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Abstract

Momentum wheels are frequently used for the attitude cbmifsatellites. Most existing
momentum wheels support their spinning rotor using balbbler bearings. These mechanical
bearings are difficult to lubricate in the vacuum of spaceytare prone to wear and so have
a limited lifespan that can limit the useful lifespan of tlaedlite. Jitter in the bearings can
generate microvibrations on the satellite that can affsdéhiage quality; the noise level on the
satellite platform is becoming increasingly importanttzes tesolution of the cameras on small
satellites approaches one metre ground resolution.

Replacing the mechanical bearings with active magneticitigs where the spinning rotor
is suspended by electromagnets potentially offers mangftien There will be no contact
between moving parts, eliminating friction, stiction andax. Because the rotor’s position is
actively controlled it can be controlled precisely genatery low levels of noise.

This thesis introduces a new concept - the 3Dwheel. The nuofleegrees of freedom that
can be actively controlled in a magnetic bearing can be choge engineering model of
the 3Dwheel, a magnetically levitated momentum wheel with fiegrees of freedom actively
controlled, that has been designed, built and succesgasgted is presented here. This design
allows the rotor to be tilted generating a gyroscopic outprque; one 3Dwheel can therefore
generate a torque about all three principal axes of the spateThe electromagnets allow the
wheel to be tilted with a high rate generating an output tergith a large magnitude and a
bandwidth much greater than existing actuators.

In this thesis the theory behind magnetism is used to modélirarestigate the design of a
magnetic bearing. From this, the design of the 3Dwheel isqmed and explained. This
process can be used to help design other magneticallytedimomentum wheel designs. The
engineering model of the 3Dwheel was successfully levdtatéhe laboratory by four different
controllers. The position of the rotor can be maintainedinithree standard deviations of the
desired position within 11.@m. It has been tilted at a rate of 0.556 ratisso generating a
torque of 0.68 Nm while spinning at 5000 rpm. This resolutidlows the 3Dwheel to have
very low output noise levels. The 3Dwheel’'s bandwidth hantsemonstrated to be two orders
of magnitude greater than a conventional momentum wheel’s.

Various techniques for improving the performance of cdidrs and allowing stable levitation
of the rotor at spin rates exceeding the controller’s badtware presented. Simulations of the
3Dwheel fitted to a small satellite prove that from its denti@ied ability in the laboratory a
single 3Dwheel is capable of providing 3-axis attitude colmf a small satellite.

Key words: Magnetic bearings, Satellite control, Dynamic modellidge control, Non-linear
systems.
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Chapter 1

Introduction

1.1 Introduction

This thesis describes the design, optimisation and evafuaf a tilting magnetically levitated
momentum wheel for use on satellites, particularly smatklsges. Momentum wheels are
a type of momentum exchange attitude actuator for satllif@aditionally they consist of a
rotor spinning around fixed roller or ball bearings. Thesemaaical bearings have several
limitations. They are difficult to lubricate in the vacuum sgace, with the lubricant either
evaporating off, or they require a sealed pressure housitiieaise of dry bearings, which may
both have a limited lifespan. In all cases the bearing lifétk the duration of the spacecraft’s
mission.

The mechanical bearings can be replaced with Active MagiBsarings (AMBS). In AMBs
the spinning rotor is suspended by electromagnets. The€ggosition is monitored by con-
tactless position sensors and a controller varies themsrthrough the electromagnet coils to
keep the rotor in the desired position. Because the rotosgipn is actively controlled the ro-
tor can be spun very precisely, compensating for mass imbalajenerating a very low noise
output torque.

The use of electromagnets offers the ability to gimbal arthie spinning rotor in a similar
fashion to a Control Moment Gyro (CMG), generating a gyrpscautput torque about an
axis perpendicular to the spin and tilt axes. Unlike in a CM& ilt axis is not fixed and can
be steered by the electromagnets to be anywhere on the ptamalnto the spin axis of the
wheel. Therefore a single tilting wheel can generate anutugpque about all three principal
axes of a spacecraft. This tilting wheel design has beeacttle 3Dwheel.

Because the 3Dwheel’s rotor is tilted by electromagnetsuit loe tilted at a high rate gener-
ating a large output torque with a bandwidth greater thavemtional actuators are capable
of. The range of angles that the rotor can be tilted throughmiged making the gyroscopic

output torque ideally suited for damping microvibratiomsl dnigh frequency disturbances, or
for high bandwidth small angle manoeuvres such as in spafteendezvous and docking. The
3Dwheel can still be operated conventionally about a siagle for spacecraft reorientation,
with the added benefit of lower noise actuation, and so is n@evthan a conventional wheel.

1



2 Chapter 1. Introduction

1.2 Example Mission

TopSat is a typical small satellite. It has a Image Motion @ensation (IMC) imaging mode,
where the satellite pitches during image acquisition taaén the camera pointing at one spot
on the ground, improving the image resolutidh [1]. FidurBillustrates this imaging mode.

Figure 1.1: The TopSat small satellite’s Image Motion Conga¢ion mode, where TopSat has
a constant pitch rotation rate during image capture to khepcamera pointing at the same
location on the Earth’s surface allowing for greater expedimes.

TopSat also has a requirement to be able to roll up36° off track to image areas that are off to
the side of its ground track. Coupled with the requiremetgt@ble to counteract disturbances
such as gravity gradient, aerodynamic, solar radiationraagnetic field disturbance, a three
axis attitude control system is required. Three conveatiosaaction wheels can give three
axis control or a single momentum wheel can provide gyrascstiffness about two axes and
control about a third axis. A pyramidal configuration of faeaction or momentum wheels
may be used to provide three axis active control with redooglaA single 3Dwheel could
be used instead of three conventional wheels to fulfil TOp&éitude actuation requirements.
With its spin axis aligned with the satellite’s pitch axiscén pitch the satellite by operating
conventionally and accelerating or decelerating the rdtaran also use its gyroscopic torque
output to roll the satellite for off track imaging when reaqad and to remove any disturbances
about the yaw axis.

Table[T1 shows a comparison between an attitude contri@myfer TopSat constructed from
three magnetorquersl[2], xenon resistojgid 3][4] or catie@al SSTL mini-satellite momen-
tum wheels[[5], and a single 3Dwheel. There is no redundandhis configuration; if an
actuator fails then one degree of freedom will become umotiable. The power consumption
for the 3Dwheel has been taken from experimental data fram3tbwheel hardware in the
laboratory and is discussed in Section 8.3. The value isdh&ea@ current required to stabilise
the levitation of the wheel. It is assumed that the electnadyic principle has been used with
bias flux provided by permanent magnets and that the rotoelisbalanced.

Table[T.2 shows a comparison between an attitude contri@myfer TopSat constructed from
four conventional wheels in a pyramidal configuration or 8wheels to provide redundancy
in case of the failure of a single actuator.

