on the motor shaft for the Delfi-n3Xt reaction wheel yields a value of 50%. The
acceleration value was taken as the root mean square of the maximum acceleration during launch. This motor
was successfully vibration tested so this equation is considered a good first indication of whether the motor can
handle the launch loads. However, it only considers vibrations in the direction of the motor shaft and ignores
the structural response of the reaction wheel assembly.

5.4. Search results

Effort was made to conduct a comprehensive search of available BLDC motors (see Appendix C). Unfortunately
no motor meeting the strict power requirement was found. The brushless motors that best comply with re-
quirements are shown in Figure 5.1, and brushed motors in Figure 5.2.

Figure 5.2 shows that multiple brushed motors comply with the power requirement, however they rotate at
lower speeds and therefore require a larger flywheel, leading to larger loads on the motor axle during launch.
It should be noted that for 086G1 105 and 086G1 107 shaft load limit values are not available. However, since,
they also have the slowest rotation speed they require the largest flywheels and it is probable that they would
not survive the launch loads.

Available brushless motors do not meet the power requirement, but do meet the mass and launch load require-
ments. This is because they can rotate faster due to their brushless design, and so a lighter flywheel can store
the minimum angular momentum. Their higher power consumption is simply because their nominal velocities
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Figure 5.1: Performance of most suitable brushless DC motors

are much higher. In conclusion, a large speed is desirable to achieve low enough mass to survive launch con-
ditions, but this is problematic in terms of power consumption.

It is not fundamentally impossible for a brushless motor to meet the specific requirements. A suitable motor
should either have a larger rotor inertia at the cost of delivering less torque to eliminate the need for a flywheel,
or it should have a smaller rotor and less friction. In fact, one suitable university-developed brushless motor
design was identified [14], however the manufacturing cost alone of this motor was prohibitive.

The power consumption is a killer requirement, but considered alternative options do not offer better perfor-
mance. Simply using a motor with a larger rotor, thus eliminating the need for a flywheel, is not possible due
to power, mass and volume requirements. Using a momentum wheel instead of a reaction wheel to stabilise the
PocketQube requires a much heavier flywheel, and so is also not possible considering launch loads. However,
it might be possible to stabilise the PocketQube using one or two reaction wheels only.

5.5. Motor selection

Although the power consumption proves problematic, it was decided to continue development with the most
suitable motor to measure the power consumption over the whole speed range and validate a model of the
motor. This allows to provide a quantitative basis for conclusions about the feasibility of using reaction wheels
for picosatellite applications (see chapter 12).

A graphical trade-off is performed to select the best motor option, after which the selected motor is analysed
for temperature effects. This is a lesson learnt from the Delfi-n3Xt reaction wheel design [22], where the final
design did not comply with all performance requirements over the complete temperature range.



5.5. Motor selection 29

60000 =80
E
50000 c
= € 60 t
S 40000 | =
— (0]
gl =
& 30000 © 40
o ©
» o
% 20000 *
= g 20 ’/‘
10000 s — |
=
0 : : : £ 0 : : :
2 2.5 3 3.5 4 2 2.5 3 3.5 4
Voltage [V] Voltage [V]
500 : " . . 20
x 400 S 086G1 105
» — 066G1 107
g g™ 1506SR
2 300 | = 0615S003
— C
§e) Q2 10}
@ ©
S 200 ©
S o
0w 5t
§ 100 \ 3 T
| =
0 : ‘ : : 0 : ‘ :
20 30 40 50 60 70 0 20 40 60 80
Power required [mW] Power required [mW]

Figure 5.2: Performance of most suitable brushed DC motors

Graphical trade-off

A trade-off is performed to select the best suitable motor based on objective criteria. The trade-off table is
shown in Table 5.1. The trade-off criteria are chosen to be independent of each other. A graphical approach is
chosen because of the strong asymmetry in compliance due to the power requirement. The power consumption
criterion refers to the power required to deliver the minimum required torque at the maximum useful speed.
The limit for compliance with the mass criterion is set at 5 [g], which considering the 8 [g] overall mass re-
quirement for the reaction wheel is reasonable. The Maxon EC10 Flat motor is selected because it has by far
the lowest power consumption of the motors that comply with all requirements.

Analysis of temperature effects

The performance of the selected motor is analysed further. Including temperature effects in the preliminary
design is a lesson learnt from the Delfi-n3Xt reaction wheel design.

Two main temperature dependent parameters can be identified [33]: resistance of the motor windings and the
magnetic flux density of the permanent magnets on the rotor. At higher temperatures resistance increases
which reduces the current flowing through the windings. This limits the torque generating capability of the
motor, effectively reducing the torque constant. Furthermore, reduced magnetic flux density also leads to lower
torque generated per unit of current as magnetic force is proportional to magnetic field strength. On the other
hand, the decreased flux density leads to less Back EMF induced in the windings, which results in a larger
no-load speed. At a certain temperature limit the windings are destroyed as their insulation deteriorates, and
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Table 5.1: Graphical trade-off table motor selection

Power Rotor Mass Launch load
Electric motor consumption position flywheel [% of allowable
[mW] sensors and motor [g] shaft load]
BLDC motors
Faulhaber 1202004BH Yes 2.5 9.2
green green green
Maxon EC10 Flat 49.3 Yes 49 26.2
green green green
Maxon EC4 Yes 2.7
Faulhaber 0308H Yes 43 26.7
green green green

DC motors

Precision Microdrives
086G1105

Precision Microdrives
086G1107

Faulhaber 1506 SR

Faulhaber 06155003

Legend

green

BRG] ot compliant

best of type
not compliant

orange

compliant

86.8
orange
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no magnetic field can be generated. Similarly, at the magnet material’s Curie temperature they permanently
demagnetise. The Maxon EC10-FL motor has a maximum operating temperature of 100 degrees Celsius.

Both effects are typically modelled as linear deviations from a reference value, where it is more convenient to
work with a deviation from the torque constant, than with the flux density, in eq. (5.16) and eq. (5.17). Here
G copper and ay, are the temperature coefficients of copper and the magnetisation loss constant, respectively.
Both are available from manufacturer data [37]. The temperature dependent performance of the selected Maxon
EC10 Flat motor is shown in Figure 5.3. Noticeably the power consumption appears temperature independent.
This is because the minimum torque requirement is so small that efficiency losses are small compared to the
power required to run the reaction wheel at no-load. Because of the reduced torque constant the maximum
useful speed decreases, which leads to a larger flywheel. This analysis ignores the possibility of temperature
changes affecting the no-load speed. Complete temperature cycling tests are recommended for future work
(see Chapter 12).

Ry = Ros x (1 + @copper X (T —25)) (5.16)
kr = kas x (1 + ag, x (T —25)) (5.17)
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Figure 5.3: Performance of EC10 Flat motor

At the bus voltage of 3.3V and 25 degrees the thickness of the disk should be 2.5 [mm] for a max diameter of
14 [mm)]. For colder operations the wheel will have a larger useful speed as can be seen in the figure and will
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thus have a larger momentum storage capacity. For temperatures above 25 degrees the opposite will occur.
The maximum deviation in maximum useful speed between 25 and 45 degrees is 6%. However, keeping in line
with the lessons learnt from the Delfi-n3Xt reaction wheel design a 25% margin on the maximum useful speed
is included.

5.6. Chapter summary

The ideal performance of BLDC and DC motor types was analysed in this section to select a suitable electric
motor that complies with the component level requirements given at the beginning of the chapter. Results
of an extensive search of available motor options were presented and the most suitable motor was selected
using a graphical trade-off method: Maxon EC10 Flat. However, this motor does not comply with the power
requirement, but it is the best available option. Further analysis of temperature effects showed that the motor
complies with performance requirements within the temperature environment on-board the PocketQube. A
preliminary design of the hardware of the RW that will accommodate the motor is created in the next chapter.



Preliminary Hardware Design

A preliminary design for the reaction wheel is presented in this chapter. Because of the highly miniaturised
nature a simple design is chosen to facilitate manufacturing, handling and integration. Once a proof-of-concept
has been established, more advanced designs can be considered. For example, high-temperature superconduc-
tor bearings have been used in small satellite reaction wheels to reduce power consumption by eliminating
bearing friction [35]. However, power savings are offset by the energy required to cool reaction wheels. Per-
manent magnet bearings [54] do not require cooling, but must be actively controlled and presently have mass
overheads due to their complexity. Another novel concept is a variable inertia reaction wheel that provides
in-flight flexibility [12], but increased complexity also results in increased mass of the system. These novel con-
cepts must first be used successfully in space before they can be miniaturised for use on nano- and picosatellites.

6.1. Flywheel
Based on the physical requirements established at RW level the requirements of the flywheel are derived:

COM-FL1. The flywheel shall have a maximum diameter of 14 [mm)].
COM-FL2. The flywheel shall have a thickness such that it has a moment of inertia of 0.8 [gcm?] .
COM-FL3. The flywheel shall be mounted on the rotor axle through pressfitting.

COM-FL4. The flywheel shall be manufactured out of bronze (p = 8950 [%]) with a precision of better than 0.1
[mm)].

The flywheel was sized in parallel with the selection of the motor in Section 5.3: it has a thickness of 2.5
[mm] for a diameter of 14 [mm]. It should have the simplest possible shape to reduce wheel imperfections
and imbalances, which is a lesson learnt from the Delfi-n3Xt reaction wheel design [22]. Furthermore, it will

be made of bronze as this material has a very high specific density of 8950 [W%]’ can be manufactured easily
and is not expensive. Bronze is, however, slightly conductive and so the time-varying magnetic fields inside
the brushless motor will induce some eddy currents, but this effect is typically small for a highly miniaturised
motor. It is acknowledged that no complete survey of materials was performed, which could be the subject
of future work, perhaps as part of a literature study (see Chapter 12). The flywheel can be pressfit onto the
motor axle, and so should have a precisely centred hole on its rotation axis. The specifications of the motor and
flywheel are given in Table 6.1.
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Table 6.1: Motor and flywheel specifications

Motor type Maxon EC10 Flat
Nominal voltage [V] 4
Nominal torque [mNm] 0.25

Max useful speed [RPM] 13257
Nominal power consumption [mW] 59.2
Rotor inertia [g x cm?] 0.08
Motor mass [g] 0.82
Dimensions [mm] 10x10x6.5
Flywheel inertia [g x cm?] 0.8
Flywheel dimensions [mm] 14x14x2.8
Flywheel mass [g] 2.88
Flywheel material Bronze

6.2. Support structure

The motor must be clamped to a structure, that in turn can be integrated with the ADCS. At present, no struc-
tural designs of the ADCS exist, and for the preliminary design the focus lies on how to clamp the motor
securely.

Figure 6.1 shows a design model of a clamp which can be tightened simply with a nut and bolt. It weighs 0.56
[g] if made out of aluminium and measures 14 [mm] in the widest part and 5 [mm] in height.

Figure 6.1: Preliminary motor clamp design

6.3. Preliminary verification of design

The preliminary reaction wheel design consists of a flywheel press-fitted to a motor, which in turn is clamped
inside a supporting structure. This can be mounted on the ADCS PCB. Compliance of the design with respect
to requirements is discussed and important conclusions for the detailed design are drawn in this section.

The selected motor complies with most performance requirements based on the analysis of the ideal motor
performance in Section 5.3. However, based on the data-sheet no-load current it does not comply with the
power requirement. Speed control accuracy was not yet assessed at this stage. The procured motor controller,
despite manufacturer’s claims, proved incompatible with the motor. For the detailed design the manufacturer
provided a different, functioning, controller. In terms of mass and volume the design is compliant as can be
seen in Table 6.1. Compliance of the design with environmental requirements was shown through analysis of
temperature effects and the launch loads. A vacuum rated lubricant was initially planned for operation of the
motor in Space.

After the first motor was procured it was realised that the bottom half of the motor (see Figure 6.2b) is in fact
the rotor and rotates with the motor axle. This means the clamp cannot work as it would restrict the motion
of the motor. Furthermore, the manufacturer revealed that using vacuum proof bearing grease increases the
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power consumption of the motor by a factor of two. This led to two important conclusions.

First, the flywheel can be glued on the rotor, instead of pressfit on the axle, which makes it easier to align it
with the axis of rotation. The motor can simply be clamped upside down as the motor axle would not touch the
clamp. A simple clamp was 3D-printed in plastic and used to secure the motor during functional testing. It was
evident that the clamp has to be very tight to prevent vibrations. Alternatively, the motor can be glued to the
support. Both options are considered further. Requirement COM-FL3 is therefore updated to: "The flywheel
shall have a shape such that it can be glued on the rotor". The updated design of the flywheel is shown in
Figure 6.2a.

Second, the increased power consumption associated with vacuum proof lubricant is unacceptable. The motor
must be enclosed by a pressurised housing to prevent evaporation of the bearing lubricant. The clamp can be
integrated with the housing to keep the design simple. This led to requirement RW-PH2: "The housing shall
contain an airtight sealed environment with 1 atmosphere pressure".

(a) Final flywheel design (b) Maxon EC10FL motor
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Motor Electrical Model

Next to the hardware design models of the RW are created to support design and analyse its performance and
power consumption in detail. Results are also used for verification purposes. In this chapter, first a perfor-
mance model of the motor is derived and verified. The BLDC drive circuit and control method are analysed in
Section 7.1 and Section 7.2. Subsequently, a simulation model of the drive electronics and motor is derived in
Section 7.3 and results are used to verify the model by comparison with data sheet values of the Maxon EC10
Flat motor in Section 7.4. A setup for a sensitivity analysis of the model is discussed in Section 7.6. The second
modelling goal is to calculate the power losses of the reaction wheel. This is discussed in Section 7.5.

7.1. Motor drive circuit

As already discussed in Chapter 5 BLDC motors are operated by electrical commutation. A torque is applied
on the rotating part of the motor (rotor) through an electromagnetic force between permanent magnets on the
rotor and magnetic fields created in the non-rotating part of the motor (stator). Current flowing through coils of
wire generates the magnetic fields. Typically BLDC motors have three windings or phases. The position of the
rotor determines in which coils and in which direction current should flow. Hall sensors are used to sense the
position of the rotor. As the permanent magnets on the rotor move with respect to the coils an electromotive
force is induced. This back EMF opposes the supply voltage and reduces the current and so the torque on the
rotor. For a given maximum rotation speed the torque becomes zero. The back EMF therefore limits the speed
of the motor.

BLDC motors use trapezoidal current waveforms to produce constant torque. For a given predetermined ro-
tation, called the commutation interval, the current flows through two out of the three phases in a specific
direction. This is typically described as "the ampere-conductor distribution of the stator ideally remains constant
and fixed in space" [20][p.273]. As the magnet rotates the phase flux-linkage varies linearly and a constant back
EMF is produced. For a constant current a constant torque is produced. The ampere-conductor distribution is
switched (commutated) to the next position at the end of the commutation interval.

The operating principle is illustrated by the drive circuit and motoring waveforms in fig. 7.1. The motor wind-
ings are typically connected in a so-called wye (or star) connection and the windings are represented by an
inductance L, Resistance R, and back EMFs e1,e2 and e3. For each rotor position between 0 and 360 degrees
there exists a position of the switching transistors Q1 to Q6 that results in the corresponding currents iy,iz,3.
If the current is flowing through phase one and two in the interval between 30 to 90 degrees, a constant back
EMF e; and e, and Torque T and T are produced. The current in the third phase is zero, but the back EMF
induced by the rotation of the rotor is changing linearly. The resulting overall waveform shape is referred to
as trapezoidal. Once the rotor has rotated to 90 degrees the transistors are switched and the process repeats [20].

7.2. Control method

BLDC motors are controlled by regulating the current or voltage supplied to the motor windings. Either the
signal can be switched on and off rapidly, or its amplitude can be controlled. The former, Pulse-Width Modu-
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Figure 7.1: a) Drive circuit b) Motor waveforms [20]

lation (PWM), is typically used because of its simple structure [24].

APWM signal, as seen in fig. 7.3 a), is either 0 or 1. It has a period f; determined by the switching frequency and
the fraction t‘t’—" is referred to as its duty cycle. The winding current or voltage can be modulated by switching
transistors with a PWM signal. At sufficiently high switching frequencies (typically a few kHz) the average
voltage applied is given by V¢ = Vs x d, where V; is the supply voltage. The circuit during chopping of Q1 is
shown in fig. 7.2. When a set-point current iy, is required the current flowing through the phases one and two
behaves as shown in fig. 7.3 b).

Control strategies differ in whether voltage or current is regulated, and which or both of the interval specific two
transistors are chopped. The simplest option for current regulation where the upper transistors are chopped
for the 120 degree interval that they are active is considered from now on. This can always be extended in the
model if required.

At the end of a commutation interval the transistors are switched and current flows through a different phase
combination. However, this does not happen instantaneously as is illustrated in fig. 7.3 c). There is a period
when there is current flowing in all three phases as ic is freewheeling and i, is building while ip is constant.
Transient analysis of the circuit for each switching pattern can be used to find analytical solutions of the current
waveforms. However, while this is beneficial in designing the circuit, it is not considered here. Instead, a circuit
built in MATLAB Simulink is used to simulate the switching behaviour in section 7.3. The current waveforms
can be used to determine the power consumption of the motor.