The mass and volume required by the 3Dwheel is less than thvertional wheel in both the
redundant and non-redundant cases. The 3Dwheel’'s powsuicgrtion is almost twice that of
the conventional wheel's. The power consumption can becestiby decreasing the width of



1.2. Example Mission 3

the air gaps at the expense of reducing the tilt range of tioe amd the time that the gyroscopic
torque can be generated for. In the redundant case the 3Dthia¢és not being used can be
spun down and cease to be levitated so that it requires norpdwe 3Dwheel’s output torque
can be as great as 0.5 Nm about the two axes that are geneyatasdapically and 20 mNm

about the wheel’s spin axis.

Compared with the magnetorquer and resitojets both theetional and 3Dwheel can gen-
erate larger torques but have a greater power consumptimrekistojet has the disadvantage
that once its fuel has been expended then it will no longerhie @ generate a torque. The
accuracy of a resistojet depends on the smallest amounebttfat it can expel. The accuracy
of the conventional and 3Dwheels depends upon the accuratiheir rotational speed can be
controlled with and the frequency that commands can be eghttwheel control electronics
at. A magnetorquer can only actively control the orientatdd a satellite about two axes be-
cause of the shape of the Earth’s magnetic field. Over thegefi an entire orbit it will be
able to control all three axes.

Magnetotorquern Xenon Resistojet Conventional| 3Dwheel
Mass, kg 54 20.5 9.6 ~4
Power, W 3 15 42 ~82
Volume, n¥ 0.004 0.062 0.012 0.003
Torque, MNm 1.4 9 20 20 - 500
Accuracy [6],° 2 0.1to1l 0.001tol1l | 0.001to1

Table 1.1: Comparison between an attitude control syste¢mmai redundancy for TopSat con-
structed from three magnetorquers, resistojets or coimreitSSTL mini-satellite momentum

wheels, or a single 3Dwheel.

Conventional| 3Dwheel
Mass, kg 12.8 ~8
Power, W 56 ~164
\Volume, m¥ 0.015 0.006
Torque, mNm 20 20 - 1000

Table 1.2: Comparison between an attitude control systettm iedundancy for TopSat con-
structed from four conventional SSTL mini-satellite moren wheels or two 3Dwheels.

Figure[L.2 shows a simulation of the 3Dwheel rolling Top8edtigh29.3° in 45 seconds using
its gyroscopic torque output while the rotor was spinning abnstant rate of 10,000 rpm. The
rotor was tilted from its central position by2.8° and then returned to its central position to
stop the spacecraft from turning.

Figure[I.B shows a disturbance that was seen on the UK-DM¢spatt being damped by the
3Dwheel and a conventional momentum wheel. The disturbamasddentified in an image][7]

and so affects the image quality from the satellite. The ritade of the attitude disturbance is
over twenty times less when damped with a tilting momentuneetithan when it is damped
by a momentum wheel operating conventionally. This impnaset is due to the 3Dwheel’s
improved bandwidth.

The 3Dwheel concept provides additional benefits for othisions. The lack of friction
gives the possibility of spinning the rotor faster than isgible with a conventional momentum
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Roll Angle, ‘

5 10 15 20 25 30 35 40 45
Time, s

Figure 1.2: The 3Dwheel rolling the TopSat small satellittugh 29.3 in a simulation using
its gyroscopic torque output.

wheel. A higher spin rate gives the possibility of genegatineater gyroscopic output torques,
or means that the wheel will saturate less frequently. Higha rates also offer the facility of
storing large amounts of angular momentum, making the 3@Whetable for flywheel energy
storage applications, which would be ideal for small siedipplications where a large current
draw is occasionally required, such as in a Synthetic ApeRadar (SAR) mission.

1.3 Thesis Structure

The work described in this thesis was split in to three ma@asirof work: modelling of the
properties of active magnetic bearings using a numericaleinbased around the reluctance
force equation and finite element techniques; dynamic nsaafehe properties of the 3Dwheel;
and the engineering model of the 3Dwheel. The engineerindetraf the 3Dwheel is a hard-
ware model of the wheel designed to allow control algorittand sensor configurations to be
quickly and easily tested in hardware. The engineering inwde designed for simplicity of
construction and testing with no effort made to optimisedisign for mass, volume, or any
other variable. The dynamic model and engineering mode¢ Wweth used to develop and test
the controllers to levitate the 3Dwheel’s rotor.

Chapter P presents an overview of satellite attitude comtrtuators and the proposed tilt-
ing magnetically levitated momentum wheel. This chaptentheviews existing literature
regarding magnetically levitated momentum wheels, magiearings and control of active
magnetic bearings.

ChapteiB presents the theory that underpins all of the wotkis thesis; magnetism, electro-
magnets and magnetic bearings are discussed. This knaviddgagnetism is then used to
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Satellite Attitude with a High Frequency Disturbance

T
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Figure 1.3: The satellite’s attitude when applied with antfiggquency disturbance torque that is
being damped by a tilting momentum wheel (tilt in the legemal)l a conventional momentum
wheel (spin in the legend).

study the forces generated by electromagnets and the fiespef different AMB configura-
tions.

Chaptef¥ builds on this knowledge of magnetisation to maddicompare the design of three
different magnetic bearing configurations that were dexedofor this thesis. An investigation
of the AMB geometry is presented.

From this the design of the engineering model of the 3Dwhwealhias been built and success-
fully tested is described in Chaptier 5. A discussion of waicomponents that are missing
from the engineering model of the 3Dwheel but will be reqdiine a flight-ready version is
included.

Chaptefb presents the dynamic model of the rotor's motiahvlas developed. Equations for
the dynamics of the translational and rotational motionhef totor are presented. Complete
linearised and non-linear models of the rotor’s motion hemtproduced from these equations.
These models were used with the magnetic models to checkadintise the design before any
hardware was produced. The mass imbalance of the rotonisisisussed along with methods
for estimating the rate of change of motion from the posisensor data.

Chaptefl combines the previous Chapters’ work to discusdelielopment of the controllers

to stabilise the levitation of the wheel. Results from siatiohs and the hardware engineering
model of the wheel are presented during the discussion afthiollers as they influenced the
choice of control techniques.

Chapter B presents further results from the engineeringeinoidthe 3Dwheel operating in
the laboratory. Additional control techniques to improtgeperformance are discussed. Now
that the 3Dwheel has been successfully demonstrated imfioedtory, simulation results are
presented showing how it can be used on satellites.

ChapteEP summarises the work undertaken and the conctustached during the project, and
lists the novel aspects contained in this thesis. Suggestar future work on the development
of tilting magnetically levitated momentum wheels are mailést of publications and awards

is included.

Although the magnetics and the dynamics of motion are ptedein separate chapters, the
two topics were worked on simultaneously as one influencesother. The work has been
presented in this order to make the thesis easier to follow.
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Chapter 2

Context

2.1 Background

2.1.1 Satellite Attitude Control Devices

Attitude control is an important part of a modern satekitieinctionality. For example, it allows
satellites to keep their solar panels pointing at the Sud,cameras and antennas pointed at
their targets. There are two types of device used to oriemtapacecraft as part of an attitude
control system: inertial and non-inertial.