7.3. Simulation model

In this section a MATLAB Simulink model of the BLDC motor is presented. The purpose of the model is to
model the theoretical power consumption and performance of the motor and control electronics.
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Model overview

The model is created in MATLAB Simulink. It consists of a PWM controller, a drive circuit model and a state-
space system of the motor. A block diagram of the model showing links is given in fig. 7.4. This is a simplified
overview as some links and aspects are neglected for sake of clarity. The complete model, including all links
is depicted in fig. 7.5. Based on the difference between the actual speed and the reference speed the control
block determines the required duty cycle, which is passed to the drive circuit. Based on the rotor position the
required switching position is determined and the current flowing through the drive circuit is sensed. The
electrical torque is calculated by multiplying the current with the back EMF derived from the rotor position
and velocity. The back EMF is also an input for the controlled voltage sources in the drive circuit. Additionally,
a current limiter is implemented over the drive circuit to prevent extreme current draws during acceleration.
The torque is input for the state-space model which calculates the new rotor position and velocity.

PWM control
The speed of the motor is controlled using a proportional-integral controller that, based on the difference

between the reference and actual speed, determines the duty cycle for the motor. The Simulink model is shown
in fig. 7.6.

Rotor position
Reference
speed
PWM PI speed . . Mechanical state-
control Drive circuit space model
Actual Torque
speed PWM signal

Figure 7.4: Block diagram of BLDC Simulink model
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Drive circuit

The drive circuit in fig. 7.1 is modelled as fig. 7.7. The switches are MOSFET transistors. Based on the rotor po-
sition the required switch setting is determined from a MATLAB function. The EMF in the phases is calculated
from the speed of the rotor as given by the state space system in section 7.3. The phase currents are sensed and
used to calculate the torque input to the state space system.

Mechanical model

The equation of motion for a BLDC motor is given in Equation (7.1) [27]. P is the number of pole pairs in the
rotor, B is a friction coefficient, ] the rotor inertia, T, is the electrical torque and Tj is the load torque, which
is zero. From this equation a state-space system can be derived as in eq. (7.2) and eq. (7.3). This state space
system can be extended to include disturbance torques and more accurate friction models. For now the friction
coefficient is determined from the equation of motion for stationary operation at no-load speed and the no-load
current, see eq. (7.4).

Te—Tl=1X%+wa (7.1)
(2}:) B [_PB//zj g] (g) * (1(/)]) (7e-T1) (7.2)
(6(3) B [(1) (1)] (C(—())) (7.3)

Te=krxi,=Bxw
_kTXiO (74)
=

=B

7.4. Model verification

The model is verified by comparing results with motor data sheet values. These plots are not representative of
actual operating scenarios, which is at a different supply voltage and likely with a stricter current limit. How-
ever, these plots illustrate the performance of the motor and are comparable to data sheet values.

The rotor position correctly changes linearly between 0 and 27 as seen in fig. 7.8. Plots for velocity, torque and
input and output power are shown in fig. 7.9. The velocity increases to 16424 [RPM], just short of the data sheet
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Figure 7.8: Rotor position over time

value of 16600 [RPM]. The maximum torque the motor delivers is about 0.2 [mNm], which is 20% below the
nominal torque value of 0.25 [mNm]. The no-load current is correct at 0.0148 [mA] and also the current and
back EMF waveforms in fig. 7.10 are as expected. The difference in current waveforms with fig. 7.1 b), is due
to switching effects with freewheeling and building currents. The switching effects are also clearly seen in the
power and torque plots as the small dips. The maximum efficiency is 39.6 %, which is just below the maximum

efficiency of 41% given in the data sheet.
Overall, the model correctly simulates the motor and drive circuit. The difference in torque is difficult to explain

without knowledge of the test conditions of the motor. However, to explain the difference the motor has to
be tested. The fact that the motor did not reach the no-load speed with the given motor constants indicates
inconsistency in the data sheet. Either the torque constant or the no-load current are too large. The physical

meaning of this is that either the motor produces less back EMF or there is less friction.

7.5. Power losses
quantify individual sources of inefficiency. Power losses in the motor are calculated from test data and used to

The second goal of the modelling effort is to characterise the power consumption of the reaction wheel and
tune parameters in the simulation model, which is used to estimate power losses in the drive circuit.

Motor losses

The motor consumes power due to mechanical friction, copper losses and iron losses. Iron losses include eddy
current and hysteresis losses. Eddy currents are induced in rotor due to the time-varying magnetic fields cre-

ated by the electromagnets in the stator. They may cause temperature rise and partial demagnetisation of the

magnets [26]. Hysteresis losses are due to a form of inter-molecular friction that occurs inside magnetic materi-
als when subjected to a changing magnetic field [25]. In flat BLDC motors the iron losses are typically included
in the mechanical friction as they are strongly speed dependent [37]. A simple friction model is included in
the state-space system in the motor Simulink model. The no-load current is measured in motor tests described
in Chapter 8. The friction losses are computed from this data using Equation (7.5) and the copper losses are
computed using Equation (7.6) for different set speeds. The friction parameter B in the model is then calculated,

which is used to update the simulation model.
(7.5)

Prriction = Trriction X 0 = kr xigxw
(7.6)

-2
Pcapper =igxR
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Drive circuit losses

The drive circuit consumes power in the MOSFET switches that guide the current to the right phases, and are
switched on and off at the PWM frequency to control the motor speed. Other losses are drive circuit specific.
For this analysis it is assumed that the MOSFET gates can be switched by logic-level commands and thus the
ADCS processor can drive the switches. Additional circuitry like, for example, a current sensor to generate
housekeeping information is not considered either as this is optional.

The MOSFET losses are not straightforward to calculate because they depend on the switching and thermal
characteristics of the specific circuit, but some approximations can be made. Basically, there are three operating
phases: On, Off and Switching. During the On phase the current flows through the field-effect transistor and
in the Off phase the current is dissipating through a flowback diode. Both phases can be modelled as simple
conductive losses in Equation (7.7), where the current is obtained in the Simulink model and the resistances
and voltage drop are the parameters of the Simulink MOSFET block. A suitable MOSFET has been selected for
a preliminary analysis of the drive circuit power consumption: Infineon BSR202N.

Peon = ifms X (Rfer + Raiode) + lavg X Varop (7.7)

The switching losses can be approximated by Equation (7.8) [38] where an average rise and fall time of the
current is used. Essentially, this equation computes the switching transition energy over a transition period
defined by the rise and fall time of the current for a number of switching periods defined by the PWM frequency.
The losses are calculated separately for PWM controlled switches and the other three that are only switched
to commutate the motor. Finally, a margin of 100% is implemented to account for circuitry connecting the
MOSFETs and diodes to each other, and to the gate driver.

Pswioss = Vsupply X irms % brise X fpwM (7.8)

7.6. Sensitivity analysis

Sensitivity analysis of a model is performed to identify mistakes, know its limitations and better understand the
relations between inputs and outputs. The model derived in this chapter is a powerful tool to evaluate future
control strategies together with a model of the drive circuit and motor. In this chapter the model served as
a tool for understanding power losses in the motor and drive circuit at steady-state situations that have been
validated by test data. To draw conclusions based on the dynamic behaviour of the model and evaluate new
circuit topologies the model could be extended, at the very least its limitations must be understood. Since such
an effort lies outside the scope of this thesis the sensitivity analysis is not performed.

7.7. Chapter summary

Models of the motor commutation as well as the power losses inside the reaction wheel were created in this
chapter. An in-depth SIMULINK simulation model of the drive circuit linked with a state-space representation
of the motor equation of motion was verified using motor data sheet parameters. Power losses are separated
into motor and drive circuit losses. The former includes mechanical friction, copper losses (resistive heating)
and iron losses. In the latter the different switching phases of the MOSFET transistors inside the electronics
were considered. Together, the models allow to evaluate control strategies and control circuit topologies, as
well as characterise the power consumption of the reaction wheel. In the following chapter functional tests of
the motor are used to validate the model and update empirical parameters.



Motor Testing & Model Validation

The selected motor is tested in this chapter to verify its performance and validate the Simulink model.

8.1. Motor testing

The main points of the testing are discussed here, and a detailed test plan and uncertainty analysis is provided
in appendix D.

Test setup

A block diagram of the test setup is shown in fig. 8.1. The clamp for the motor was 3D-printed based on the
preliminary design in Section 6.2. The phase voltages were measured using an oscilloscope (PicoScope). The
current and speed are measured using the motor control board EPOS 24/2 with the associated software EPOS
studio. The current measurement is verified using a multimeter that measures the DC current going into the
control board. The speed measurement is verified by the waveform periods observed on the oscilloscope. All
non-functional measurements are based on four different motors. Unfortunately, one motor was destroyed by
a piece of metal blocking the rotor, so functional test results are averaged across 3 different Maxon EC10FL
motors.

All variables in the functional test are described in Appendix D. The motor was tested at 25 degrees ambient
temperature. The winding temperature increases with time and reaches a steady state value after 2.2 [s], how-
ever the motor temperature rises for 20.5 [s]. Two sets of measurements were performed approximately one
minute apart for every functional test to account for this effect. It is important to test over time scales that
include all random variations to properly account for them.

Motor test results

The results for the individual parameters and the associated measurement uncertainty are given in Table 8.1.
Characteristic plots are shown in Figure 8.2. The measured no-load current is only about 1/3rd of the data
sheet no-load current. However, the current measurement was checked with an external multimeter and the
obtained current and voltage measurements correspond to the correct torque and speed constant and maximum
efficiency of the motor. Apart from this, it was already realised in Section 7.4 that the data sheet parameters
are not consistent. Furthermore, the manufacturer confirmed the measurements. It is therefore concluded that
the measurements are correct within the presented uncertainty margin. The power consumption is shown in
Figure 8.4.

8.2. Model validation

First the model is updated with the torque constant and friction coefficient derived from test data. Most im-
portantly, the model now uses a 10 [V] voltage source that is chopped with the PWM frequency of 100 [kHz]
to give approximately 4 [V] at the no-load speed of 16600 [RPM]. Next, by comparing the steady-state and
dynamic behaviour of the model to test results the model is validated.
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e
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Figure 8.1: Block diagram of motor functional test
Table 8.1: Motor test results
Data sheet M d
Parameter Test Method ata shee casure Uncertainty
value value
Weight [g] Digital scale 0.82 1.211 0.01
Dimensions [mm)] Digital caliper 10x10x6.65  9.89x9.89x6.13  0.02
Resistance [Ohm] Multimeter 38.8 38.8 0.001
Speed at nominal EPOS 24/2
pe EPOS Studio 16600 16600 16.6
setting [RPM]
Voltage waveform
Speed and voltage
Speed constant [RPM/V] 4870 4586 617.5
measurement
Speed
Nominal torque [mNm] peed chrve 0.25 0.216 N/A
derivation
Back EMF constant [V/KRPM]  idem N/A 0.218 0.028
Torque constant [mNm/A] idem 1.96 2.1 0.28
Friction coefficient [-] Current N/A 0.77 0.21
measurement
EPOS 24/2
Nominal no-load current [mA] EPOS Studio 14.8 5.157 1.1
Multimeter
Nominal voltage [V] Oscilloscope 4 3.82 0.21
PWM frequency [kHz] Oscilloscope 100 100 N/A
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Figure 8.2: Performance comparison test data and simulation results

To evaluate the steady-state at the no-load speed of 16600 [RPM] the voltage waveforms and no-load current
are compared. The waveforms are shown in Figure 8.3. Clearly their period, amplitude and general shape match
very well. To explain the differences further analysis is required, but measurement noise is an important factor,
which contributes to the presence of non-zero voltages between peaks. Apart from this, the no-load current in
the model of 5.8 [mA] falls inside the uncertainty band of the measured value of 5.2 [mA].

The dynamic behaviour is contrasted against test data in Figure 8.2. The time required to accelerate to the
no-load speed is 0.82 [s] in both speed vs time curves. However, the test data shows an overshoot and it takes
up to 0.2 [s] to reach a steady state speed, whereas this is practically instant in the model. This is also reflected
in the torque and current curves. The test result torque curve is obtained by scaling the derivative of the speed
curve with the rotor inertia. As a result the torque at low speeds is not accurate. Furthermore, the PWM ef-
fects are not visible in the test results because the controller takes the average values of the speed and the DC
current. Nonetheless, the peak values and time periods in the plots match reasonably well. However, it must
be concluded that the dynamic behaviour is only modelled well as a first approximation. This can be improved
once the actual drive electronics are developed for which the model can serve as a design tool.

8.3. Detailed power consumption

The breakdown of the motor power consumption is shown in Figure 8.4. The identification of the diode and
MOSFET current is shown in the annotated transistor current waveforms in Figure 8.5 and Figure 8.6. The
power consumption is later compared to that of the complete reaction wheel in Chapter 12. The friction loss is
by far the largest source of inefficiency. In fact, greater friction requires a larger current to be overcome, which
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Figure 8.3: Comparison between measured and simulated voltage waveform

also increases copper losses. The drive circuit losses amount to about 15% of the motor losses, where the most
energy is lost in the OFF phase of the motor.

8.4. Chapter summary

Functional testing of the motor led to the conclusion that the power consumption of the motor is one third of
the data sheet value. Results were checked with an external current measurement, and deliberation with the
manufacturer confirmed the test results. Restrictions in the controller and measurement methods constrained
the measurement accuracy. A breakdown of the motor power consumption was successfully established in
combination with the Simulink model. The model was validated for steady-state conditions, but once the exact
motor topology is known this can be extended to dynamic scenarios as well. At present this was not necessary
to characterise the power consumption.
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Detailed Hardware Design

In this chapter the detailed design of the reaction wheel assembly is presented. Starting with the requirements
in Section 9.1 a housing for the motor and flywheel is designed in section 9.2. The integration approach is
described in Section 9.3. Manufacturing results are discussed in Section 9.4. Requirements for the control
electronics are presented in Section 9.5, although their development lies outside the scope of this thesis. Finally,
a proposed design for a three-wheel assembly is presented in Section 9.6.

9.1. Housing requirements

Using the results of the preliminary design the requirements for a detailed design were derived from RW level
requirements. The housing must provide a pressurised environment to prevent evaporation of the bearing
lubricant and should have an eigenfrequency of above 200 [Hz] to guarantee the complete RW has an eigen-
frequency above 60 [Hz]. It will be 3d printed out of aluminium for easy and cheap manufacturability, which
allows considerable freedom of design.

COM-HOL1.

COM-HO2.
COM-HOs3.
COM-HO4.
COM-HO:5.

COM-HOe6.

The housing shall provide structural support for the motor and flywheel, and interface with the three-
wheel assembly structurally.

The housing shall have an airtight seal and 1 atmosphere internal pressure.

The housing shall survive random vibrations of 7.2 [g] (RMS) during launch [8].

The housing shall survive sine vibrations of 3 [g] max. during launch [8].

The housing shall ideally have a mass of less than 3 [g], but for a first design it shall weigh less than 5
(e].

The housing shall be made out of aluminium.

COM-HO?7. The housing shall have an eigenfrequency of more than 200 [Hz].

9.2. Housing design

The reaction wheel assembly consists of the motor, a flywheel and a sealed housing. Two different housing
designs are considered.

Structural design

The housing consists of a bottom part where the motor with flywheel is mounted and a top part that seals off
the motor. In design A there is an O-ring at the interface of the two halves and the top half is both glued and
bolted to the bottom half. Design B is without an O-ring and room for bolts and is only glued. This results in a
smaller and lighter design, but it is unclear whether it can provide a secure seal. Design A and B are shown in
Section 9.2. The motor can be glued to the middle of the bottom structure, or clamped inside it. The flat motor
cable is fed through the back of the slot at the back of the clamp underneath the motor towards the front of the
housing. The top half is glued to the bottom half (see section 9.3).
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(c) B: Top without O-ring (d) B: Bottom without O-ring

Figure 9.1: Reaction wheel housing designs

Structural analysis

The housings are analysed for their compliance with structural requirements. They must survive stresses due
to the internal gas pressure and the launch vibrations. Apart from that their eigenfrequency must be below 60
[Hz].

Stress analysis
The stress due to the air pressure inside the housing is well below yield stress for 3D printed Aluminium [21].

Pxr 1x10°x0.008
g = =
2xt 2x0.001

=0.4x10% << 0 jp1q =227 x 10° 9.1
y

Using CATIA’s generative structural analysis workbench the launch vibrations and eigenfrequencies are sim-
ulated.

Section 9.2 shows the stresses and displacements resulting from simulated launch vibrations for Design B. As
it has a lower wall thickness than Design A it will experience larger stresses. The boundary conditions are
clamping inside the screw holes and an acceleration of 7.2 [g] is applied on the entire bottom surface for the
bottom part, and on the connecting surfaces for the top part. Defining a factor of safety (FOS) as in Equa-
tion (9.2), where oy, is the Von Mises stress a FOS of around 1800 [-] is computed for the maximum stress.
It can be concluded that both parts of the housing comply with requirement COM-H3. However, the internal
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connections are not straightforward to simulate, and are likely to be the critical points in the design due to
stress concentrations on any imperfections. They are tested as part of vibration testing in Section 11.5.
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yie
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On Boundary,
(a) A: Bottom Von Mises stress (b) A: Bottom displacements
cement vectol
On Boundary
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(c) A: Top Von Mises stress (d) A: Top displacements

Figure 9.2: Reaction wheel housing launch stresses

Eigenfrequency

For the eigenfrequency simulations a mass dummy of the reaction wheel was used, in which all connections
between the components are completely rigid. The housing is clamped at the screw holes resulting in a first
mode at 6.8 [kHz] for housing A. The effect of using a the simplified model can be evaluated by considering
the equation for a simple mass-spring system eq. (9.3) [21]. The actual stiffness of the wheel is lower because
of internal structural connections so the eigenfrequency is lower in reality. Housing A was considered as
it has a higher mass than Housing B, and so has a lower eigenfrequency. Since the computed value is far
above requirement RW-PH5 this simplification is reasonable for a first approximation. The eigenmodes are
determined experimentally in Section 11.5.

stif fness
mass

f=2mx 9.3)
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Table 9.1: Specifications Reaction Wheel Assembly

Reaction wheel assembly Design A Design B
Mass housing [g] 5.35 3.356

Mass RWA [g] 9.38 7.33
Dimensions [mm] 20x20x12 18x18x11.5
Minimum torque [mNm] 293x107% 293x107*
One way momentum storage [Nms]  0.113 0.113

9.3. Integration approach

The flywheel is glued on the rotor of the motor, and the motor is glued to the bottom structure. Then, for Design
A the O-ring is glued to the bottom structure as well. The top half of the structure is glued to the bottom half
sealing the motor and flywheel inside.