Magnetic attitude control devices are a non-inertial devi& current is passed through a coil
(called a magnetotorquer). The magnetic field generatedlaots with the Earth’s magnetic
field and generates a torque on the satellite. Varying theentiallows the spacecraft’s atti-
tude to be controlled. They have a typical accuracy0é@d cannot be used for satellites in
geostationary orbits because the Earth’s magnetic fietwbisveak at that altitude.

Thrusters are the second type of non-inertial device. Th@glemass to generate a torque
about the centre of mass of the spacecraft. When launchey,ctirry a limited amount of
propellant. When all of the propellant has been used thesgheecraft will no longer be able
to control its attitude, ending its useful life. Thrusteemaontrol the satellite with an accuracy
of between 0.1 and°1g6].

Reaction wheels and momentum wheels are inertial deviee¢gé&merate a torque by changing
their angular momentum. They consist of a spinning wheeleilthe wheel is accelerated or
decelerated a torque is imparted on to the satellite. Rwaetheels have a nominal angular
velocity of zero while momentum wheels have an initial biagwar velocity that provides
some gyroscopic stability to the satellite. Control Momé&tros (CMGs) are a third type of
inertial device and consist of a spinning wheel; the spignieel is gimballed to generate
a torque perpendicular to the spin and gimbal axes as showigime[Z1. Reaction wheels,
momentum wheels and CMGs can all become saturated whengtugbdince torque comes
from a constant direction and they are rotating at their maxn velocity, or they are at their
maximum gimbal angle. Another attitude control device fsas a thruster or magnetotorquer
is then required to control the satellite while the wheeation velocity or CMG tilt angle is
reduced. Reaction and momentum wheels, and CMGs can dadensatellite with an accuracy
of 0.001 to t.



8 Chapter 2. Context
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Figure 2.1: The relationship between the wheel spin axiapgl axis and output torque axis
on a Control Moment Gyro (CMG) or on a tilting momentum wheel.

2.1.2 Tilting Momentum Wheel

This thesis proposes a novel magnetically levitated moomentheel with four degrees of free-
dom actively controlled by electromagnets. With four degref freedom actively controlled
it becomes possible to gimbal or tilt the spinning rotorpaihg a gyroscopic torque to be
generated in the same way that a CMG does. Because the rtittedsusing electromagnets
it can be tilted at a high rate, generating a large outputumrdJnlike in a CMG the tilt axis
is not fixed and can be controlled so that an output torque eageberated about any axis
on the plane normal to the rotor’s spin axis. Therefore alsititling magnetically levitated
momentum wheel can generate an output torque about all phireeipal axes of a spacecraft,
replacing three conventional momentum wheels, or two 3[&ghean provide 3-axis control
with redundancy.

The range of angles that the wheel can be tilted through idgeldrby the width of the air
gap between the electromagnets and the rotor. As the airngapaises the resistance to the
flow of magnetic flux increases and so the stiffness of theiflgatecreases or the power
consumption increases. Analytical and finite element sitimrs show that tilting througt 5°

is feasible. Because the tilt range is limited and the tie @an be high then the gyroscopic
output torque can only be generated for a limited periocheétiBecause of its large bandwidth,
the gyroscopic torque is ideal for damping high frequenstuibances and microvibrations,
or for high bandwidth small-angle manoeuvres, such as ioexpaft rendezvous and docking.
However, it is still capable of reorientating a small sateelas shown in Figurie.2.

An extension of the tilting magnetically levitated momantwheel is the magnetically levi-
tated momentum sphere, where a sphere is actively suppgoytadnagnetic field. The sphere
can be spun and when the direction of the spin is changed aappir output torque can be
generated about any axis. Therefore a single magnetieaditated sphere can generate an out-
put torque about any axis of a spacecraft. The maximum tatuatecan be generated, or the
angular momentum that can be stored is the same about aldkes. To spin the sphere a type
of brushless DC motor is required. Permanent magnets aregkround the sphere and coils
generate a field that interacts with the permanent magnétsreTare positions of the sphere
where a singularity can occur because the arrangement wignent magnets does not allow
the sphere to be spun in the desired direction. The arrangenfi¢ghe permanent magnets is
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therefore crucial. The reaction sphere is being activedgaeched by several groups [8][9] and
will not be discussed further in this thesis.

A tilting momentum-wheel in the inertial reference framesiown in Figurd2]2. The tilt
axis can be anywhere on the xy-plane of the inertial referdraome.

z

Figure 2.2: The tilting momentum wheel in the actuator refiee frame.

The angular velocity of the spinning wheel in the actuatéenence frame is given by:

W = Wi+ wyj+wk (2.1)

However, for a conventional momentum wheel, the spin axaigged with the z-axis of the
inertial reference frame and the angular velocity is reduoe

w =wyk (2.2)

The angular momentum of any spinning wheel is given by:

h = Inww (2.3)

whereh is the angular momentum in Nk, is the moment of inertia of the wheel in kgm
andw is the angular velocity of the wheel in rads

The output torquél’c of a conventional momentum wheel, in Nm, is about the spis ard
is given by the rate of change of angular momentum:

dh dw,
To = S0 = I, 22 2.4
CTw dt (2.4)

In comparison, the output torqir of a tilting momentum wheel, when tilting, is given by:

T =a X ho(w) =& X Iyhww (25)
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wherehg(w) is the wheel’s angular momentum a#ds the tilt rate of the wheel in rad$. x

is the vector cross product, therefore the output torqueriggndicular to the spin and tilt axes
as shown in FigurEZ2.2. The total output torque of a tiltingeelhis thereforél’ = Tt + Tc.

A conventional momentum wheel can only generate an outpgtigoabout its spin axisI{c).
Because in a tilting magnetically levitated momentum whkeltilt axis is not fixed a single
wheel can generate an output torque about all three prinaies of the spacecraft.

Atilting momentum wheel can generate torque and angular embum in two ways: by chang-

ing the angular velocity of the wheel and by tilting the whe€he angular momentum and
torque vectors generated by accelerating the wheel willevassthe wheel tilts. The angular
momentum envelope for a tilting momentum wheel acting eidsconventional wheel or a
tilting wheel is shown in Figure—2.3. The rotor is assumeddmbly able to spin in one direc-
tion; if the wheel can spin in either direction then the motnencone will be mirrored below

the xy plane. Angular momentum can be generated anywhereame around the wheel's
spin axis.

Angular Momentum envelope of a tilting momentum wheel with a spin axis around the z—axi

z, Nms
w

03l
0.5

0.5

y, Nms -05 -05

X, Nms

Figure 2.3: The angular momentum envelope of a tilting mdomanwheel with its spin axis
around the z-axis of the actuator reference frame.

The torque envelope of the proposed tilting momentum wteshown in Figur€2l4. It can
generate a small torque for a long period of time in a coneratdhe spin axis. Or it can
generate a much larger torque for a short period of time pelipelar to, and around the spin
axis. Unlike in an array of control moment gyros a tilting memum wheel will not suffer

from singularities. There is no need to invert a matrix tccakdte the tilt angle required to
generate the desired output torque.

In a control moment gyro the torque generated is transfeadue spacecraft via the mechani-
cal bearings. In a tilting magnetically levitated momentwimeel the stiffness of the magnetic
bearings must be strong enough to not only tilt the spinnagtgry but also strong enough to
transfer the gyroscopic torque generated to the spacedBaftause of the cross-product in
Equation[Zb the output gyroscopic torque is perpendicidahe tilt axis. In a wheel with
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Torque envelope of a momentum wheel with a spin axis around the z-axis
Torque envelope of a tilting momentum wheel with a spin axis around the z-axis and generated by accelerating the wheel at different tilt angles

y, Nm -4 -4 x, Nm

Figure 2.4: The torque envelopes of a tilting momentum whrettle actuator reference frame.
The plot on the left shows the torque that can be producedtlngtthe wheel. The plot on the
right shows the torque that can be generated by changinghthdaa velocity of the wheel at
different tilt angles.

electromagnets arranged in four places around the whew iilt axis is aligned with a set of
electromagnets then these electromagnets will tilt therrand the electromagnets perpendic-
ular to these will transfer the torque to the spacecrafthdftilt axis is not aligned with the
electromagnets then all of the electromagnets will havenapoment of their generated force
tilting the rotor and a component transferring the torquehtospacecraft.

Figure[Zb shows the rotor tilt rate necessary to generaengiyroscopic output torques at
varying wheel spin rates for the proposed design. Also shisvifmne duration that the tilt can

be generated for. The moment of inertia used in the caloulatias the 3Dwheel's engineering
model 0f2.326 x 10~3 kgn?. Higher rotor spin rates have the advantage of being able to
generate a gyroscopic torque from lower tilt rates, whiclansehat the torque can be generated
for a longer period of time. Experiments presented lateh&thesis achieved a tilt rate of
0.5rads.
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Figure 2.5: The relationship between tilt rate, spin raté gyroscopic output torque. Also
shown is the duration that the torque can be generated for.
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2.2 Literature Review

2.2.1 Momentum Wheels

Chobotov [10], Sidil[1l1] and Wi€_ [12] all describe the theanyd provide an explanation of
spacecraft momentum wheels. Manufacturers such as $SSah@@Rockwell Collins[13] pro-
vide datasheets for the small-satellite momentum-whéelsthey manufacture. These wheels
are typically available in sizes that can generate 0.5 mNrom@fue and store 0.01 Nms of
angular momentum, or generate 20 mNm of torque and store 4dfimsgular momentum.
These are suitable for micro-satellites of mass less thaty@hd mini-satellites with a mass
of less than 400 kg respectively.

Henrikson et al.[[14] wrote one of the first papers about treeafsActive Magnetic Bearings

(AMBS) in satellite momentum wheels in 1974. The benefitssifig AMBs were said to be the
elimination of wear; no requirement for lubrication and sduced sensitivity to temperature;
and that they operate equally well in either air or vacuum smdre simple to test and do not
require a heavy pressure-tight container. The wheel hadsa ofat kg, rotated at 12,000 rpm
and could store 33 Nms of angular momentum making it ideali$eron a large satellite.

Studer [15] discussed in 1977 the design of electrodynaraaribgs for use on spacecraft.
New magnetic materials such as Samarium Cobalt had redestly developed and made the
design of such bearings practical for the first time.

Sindlinger [16] described in 1977 a commercial, tilting, gnatically-levitated momentum-

wheel that had reached the pre-qualification stage. Thedugbut torque produced by gim-
balling the wheel could be anywhere in the plane of the wh&hk output torque was more
than sufficient to overcome any disturbance torques on tieHlismand could slew the satellite
at a rate of 2.%~!. The range of tilt was:10 mrad @0.57°) achieved with an air gap width

of about 0.7 mm. Modifications to the design to make it fullgurdant against electronics or
electromagnet failure were also discussed. The designaisedtroller built from analogue

electrical components, but it was stated that future imgmoents in micro-computers would
allow the controller to be built from a lighter digital pra&s®r in the future. The mass of the
hardware and electronics was 12.6 kg and its steady staterpmmsumption was 13 W.

Robinson[[1F] described in 1982 a small reaction wheel lwithh an AMB that was capable
of storing 2 Nms of angular momentum. This design was no keagomplex or expensive
than equivalent wheels built with mechanical bearings. iRsdin stated the same benefits for
AMBs as Henrikson but also said that AMBs have a very low tergaise and transmission of
vibrations. The power consumption of the electromagnetssiated as being 1 W.

Murakami et al.[[1B] described in 1984 a momentum wheel withAMB that also had the
ability to gimbal the wheel. The wheel was designed for al#atéhat used roll-yaw exchange
to remove the need for yaw sensing, which was considereduliffiT he roll-yaw exchange was
achieved by tilting the rotor by an angle whose amplitude tlvasangle between the spacecraft
angular momentum vector and the orbital normal. This angle mited by the gimbal range
of the wheel, which was stated as being small. The wheel'bgiroapability was also used
to counteract any wheel nutation. The levitation of the ratas actively controlled in the
axial direction and passively in the radial direction. Theeel had a mass of 5.5 kg, a radius



14 Chapter 2. Context

of 300 mm, an angular momentum storage capability of 70 Nndsveas designed for large
communication satellites.

Tsuchiya et al[[19] analysed in 1991 the magnetic circuitd@ynamics of a momentum wheel
AMB. An analytical expression of the damping charactersstivas developed. It was found
theoretically and experimentally that the stiffness of learing affected the passive damping
characteristics of the wheel. Tsuchiya’s AMB was activaptcolled in the axial direction and
passively in the radial direction. Tsuchiya’'s method camioelified for other arrangements.

Gondhalekar et all[[20] described in 1991 a theoreticalgtesf an AMB momentum wheel
that could replace the mechanical bearing based Teldix BR4teel. The aim was to have a
maximum torque output of 600 mNm and an angular momenturagacapability of 68 Nms.
Gondhalekar's emphasis while developing this wheel wasrdédyce a low noise wheel by
eliminating bearing noise and mass unbalance, which cactieved by the AMB controller
spinning the wheel around its centre of mass rather thareitge& of geometry as a mechan-
ical bearing does. The design of the magnetic bearing waslinotissed, only the general
configuration and the degrees of freedom to be actively aasiyey controlled.