Glue selection

For the flight model a space-grade glue is required, but for an engineering model a non-space qualified glue
is used. A suitable glue was found in deliberation with manufacturers by communicating the structural and
environmental requirements of the housing. An epoxy type two component glue Loctite 3430 provides the
required bonding strength and does not evaporate in vacuum.

O-ring selection

An O-ring can provide a vacuum seal when it is compressed inside the structural interface if it is properly
placed and clamped. Because the motor cable must go out of the housing a complete O-ring seal is impossible.
Nonetheless, the use of an O-ring to seal the rest of the structure is considered. While not strictly in contact
with the space environment (as the O-ring is enclosed by the aluminium structure), the O-ring shall have low
outgassing in vacuum, low permeability for Oxygen and Nitrogen molecules and a low coefficient of thermal
expansion. Suitable materials include Fluoroelastomers and Propylene [41]. Furthermore, the O-ring must be
available with the required radius of 8.5 [mm] and thickness of 1 [mm]. The selected O-ring is made of EPDM,
a type of Ethylene Propylene rubber.

9.4. Manufacturing

The designs are first 3D-printed with plastic to test their fit and then using Aluminium. 3D printing was chosen
as manufacturing method because it allowed for the integration of the clamp with the bottom structure and is a
factor of ten cheaper than conventional milling and drilling at small scales. A drawback is that print accuracy is
no better than 0.1 [mm] which is significant as the minimum internal thicknesses is 0.5 [mm]. This was evident
in the fabricated parts as some filing was required to achieve a good fit. Furthermore, the printed parts show
material imperfections, which can lead to stress concentrations. The parts and assembled wheel can be seen in
Section 9.4. The specifications of the reaction wheel assembly are given in Table 9.1.

9.5. Control electronics

The control electronics board is not developed as part of this thesis, but its requirements are a result of the
work.

COM-C1. The control electronics board should control the motor using Pulse-width modulation.
COM-C2. The control electronics board shall have a power consumption of less than 10 [mW].
COM-C3. The control electronics shall be able to control the motor speed to at least within 300 [RPM].
COM-C4. The board shall have dimensions of less than 14x14x2 [mm)].

COM-C5. The board shall have a mass of less than 1 [g].

Pulse-width modulation is suggested as control approach because it is widely used, efficient and is simple to
implement [24]. The other requirements follow directly from the system requirements.
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(a) AIl RWA parts (b) Design A open view

(c) Design A front view (d) Design A top view

Figure 9.3: Reaction wheel housing designs
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-

Figure 9.5: Top half of three-wheel assembly

9.6. Three-wheel assembly

A preliminary design for the three-wheel assembly is given in Figure 9.4 and Figure 9.5. The flywheel is attached
to the motor as in the one wheel design, but all three wheels are within the same pressurised housing. The
exact interface between the motor and the structure is not defined, but overall the structure is simple. It can be
manufactured without 3D-printing, as this provided very mixed quality results. The dimensions are 31x31x22
[mm]. The control electronics should be integrated into the top of the structure. There is in the design 3
[mm)] thickness included for this. In this way all the motor cables stay inside the housing, and the connections
between the control electronics and the ADCS processor should be integrated at the top as well.

9.7. Chapter summary

Based on component level requirements two options for a housing were designed. The motor can be glued, or
clamped, inside the bottom half and the flywheel is glued to the motor rotor. Design A includes an O-ring to
seal the housing while Design B relies solely on glue to properly seal the two halves of the structure. Structural
analysis indicates compliance with requirements with room for further optimisation. The interface of the RW
assembly with the ADCS for now simply consists of 4 M1.6 screw holes. The use of 3D printing to manufacture
the RW structure will be evaluated. A proposed three-wheel design takes the miniaturisation a step further
including 3 wheels as well as their control electronics inside one pressurised housing. In the next part of this
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report the one wheel assembly will be tested extensively to provide conclusions for a future detailed design of
the three-wheel assembly.






61

IV

Testing






10

Micro-vibration Test Bench

In this chapter the development of a micro-vibration test bench is described. Its purpose is to measure the
vibrations generated by the reaction wheel. Possible disturbance models are discussed in Section 10.1 to deter-
mine which parameter should be measured, followed by an estimation of the required measurement sensitivity
in Section 10.2. Section 10.3 describes the selection of an appropriate test method. Technical requirements for
the test bench and accelerometer are presented in section 10.4. The selection of a suitable sensor, its working
principle and a comparison between theoretical and actual performance are presented in Section 10.5. The test
bench is designed in section 10.6 and its integration and calibration is discussed in section 10.7.

10.1. Reaction wheel disturbances

Sources of disturbances and state of the art models are considered to support the selection of a suitable test
method.

Reaction wheel disturbances caused by rotation of the wheel have have fundamental and harmonic components.
Their analysis is complicated by structural vibration modes of the reaction wheel structure (and satellite). Fun-
damental disturbances are caused by static and dynamic imbalances of the wheel. They include mass imbalance
and misalignment of the flywheel, and bending of the motor axle during rotation due to its finite stiffness. This
results in a force and moment proportional to wheel speed [51]. Disturbances that occur at sub and higher
harmonics of the wheel speed are referred to as harmonic disturbances. They include dynamic lubrication be-
haviour, control errors like cogging and torque ripple and irregularities in the bearing balls, races and cages
[29]. Harmonic disturbances can be further amplified at structural vibration modes of the wheel. It is there-
fore important to test at frequencies larger than the wheel speed to properly consider these potentially most
important disturbances.

State of the art disturbance models combine analytical and empirical models and use test data to determine
reaction wheel specific parameters experimentally [29]. In principle, measurements of forces and moments in
three axes are sufficient to extract the relevant parameters [29]. It is also possible to measure accelerations
to derive these forces and moments [15]. A suitable measurement approach is selected in section 10.3. The
measurements can be used in future work as input for a disturbance model.

10.2. Measurement sensitivity

The required measurement sensitivity is approximated by considering vibration levels measured on the Exo-
planetSat reaction wheel system.

ExoplanetSat is a satellite mission aiming to detect exoplanets around sun-like stars on a nanosatellite plat-
form. This requires arc second level pointing stability [43]. Vibrations due to the rotation of reaction wheels
are an important constraining factor in achieving high pointing accuracies. At the Massachusetts Institute of
Technology Space Systems Laboratory (SSL) and the Goddard Space Flight Center (GSFC) vibration tests of
the Maryland Aerospace Inc’s MAI- 200 reaction wheels have been performed [43] to assess the feasibility of
the pointing requirement. MAI-200 consists of three orthogonally placed reaction wheels fixed in a housing
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Table 10.1: Estimated disturbance forces MAI-200 reaction wheel [43]

Minimum Maximum

Axial Radial Axial Radial
Max force coefficient [mg x mm)] 230 170 2400 1600
Max torque coefficient [mg x mm?] 4700 31000 260000 310000
Wheel speed [rad/s] 104.72 104.72  418.88 418.88
Max force [mN] 2.52 1.86 421.1 280.7
Max torque [mNm] 0.052 0.34 45.62 54.4

with a total mass of 910 [g] and dimensions of 100x100x79 [mm] [1]. Reaction wheel specific coefficients de-
scribing dynamic behaviour at harmonic resonances are extracted from vibration data and used to compute
forces and torques, in both axial and radial direction. An estimate of the expected maximum disturbance forces
of the Delfi-PQ reaction wheel is derived by scaling forces and torques obtained using equation one and two
[43][p.8]. Results are shown in section 10.2. A single MAI-200 reaction wheel weighs about 300 [g], roughly
2 orders of magnitude heavier as the Delfi-PQ reaction wheel. Therefore, at harmonic resonance peaks forces
and moments between respectively 0.0186 [mN] and 4.211 [mN] and between 0.00052 [mNm] and 0.544 [mNm]
can be expected.

10.3. Test approach

Different vibration sensors and methods used for reaction wheel testing in literature are discussed and the dis-
tinction between hard-mounted and coupled measurements is made clear. An approach taking hard-mounted
measurements using piezoelectric bimorph sensors is chosen for the micro-vibration test bench.

Acceleration can be measured directly, or it can be computed from measurements of force, velocity or displace-
ment. Vibrations are typically derived from measurements using dynamometric platforms (measuring force or
torque using load cells) [40] [43] [17]. These force tables can measure forces down to 1 [mN] [51]. Another
approach measures displacement using charge-coupled-device laser sensors [48] which enables measurements
with a sensitivity of about 0.5 [mN] up to a maximum frequency of 20 [Hz]. A simpler approach is based on
sensing accelerations transmitted to a seismic mass using accelerometers achieving similar sensitivity levels
[51]. Unfortunately, accelerometers with sufficiently high sensitivity are not readily and cheaply available. Ac-
celerometers make use of the piezoelectric effect to link charge generated from compression of a piezoelectric
component to the acceleration of an internal mass. The same effect can be exploited using piezoelectric bi-
morph sensors that can achieve very high measurement sensitivities (see Section 10.5).

Apart from the physical quantity and how it is measured, it is important to define what the measurement
represents. On a satellite the vibrations of the wheel are transmitted to the satellite’s structure in a zero-g en-
vironment. The structure in turn vibrates and transmits vibrations back to the wheel. The dynamic behaviour
of the wheel is said to be coupled with the behaviour of the structure it is attached to. Only a coupled mea-
surement is truly representative of the operational environment. On Earth, zero-g environments are simulated
using methods such as suspending the measurement platform using air-bearings, string suspension, or gimbals
and operating the platform in zero-g during parabolic flights [12]. Furthermore, the wheel must be attached
to a representative satellite structure to achieve a coupled measurement. Moreover, the sensor itself cannot
introduce too much mass to the system or the measurement is not representative of the operational conditions.
For example, force tables are not suitable for coupled measurements as they are several orders of magnitude
heavier than the reaction wheels themselves. However, hard-mounted measurements can be used to estimate
coupled dynamics [7]. In the scope of this thesis only the hard-mounted measurements will be analysed, but the
estimation of coupled dynamics is recommended for further analysis. Nonetheless, the measurement approach
shall make use of a free-free suspension method to isolate the vibrating mass. This allows deriving the forces
and moments at the reaction wheel to seismic mass interface from acceleration measurements [53].

10.4. Test bench requirements
Technical requirements for the test bench are:

TB-HW1 Natural vibration modes of the measurement system shall be larger than 1.5 [kHz] or as close to 0 [kHz]
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as possible.
TB-HW2 The test bench shall be made out of high stiffness material (e.g. Aluminium 7075).
TB-HW3 The test bench shall be suitable for different RWAs with a maximum diameter of 5 [cm].

TB-HW4 The vibration sensors shall be rigidly attached to the measurement system, and data cables shall not

introduce unwanted load paths.
TB-HWS5 The test bench shall have a cost of less than 1500 Euro.
TB-HW6 The test bench shall be operated on a suitably solid table to isolate it from parasitic vibrations.
TB-HW?7 The test bench shall consist of a seismic mass that is suspended by two ropes.

The technical requirements for the vibration sensor are as follows.

TB-ACC1 The sensor shall have a measurement sensitivity of at least 10 V/g and ideally 100 V/g.
TB-ACC2 The sensor shall operate at frequencies between 0 and 1.5kHz.
TB-ACC3 The sensor shall be insensitive to external varying magnetic fields created during motor operation.

The maximum useful motor speed corresponds to a forcing frequency of about 220 [Hz]. As discussed in
Section 10.1 at higher harmonic frequencies the largest disturbances occur so the measurement range is ideally
between 0 and 1.5 [kHz]. However, as is explained in Section 10.5 both the selected sensor and calibration
sensor have reduced performance at frequencies above 1 [kHz]. Because of the high measurement sensitivity,
parasitic vibrations will likely constrain the lowest measurable accelerations. Both the suspended seismic mass
and a very solid base table will filter out background noise.

10.5. Piezoelectric bimorph sensor

In this section the principle of piezoelectricity and bimorph sensors is described and theoretical and measured
sensitivities during calibration testing are compared. Finally, an additional high sensitivity accelerometer for
calibration of the test bench is selected.

Piezoelectric effect and bimorph sensors

When stress is applied to a piezoelectric material a proportional charge is generated. To exhibit piezoelectric
behaviour the material’s molecules must lack a centre of symmetry and be non-conducting. On a molecular
level, the centres of positive and negative charge within one molecule move with respect to each other resulting
in an electric dipole. The opposite of this direct piezoelectric effect is also possible. The indirect effect is when
an electric field is applied across a piezoelectric material it deflects geometrically due to an induced electric
force moving the ions with respect to each other [23].

In addition to this, some piezoelectric materials show pyroelectric behaviour where a change in temperature
of the material generates a charge. On a molecular level it is a change in the position of the atoms with respect
to each other that changes the polarisation state of the molecule [23].

A bimorph, also called bender, is made by bonding two thin polarised piezoelectric plates on a metallic support-
ing layer. If the layers are oppositely polarised the pyroelectric effect is cancelled out. This means temperature
does not need to be closely controlled in an experiment. When the sensor is bent one layer is compressed while
the other is elongated. The opposite stress and opposite polarisation lead to the same voltage over the sensor
layers, hence both layers can be connected in series. This polarisation configuration is called a series bimorph
[23]. This sensor will be used in the micro-vibration test bench.

Theoretical measurement sensitivity

The theoretical measurement sensitivity can be computed from piezoelectric sensor theory. Parameters of inter-
est are the sensor’s voltage sensitivity and resonance frequency, which can be calculated using Equation (10.1)
and Equation (10.2), where L is the free (unclamped) length of the sensor, L, is its total length and 4 and w are
its thickness and width, respectively.

L2
Su,bender =2 % 1072 x ————— (10.1)
hxLyxw

h
fres =400 (10.2)
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Table 10.2: Voltage sensitivity and resonance frequency (h=0.75 [mm], w = 5.87 [mm])

Sensor free length  Voltage sensitivity =~ Resonance frequency

L_t [mm] S_U[V/g] f res [Hz]
17.8 6.4 943.7
26.8 10.4 418.3
40.9 16.8 179.3

Table 10.2 shows voltage sensitivities and resonance frequencies for different sensor lengths. In addition, it is
possible to pre-load the sensors by placing a mass at the free end of the sensors, which greatly improves its
sensitivity. However, it is not straightforward to calculate this effect so instead it is determined experimentally.

Sensor calibration

The test setup used to calibrate the sensors is shown in Section 10.5. The output of the bimorphs is compared
to that of a calibrated accelerometer with a sensitivity of 8.04 [mV/g]. The Bruel & Kjaer accelerometer has a
constant sensitivity up to 12 [khz]. Sine vibrations of varying frequency are applied to measure the voltage sen-
sitivity at different frequencies and to find the resonance frequency of the different bimorphs. The bimorphs
are read using a charge-to-voltage converter and amplifier with variable gain, which eliminates cable influ-
ences [23]. Electrical noise and parasitic vibrations will determine the lowest measurable vibrations. The wires
soldered to the bimorph are connected to a shielded Coax cable which is connected to the amplifier. Shield-
ing drastically reduces the electrical noise. The amplifier also filters out signals above 1 [kHz], which further
reduces the noise. Furthermore, some of the noise can be averaged out in the oscilloscope.

Sine wave Vibration
Signal generator » Power amplifier > Shaker > S_tructural
interface
Vibration
Amplifier with
1kHz lowpass [<— Bimorph <
Filter
Accelerometer
. Volt .
Oscilloscope S aLs Bruel & Kjaer [«
4384

Figure 10.1: Calibration test setup

Experimental measurement sensitivity
The measured sensitivities at different frequencies are shown in Section 10.5.

First of all, the measured sensitivities are well below the theoretical values. In a charge to voltage converter
the output voltage scales with the converter capacitance [23]. The amplifier has a variable gain, so that the
theoretical value is not necessarily representative. On the other hand, the importance of properly clamping the
sensors was also realised. The effective length of the sensor can change and additional energy is dissipated if
the sensor moves inside the clamp. This is an important consideration for the test bench.

The sensitivity increases drastically by pre-loading the sensor, but at the cost of an equally sharp decrease in the
resonance frequency. The behaviour of the sensors is also frequency dependent already well below resonance.
This effect is exacerbated by the added mass, because it decreases the range. In addition, below a certain forcing
frequency the sensor also resonates at its resonance frequency. This is strongly dependent on the input signal,
however.



10.5. Piezoelectric bimorph sensor 67

Measurement noise corresponds to an acceleration of between 0.0001 - 0.002 [g] depending on the sensor.
However, it is unclear to what extent the noise consists of parasitic vibrations, which will be filtered by the
suspension of the test mass. Purely electrical noise might be averaged out using long acquisition times.

The sensitivities that can be achieved, albeit in restricted frequency ranges, are sufficient to measure the ex-
pected disturbances. However, calibration tests are performed at vibration levels several orders of magnitude
above the expected reaction wheel disturbances. This analysis therefore only serves as a rough indication of

the frequency range and voltage sensitivity of a particular sensor and added mass.

In conclusion, initial results indicate that for limited frequency ranges the required sensitivity can be achieved.
Shorter sensors are required to measure at higher frequencies, but they likely will not have sufficient sensitivity.
Further tests using a highly sensitive reference accelerometer on the actual test bench are required. Three main

points need to be resolved.
1. What is the background noise of the test setup?

2. Can the sensors provide reliable measurements at frequencies above their resonance frequency?

3. What is the actual signal to be measured?
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Figure 10.2: Calibration test results

High Sensitivity Calibration sensor
The high sensitivity accelerometer has the same technical requirements as identified for the bimorph sensors,

with the added consideration that the sensor should not be too large to be mounted on the test bench. Unfortu-
nately, in the sensitivity range above 1 [V/g] there is very limited choice. The PCB 393B12 accelerometer offers
the largest frequency range of up to 1 [kHz], with a mass of 210 [g] and a sensitivity of 10 [V/g].
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10.6. Structural design

The test bench consists of a suspended seismic mass on top of which the reaction wheel assembly is placed.
The piezoelectric bimorphs are used to measure accelerations in two directions. From this, disturbance forces
and moments can be derived, which in turn can be used in future work to validate a mathematical model of the
reaction wheel assembly.

Disturbances from acceleration measurements
The test bench is based on the work presented by Zhou et al. [53]. A schematic of the bench is shown in
Figure 10.3. Measurements of accelerations at location 1-4 are used to derive the forces and moments at the
interface of the wheel and the seismic mass. Accelerometer 1 and 2 measure in the y-axis, and three and four
measure the acceleration in the z direction. This measurement can be linked to forces and moments at the
measurement location.

. dv do

a_E+Exrb+wx(wxrb) (10.3)

The radius vector from the centre of mass of the seismic block to the location of the accelerometers is repre-
sented by 7. The velocity and angular velocity vector of the seismic mass are given by ¥ and ®, respectively.
During testing @ is small and the centripetal acceleration term @ x (@ x 7p) is assumed to be negligible. The
remaining terms can be formulated in terms of the forces and moments.

a= D+ D=t T, (10.4)
The equation is filled in for the locations 1 and 2, and then rewritten in terms of acceleration measurements.
Note that the sign convention defined in the paper (Figure 10.3), shows that d, is positive while d; is negative.
Nonetheless, the derivation is continued with this new sign convention.

1 4
o E [Fm'y ] (10.5)
ap % —&2 1 | Mp,x
1 dar mxdy  mxd
Fm,y m Iy a _ | di+dy dy+do a (10 6)
M. - 1 jz ap - ]IXX —Ixx as :
m,x m Iy d1+d2 d1+d2

The equation can now be modified to express the force and moment at the wheel-mass interface in terms of
the accelerations a; and a,. While the force is the same, the moment at the interface is related to the moment
at the centre of mass by:

M, = My x — Fypy % da (10.7)
The final equation then becomes:
mxdg mxd1
Fy di+d> di+d> ay (10 8)
M - Ixx_mdeZ —Iyx—mxdy xdp a '
X 2
d] +d2 d1+d2

Note that in the reference paper the equation is slightly different. The term d1 x d2 appears as d?. However,
in another paper [52] the same authors report d1 x d2. It is concluded that a mistake was made in the first
reference. Furthermore, the transformation in Equation (10.7) reported in the paper has the opposite sign in
both references. However, as aforementioned, this is not consistent with the sign convention of Equation (10.4).
During processing of the test data both options were implemented to verify this reasoning. The equation re-
ported here yielded the exact same relation between the force and moment plots as reported in the reference
paper. The equation given in the paper, however, produced completely inconsistent results. Furthermore, first
calculating the moment around the centre of mass, and then applying the transformation directly with the cal-
culated forces yielded the same relation between force and moment plots. It is clear that there is an issue with
sign convention. Therefore, this approach is considered valid. Results are shown in Section 11.6.

For a symmetrical test bench the forces and moments in y and x direction are equivalent. In other words, two
acceleration measurements are sufficient to compute the radial forces and moments.
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FJ’
My

Fy
MJ’

(10.9)

With the second pair of accelerometers at location three and four, the axial disturbance force F, can be derived
in the same way by filling in eq. (10.4). Note that ds is equal to dj.

1 1
a|_|\m m || Fmz (10.10)
ay = == Mm,x
Ixx Ixx
F 2 Zlla
I P (10.11)
2,X m m ay

The axial disturbance moment M, , is actually negligible "due to wheel imbalance and bearing imperfections
as well as electromechanical sources such as cogging and ripple" [32][p.4]. The moment M,, , calculated can be
checked with the second measurement.

Sizing of the test bench

For sizing of the seismic block there are three main considerations. First, a lighter seismic mass leads to larger
accelerations, and so they can be measured more accurately (improved signal to noise ratio). Second, the mass
determines the natural frequency of the suspended system. Ideally, the test bench has no eigenfrequencies in
the test range from 0-1500 [Hz]. Finally, it should be large enough to fit a three-wheel assembly.

The eigenfrequencies of the test bench are direction-dependent. In the x and y direction (as defined in fig. 10.3)
the bench behaves like a pendulum. In the z-direction it behaves as a mass-spring system with 4 parallel springs.
Furthermore, the block itself has structural vibration modes. In Zhou et al. [53] an eigenfrequency of below 2.5
[Hz] is reported without specifying how this value is computed, and for which direction it holds.

The motion of the test bench in the x- and y-direction is approximated by that of a pendulum. It is assumed that
the two ropes attached to each side of the block can be treated as a single rope. The torque about the centre of
mass of the block corresponds to its angular acceleration and its moment of inertia about the centre of mass.

T=Imxa (10.12)

At any given time the torque is due to the 'restoring force’, i.e. the component of the pendulum’s mass, mp;ock,
in the y direction times the length, L.,,, of the pendulum.

IT| = mg xsin(@) x L¢y, (10.13)

The angle between the z axis and the pendulum string is 8. For small angles, a condition which holds for prac-
tical operations of the test bench, the equation of motion is:

L
a~-8cmg (10.14)

Icm

This is actually a simple harmonic equation for which a general solution is:

0=Axcos(fxt—¢) (10.15)

Taking the second derivative yields the general equation of motion:

)
dt?
The natural frequency of the pendulum f is then given by:

=a=—f*x(Axcos(fxt—p)=—f>x0 (10.16)
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mgLem

Icm

f= (10.17)
In the z direction the system is approximated by a simple mass-spring system. The 4 ropes are modelled as
parallel springs, which allows adding up their contributions. The natural frequency of oscillation is then given

by:

1 Jkers
=—\/— 10.18
fo= 5o\ L (10.18)

where k. is the sum of the individual effective spring constants. It is likely that this data is not known for an
off-the-shelf rope. Instead, the spring constant must be determined experimentally or extracted from test data.
Nonetheless, for sizing of the bench the equation illustrates that a large weight of the seismic mass is desirable
for a low natural frequency system.

The seismic block itself has structural vibration modes that can be computed using CATIA’s Generative Struc-
tural Analysis workbench. These modes should also be outside the test range of 0-1500 [Hz].

Apart from this, the seismic block shall fit larger reaction wheels and three-wheel assemblies. The block shall
therefore have a square top surface of 15x15 [cm] and be symmetrical in the x and y directions (as defined
in fig. 10.3). The length of the pendulum, L., is assumed to be 0.1 [m] and the seismic mass is made out of
Aluminium.

Using a Matlab script the different eigenfrequencies have been calculated for three different masses. The outer
dimensions are fixed. Results are presented in table 10.3. For a pendulum the frequency increases with mass,
while for a mass-spring system this is not the case. This suggests there is an optimum mass at which the two
frequencies are equal. Once the rope spring constant is measured this can be determined. For now, the test
bench has a wall thickness of 1.5 [cm] and outer dimensions of 15x15x15 [cm], to keep structural vibration
modes above 1500 [Hz] and natural frequencies low.

Table 10.3: Test bench sizing results

1st structural ~ Mininum expected

Wall [t(l;f]k ness I\[/ll<zigs]s [k;xr; 27 k;%z] [I:flxz] [Hyz] vibration mode acceleration
[He] [107° g]
1 2.27 0.015 0.012 7.46 8.62 1225.7 0.9029
1.5 3.28 0.02 0.016 10.03 11.58 1502.8 0.4763
2 4.21 0.024 0.02 13.12  7.02 2122.8 0.3363

Final design
The final design is shown in Figure 10.4. The seismic mass will be suspended from the support rods using a
rope.

10.7. Integration and calibration

The test bench was successfully integrated and characterised. Disturbances by the reaction wheel are easily
measurable with the reference accelerometer eliminating the need for the piezoelectric bimorph sensors. A
block diagram of the complete test setup is shown in Appendix D.3.

Pictures of the test bench after manufacturing and in the actual test setup can be seen in Section 10.7. The
seismic mass has threaded holes where both the reference accelerometer and the piezoelectric sensors can be
mounted on all sides. Note that the holes for the mounting of the accelerometers on the top were drilled later.
The wheel is directly mounted to the top using 4 M1 screws. Because larger aluminium plates were not cheaply
and readily available the bottom plate had to be oriented diagonally to fit the seismic mass. Both the accelerom-
eter and the bimorph cables introduce unwanted load paths that are not considered in the analysis, however
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Figure 10.3: Schematic of test bench with accelerometer locations 1-4 [53]

Figure 10.4: CATIA drawing of the test bench
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this effect is evaluated in the random uncertainty of the measurements. The entire test bench is placed on a
passive vibration isolation table.

The eigenfrequencies of the test bench are derived from swing tests in each direction. The reference accelerom-
eter was used to measure the frequency of free motion after perturbation from rest state. The largest frequency
of 10 [Hz] is in the z direction. The effective measuring range is therefore 10-1000 [Hz], constrained by the
accelerometer.

(a) Test bench after integration (b) Test bench in actual test setup

The measurement sensitivity of the reference accelerometer is sufficient to characterise the reaction wheel, but
future better stabilised wheels might still require higher sensitivity. Therefore, the calibration is still considered
briefly. Measured accelerations for each of the three piezo bimorphs and their respective reference accelerom-
eter measurements are shown in Figure 10.6. Overall, the sensors correctly identify the peaks corresponding
to the wheel speed within their frequency range but the slope traced by the peaks only matches that of the ref-
erence accelerometer within a more limited bandwidth. Near and above resonances false peaks are produced,
and the output is non-linear. Below about 50 [Hz] no output can be produced, which was already observed
in initial calibration testing. Above about 300 [Hz] all bimorphs miss a few or produce more peaks than the
reference data shows, which is due to their fundamental and higher resonance frequencies. Overall, the bi-
morphs could be used to measure accelerations between 50 and 300 [Hz], if outside their resonance frequency,
but above 300 [Hz] they can be used to identify structural resonances of the wheel. For this their output has
to be compared; if a peak shows up on all three outputs it is likely to be real. Nevertheless, both the medium
length and the short piezo have voltage sensitivities below that of the reference accelerometer, and the longest
bimorph has the poorest performance. The sensitivities could be increased, but at the cost of reducing their
effective measurement range. Because the disturbances are large enough to be measured, the bimorphs are
not considered further. Instead, individual measurements at the accelerometer locations with the reference
accelerometer will be combined. The reproducibility of the results must be proven in this approach. This is
discussed in Section 11.6.
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Figure 10.6: Piezoelectric bimorph calibration results
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10.8. Verification & Improved design

The test bench mostly complies with the requirements. The measurement range is restricted to 10-1000 [Hz],
due to the accelerometer, but this is sufficient to capture higher harmonics at up to 4.5 times the wheel speed.
It has a sufficiently high eigenfrequency and fits much larger reaction wheel assemblies. Unwanted load paths
and imperfect mounting of the reaction wheel introduce random uncertainties that can be reduced further. The
test bench was operated on a passive vibration isolation table and cost less than 1500 Euro including accelerom-
eter.

The test bench’s measurement range and practicality can be improved by replacing the two-rope suspension
with a single high-stiffness wire, e.g. fishing wire, in its centre, or by its 4 corners. This will allow for a longer
pendulum arm, and thus a lower eigenfrequency. The accelerometer disturbs the balance of the test bench
through its weight, so a mass dummy can be mounted on the opposite side to counter this. This will keep the
test bench level, and it will be symmetrical, as is assumed in the analysis. Apart from this, the load paths mainly
due to the accelerometer and the motor cables should be considered as they introduce random variations in the
test results.

10.9. Chapter summary

Based on identification of acceleration as measurement variable and its expected magnitude a microvibration
test bench was developed to characterise the disturbances created by the reaction wheel. The test bench isolates
the disturbances through suspension of a seismic mass , effectively filtering parasitic vibrations. The use of a
piezoelectric bimorph sensor to measure very low level vibrations was considered, but the actual vibration
levels and far superior performance of the reference accelerometer led to the conclusion to not pursue their use
further at this stage. In the future, should the flywheel’s balance be improved their use might still be considered
for identification of resonance peaks or measurement of accelerations in restricted frequency ranges that lie
beyond the sensitivity of the reference accelerometer. The test bench can measure accelerations in the range of
10-1000 [Hz] with a sensitivity of 10.36 [V/g]. However, unwanted load paths due to cables and problems with
rigidly securing the reaction wheel led to a high, but acceptable, measurement uncertainty. Specific suggestions
for improving the design include changing the suspension of the seismic mass and using two accelerometers
instead of one.
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Verification and Validation

Verification and validation of the prototype reaction wheel involves establishing that it has been developed
to specification, and that it can fulfill the needs of the PocketQube. The latter typically includes functional
testing in a representative environment, which unfortunately is not possible as the ADCS of the PocketQube
is not yet developed. Therefore, the design is only verified in this chapter. Both the tests and the conclusions
are presented first at the component level, then at the overall reaction wheel level. All requirements and their
verification results are shown in Figure 11.9.

11.1. Motor

Results of the tests performed on the motor were presented in Section 8.1. The requirements including verifi-
cation result are shown in Figure 11.9. In conclusion, the power consumption is much lower than the datasheet
value suggests. On the other hand the motor weighs 50 % more than the datasheet value.

11.2. Flywheel

The flywheel dimensions and mass are measured using a digital caliper and scale. The results are shown in
Table 11.1. The flywheel was manufactured to specifications, but the actual material has a lower density than
was assumed in the calculations. In future manufacturing the exact density should be agreed on with the
manufacturer. The overall effect of this is considered in the functional tests of the motor with the attached
flywheel.

Table 11.1: Flywheel parameters

Flywheel

ywhee Target Actual value Uncertainty
Requirement
Diameter [mm] 14 14.01 0.01
Thickness [mm] 2.8 2.81 0.01
M .

anufacturing = | 0.1 0.01
precision [mm]
Mass [g] 3.08 2.88 0.02

11.3. Housing

The housing design is verified by measuring its physical properties and assessing how well it provides a vac-
uum proof seal. Verification of the dynamic structural properties of the housing is done as part of the vibration
tests in Section 11.5.

Physical parameters are measured using a digital caliper and scale. Results are given in Table 11.2.

75
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Figure 11.1: Housing pressure test block diagram

The two housing designs are tested in a pressure chamber. The test setup is shown in Figure 11.1. The pressure
sensor (MS5607) is read using an Arduino Uno board via the I2C communication protocol using an open source
code [44]. The pressure chamber achieves a vacuum of 50 [Pa]. Unfortunately, neither design had a function-
ing seal. The pressure dropped immediately when the vacuum chamber was turned on. It is likely that the
aluminium of the housing itself was leaking due to poor manufacturing quality. Progressively more glue was
applied to cover all possible leaks, but no complete seal was achieved, although the rate of leakage decreased.
This indicates that either the glue itself or the cables connecting the pressure sensor to the Arduino Uno are

leaking.

Table 11.2: Housing structural parameters

Design A Design B
E::iilrnegmen ¢ Target é;ﬁleal Uncertainty | Target é:ltl;leal Uncertainty
Mass [g] 6 5.15 0.01 6 3.10 0.01
Diameter [mm] 20 19.99 0.01 18 18.00 0.01
Height [mm] 12 12.36 0.01 11.80 0.01 0.01
Wall thickness [mm] | 2 2.1 0.1 1.1 0.1 0.1

11.4. Functional testing

The effect of the flywheel on the performance of the motor is tested using the same test setup as in Section 8.1,
which is described in detail in Appendix D.

Characteristic performance plots are shown in Figure 11.2, and the power consumption breakdown in Fig-
ure 11.3. The power consumption has increased by about 35% compared to the motor performance plots in
Section 8.1. As is clear from the power breakdown the friction losses drive the power consumption. Figure 11.4
shows that the addition of the flywheel reduces the variations in dynamic current consumption. Therefore,
the increased power consumption is not due to control problems but must be due to increased friction, which
is caused by the flywheel. Furthermore due to the increased friction loss the copper loss has increased, and
the drive electronics dissipate more power as well. The no-load current has increased to about 7 [mA], which
means that less current is available to generate torque, which can be seen in the torque graph. Apart from this,
it is clear that the controller has more difficulty controlling the speed of the wheel in a maximum acceleration
scenario.

At steady state the control accuracy is constant at around 80 [RPM], but as a percentage of the absolute speed
it increases considerably. The minimum required torque of 2.93 x 10~* [mNm] can be delivered at well above
the required maximum useful speed. This is expected as the no-load current of the motor was below the data
sheet value. The verification results for the performance requirements are presented in Figure 11.9.