Roland [Z21] discussed in 1991 the AMB reaction wheels that been flown on the French
SPOT 1, 2 and 3 satellites, each of which had a mass of 1800 keg. véry low levels of
microvibrations and the independence of drag torques fremperature variations allowed
these satellites to generate very sharp images. Rolanddikenssed the improvements that
were made to the wheel design for the larger SPOT 4 satellite.describes in detail the
sources of microvibration in an AMB based reaction wheel aredhods that can be used to
reduce these microvibrations.

In his patent, Wittman[22] describes a tilting momentum alhreade from mechanical bear-
ings. The wheel is tilted by three motorised screw-threadsnged in a triangle around the
wheel. The patent claims that this tilting wheel can be usespacecraft that contain only one
wheel to counteract disturbances that are not about the agisi¢hat the wheel rotates about.
The patent also states that the design allows the wheel tiftdmb tb align it accurately with
the spacecraft axes, when manufacturing tolerances ddloatthis. The patent also claims
that it can act as a double-gimbal Control Moment Gyro, altfiono mention is made of the
tilt rate of the design.

Scharfe et al[[23] described in 1996 the design of a momentheel made from AMBs for
the 400 kg AMSAT Phase 3-D satellite. The motivation for gskiMBs was to improve the
lifetime of the wheel compared with a ball-bearing basedelh€he design cycle was greatly
reduced using Finite Element Analysis (FEA).

Samuell[24] in 1997 provided a summary of the AMB momentumeishased on the SPOT 1
to 4, ERS 1 and 2, and HELIOS large imaging satellites.

Carabelli et al.[[25][126](127] discuss the mechanical desthe design of a controller and the
practical tests performed to characterise the performéman AMB based momentum wheel.
Levitation was not possible i [27] due to "...the low perfamces of the power electronic[s]”.
This was later corrected and the rotor was spun up throudhstdwo critical frequencies. It
was not possible to spin the rotor faster than its thirdaaitfrequency at 25300 rpm.

Scharfe et al[[28][29] discuss how a momentum wheel thabkas flown successfully on a
large satellite[[21][23] can be modified to become a praktidteeel for a small 100 kg satellite
and the design processes that can be used for this.
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Zhou et al. [[30] discussed in 2002 the theoretical desigmdiliB based momentum wheel
that used a combined set of motor and suspension electr@tsaignreduce the mass and size
of the wheel.

Bichler [31] and [32] discusses the design of an AMB based srdom wheel that also allows
for vernier gimballing, or tilting, of the wheel. The wheeddan angular momentum storage
capacity of up to 100 Nms and can generate torques of 3 Nm tiltiibg, and 100 mNm while
operating as a conventional momentum wheel. The wheel caiitde: through a range of
only 1°. The advantages of vernier gimballing are stated as begghie wheel can act as a
control moment gyro, allowing the three axis attitude colndf a spacecraft in a fine pointing
range with only one wheel, suppression of unbalance viiomatand active damping of flexible
spacecraft structures through fully controllable tratisieal bearing forces. This design has
been built and its low noise characteristics have been ecoefirby practical measurements.

Bangcheng133] discussed in 2008 how the geometry and dpaigimeters of a magnetically-
levitated momentum-wheel affect its performance.

Varatharajoo[[34] describes an AMB based momentum whe¢disythat also uses the spin-
ning wheels as a form of energy storage. The detailed design AMB based momentum
wheel for a small satellite is presented.

Hosny [8] analytically described in 1997 a magneticallyiteed sphere, where a single ac-
tuator can generate a torque about all three principal a@edllon [9] described in 2009 an

engineering model of the reaction sphere. The sphere wastaltle levitated, but required

additional mechanical supports while the controllergaliit levitated the wheel.

Siebert et al.[[35] discuss the design and performance ofgmetially-levitated momentum-
wheel constructed from a passive magnetic bearing. THaesdd of the bearing was a factor
of ten less than similar active magnetic bearirigs [23]. Theelwas spun by compressed air
against an impeller and so this design is not suitable folousg spacecraft yet.

Privat et al.[[36] and Bichler et al._[32] both describe diffiet approaches to develop a launch
locking device to securely hold an AMB based momentum wheghd launch.

Relationship to this Project Designs for momentum wheels built from AMBs have been
previously proposed. However, they have mainly been fgelaatellites. There is little infor-
mation about the measured performance of AMB based momewtuels. Several authors
have suggested that it is possible to tilt the rotor throughall angle to generate a gyroscopic
torque, but no results demonstrating the gyroscopic tohgqive been presented nor has there
been a discussion on how including the ability to tilt theoraffects the design and properties
of a wheel. There has been no mention of the optimisation eftagnetic geometry. The
improved bandwidth obtained through the use of magnetidrigsahas not been measured.

This project is novel because it will overcome these omissfoom previous research and will
also:

e discuss a scalable design methodology for momentum wheghatia bearings using
numerical analysis methods such as finite element analgdisigsing analytical models;
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¢ use the engineering model developed to evaluate the beaegfitsosts of including the
ability to generate a gyroscopic torque;

e control the tilt of a magnetically levitated momentum whasedl the extra complexity that
tilting introduces, namely that the tilt axis can be anyvehen the plane perpendicular to
the wheel spin axis and the improved fault coverage and dahay (allowing possible
improvements in power and mass) that tilting provides.

All prior magnetically levitated momentum wheels for spaedt apart from Sindlinger and
Carabelli have used the electrodynamic principle, whermpaent magnets generate bias flux
in the magnetic bearing and actively controlled electroneds) generate a control flux to sta-
bilise the system. This system has the advantage of havimgar Irelationship between the
force acting on the rotor and the applied curréni [37][38]e Rlternative approach taken in this
project uses the electromagnetic principle where a puritgiciive force acting on the rotor
is generated by electromagnets. This approach has the toefrieding able to generate larger
forces, increasing the stiffness of the bearing if requifie].

2.2.2 Satellite Microvibrations

Bamber et al.[[i7] identified, from satellite images, mictaitions in a satellite’s attitude that
started when a momentum wheel with a mechanical bearing ecadegiated. These vibrations
were at a higher frequency than could be seen in the telerdatay The microvibrations were
affecting the image quality.

Using data from a satellite to ground station laser comnatitios link, Toyoshima et al._[39]
measured the microvibrations on a satellite. Vibrationsevpeesent at frequencies greater than
the attitude sensors on current satellites can measureiginer than momentum wheels with
mechanical bearings can counteract.

Privat [40] characterised the microvibrations generated tmagnetically-levitated momentum-
wheel and on the SPOT 4 satellite on the ground before laumtlalgo on-orbit.

2.2.3 Active Magnetic Bearings (AMBSs)

Allaire et al. [38] described in 1991 a radial AMB with pernggi magnets to provide bias
flux. The stiffness of the bearing was calculated and a cthatrior it was described.

Pang et al.[[41] describes the procedure used to design an thEtBncludes bias flux from
permanent magnets.

Zayadine|[4R] provides a complete description of the maatgind design of an AMB. A de-
tailed numerical model of the magnetic flux and the forceegmed by the AMB is developed.

Walsh et al.[[4B] discussed in 1997 the design of a flywhedt Wwith AMBSs to provide energy
storage for satellites. To maximise the storage capacithefvheel it is spun at a speed of
671000 rpm.

D’Arrigo et al. [44] describe a numerical model for a simplgtiee magnetic bearing and
compares the accuracy of the model with the results of Figléenent Analyses.
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Murphy et al. [45] describe the design of a flywheel built vathAMB. The design and choice
of materials are discussed in detail along with the highlteeEhysteresis drag that were found
in the final design.

2.2.4 Controllers for AMBs

Lange [46] described in 1983 a method for designing an optéidB momentum wheel
controller. The system performance was optimised witheesfp the output noise. Cross-
coupling additionally damped the satellite open loop riatadscillation.

Williams et al. [47] described in 1990 a digital controller atn AMB. The use of second-order
derivative feedback extended the bandwidth of the comtralhd integral feedback reduced the
rotor position error when the bearing was supporting acsta#id.

Bichler [31] described a controller for an AMB based momemiuheel that rotated the wheel
about its axis of inertia rather than its geometrical cetdrminimise noise. No details of the
algorithm were given. A double integrator was also inclu@ethe control loop to suppress
vibrations from the wheel. This was implemented by feediagidthe current command, which
is linearly proportional to the force and so the rotor’s Hosi

Higuchi et al. [48] presented in 1990 a method using a modstd@abserver to estimate im-
balance. A synchronous signal is then fed back spinningdtoe about its centre of mass and
principal axes to prevent any imbalance disturbances freimgogenerated.

Herzog et al.[[49] described in 1996 an approach for compiegstor couple imbalance that
uses a notch filter, with its stopband centred on the rotpifsate. This prevents the controller
from trying to compensate for the imbalance and allows ther o spin around its principal

axes of inertia. Practical results demonstrate the mesheftBctiveness.

Lum et al. [50] described in 1996 a method using an adaptatigaorithm that estimates the
centre of mass position and inertia matrix’s products oftiae The controller can use these
values to spin the rotor about its centre of mass and prihaigs. This method is independent
of the rotor’s spin rate; once the imbalance parametersheee estimated the estimator can be
stopped. This is useful when the rotor is accelerated thrdtsgeritical frequencies. However
it is only valid for rigid rotors and so will not work on flexiblhigh-speed rotors.

Namerikawa et al[151] described in 1997 the modelling, uiaiaty description and robustness
analysis of an AMB. The linearization of the model was disedasas one of the uncertainties.
The robustness of the controllers derived from the modetsdiscussed.

Shafai et al.[[52] described single-input single-outputl anulti-input multi-output digital
controllers to control AMBs. Techniques such as HQuantitative Feedback Theory and
LQG/Loop Transfer Recovery were discussed. A novel tealip spin the rotor around
its centre of inertia rather than its centre of geometry teroome mass imbalance was also
developed.

Trumper [53] described in 1997 how feedback linearisatiounld be used to linearise the re-
luctance force equations in a one degree of freedom magnetjension system. The method
only works when the state space equations can be writtereindinpanion form.
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Scharfe et al.[[29] discussed a controller for an AMB basedner@um wheel. He used two
independent control loops to control the radial positiothefwheel, but stated that additional
complexity was required to compensate for cross-coupliferts between the two directions
controlled and also undesired tilt modes. Analogue coet®lvere used as the components in
them were already radiation hardened, but this did limitfkebility of the design.

Tsiotras et al.[[54] described in 2000 the simulation of aaler for an AMB based flywheel
that minimised the bias current in the electromagnets of EiBBAo minimise the eddy current
losses.

Lindlau et al. [55] described in 2002 a feedback linear@ationtroller to control the voltage

for a single degree of freedom AMB. Together withsynthesis this technique provided the
high performance control for a nonlinear plant independdrihe disturbance force level or

displacement.

Lanzon et al.[[56] described in 2002 a hybrid Hand p-synthesis controller for an AMB.
The rotor speed was treated as an uncertainty to reduce theutational complexity of the
designs and the order of the synthesised controllers. Ewrpats confirmed the stability and
performance characteristics of this approach.

Gerlach[[37] described in 2005 how the analogue contrailéne Teldix magnetically levitated
momentum wheel [31] was replaced by a digital controllerlamented on a Digital Signal
Processor (DSP). The performance of a filter to allow the Wtwespin around its centre of
mass is discussed and the microvibrations generated byhbelare presented.

Control technigues such as proportional, integral andvdtive (PID) are well discussed in
textbooks such as Dorf [57] and D'Azzp ]58]. Dorf also covthe lead lag technique that
has been widely used in previous projects by this reseammlpgrH>x control has been used
extensively within the research group and so was well utoeds[59][60]. Other authors
have used Ho control for the levitation of magnetic bearings [52] alonghaPID [47], Loop
Transfer Recoveny [52] and-synthesis[[55]. No control technique seems to be prefdrred
literature over others and so using the techniques thaetfearch group has most experience
with is a sensible engineering choice.

Relationship to this Project SectiolZZR presents results showing the microvibratibat
have been seen on satellites. These microvibrations ot@ufraquency that is too great for
actuators such as conventional momentum wheels, controlenbgyros, thrusters or mag-
netotorquers to damp down. The microvibrations do affeetithages obtained from small
satellites[[¥]. Because the 3Dwheel uses electromagneils its rotor it will have sufficient
bandwidth to damp such microvibrations.

SectionZ.ZB presents several systems other than satelimentum wheels that have used
active magnetic bearings to suspend a spinning rotor. Therpadescribing these systems
contain useful information on the modelling of AMBs. Thegaldiscuss other applications
that the 3Dwheel could be used for, such as flywheel energageao

SectioZ.ZW1 describes some techniques used to control sydf@ms. Most of the literature
presents novel techniques to improve the levitation cdietron terms of minimising the error
in the rotor’s position from the desired position when thiordnas mass imbalance. There is
little discussion available comparing the performanceitieent types of controller. Some
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of the literature describes analogue controllers from feetbe time that digital controllers
implemented on microprocessors became commonly used.

2.3 Conclusions

Chaptefdl introduced the proposed 3Dwheel design. Thist€hbps provided further details
of the design and the torque outputs possible from the nastd proposed. The review of
prior literature has shown that the 3Dwheel concept is dasiThe proposed work is state
of the art as it uses the electromagnetic principle to pevite possibility for larger forces

and greater stiffnesses than existing designs and cahriigh a wider range of angles than
existing designs providing the capability of 3-axis atléLcontrol of a spacecraft from a single
actuator. Chaptéd 3 will provide an introduction to elestemnetism that allows the materials
to be used in the design to be chosen and the forces genecatedrhodelled. Chaptéld 4

builds on this to discuss and compare possible design coafigns. Chaptdr5 then goes on
to introduce the design of the 3Dwheel hardware that was &nd successfully tested in the
laboratory.