Two operational scenarios are considered. A zero-speed crossing is run with an deceleration/acceleration of
three rpm/s, which corresponds to the average rate over one orbit (max useful speed of 13500 [RPM] divided by
the orbital period). This is done for the motor and for the motor with flywheel separately. Second, fast changes
in velocity at a rate of 200 [rpm/s] are performed. In both scenarios the current and velocity are measured.
Voltage measurements, especially at low velocities, are not possible as explained in Appendix D.1. Therefore
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Figure 11.4: Zero speed crossing at three rpm/s

measuring the dynamic power consumption is not possible. Results can be seen in Figure 11.4 and Figure 11.5.

Interestingly, the dynamic current consumption is reduced by the addition of the flywheel, because the in-
creased inertia reduces the speed overshoot. The error decreases by about a factor of two in the speed range
-100 to +100 [rpm] for the motor with flywheel. Outside this range the speed error is on average 80 [rpm].
These results are not directly representative of the RW performance in the PocketQube because the behaviour
depends strongly on the control parameters and control method. However, they can serve as a benchmark to
evaluate the performance of the dedicated control electronics that will be developed in the future.

The fast change scenario does not show an improved zero-crossing control accuracy, as the second zoomed in
plot shows. The current consumption also shows large peaks around the zero-crossing. There is little over-
shoot when a steady state at larger values is reached, although some current peaks are related to this. This is
controller specific behaviour and so is not investigated in more detail.

11.5. Vibration testing

The reaction wheel assembly is tested to verify it can survive the accelerations during launch in axial and radial
direction. The complete test is described in Appendix D.

Test overview

The test setup is shown in Figure D.4. The shaker is driven by a power amplifier, which in turn is supplied
either with a sine signal from a signal generator or with a random signal generated in Matlab. The reaction
wheel and an accelerometer are mounted on the shaker via an interface structure. Vibration data is processed in
Matlab. The wheel is qualified for representative launch loads of small satellite launch opportunities. The test
procedures and qualification levels are summarised in Table D.1. Only NanoRacks random qualification loads
have not yet been tested. Sine sweeps before, during and after the sine and random vibrations are performed
to identify changes in resonance peaks that could indicate mechanical damages.
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Figure 11.5: Fast speed changes at 200 rpm/s

Test Results

The reaction wheel showed no measurable performance degradation after the vibration tests, but some addi-
tional noise after the radial direction tests indicates minor damages.

The results for the 7.2 [g] axial and radial random vibration test are shown in Figure 11.6 and Figure 11.7, re-
spectively. The bottom two plots are the shaker response with the reaction wheel attached to the structural
interface. The 6 measurements are overlaid to show that the differences over time are small. The average load
over the 120 [s] duration is 7.186 [g] in the axial, and 7.329 [g] in the radial direction. The required sine loads
could not be achieved under 40 [Hz] because of mechanical limitations of the shaker.

Functional tests showed no performance degradation in terms of power consumption and motor parameters.
However, after the radial vibration tests the wheel makes more noise indicating minor mechanical damages
that could have an effect on the lifetime of the wheel. It is presently unclear whether there is any damage to the
bearings, or if the wheel imbalance increased due to either a shift of the flywheel or deformation of the rotor
axis. To assess whether there is any impact on the lifetime long-term functional testing is required. Future
steps may include inspection of the bearings after vibration tests, and more steps in the tests to identify the
mechanical limits.

The eigenfrequencies of the reaction wheel can be identified from the axial vibration tests by comparing the
response of only the shaker to the response with the reaction wheel attached. This was not possible using
the radial test data because of the added mass of the additional interface required to mount the RW sideways,
which reduced the relative contribution of the wheel to the structural response of the moving platform. Specif-
ically, when comparing the bottom two rows in Figure 8.2a a shift in resonance peaks can be observed. This
is due to the added mass of the reaction wheel. This effect was not observed in the radial direction tests. It is
recommended for future vibration testing to manufacture a lighter interface.

The first eigenmode of the wheel is identified at 3.5 [kHz], although the peak at around 1 [kHz] has a larger
magnitude. Whether this is due to the time-varying changes in the input signal or because the wheel has an
eigenmode at that frequency is not clear from this plot. However, no additional peak was observed in the radial
test data at 1 [kHz] either. Eigenfrequencies of the wheel should be above 200 [Hz]. During the sine sweep
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Figure 11.6: Axial vibration test results PSD plots

from 0-800 [Hz] no additional resonances were identified and the test data show no additional resonance peaks
below 3.5 [kHz].

11.6. Micro-vibration testing

The test setup for micro-vibration tests is identical to the one used during calibration testing of the piezoelectric
bimorphs, which is shown in Figure D.6. Further details about the test setup such as the uncertainty analysis
are presented in Appendix D.3. Tests were performed for an undamaged wheel. Due to time constraints only
measurements at locations 1 and 2 were possible. This means that the force in y-direction is not experimentally
measured, however it is smaller so for verification purposes not relevant.

The results are shown in Figure 11.8. The force and moment in x and y direction are equivalent. The moment
and force graphs have the same shape, and the moment is about a factor of 10 smaller than the force. This is
the same relation presented in the paper the test bench design is based on [53]. Their magnitude is about 20
times smaller than reported in the paper. Unfortunately, the mass of the reference wheel is not reported, but it
looks to be about 1 to 2 orders of magnitude larger, which fits the magnitude difference.

The general shape of the curves is as expected; a rotating mass imbalance produces a torque that increases
with w?. Around 10000 and 12000 [RPM] there is a local peak which indicates some structural resonance. At
the same time, the random uncertainty of the measurement increased. The wheel was verified to not have
structural eigenmodes in this frequency range, so this effect is likely due to the mounting of the wheel on the
seismic mass. The wheel is screwed directly into the seismic mass with 4 M1 screws. However, the drill holes
could not be tapped with such a small diameter screwthread, so some of the screws are not fixed well. Again,
due to time constraints only one round of testing was possible.

The theoretical disturbance force and moment calculated for the Delfi-n3Xt reaction wheels [22] is about the
same magnitude as the experimental resutls. Delfi-n3Xt wheels had a flywheel about twice as heavy and maxi-
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Figure 11.7: Radial vibration test results PSD plots

mum rotation speed up to twice as fast. These results were not experimentally validated, but they indicate that
the imbalance of the Delfi-PQ wheels is larger.

With respect to requirement RW-IN4 that specifies a maximum disturbance moment of 0.0041 [Nms] the reac-
tion wheel is not compliant above about 4000 [RPM]. This means that Earth observation scenarios are limited
by the flywheel disturbances rather than the speed control accuracy. However, this imbalance can be improved
by manufacturing a flywheel that better fits the rotor dimensions. Because of production uncertainties in the
motor dimensions there is a gap between the flywheel and the mass of 0.11 [mm], which during integration
partly fills with glue and leads to an imbalance of the wheel.
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Requirement verification matrix

Reaction wheel level requirements

Verification Verification
Functional requirements status Target value Actual value method Explanation
SYS-F1. The RW shall be able to generate torque around
its rotation axis.
SYS-F1.1 The RW shall be able to accelerate/decelerate
to counter disturbances.
SYS-F1.2 The RW shall be able to accelerate/decelerate
at the required rate over its operational speed range.
SYS-F2. The RW shall be able to store angular momentum
around its rotation axis.
SYS-F2.1 The RW shall be able to counter the total
disturbance momentum over one orbit.
SYS-F2.2 The RW shall be able to control its speed.
SYS-F2.3 The RW shall be able to determine its rotation
speed.
Verification Verification
Performance requirements status Target value |Actual value method Explanation
SYS-P1. The RW shall be able to store at least 1*10-4 max torque motor
Nms angular momentum about its rotation axis in one 1.08*107-4 can deliver with
direction of rotation. Verified 1*107-4 [Nms]|[Nms] Test 10mA current limit
SYS-P2. The RW shall be able to generate at least
2.93*10”-3 Nm of torque around its rotation axis over its Tmin at 14700 [Test and
operational speed range. Verified Tmin at 13500 [rpm Analysis
SYS-P3. The RW shall not generate instantaneous
disturbance torques larger than 0.0041 [Nm]. Verified 4.1 [mNm] 0.021 [Nm] Analysis
SYS-P4. The RW shall not have a momentum error of 3.08*%107-5 7.81*107-7
larger than 0.134*107-7 [Nms] Nms over half an orbit. Verified [Nms] [Nms] Test
SYS-P5. The RW shall be able to determine its rotation
speed to within 10 [rpm]. Not verified |10 [rpm] Test
SYS-P6. The RW shall be able to control its rotation speed
to within at least 300 [rpm] of the desired value. Verified 300 [rpm] 90 [rpm] Test
Power required to
SYS-P7. The RW shall have a nominal power consumption Test and deliver Tmin at max
of 15 [mW]. Not achieved [15 [mW] 24.9 [mW] Analysis speed
SYS-P8. The RW shall have a lifetime in space for at least
one year. Not verified
Physical requirements
3gsineand |3gsine and 7.2g
RW-PH1. The housing shall provide structural support for 7.2g random [random
the motor and flywheel. Verified vibrations vibrations Test
RW-PH2. The housing shall contain an airtight sealed
environment with 1 atmosphere pressure. Not achieved |- Test
depends on succes
Verified of housing pressure
RW-PH3. The RW shall weigh less than 8g. w.a.m. 8 [g] TBD Test tests
20x20x12.37 for
RW-PH4. The RW shall ideally measure less than 14x14x8 Design A;
[mm], but for a first design it shall measure less than Verified 18x18x12 for
20x20x12 [mm]. w.a.m. 14x14x8 [mm] |Design B
RW-PH5. The RW shall have an eigenfrequency above 60
[Hz] Verified 60 [Hz] TBD Test
Environmental requirements
max useful speed
at 45 degrees
RW-E1. The RW shall be able to operate between -15 and sufficient to
45 degrees [celsius] Verified -15to 45 store Hreq Analysis
RW-E2. The RW shall be able to operate in vacuum. Not achieved Test

RW-E3. The RW shall be able to withstand the radiation
environment in Low Earth Orbit.

Not verified
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qualified up to 3
[g] sineand 7.2
RW-E4. The RW shall be able to survive accelerations 3 [g] sine, [g] random
during launch with a root mean square value of 7.2 [g] Verified 7.2[g] random |vibrations Test
Interface requirements
RW-I11. The RW shall operate with the bus voltage of 3.3
V1. Verified - - Test
RW-I2. The RW shall have a structural interface with the
ADCS system. Verified - - Inspection
RW-13. The RW shall not generate electromagnetic
disturbances that interfere with other subsystems. Not verified -
RW-14. The RW shall not generate disturbance torques Only below 4000
larger than 0.0041 [Nm] Not achieved [RPM] Test
Component level requirements
Verification Verification
Motor requirements status Target value |Actual value method Explanation
COM-M1. The motor shall have a nominal power
consumption of 12 [mW]. Not achieved |12 [mW] 17.02 [mW] Test
COM-M2. The motor shall have rotor position sensors.  |Verified Test
COM-M3. The motor shall have a mass below 1 [g]. Not achieved |1 [g] 1.21 [g] Test
COM-M4. The motor shall have a maximum speed as
high as possible. -
COM-MS5. The motor shall operate between -15 and 45
degrees celsius Verified -15 to 45 -40 to 85 Analysis
COM-M6. The motor shall have maximum dimensions of 9.89x9.89x6.13
14x14x7.5 [mm]. Verified [mm]
COM-M7. The motor shall have a linear torque-velocity
curve. Verified
COM-M8. The motor shall operate at 3.3 [V]. Verified Test
qualified up to
COM-M9. The motor shall survive launch accelerations of 7.186 [g] random
7.156 [g] (RMS) Verified vibrations
COM-M10. The motor shall have a lifetime of at least 1
year Not verified
Flywheel requirements
COM-FL1. The flywheel shall have a maximum diameter
of 14 [mm]. Verified 14.01 [mm]
COM-FL2. The flywheel shall have a thickness such that it [Verified
has a moment of inertia of 0.877 [gcm”2] w.a.m. 0.851 [gcm”2]  [Analysis
COM-FL3. The flywheel shall be glued to the rotor of the
motor. Verified Inspection
COM-FL4. The flywheel shall be manufactured out of
bronze (rho= 8950 kg/m”3] with a precision of better Verified
than 0.1 [mm]. w.a.m. 8400

Housing requirements

COM-H1. The housing shall provide structural support for
the motor and flywheel, and interface with the 3-wheel
assembly structurally.

Verified

COM-H2. The housing shall seal off the motor under 1
atmosphere pressure.

Not achieved

COM-H3. The housing shall survive random vibrations of
7.156 [g] (RMS) during launch.

Not verified

Not for complete
assembly

COM-H4. The housing shall survive sine vibrations of 2 [g]

Not for complete

max. during launch. Not verified assembly
COM-H5 The housing shall ideally have a mass of less Design A 5.15
than 3 [g], but for a first design it shall weigh less than 6 [g]; Design B 3.10
[g]. Achieved [g]

Figure 11.9: Requirements verification matrix
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Conclusions and Recommendations

In this chapter conclusions to the research and recommendations for future work are discussed. Reflections
on requirements, research questions and research goals are presented first, followed by the final specifications
for the reaction wheel prototype. Then, the research objective and external aim of the thesis are evaluated and
conclusions about the feasibility of using reaction wheels on a PocketQube are discussed. Finally, recommen-
dations for improving the design are made.

12.1. Requirements compliance
The design complies with most requirements, although some have not been verified.

Performance requirements were verified in functional testing using the EPOS control electronics. The results
are not directly representative of real operations, but can serve as a benchmark. The RW can deliver the min-
imum torque over its operational speed range and store the required angular momentum. Disturbances due
to control inaccuracies are within the required margins and the speed can be controlled with sufficient accu-
racy to support Earth observation. The lifetime and motor speed determination accuracy are not verified. The
power consumption requirement is met, depending on how the requirement is interpreted. The average power
consumption is compliant, but at maximum speed the motor uses about 60% more power.

The RW complies with physical requirements for a first design, i.e. the initial design targets. The housing
provides adequate structural support to the motor and housing and meets the eigenfrequency and structural
strength requirements. However, the current housing design offers opportunities for optimisation in terms of
providing a vacuum seal while reducing weight and volume. The preliminary three-wheel design in Section 9.6
indicates that volume constraints can be met for the PocketQube if all three wheels are included in one pres-
surised housing,.

Environmental requirements have been partly verified. The RW can survive launch vibrations without mea-
surable performance degradation, but some damage was identified after radial direction testing. The impact
of this damage must be investigated further, e.g. as part of lifetime performance tests. Temperature effects
are analysed theoretically indicating that performance changes are well within safety margins. In the future
thermal vacuum tests of the RW are required. Apart from this, the effects of radiation are not tested.

Finally, interface requirements are partly met, but the control electronics and the ADCS are not yet developed
so the interfaces will change. The motor can operate with the bus voltage, but this was not tested. The distur-
bances generated by the wheel itself are above Requirement RW-IN3 for rotation speeds above 4000 [RPM], i.e.
observation scenarios are constrained by wheel disturbances rather than by the speed control accuracy of the
controller. The housing serves as a shield against magnetic fields created by the motor, which is assumed to
lead to compliance with the EMI requirements, but the efficacy of the shielding was not tested.

Overall the reaction wheel prototype development served to identify and evaluate key engineering aspects that
provide a solid basis to develop a three-wheel assembly.
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12.2. Answers to research questions
The research questions that were formulated to guide the research can now be answered.

1. What is the ideal performance of a reaction wheel

Separating ideal from real performance was not strictly possible because empirically determined motor param-
eters are required for the calculations that were used to select a motor, and are also important inputs for the
Simulink model. However, the theoretical performance of the motor, without it being included in the reaction
wheel, can be defined as its ideal performance. The performance is shown as part of the motor selection process
in Section 5.5.

2. What effects lead to non-ideal performance and how can they be modelled?

Non-ideal effects are defined as those that determine the real performance of the motor, and by extension the
motor with flywheel inside the reaction wheel housing. They can be separated into control electronics and
reaction wheel effects.

The control electronics commutate the current flowing through the windings of the motor ensuring that mag-
netic fields are generated in the right sequence to rotate the rotor. The current itself is controlled using pulse-
width modulation to control the rotation speed and acceleration, and thus the torque. Three main non-ideal
effects are identified. First, over one electrical period the current switches 6 times from one combination of
windings to the next. The time it takes for the current to adjust is very small, nonetheless the freewheeling be-
haviour gives rise to switching effects which lead to non-ideal waveforms and therefore torque ripples. Second,
the speed is controlled with a PI control scheme, which also has a control error, i.e. variations from the set speed.
Especially at low rotation speeds these disturbances are present (see Section 11.4) due to static friction of the
rotor. The first two effects are modelled in the Simulink model in Chapter 7. Finally, the electrical parameters
of the control electronics change with temperature, which influences the power consumption of the electronics.

For the reaction wheel there are mechanical and environmental effects that influence its performance. Funda-
mental disturbances are caused by static and dynamic imbalances of the wheel. They include mass imbalance
and misalignment of the flywheel, and bending of the motor axle during rotation due to its finite stiffness. These
disturbances are amplified at structural resonance frequencies of the reaction wheel. Wheel imbalances can lead
to increased friction and therefore power consumption. Creation of a mechanical model for the reaction wheel
lies outside the scope of this thesis, but measurements of the reaction wheel disturbances were performed that
are suitable inputs for such a model. Environmental effects again include temperature changes as well as the
vacuum and zero-g environment. The former leads to changes in the torque efficiency of the motor and its
power consumption. Both are modelled as linear deviations from empirically determined parameters. Due to
weightlessness the balls inside the motor bearings might float and not run ideally in their races, but this effect
is countered by the wheel imbalance forcing the balls into their races. It is not modelled as part of this thesis
because it is impossible to validate the model. Finally, in vacuum the bearing lubrication evaporates, so if the
housing leaks the lifetime of the bearings is reduced.