20

Chapter 2. Context




Chapter 3

Magnetism and Electromagnets

Magnetism is a form of electromagnetism, one of the four &mental forces of nature along
with gravity and the strong and weak nuclear forces. Howelagrthe rest of this project
electromagnetism will refer not to the fundamental forcetbua magnetic field generated by
an electric current.

This Chapter discusses magnetic materials and how thaatste affects their properties and
their suitability for use in the various components of a naignbearing. Electromagnets are
then introduced and their geometry and the forces genelgtédem are derived. This will
be used in the next Chapter to derive models of the behaviodifferent geometries and to
optimise the 3Dwheel’'s geometry.

3.1 Magnetic Materials

North North

North North

Figure 3.1: Magnetic moments are caused by the directioatafion of an electron and by the
direction of the orbit of an electron about an atom’s nucl&ds.

Every electron in the atom of a material has two magnetic msn@1]. The magnetic mo-

ments are caused by the motion of the electron as it orbitsndrthe atom’s nucleus and also
by the electron spinning around its own axis as illustratefigure[3]L. Each energy level in an
atom can contain two electrons, each with an opposite spittittn. The magnetic moments
of each electron pair in an energy level oppose each othegreldre, when an energy level
is full the magnetic moments cancel each other out. The wegbaialence electron in most
elements that have an odd atomic number interacts with tleme@ electron in other atoms,

21
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again resulting in no net magnetic moment. Certain elementh as the transition metal ele-
ments (scandium to copper) have an unfilled inner electrenggrievel. They therefore have
a permanent magnetic moment and each atom behaves as aimdipue.

An atom responds to an applied magnetic field in differentsxdspending upon how its mag-
netic dipole reacts to the field. In most transition metafhrelats the sum of an atom’s mag-
netic moments is zero. However, nickel, iron and cobalt leavexchange interaction where
the orientation of the dipole in one atom influences surrmgmdtoms to have the same dipole
orientation. This results in a desirable amplification @& #ffect of the magnetic field.

The magnetic field strengtll in Am~! inside a coil of N turns and m long with a current
1 A flowing through it is given by:

In a vacuum the magnetic flux densiB/measured iff” is related to the magnetic field strength
by:

B = uoH (3.2)

whereyy is the permeability of free space with a valuetafx 10~ Hm~!. When a core with
a relative permeability:,. is inserted into the coil then the flux density becomes:

B = popH (3.3)

If u- > 1 in a material then the magnetic field is amplified because tagnetic moments
reinforce the applied field. However,jif. < 1 then the magnetic moments oppose the field.

Several types of behaviour can be seen in different magettigghending on a material’s relative
permeability. Materials can be classified according to ltieisaviour:

Antiferromagnetic u,- = 0 manganese, chromium, MnO and NiO. The magnetic moments in
neighbouring dipoles always oppose each other. Theseialatkave no magnetisation.

Diamagnetic u1,- =~ 0.99995 copper, silver, gold and alumina at room temperature. Soper
ductors must be diamagnetic. They lose their supercondghyctvhen other magnetic effects
such as paramagnetism start and permit the field to enterakeriad.

Paramagneticl < p, < 1.01. Paramagnetic material has unpaired electrons, and each at
has a net magnetic moment due to electron spin. An appliech@tiadgield causes the dipoles
to line up with the field. The dipoles do not interact and sargdanagnetic field is required to
cause this. The effect is also lost when the magnetic fielenmred.

Ferromagnetic ;1 > 1 (it can be as high a$0°®). Ferromagnetic behaviour is caused by
unfilled energy electron levels in the 3d level of iron, nickad cobalt. It is also seen in a
few materials, including gadolinium. Permanent unpairexynetic dipoles align easily with
an applied magnetic field as one atom influences neighboatimgs. Large magnetisations
are obtained even with small magnetic fields.
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Ferrimagnetic . > 1. Ceramic material with different ions having different magic mo-
ments. The dipoles of one ion may align with an applied magfietd but those of a different
ion oppose the field. But because each ion has a differentedp@ngth a net magnetism re-

sults. Ferrimagnetic materials can be produced that genaigood amplification of an applied
magnetic field.

Figure 3.2: The arrangement of domains and Bloch Walls inrarigagnetic material that has
not been exposed to a magnetic field [61].

3.1.1 Ferromagnetic Materials

In ferromagnetic materials domains exist within the mateas shown in Figure-3.2. All of the

magnetic dipoles in one domain are aligned. Before expdsuaenagnetic field the dipole di-

rection of each domain is random and so the material has noagmetisation. The boundaries
between domains are called Bloch Walls. These boundarg areanarrow and the direction
of the magnetic dipole moment continuously and gradualgnges within them. Domains are
typically around 0.05 mm in size and the Bloch Walls are ald®@® nm thick.

Saturation

Slope gives maximum , /)
permeability Hiax

Magnetisation M Am™*
of Magnetic Flux Density B, T

Slope gives initial
— ~ 7 permeability [

Magnetic Field Strength H, Amt

Figure 3.3: The magnetisation generated in a material bypleal magnetic field.

When a magnetic field is applied to a ferromagnetic matediamains with a magnetic mo-
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ment nearly aligned with the magnetic field grow in size. Tppliad field provides the force
required to move the Bloch Walls to allow the domains to grawfirst a large force is required
to move the Bloch Walls. Therefore a large applied magnegid fs required to provide only
a small magnetisation of the material. This is shown in FRRERIB by the shallow initial slope
of the curve which gives the initial permeability of the nrék,;. As the field increases, do-
mains orientate with the field more easily and so the gradittite curve and the permeability
increases. Eventually all of the domains are orientatel thi applied field and so the material
is saturated. This gives the maximum permeabijlity,. and the saturation magnetisation that
the material can have.

When the field is removed the Bloch Walls' resistance to mammrevents the material from
having a random orientation of dipoles again. Many of thedip will remain orientated with
the direction that the applied field had leaving a residuagmetisation or remanendg.. The
material is now acting as a permanent magnet. When a fieldamithlternating direction is
applied Figuré=3l4 is produced; this plot for a material imowonly called a BH curve. When
the direction of the field is reversed the domains alignedh trie newly applied field begin to
grow. A coercive fieldH. is required to force the domains to be randomly orientatetifan
there to be no net magnetisation.

Figure 3.4: The magnetic flux density in a material when sibje an applied magnetic
field [62].

3.1.2 Material Properties for Electromagnets

Ferromagnetic materials in a coil's core amplify the maignield produced when a current
flows through the coil. When an alternating field is used thes ¢é® continuously moving

through the hysteresis of the material's BH curve as showrRignre[3%. From this curve
we can deduce that a soft magnetic material to be used in att@tegnet should have the
following properties:

¢ a high saturation flux density to allow the material to do work
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IHard magnet
Ifor PM

Figure 3.5: The ideal material BH curves for different apations [62].