3. What is the real performance of a miniaturised reaction wheel?

The real performance was measured during functional testing reported in Section 11.4 and in microvibration
testing reported in Chapter 10. Compared with the measured performance of only the motor the reaction wheel
uses about 35% more power and delivers less torque. This is likely because the imbalance of the wheel leads to
increased friction, which in turn requires more current to be overcome. At a given voltage the control electron-
ics can only "force’ so much current through the windings, so that the current available for producing torque
is reduced. As a result the power consumption increases and the torque efficiency of the motor decreases. On
the other hand, the increased inertia of the motor due to the addition of the flywheel reduced the control error
especially at low rotation speeds, which is also reflected in the current consumption. However, because it was
impractical to measure voltage during dynamic testing the dynamic power consumption could not be estab-
lished with sufficient uncertainty. Microvibrations created by the wheel are several orders of magnitude above
the required control torque, and constrain the performance of the reaction wheels. Criteria derived from Earth
observation scenarios are only met for rotation speeds below about 4000 [RPM].
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4. What is the power consumption of the reaction wheel in detail?

The total power consumption is separated into the contribution of the motor and the control electronics. The
former was measured and the latter is estimated using the validated Simulink model. The detailed power con-
sumption is shown in Section 11.4.

Power is consumed in the motor through friction and resistive heating. Electromagnetic effects such as hystere-
sis loss and eddy currents are included in the friction because they are also strongly speed dependent. Based on
the comparison in power consumption between the motor and the reaction wheel the importance of a balanced
flywheel becomes apparent as the imbalance drastically increased the friction, and thus the power consump-
tion. It is possible that a part of the increased power consumption is due to eddy currents being induced in the
flywheel or the reaction wheel housing which, made of bronze and aluminium, conduct electricity. Compara-
tive tests between the motor fixed inside a plastic clamp and glued to the housing did not show a difference,
likely because the measurement uncertainty was not sufficiently small. This effect can be investigated in more
detail in future work once the dedicated control electronics are available and better accuracy current sensors
are used. However, it is typically small for miniaturised motors. Furthermore, the power consumption is also
dependent on the control strategy and efficiency of the controller. Constant overshooting of the target velocity
consumes more power than an almost perfectly steady wheel. These effects can be modelled in the future once
the actual drive electronics parameters are determined.

In the control electronics power is also lost due to resistive heating in the MOSFET switches and additional
circuitry. Specifically, when a switch is ON current flows through the switch, and when the switch is OFF the
current freewheels through the flyback diode. Furthermore, there is additional power lost due to the time taken
for the current to rise and fall each time the MOSFET is switched. Further sources of power consumption could
be MOSFET gate drivers and a current sensor, however these are not strictly necessary so the minimum power
consumption is defined without their contribution.

12.3. Evaluation of research goals

Goals were identified to evaluate the project using objective success criteria.

The first goal was to model the RW’s ideal motion and all non-ideal effects. This was not strictly achieved.
The ideal motion was modelled in detail, but electromagnetic effects and disturbances were not modelled to
limit the scope of the thesis. A future disturbance model can use the results from the microvibration tests, but
modelling the electromagnetic effects is likely not practically relevant. Instead, the effects can be measured as
explained in the previous section.

The second goal was to design, integrate and test the RW. This was mostly achieved, but some requirements
were not verified. The preliminary design was used to draw conclusions about the flywheel placement and
housing design. Motor tests were used to validate the Simulink model and the detailed design was integrated
and tested. However, the lifetime performance of the reaction wheel was not tested and the wheel showed
some damage after radial vibration testing. Furthermore, thermal vacuum tests of the complete assembly were
not performed either and the design offers opportunities for optimisation. Microvibration tests were performed
successfully although some improvements can be made to the test setup.

The third goal to characterise the power consumption was achieved, but the measurement accuracy was con-
strained by current measurement in the EPOS controller and the voltage measurements. The differences be-
tween ideal and non-ideal performance could therefore not be analysed in detail, but the effect of adding the
flywheel was isolated, and the contribution of the control electronics was simulated. Electromagnetic effects
could be investigated in the future to optimise the power consumption.

Overall, a working prototype of the reaction wheel was developed and tested. Analyses, models and results can
be used to developed a complete three-wheel assembly with control electronics. Additionally, a test bench was
developed that can be used to characterise micro-vibrations of the assembly.
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Delfi-PQ Reaction Wheel Prototype Specifications

Min. Torque [10~7 Nm] 3
One way momentum storage [mNms] 0.1
Mass [g] 7.6
Max. steady state power consumption [mW] 25
Dimensions [mm] | 20x20x12
Operational temperature range [C] | -15 to 45
Operating voltage [V] 3.3

12.4. Reaction wheel prototype specifications

The specifications for the developed reaction wheel prototype given here are based on the largest housing
design.

12.5. Research objective and external aim

The research objective was achieved, and clear opportunities for further work are identified. The prototype
reaction wheel was developed successfully with clear points of improvement for subsequent iterations that are
based on test results. Detailed analysis of the power consumption showed the importance of balancing the
flywheel. Microvibration tests showed the relatively large disturbances created by the wheel that constrain its
performance. Therefore, improving the balance of the wheel is the most important conclusion.

Based on test results for a single wheel and a design for a three-wheel assembly the external aim of the thesis
is also met. If the balance of the flywheel is improved, and its housing can properly seal it from the vacuum
of space, the reaction wheel will enable 3-axis stabilisation of picosatellites. At present Earth observation is
not possible at high rotation speeds, but thrust manoeuvres can be performed. The proposed 3-wheel design,
once developed, could take the miniaturisation of reaction wheel assemblies a step further still. This is required
for launching a three-wheel assembly, integrated into the ADCS, on-board a PocketQube satellite. The power
consumption was shown to not be prohibitive.

12.6. Recommendations

Recommendations for improvements on the design of the reaction wheel presented in this report are subdivided
into modelling, design, integration and testing recommendations.

It is recommended to use the Simulink model as a design tool in development of the control electronics. Maxi-
mum currents in MOSFETs can be simulated and control strategies can be evaluated. To evaluate the dynamic
behaviour of the model the architecture in the model should match the real controller architecture. Overall, a
sensitivity analysis should be performed to assess the dynamic predictions. Apart from this, a full disturbance
model of the reaction wheel that accounts for wheel imbalances can be developed, and validated using micro-
vibration test data. This allows to better understand the dynamic and static imbalances of the wheel and axle,
and to design the flywheel accordingly. Furthermore, the disturbance torques acting on the satellite should
be simulated to derive a more precise requirement for minimum torque and momentum storage. With more
information the safety margins could be reduced, effectively optimising the design.

In terms of design, it is crucial to develop the control electronics because they directly determine the behaviour
of the reaction wheel. The presented three-wheel design should be analysed and expanded in more detail, with
a focus on optimisation of weight and volume, while providing a working vacuum seal. However, these recom-
mendations require the ADCS of the PocketQube to be developed so that the interfaces can be precisely defined.
For example, does the motor controller need to include a current sensor or is this part of the ADCS? A different
recommendation concerns the motor cable. The combination of O-ring and cable proved to not provide a reli-
able seal in vacuum. It is recommended to include a cable connector in the structure itself, so that a full O-ring
can be used to seal the atmosphere inside. The flywheel material could be changed depending on whether the
effect of induced eddy currents can be measured. A complete survey of material options is recommended. Next,
3D printing in aluminium yielded poor quality structures that probably leaked air in vacuum. Either the manu-
facturing quality should improve, or the structure must be created using conventional techniques. Apart from
this, the flywheel dimensions were manufactured accounting for the uncertainty in the motor dimensions, but
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the width of the motor was at the lowest end of the uncertainty band so the flywheel was 0.2 [mm] too large.
It is recommended in the future to first measure the motor accurately, and then manufacture the flywheel to fit
precisely on the rotor to reduce the mass imbalance.

So far the integration process of the wheels was performed manually. As a result the flywheel was not aligned
perfectly. The possibility of using robots or special tools for this task should be investigated.

In terms of testing, additional vibration testing is required to identify the cause of the observed minor damage
to the flywheel. The radial direction test was performed after the axial direction test on the same motor with
flywheel. Since it could have been damaged in the first test, which was exacerbated in the second, the tests
should be performed independently, and in more stages. This should be followed by long-term motor tests to
assess the motor’s lifetime performance. Furthermore, thermal vacuum tests of the complete RWA are recom-
mended, once a suitable vacuum-proof design is found. Microvibration tests were limited by time constraints,
so additional measurements can be performed to further validate test results. Furthermore, suggestions for
improving the test bench include using a single high stiffness suspension wire and measuring with two ac-
celerometers instead of one. Most importantly, the wheel should be mounted securely on the seismic mass,
which was not possible because of the small screw diameter.
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Overview small reaction wheels

Table A.1: Overview of COTS Reaction wheels

RWPO015 CubeWheel RW210 RW1B
Blue Canyon GSW-600 small Hyperion Astro-und
Reaction wheel ¥ GOMspace P . Feinwerktechnik
Technologies CubeSpace  Technologies
[5] Adlershof GmbH
B [4] [6] o
Max. Torque [mNm] 4 2 0.23 1.5 -
Peak Power [W] 5.5 1.76 1 1 0.32
Mass [g] 130 47 90 12 90
Size [mm3] 43x43x18 44x44x27 28x28x21 25x25x15 21x21x12
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Requirements traceability matrix
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B. Requirements traceability matrix

Requirement traceability matrix

TOP LEVEL SYSTEM LEVEL COMPONENT LEVEL
Identifier Functional requirements Parent|ldentifier Performance requirements Parent | Identifier Motor requirements
The RW shall be able to store at least
1*107-4 Nms angular momentum The motor shall have a
The RW shall be able to generate about its rotation axis in one direction nominal power
F1 torque around its rotation axis. F2 | RW-PE1 |of rotation. RW-PE7| COM-MR1 |consumption of 12 [mW].
The RW shall be able to generate at
The RW shall be able to least 2.93*107-3 Nm of torque around
accelerate/decelerate to counter its rotation axis over its operational The motor shall have rotor
F1.1 |disturbances. F1 | RW-PE2 |speed range. RW-PE5| COM-MR?2 |position sensors.
The RW shall be able to
accelerate/decelerate at the The RW shall not generate
required rate over its instantaneous disturbance torques The motor shall have a mass
F1.2 |operational speed range. M4 | RW-PE3 |larger than 0.0041 [Nm]. RW-PH3| COM-MR3 |below 1 [g].
The RW shall not have a momentum
error of larger than 0.134*10/-7 [Nms]
The RW shall be able to store Nms over half an orbit. Equivalent: the The motor shall have a
angular momentum around its RW shall control its speed to within at maximum speed as high as
F2 rotation axis. M4 | RW-PE4 |least 300 [rpm] of the desired value.  |[RW-PH1| COM-MR4 |possible.
The RW shall be able to counter The motor shall operate
the total disturbance F2 The RW shall be able to determine its between -15 and 45 degrees
F2.1 |momentum over one orbit. M4 | RW-PES5 |rotation speed to within 10 [rpm]. RW-E1 | COM-MRS5 |celsius
The motor shall have
The RW shall be able to control The RW shall have a nominal power maximum dimensions of
F2.2 |its speed. M2 | RW-PE6 |consumption of 15 [mW]. RW-PH4| COM-MR6 [14x14x7.5 [mm].
The RW shall be able to The RW shall have a lifetime in space of The motor shall have a
F2.3 |determine its rotation speed. M3 | RW-PE7 |at least one year. RW-PE2| COM-MR?7 |linear torque-velocity curve.
The motor shall operate at
RW-I1 | COM-MR8 |3.3 [V].
The motor shall survive
launch accelerations of
RW-E4 | COM-MR9 |7.156 [g] (RMS)
The motor shall have a
RW-PE8|COM-MR10|lifetime of at least 1 year
Mission requirements Physical requirements Flywheel requirements
The RW shall survive the The flywheel shall have a
PocketQube operational The housing shall provide structural maximum diameter of 14
M1 |environments. M1 | RW-PH1 |support for the motor and flywheel. RW-PH4| COM-FW1 |[mm].
The flywheel shall have a
The housing shall contain an airtight thickness such that it has a
The RW shall be able to operate sealed environment with 1 atmosphere moment of inertia of 0.877
M2  |within PocketQube constraints. M1 | RW-PH2 |pressure. RW-PE1| COM-FW2 |[gcm”2]
The RW shall have a lifetime of 1 The flywheel shall be glued
M3 |year. M2 | RW-PH3|The RW shall weigh less than 8g. RW-PH1| COM-FW3 |to the rotor of the motor.
The flywheel shall be
The RW shall ideally measure less than manufactured out of bronze
14x14x8 [mm], but for a first design it (rho= 8950 kg/mA3] with a
shall measure less than 20x20x12 precision of better than 0.1
M2 | RW-PH4 |[mm]. RW-PH3| COM-FW4 |[mm].
The RW shall have an eigenfrequency
M2 | RW-PHS5 |above 60 [Hz]
Environmental requirements Housing requirements
The housing shall provide
structural support for the
motor and flywheel, and
The RW shall be able to operate interface with the 3-wheel
M1 | RW-E1 |between -15 and 45 degrees [celsius] RW-I12 | COM-HO1 |assembly structurally.
The housing shall have an
RW- airtight seal and 1
The RW shall be able to operate in PH2 atmosphere internal
M1 | RW-E2 |vacuum. RW-E2 | COM-HO2 |pressure
The RW shall be able to withstand the The housing shall survive
radiation environment in Low Earth random vibrations of 7.156
M1 | RW-E3 |Orbit. RW-E4 | COM-HO3 |[g] (RMS) during launch.
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M1

RW-E4

The RW shall be able to survive random
vibrations during launch with a root
mean square value of 7.2 [g] and sine
vibrations of up to 2 [g].

RW-E4

COM-HO4

The housing shall survive
sine vibrations of 2 [g] max.
during launch.

RW-PH3

COM-HO5

The housing shall ideally
have a mass of less than 3g,
but for a first design it shall
weigh less than 6 [g]

RW-E3
RW-I3

COM-HO6

The housing shall be made
out of aluminum.

RW-PH5

COM-HO7

The housing shall have an
eigenfrequency of more
than 200 [Hz].

Interface requirements

Control electronics
requirements

M2

RW-I1

The RW shall operate with the bus
voltage of 3.3 [V].

RW-PE7

COM-CE1

The control electronics
board shall control the
motor using Pulse-width
modulation.

M2

RW-12

The RW shall have a structural
interface with the ADCS system.

RW-PE7

COM-CE2

The control electronics
board shall have a power
consumption of less than 10
[mW].

M2

RW-I3

The RW shall not generate
electromagnetic disturbances that
interfere with other subsystems.

RW-PE4

COM-CE3

The control electronics shall
be able to control the motor
speed to at least within 300
[RPM].

RW-PH4

COM-CE4

The board shall have
dimensions of less than
14x14x2 [mm].

RW-PH3

COM-CE5

The board shall have a mass
of less than 1 [g].

Figure B.1: Requirements traceability matrix







Motor manufacturers

The motor manufacturers which were included in the search for suitable DC and BLDC motors are listed here.
The most relevant ones are written in bold font.

Maxon + Baldor + Bodine electric Bonfiglioli
Faulhaber » Allied motion « Nanmotion Brock COmpton
Moog + Nidec + Mechtex SEW Eurodrive
Namiki « Electrocraft « Anaheim Gefeg-Neckar
Premotec » Dunkermotoren . Weg Focquet
Portescap « Nanotec . ISL Curtis-Wright
Precision micro- + Printed motor « Copal electronics Marathon
drives works
+ Cramer Co Creusen
Nimebea + Molon
. . ) + CNIInc Merkle-korff
Micro flierradio + Shezhen Hotec
« PMPM o)
Aveox « Haydon mee
+ OMRON i
Jinlong . Kag Mavilor
« Panasonic indus- i i i
Transmotec + Bison trial Lin engineering
ria
. Parvex
Hsiang Neng - PML « TE connectivity
Pittman + Micro gearmotors . . Telcomotion
« Trinamic
: ; Assun motor
Fulling Rotalink . ABB
. Canon USA
Rotero Infineon + Advanced motion
Johnson Electric « Sinotech controls Celeroton
Metmotors « Delta « Bartec Citizen micro
Oriental Motors + Granger - Bauer Dagu
Crouzet Motors « Ebm-papst + Beckhoff Rotek
Goldenmotor « Acme fan « Bergerluhr Ziehl-ABEGG
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Test setup details

D.1. Functional test

The purpose of the test is to create characteristic plots of the motor such as Speed vs Time, Torque vs Time,
Torque vs Power, Current vs Time and to verify the motor datasheet parameters. Because of some practical
limitations discussed in Appendix D.1 it was not possible to produce the Torque vs Power plots.

Measurement limitations
Phase current, dynamic phase voltages and direct torque measurements were not possible due to practical lim-
itations.

In the EPOS software only the DC current is measured. External measurement of phase currents using a current
probe was not possible. Therefore, it was decided to measure the voltage waveforms instead. The EPOS con-
troller chops a 10 [V] supply voltage with unknown duty cycle and so the voltage is not directly known. At any
given moment current flows in 2 phases, with the back EMF being induced in the third. Therefore, to measure
the actual supply voltage (after PWM modulation) the potential difference between the two active phases is the
supply voltage, and the third phase should be ignored. The separate parts can easily identified at high speeds,
but at speeds below about 2000 [RPM] this becomes difficult. Furthermore, many separate measurements (16
per motor per set speed) are required to obtain a reasonable random uncertainty. In the maximum acceleration
scenario necessary to determine the motor constants this is not possible, as over 16 rotations the motor accel-
erates to another velocity. Therefore, only the steady-state power consumption can be determined.

The torque can only be obtained indirectly by taking the derivative of the speed curve. This means that the
starting torque is not accurately measured, as the rotor doesn’t respond immediately due to its inertia. How-
ever, since the torque constant can be determined from the velocity constant instead this is not problematic.

Test hardware
The functional tests of the motor and motor with flywheel are performed with the test setup shown in Figure 8.1.
The required hardware for the test is:

« PC with EPOS software installed
« Control board EPOS 24/2

« Connector cables

« Maxon EC10FL

« Power supply 9-24V

Multi-meter
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» PicoScope

« three voltage probes

Test parameters

The independent variable is the set speed which is specified in the EPOS software interface. The dependent
variables are the measured rotation speed, DC current and phase voltages. The supply voltage is the con-
trolled variable in the test. The motor and winding temperature are also dependent variables, but they are not
measured. However, their effect is included in the random variations of the measurement by testing on time-
scales that include random variations. The ambient conditions are uncontrolled variables, however tests are
all performed at 25 degree ambient temperature. Further random variations are control inaccuracies, random
variations in the friction torque due to for example parasitic vibrations, power supply instabilities and disturb-
ing magnetic fields. The time scales of the measurements are taken as large enough to include these effects.

The motor speed and DC current are measured using the EPOS software data acquisition function. The con-
troller calculates the rotation speed from the the Hall sensor signals. Current is measured with a 0-4 [A] 12 bit
current sensor giving a resolution of about 1 [mA].

Because the controller is chopping 10 [V] to deliver the supply voltage to the motor it is not straightforward to
determine the voltage supplied to the motor at a given moment. Instead, the voltage is established by measuring
the three phase voltages. At any moment the current is flowing through two out of the three windings. Over
three electrical periods the voltage in one winding is shown in Figure D.1. Per electrical period, for 1/3rd of
the time, the winding is not carrying the supply current, but a current is induced due to the motion of the
rotor. This part of the voltage has to be ignored. Instead, the sum of the voltage across the other two phases
corresponds to the supply voltage in that particular winding. Overall, 16 such measurements, per set speed are
performed to obtain a reasonable random uncertainty.

Voltage [V] One electrical period

10

Back EMF =
ol

0 0.5 1 1.5 2 2.5 3
Time [ms]

Figure D.1: Voltage in one phase over three electrical periods

Uncertainty analysis

The uncertainty analysis of the functional tests of both the motor and the complete reaction wheel is presented
here. The equations are taken from the text book ’Experimentation, Validation, and Uncertainty Analysis for
engineers’ [13]. The parameters that are measured are the DC current, motor speed and phase voltages. Their
systematic, random and finally combined uncertainties are derived in the following sections.

Systematic uncertainties
The systematic uncertainty in the speed, current, and voltage measurements is discussed after which equations
to propagate systematic uncertainties are derived.
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Both measurements are performed using the EPOS software interface. The speed measurement is based on
averaging the speed calculated from hall sensor signals. No information is available about the systematic un-
certainty of the measurement. Attempts to validate the measurement by measuring the electrical periods of
the voltage waveforms proved unsuccessful due to large random uncertainties. Therefore the systematic un-
certainty is estimated as 0.1 %, which is about 10% of the control error. The current measurement is performed
with a 12 bit 0-4 [A] current sensor and therefore the systematic uncertainty is ;% =~ 1 [mAl].

The voltage is measured by inspection of the voltage waveforms using a PicoScope. The average voltage over
a period is determined by setting bars in the interface according to the waveform period (see Figure D.1. The
PicoScope has a measurement uncertainty of three%. The voltage probes have an uncertainty in their resistance
of two%, which is assumed to translate into a measurement uncertainty of two%. The combined uncertainty of
the voltage measurement is given by Equation (D.1).

1
2

)2 =0.036% (D.1)

— (W2 2
- (bswpe + bprohe

M
by = ’ Y (bp)?
k=1
For values that are calculated using multiple measured parameters the systematic uncertainties are propagated
separately, before being combined with the random uncertainty. The formulas are based on Equation (D.2),
where X -+ x; are the measured parameters and f is the function that is used to calculate the desired value, for
which bp, is the total systematic uncertainty. The measurements are assumed to be uncorrelated.

1
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The motor constants can all be calculated using the back EMF constant using Equation (D.3). Its systematic
uncertainty is given by Equation (D.4). Similar equations can be derived for the speed and torque constant.

V—-ixR
kp= —1 28 (D.3)
w

b=t (g ot (G ] ®9

The friction torque is calculated from the torque constant using Equation (D.5). To keep the calculations sim-
ple the combined systematic uncertainty of the torque constant is propagated in Equation (D.6), instead of
propagating the individual contributions.

Ty, =Krxi (D.5)
2 2 i
b=l <3 <5 o
Finally, the power consumption and friction loss are calculated using Equation (D.7) and Equation (D.8).
P=Vxi (D.7)
Ppr=TprxV (D.8)
The associated systematic uncertainties are calculated using Equation (D.9) and Equation (D.10).
2 2 i
bp = ‘(V) y b§+(i) x b2 |2 (D.9)
2 2 1
bpfr = )(Tf,-) X b‘z/ + (V) X b%fr : (D.lO)
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Random uncertainties

Random uncertainties of the measurement are calculated as standard uncertainties using Equation (D.11). They
are computed for each measurement of speed, current and voltage at each set speed, both for the motor and the
reaction wheel. The values for each set speed are then separately combined with the systematic uncertainty.
M is the number of measurements, 7 is the average and rj the specific measurement.

M
—— Y (- P)? (D.11)
1

For values that are calculated using the measured parameters the total random uncertainty is calculated directly
without including the individual standard uncertainties using Equation (D.12). This method automatically takes
into account correlations between the variables that might otherwise be hidden.

Sr= (r—7)? (D.12)

il Mi

e

Combined uncertainty

The systematic and random uncertainties for each measurement are combined and expanded for a 95% confi-
dence interval using Equation (D.13) or Equation (D.14). N is the number of measurements and fy is a factor
that expands the uncertainty, which is determined by the number of measurements and the assumption of a
normally distributed parent population.

s? 1
— R 22
Ugs = o5, ( N + bR) (D.13)
1
Ugs = 1, x (SZT + bi) ¢ (D.14)

D.2. Vibration test

The details of the vibration test are described in this section.

Test setup

The test setup is shown in Figure D.4. A picture of the reaction wheel mounted in sideways configuration is
shown in Figure D.3. A signal generator is used to produce the required sine input signals. The random signal
is generated in Matlab and sent to a power amplifier using a custom built Audio Jack to BNC coax cable. The
accelerations on the shaker - RW interface are measured with an accelerometer that is read using a PicoScope.
The data is then processed in Matlab. However, no closed loop system is implemented. Instead, the gain of the
amplifier is continuously adapted manually to the real-time root mean square acceleration value. For a 120s
interval 6 measurements of the root mean square acceleration are averaged to measure changes in the load level.

Qualification loads

Qualification envelopes for different launchers are shown in Figure D.5. At first the RW will be qualified for
PSLV sine vibrations and DNEPR random vibrations. The NanoRacks qualification loads are larger, the quali-
fication can be extended should this prove necessary. Dwell times per frequency band are typically indicated
on a log scale as octave per minute; one octave higher corresponds to doubling the frequency. The dwell times
for the sine vibration tests are 2 octaves/minute as per PSLV requirements [8]. The random vibrations will be
tested for 120 [s], which is representative of the real launch environment.

Input signal

The input random noise signal is matched to the structural properties of the shaker and interface by first finding
the shaker eigenmodes. The input (random noise 0-2 [kHz]) and output are shown in Figure D.2. The shaker
has clear eigenmodes at around 200 [Hz], 620 [Hz] and 2600 [Hz]. At the lower two frequencies a bandstop
filter is applied to the input signal. This results in a waveform closely resembling the target envelope. The
adjusted input signal and shaker response can be seen in Figure 11.6.
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Figure D.2: Shaker input signal and response
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Figure D.3: Reaction wheel mounted on shaker for radial test
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Signal generator

Sine signal
Custom Audio Jack
to BNC coax cable . .
Coax cable Vibration
—» Power amplifier ——J Shaker —> S_tructural
interface
Random|signal
Audio Jack
Out Vibration
Motor with
flywheel
Matlab_R2017a
J Vibration
T Accelerometer
USB
Picoscope M Bruel & Kjaer
4384

Figure D.4: Vibration test

Table D.1: Vibration test procedure

Step Signal type Frequency [Hz] Load[g] Duration [s]

1. Sine sweep  0-800 0.5 -

2. Sine 5-20 1 60
3. Sine 20-40 3 60
4. Sine 40-100 0.8 60
5. Sine sweep  0-800 0.5 -

6. Random 0-2000 3 120
7. Sine sweep  0-800 0.5 -

8 Random 0-2000 7.2 120
9. Sine sweep  0-800 0.5 -

Test procedures

The test procedures and qualification levels are summarised in Table D.1. First, a sine sweep is performed
to identify the eigenfrequencies of the reaction wheel, after which the sine loads are applied. Another sine
sweep is done to identify changes in the wheel’s structural properties, which would indicate a failure. The
random vibration tests are done in two steps with sine sweeps in between and after. Finally, a functional test
is performed to quantify the wheel’s performance after vibration testing.
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Figure D.5: Launch loads for different launch vehicles [8]

Data processing
The test data is produced in the form of measured voltages over time. The following Matlab code is used to
generate Power Spectral Density plots for a single time series.

Creating input signal
The input signal is generated using the following matlab code.

close all
clear all

\%\% Create filters
\%Lowpass filter at 2 [kHz]
dl = designfilt (’lowpassiir °, ’PassbandFrequency’, 475,
’StopbandFrequency ’, 500, ’PassbandRipple’, 1,
"StopbandAttenuation ’, 200, ’'SampleRate’, 2000,
’DesignMethod’, ’chebyl’, ’MatchExactly’, ’stopband ’);
\%Passband filter at 180 [Hz]
d2 = designfilt (’bandstopiir ’,’  FilterOrder *,20,
"HalfPowerFrequencyl’,85, HalfPowerFrequency2’,140,
’SampleRate > ,1500);

\%Passband filter at 600 [Hz]

d3 = designfilt (’bandstopiir ’,’  FilterOrder *,20,
"HalfPowerFrequencyl ’,295,  HalfPowerFrequency2 ’,400,
’SampleRate ’ ,1500);

\%\% Create random noise

N = 4096;
Nsamples = 100;
noise = rand(N«Nsamples,1);

\%\% Filter random noise

noisefl = filter (dl1,noise);
noisef2 = filter (d2test ,noisefl);
noisef3 = filter (d3,noisef2);

\%\% Output noise
sound (noisef3);

\%\% Inspect noise in PSD plot
subplot(2,1,1)
plot (psd(spectrum.periodogram ,noisef3 , Fs’,8000, NFFT’,length(noisef3)));
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xlim ([0 3]); grid on; grid minor
ylim([-100 -30])
title (’Input signal Power spectral density ’)

subplot(2,1,2)

psdest = psd(spectrum.periodogram ,noisef3 ,’ Fs’,8000, NFFT’,length(noisef3));
loglog (psdest.Frequencies , psdest.Data); grid on

xlim ([0 3000])

ylabel (*g"2/Hz’);

ylim([-10"1, 3+10%0])

xlabel ('Hz’);

Analysing test data

close all
clear all

\%\% import data

ximport = importdata(’ time_series.txt ');
xdata = ximport.data;

t0 = xdata(:,1);

\%\% convert voltage to acceleration and compute time-domain RMS acceleration
\%\% accelerometer sensitivity is 8.04 mV/g
x0 = xdata(:,2)/1000/0.00804;

\%\% compute time—-domain rms acceleration and sampling frequency
trms = rms(x);
Fs = 1/(t1(5)—-t1(4))

\%\% Normal PSD plot
subplot(2,1,1)
plot(psd(spectrum.periodogram ,x, Fs’,Fs, NFFT’,length(x)))

\%\% Separate frequency and amplitude

psd = psd(spectrum.periodogram ,x, Fs’,Fs, NFFT’ ,6length(x));
freq = psd2.Frequencies;

dat2 = psd2.data;

title (’Shaker response with RW’)

xlim ([0 7])

ylim ([ -100 5])

grid on; grid minor

\%\% log PSD plot
subplot(2,1,2)

loglog (freq, dat); grid on;
ylabel ("g*2/Hz’);

xlim ([0 7000])

xlabel ('Hz’);

ylim ([-100 5])

\%\%compute rms acceleration in frequency domain
area = trapz(freq2,dat2);
grms = mean(sqrt(area))
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Figure D.6: Test setup micro-vibration tests

D.3. Microvibration test

Details about the test procedures, data processing and uncertainty analysis of the micro-vibration test are
presented here.

Test setup
The test setup is shown in Figure D.6 and pictures of the test bench were shown in Section 10.7.

Test procedures
The tests were performed in the physical lab of the faculty of Aerospace Engineering on a passive vibration
isolation table.

Initialisation of the test

The accelerometer was connected to the signal conditioning unit which supplies the sensor with power and
isolates the acceleration signal. The signal was sent to a PicoScope oscilloscope sampling at 50 [kHz]. The
motor is controlled using the EPOS motor controller and software. The accelerometer was screwed into the
measurement location on the seismic mass and the background noise was measured. Parasitic vibrations with
an amplitude of 10 [mV] and frequency of 50 [Hz] were measured. This is typical measurement noise caused
by the power supply. Clearly the vibration isolation is not ideal, which is likely due to the cables connected to
the accelerometer and controller. The to be measured signals have an amplitude of more than 1 [V] so this was
not problematic.

Test steps

The speed of the wheel was changed in increments of 2000 [RPM] from 0 to 14000 [RPM], which is just above the
maximum useful speed of the wheel. The tests were performed with the accelerometer at one location, and then
again with the accelerometer at the other location. For each step 10 measurements were performed to improve
the random uncertainty and assess the reproducibility of the results. Ideally, two accelerometers are used to
calculate the forces and moments, but this was not possible. The random uncertainty of the measurements is a
measure of how well the tests can be reproduced.

Data processing

The data obtained is in units of Voltage vs Time. This is converted to units of acceleration and filtered to
exclude frequencies above 1 [kHz]. Then the forces and moments are calculated using the equations derived in
Section 10.6. The RMS value of each is taken as this accounts for the time history of the signal and in acceleration
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measurements is a measure of the overall energy. The accelerations are also processed in the frequency domain
to create power spectral density plots. The calculations were performed in Matlab with the code given below.

%% Microvib_testprocess
clear all
close all

%% set up test parameters
m_bench = 3.585;
dl = 140/2/1000;

d2 = di;
d3 = 140/2/1000;
d4 = d3;

Ixx = 0.015;

%% load test data for each measurement step
% load bottom measurements

numfiles = 8§;

cal = 10.36/9.81;

for k = 1:numfiles
myfilename0 = sprintf( mu_B0_%d.txt’ , k);
vib_b0{k} = importdata(myfilename0);
Tbo (: , k) vib_b0{k}. data (:,1);
Ibo (: ,k) = vib_b0{k}.data(:,2)/1000/1000/ cal;
myfilenamel = sprintf(’mu_B1_%d.txt’, k);
vib_b1{k} = importdata(myfilenamel);
Tb1(:,k) = vib_b1{k}. data(:,1);
Ib1(:,k) = vib_b1{k}.data(:,2)/1000/cal;
myfilename2 = sprintf(’mu_B2_%d.txt’, k);
vib_b2{k} = importdata(myfilename2);
Tb2 (:,k) vib_b2{k}. data (:,1);
Ib2 (:,k) vib_b2{k}.data(:,2)/ cal;
myfilename3 = sprintf(’mu_B3_%d.txt’, k);
vib_b3{k} = importdata(myfilename3);
Tb3 (:,k) = vib_b3{k}. data(:,1);
Ib3(:,k) = vib_b3{k}.data(:,2)/cal;
myfilename4 = sprintf( mu_B4_%d.txt’, k);
vib_b4{k} = importdata(myfilename4);
Tb4 (: ,k) = vib_b4{k}. data(:,1);
Ib4 (: ,k) = vib_b4{k}.data(:,2)/cal;
myfilename5 = sprintf(’mu_B5_%d.txt’, k);
vib_b5{k} = importdata(myfilename5);
Tb5(: ,k) = vib_b5{k}.data(:,1);
Ib5(: ,k) = vib_b5{k}. data(:,2)/ cal;
myfilename6 = sprintf( mu_B6_%d.txt’, k);
vib_b6{k} = importdata(myfilename6 );
Tb6 (: ,k) = vib_bé6{k}. data(:,1);
Ib6 (: ,k) = vib_b6{k}.data(:,2)/cal;
myfilename7 = sprintf(’mu_B7_%d.txt’, k);
vib_b7{k} = importdata(myfilename?7);
Tb7 (: , k) vib_b7{k}.data (:,1);
Ib7 (: ,k) = vib_b7{k}.data(:,2)/cal;
myfilename8 = sprintf( mu_B8_%d.txt’ , k);
vib_b8{k} = importdata(myfilename8);
Tb8(:,k) = vib_b8{k}.data(:,1);
Ib8 (: ,k) = vib_b8{k}.data(:,2)/ cal;
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myfilename9 = sprintf(’mu_B9_%d.txt’, k);
vib_b9{k} = importdata(myfilename9);
Tb9 (: ,k) = vib_b9{k}. data (:,1);

Ib9 (: ,k) = vib_b9{k}.data(:,2)/cal;
myfilenamel0 = sprintf(’ mu_B10_%d.txt’ , k);
vib_b10{k} = importdata(myfilenamel0);
Tb10 (: ,k) = vib_b10{k}.data (:,1);

Ib10 (: ,k) = vib_b10{k}. data(:,2)/ cal;
myfilenamell = sprintf(’mu_B11_%d.txt’, k);
vib_b11{k} = importdata(myfilenamell);
Tb11(:,k) = vib_b11{k}.data (:,1);

Ib11 (:,k) = vib_b11{k}.data(:,2)/cal;
myfilenamel2 = sprintf(’mu_B12_%d.txt’, k);
vib_b12{k} = importdata(myfilename12);
Tb12 (: ,k) = vib_b12{k}. data(:,1);

Ib12 (: ,k) = vib_b12{k}. data(:,2)/ cal;
myfilenamel3 = sprintf(’mu_B13_%d.txt’, k);
vib_b13{k} = importdata(myfilenamel3);

Tb13 (: ,k) vib_b13{k}. data (:,1);

Ib13 (: ,k) = vib_b13{k}. data(:,2)/ cal;
myfilenamel4 = sprintf(’ mu_B14_%d.txt’, k);
vib_b14{k} = importdata(myfilenamel4);
Tb14 (: ,k) = vib_b14{k}.data (:,1);

Ib14 (: ,k) = vib_b14{k}. data(:,2)/ cal;
myfilenamel5 = sprintf(’mu_B15_%d.txt’, k);
vib_b15{k} = importdata(myfilenamel5);

Tb15(: ,k) = vib_b15{k}.data (:,1);
Ib15 (: ,k) = vib_b15{k}. data(:,2)/ cal;
end

% load top measurements

for k = 1:numfiles
myfilename0 = sprintf( mu_TO0_%d.txt’, k);
vib_t0{k} = importdata(myfilenameo0);
TtO(1:size(vib_t0{k}.data(:,1)),k) = vib_t0o{k}.data(:,1);
It0 (1:size(vib_t0{k}.data(:,2)) ,k) vib_t0{k}.data(:,2)/1000/1000/ cal;
myfilenamel = sprintf(’mu_T1_%d.txt’, k);
vib_t1{k} = importdata(myfilenamel);
Tt1(1:size(vib_t1{k}.data(:,1)),k) vib_t1{k}. data (:,1);
It1 (1:size(vib_t1{k}.data(:,2)),k) = vib_t1{k}.data(:,2)/1000/ cal;
myfilename2 = sprintf( mu_T2_%d.txt’, k);
vib_t2{k} = importdata(myfilename2);
Tt2 (1:size (vib_t2{k}.data(:,1)) ,k) vib_t2{k}.data(:,1);
It2 (1:size(vib_t2{k}.data(:,2)) ,k) vib_t2{k}.data(:,2)/1000/cal;
myfilename3 = sprintf(’mu_T3_%d.txt’, k);
vib_t3{k} = importdata(myfilename3);
Tt3 (1:size (vib_t3{k}.data(:,1)) ,k) vib_t3{k}.data(:,1);
It3 (1:size(vib_t3{k}.data(:,2)),k) vib_t3{k}.data(:,2)/cal;
myfilename4 = sprintf( 'mu_T4_%d.txt’, k);
vib_t4{k} = importdata(myfilename4);
Tt4 (1:size(vib_t4{k}.data(:,1)),k) vib_t4{k}.data(:,1);
It4 (1:size(vib_t4{k}.data(:,2)) ,k) vib_t4{k}. data (:,2)/ cal;
myfilename5 = sprintf(’mu_T5_%d.txt’, k);
vib_t5{k} = importdata(myfilename5);
Tt5(1:size (vib_t5{k}.data(:,1)),k) = vib_t5{k}.data(:,1);
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It5 (1:size (vib_t5{k}.data(:,2)) ,k)

myfilename6 = sprintf( mu_T6_%d. txt

vib_t6{k} = importdata(myfilename6);

Tt6 (1:size(vib_t6{k}.data(:,1)),k) vib_t6{k}.data(:,1);

It6 (1:size(vib_t6{k}.data(:,2)),k) vib_t6{k}. data (:,2)/ cal;

myfilename7 = sprintf(’mu_T7_%d.txt’, k);

vib_t7{k} = importdata(myfilename?7);

Tt7 (1:size(vib_t7{k}.data(:,1)),k) vib_t7{k}. data (:,1);

It7 (1:size(vib_t7{k}.data(:,2)),k) vib_t7{k}. data (:,2)/ cal;

myfilename8 = sprintf( mu_T8_%d.txt’ , k);

vib_t8{k} = importdata(myfilename8);

Tt8 (1:size (vib_t8{k}.data(:,1)) ,k) vib_t8{k}.data(:,1);

It8 (1:size(vib_t8{k}.data(:,2)),k) = vib_t8{k}.data(:,2)/cal;

myfilename9 = sprintf(’mu_T9_%d.txt’, k);

vib_t9{k} = importdata(myfilename9);

Tt9 (1:size (vib_t9{k}.data(:,1)) ,k) vib_t9{k}.data(:,1);

It9 (1:size(vib_t9{k}.data(:,2)),k) vib_t9{k}.data(:,2)/ cal;

myfilenamel0 = sprintf(’mu_T10_%d.txt’, k);

vib_t10{k} = importdata(myfilenamel0);

Tt10 (1:size (vib_t10{k}.data(:,1)) ,k) vib_t10{k}. data(:,1);

It10 (1:size(vib_t10{k}. data(:,2)),k) vib_t10{k}. data (:,2)/ cal;

myfilenamell = sprintf(’mu_T11_%d.txt’, k);

vib_t11{k} = importdata(myfilenamell);

Tt11(1:size(vib_t11{k}.data(:,1)),k) vib_t11{k}.data (:,1);

It11(1:size(vib_t11{k}.data(:,2)),k) vib_t11{k}.data(:,2)/ cal;

myfilenamel2 = sprintf(’mu_T12_%d.txt’, k);

vib_t12{k} = importdata(myfilenamel2);

Tt12 (1:size(vib_t12{k}.data(:,1)) ,k) vib_t12{k}. data(:,1);

It12 (1:size(vib_t12{k}.data(:,2)),k) vib_t12{k}. data(:,2)/ cal;

myfilenamel3 = sprintf(’mu_T13_%d.txt’, k);

vib_t13{k} = importdata(myfilenamel3);

Tt13(1:size(vib_t13{k}.data(:,1)) ,k) vib_t13{k}. data(:,1);

It13 (1:size(vib_t13{k}.data(:,2)),k) = vib_t13{k}. data(:,2)/cal;

myfilenamel4 = sprintf(’mu_T14_%d.txt’, k);

vib_t14{k} = importdata(myfilenamel4);

Tt14 (1:size (vib_t14{k}.data(:,1)) ,k) vib_t14{k}. data(:,1);

It14 (1:size(vib_t14{k}.data(:,2)) ,k) vib_t14{k}.data(:,2)/ cal;

myfilenamel5 = sprintf(’mu_T15_%d.txt’, k);

vib_t15{k} = importdata(myfilenamel5);

Tt15(1:size(vib_t15{k}.data(:,1)),k) = vib_t15{k}.data(:,1);

It15(1:size(vib_t15{k}.data(:,2)),k) = vib_t15{k}. data(:,2)/ cal;
end

vib_t5{k}. data(:,2)/ cal;
. k)

%% Filter all data

ab = [Ib0 Ib1 Ib2 Ib3 Ib4 Ib5 Ib6 Ib7 Ib8 Ib9 Ib10 Ib11 Ib12 Ib13 Ib14 Ibi15];
abT = [Tb0 Tb1 Tb2 Tb3 Tb4 Tb5 Tb6 Tb7 Tb8 Tb9 Tb10 Tbi1l Tbi12 Tb13 Tbi14 Tbi15];
at = [It0 It1 It2 It3 It4 It5 It6 It7 It8 It9 It10 It11 It12 It13 It14 It15];
atT = [Tt0 Tt1 Tt2 Tt3 Tt4 Tt5 Tt6e Tt7 Tt8 Tt9 Tt10 Tt11l Tt12 Tt13 Tt14 Tt15];

%doublecheck sample rates

for j =1 : size(ab,2)
Fsa(j) 1/(abT(100,j)—abT(99,j));
Fsb(j) 1/(atT(100,j)—atT(99,j));

end
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%if all the same

Fs = Fsa(1);
N = 200;
Fp = 1e3;
Ap = 0.01;
Ast = 80;

% set up filter

lowpassFilt = dsp.LowpassFilter (’DesignForMinimumOrder ’, false ,
*FilterOrder ’ N, PassbandFrequency ’ ,Fp,’ SampleRate ’ ,Fs , ...

"PassbandRipple ,0.01, ’StopbandAttenuation’ ,80);

low_1000 = designfilt(’lowpassiir °, ’PassbandFrequency’,
’StopbandFrequency ’, 1200, ’PassbandRipple’, 1,
"StopbandAttenuation’, 200, ’SampleRate’, Fs,

’DesignMethod ’, ’chebyl’, ’>MatchExactly’, ’stopband ’);

ab = lowpassFilt(ab);
at = lowpassFilt(at);
% fvtool (low_1000)

%% Inspect ab and at to check the signals are in phase;

% if they are the measurements taken at separate moments can be combined

figure

plot (Tt2, ab(:,10+8+2))

hold on

plot(Tt2, at(:,10+8+2))
legend (’show )

legend (’bottom al’, ’top a2’)
%% Computes Fy and Mx

m_bench«d2/(d1+d2);
m_bench«d1/(d1+d2);
(Ixx—-m_benchx«d2 *2)/(d1+d2);
(-Ixx—m_bench+d1+d2)/(d1+d2);

0w
1}

for i = 1:size(ab,2)
for k = 1: size(ab,1)-100
F(k,i) = Arab(k,i)+B~at(k,1i);
M(k,i) = C+ab(k,i)+D+at(k,i);
% Mm(k,i) = Ixx/(d1+d2)«ab(k
end
end

Fyy = rms(F);
% Mm = rms(Mm);

Mx = rms(M);
abrms = rms(ab);
atrms = rms(at);

% separate measurements

for i = 1:16
Fy(1,1) Fyy (numfiles (i —-1)+1);
Fy(2,i) = Fyy(numfiles«(i—-1)+2);
Fy(3,i) = Fyy(numfiles«(i—-1)+3);

,i)—Ixx/(d1+d2)+«at(k,i);
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Fy(4,i) = Fyy(numfiles«(i—-1)+4);
Fy(5,i) = Fyy(numfiles«(i—-1)+5);
Fy(6,i) = Fyy(numfiles«(i—-1)+6);
Fy(7,i) = Fyy(numfiles«(i—-1)+7);
Fy(8,i) = Fyy(numfiles«(i—-1)+8);
Mxx(1,1) Mx(numfiles«(i—-1)+1);
Mxx(2,1) Mx(numfiles« (i —1)+2);
Mxx(3,1) Mx(numfiles» (i —1)+3);
Mxx(4,1) Mx(numfiles » (i —1)+4);
Mxx(5,1) Mx(numfiles«(i—1)+5);
Mxx(6,1) Mx(numfiles«(i—1)+6);
Mxx (7 ,1) Mx(numfiles«(i—1)+7);
Mxx(8,1) Mx(numfiles (i —1)+8);
al(1,i) = abrms(numfiles«(i—-1)+1);
al(2,i) = abrms(numfiles=(i—-1)+2);
al(3,i) = abrms(numfiles=(i—1)+3);
al(4,i) = abrms(numfiles=(i—1)+4);
al(5,i) = abrms(numfiles«(i—1)+5);
al(6,i) = abrms(numfiles+(i—-1)+6);
al(7,i) = abrms(numfiles«(i—-1)+7);
al(8,i) = abrms(numfiles«(i—1)+38);
a2(1,i) = atrms(numfiles«(i—1)+1);
a2(2,i) = atrms(numfiles(i—-1)+2);
a2(3,i) = atrms(numfiles«(i—-1)+3);
a2(4,i) = atrms(numfiles«(i—-1)+4);
a2(5,i) = atrms(numfiles=(i—1)+5);
a2(6,i) = atrms(numfiles«(i—1)+6);
a2(7,1) = atrms(numfiles+(i—-1)+7);
a2(8,i) = atrms(numfiles«(i—-1)+8);

end

%% Uncertainty analysis
%Random uncertainty
rand_Fy = std(Fy);

rand_Mx

std (Mxx);

mean_Fy = mean(Fy);
mean_Mx = mean(Mxx);

mean_al = mean(al);
mean_a2 = mean(a2);

%Systematic uncertainty
0.0005;
bm/m_bench;% [% of 1]

bm
bm
ba
bd
bd
bl

%Uncertainties

0.03;
0.001;
bd/d1;
0.01;

% [kg]

% [% of 1]
% [m]

% [% of 1]
% [% of 1]

in percentage of 1

bFy = ((0.5+mean_al+0.5»mean_a2)."2.+bm”"2+0.5+m_bench”"2+ba"2).70.5;
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bMx

(((mean_al-mean_a2)/2/d1)."2«bI"2+(0.5+(Ixx+(mean_a2-mean_al)/d1"2)+m_bench+(mean_al
((Ixx+m_bench«d1"2)/2/d1)."*2«ba"2+(m_bench+d1/2—mean_a2/2/d2)."2«ba"2
(0.5+d1+(mean_a2+mean_al))."2+bm"2).%0.5;

+ o+

%Combined uncertainty

t = 3.264; % 8 measurements, 95% confidence interval
UFy t«(rand_Fy."2./sqrt (numfiles)+bFy."2).%0.5;
UMx = t+(rand_Mx./sqrt(numfiles)+bMx."2)."0.5;

%% make plots
%% make plots
speed = [0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 150¢

figure

subplot(2,1,1)

title ('’ Disturbance force and moment from acceleration measurements )
errorbar (speed ,mean_Fy,mean_Fy .« UFy)

ax = gca;

ax . XAxis.Exponent = 0;

grid on; grid minor;

xlabel (' Rotation speed [RPM]’)

ylabel (’Fy [N]’)

subplot(2,1,2)

errorbar (speed, mean_Mx, mean_Mx.xUMx)
xlabel (' Rotation speed [RPM]’)

ylabel (’Mx [Nm] )

grid on; grid minor

Reproducability of results

Ideally two simultaneous measurements of accelerations are used to compute the forces and moments. This
was not possible because only one sensor was available. Separate measurements are combined to compute
the forces and moments. Figure D.7 shows that even though the measurements are taken at different times
they are aligned in phase. Figure D.8 shows test results for eight different measurements, indicating that at
lower rotation speeds reproducibility is good, while at larger speeds there are some problems. As discussed
in Section 11.6 this is likely due to the fact that the wheel was not perfectly tightly mounted on the seismic
mass. However, this was not verified experimentally due to time constraints. Furthermore, measurements at
locations three and four were not possible either. They can be used to validate the moment calculated from
measurements at locations 1 and 2, and so would give a good idea of the reproducibility. For now, the random
uncertainty of the measurements, which has a maximum value of six %, indicates that the measurements are
reproducible. However, the suggestions for an improved design in Section 10.8 should be implemented as well.

Uncertainty analysis

The independent variable in this experiment is the motor speed. In reality the supply voltage is switched with
a given duty cycle thus supplying the motor with the required voltage to rotate with the desired speed, but for
all practical purposes the motor speed is the independent variable. The dependent variables are the vibrations
created by the wheel, transmitted to the seismic mass and measured by the accelerometer. The controlled
variables are the supply voltage, mass of the seismic block, distances between accelerometer locations and
centre of mass and moment of inertia of the block. Four measurements of acceleration are used to calculate the
forces and moments with the equations presented in Section 10.6. The random uncertainty of the measurements
can be computed directly from the result using Equation (D.12). The systematic uncertainties of each parameter
must be propagated by deriving equations for the forces and moments using Equation (D.2). The mass of the
block was measured on a scale with an error of 0.5 [g]. All distances are measured with a caliper with an
accuracy of 0.1 [mm], however the measurement uncertainty is constrained by the handling of the tool to 1
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[mm]. The accelerometer has an accuracy of three % in the range between 0-1 [kHz]. The moment of inertia
is determined using Catia with material properties of aluminium. However, not all holes are exactly replicated
in Catia. Therefore the uncertainty is estimated at 2 %. The derived equations for the uncertainty in the
measurements of Fy and My are presented in Equation (D.15) and Equation (D.16). Note that the uncertainties
in the distances cancel out in the first equation and that d; is equal to d».

1
2

bpy=‘(%a1+%a2)2xbfn+%m2xbfl (D.15)
byx = )(dlz_daz)z X %xx (%(—IXX(CZZ_ a) ) +m(a; + az))z X bfi + (—Ixx ;—;ﬂdz )2 X bi...
+(de—;—621)2><lafl+(%d(al+az))2><b,2ﬂ z (D.16)
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