¢ a high permeability to allow the saturation point to be reatvith only a small applied
field;

e a small coercive field to allow reorientation of the domairithvenly a small applied
field;

e and a small remanence so that little magnetisation remalrenwhe external field is
removed.

This results in a small hysteresis loop and minimises enkrgges in operation. If the fre-
quency of the applied field is high enough that the domainaatae realigned in one cycle
then the material may heat due to dipole friction. Highegtfirencies also cause the hysteresis
loop to be moved through more often resulting in higher enbrgses and more heating. Some
materials allow the dipoles to be reorientated at highersrdtan other materials.

Table[3.1 shows the permeability, saturation flux densityaercive field for different materi-
als commonly used in the cores of electromagnets. Pure @sialfow permeability requiring a
low applied field, but the addition of silicon can improvesthind also reduce the coercive field.
Silicon steel can be either unorientated, which has simmiagnetic properties in all directions,
or grain-orientated, which has an improved permeabilitghi@ rolling direction, making it
ideal for use in transformer and electromagnet laminatigikoys such as permalloy can be
produced with improved permeabilites, but at the expenserefiuced saturation flux density.
Such alloys can be used in some electromagnets and are alsoardy used in magnetic tape
recording heads.

3.1.3 Material Properties for Permanent Magnets

Conversely, materials used as permanent magnets showdhefollowing properties:

e a high remanence so that the domains are stable and a larg#efisity remains when
the applied field is removed,;
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Material Lmae | SaturationB, T | H., Am~!
99.95% Iron 5000 2.14 71.60
Fe-3% Si (grain-orientated) 50000 2.01 7.16
Fe-3% Si (unorientated) 8000 2.01 55.70
45 Permalloy (55% Fe 45% Ni) 25000 1.60 19.89
Supermalloy (79% Ni 16% Fe 5% Mqg)800000 0.80 0.48

Table 3.1: Comparison of the properties of different feragmetic materialg [61].

¢ a high permeability leaving a large residual magnetic field,;

e and a high coercive field so that the material retains its redgm.

All of which result in a large hysteresis loop. Also good isghtpower (or BH product), which
is related to the power required to demagnetise the perrhamagnet. A large remanence and
coercive field gives a high power. This is the largest red&atitat can be drawn in the second
or fourth quadrant of the material's BH curve.

Table[32 shows the properties of several permanent magaterials. Steel can act as a per-
manent magnet, but modern alloys have much improved pieperith the best being NdFeB
permanent magnets, which are now relatively affordable.

Material B,, T| H.,,Am~! | max BH
Steel (0.9% C 1.0% Mn bal. Fe) 1 4000 1600
Alnico 1 (21% Ni 12% Al 5% Co bal. Fe) 0.71 35000 11100

Alnico 5 (24% Co 14% Ni 8% Al 3% Cu bal. Fe) 1.31 50900| 47700
Alnico 12 (35% Co 18% Ni 8% Ti 6% Al bal. Fe) 0.58 75600| 12700

Cunife (60% Cu 20% Fe 20% Ni) 0.54 43800 11900
Co;Sm 0.95 756000 200000
BaO6Fg03 0.40 191000, 20000
SrO6Fe 03 0.34 263000 29000
Nd;Fe 2B 1.20 875000 360000

Table 3.2: Selected properties of permanent magnet miat{&.

3.1.4 Eddy Current Losses

High electrical resistivity is also desirable in soft magmaterials for use in electromagnets.
An applied time varying magnetic flux to a material inducesetectromotive force (emf)
around a ferromagnetic material. If the material’s coniitgtis not zero than the emf will
induce an eddy current around the material. These eddyrtsnpeoduce ohmic (o R) heat-
ing and so a low conductivity and hence high resistance esitiese losses. Ceramic or ferrite
materials therefore suffer less from heating than solidl steaterials. The induced emf is pro-
portional to the cross sectional area of the material, baitrésistance is proportional to the
length of the material's perimeter [63]. Therefore, by tiply the material into thin lamina-
tions separated by an insulating varnish the eddy curreselwill be reduced. There will be
a reduction in the core’s permeability because of the csestional area is occupied by the
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insulating material, but this is considered to be a much lemlalss than the benefit of reduced
eddy current losses.
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3.2 Electromagnets

It is important to use our knowledge of magnetism and mdtetiaoptimise the design of the
electromagnets that will be used. An optimum design willegate large forces and a high
stiffness for the minimum current input and hence power gonion. An optimum design

will minimise the size of the electromagnets to reduce tregies mass and volume.

To achieve this optimisation in this Section the force gategt by an electromagnet is derived
and the concept of stiffness introduced. The differenttedetagnet configurations possible
are then discussed.

3.2.1 Electromagnets

The reluctance forcé’z generated in an electromagnet is given by:

NZ2eli?

Fp= —"OT (3.4)
where the negative sign indicates that the force is att@achr has units of newtory is the
permeability of free space with a value ¢f x 10~7 henry per metre]N is the number of
turns in the electromagnet’s cail, is the cross sectional area of the air gap measured in square
metre,i is the current flowing through the coil in ampere and the width of the air gap in
metre. The reluctance force equation is derived in AppelBlix

3.2.2 Stiffness

The stiffness of a bearing is its resistance to movement watferce is applied on the bearing.
It is defined as:

AF,
K, = .
= 35)

as Ax—0

whereK, is the stiffness with units of newton per metre whétds the displacement produced
with units of metre when a forcg is applied.

The stiffnessir of a magnetic bearing can be calculated as:

Kp = 2R (3.6)
Oy
poN?eli?

The stiffness of the bearing is an important term when thectahce force is linearised when
deriving controllers. If an integral term is included in agnatic bearing’s controller then the
stiffness will be increased because as the integral ternksmor remove steady-state error it
also maintains the rotor’s position, increasing the si
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Figure 3.6: A flat rotor aligned with the stator.
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Figure 3.7: A flat rotor offset from the stator.

3.2.3 U-Shaped Electromagnets

With a simple rectangular rotor, when the rotor and stateradigned as shown in Figufe'B.6
the magnetic flux flowing from the electromagnets in the stdioough the rotor and back
to the stator will generate a force only in the x-direction.h&M the rotor is offset from the
stator as shown in Figufe_B.7 the flux in one air gap flows dirdmttween the rotor and the
stator, while in the other air gap, part of the flux will flow elatly between the two poles (the
mean reluctance - shown in grey) and the rest of the flux takeslightly curved paths (the
fringe reluctances - shown in black). The mean reluctancemgges a suspension force only
in the x-direction, while the fringe reluctances generaferae in the x-direction and also a
smaller one in the y-direction. The y-component of the foxdé bring the stator and rotor
into alignment again. When a u-shaped rotor is used, as shofigure[3.8, both poles have
a fringe reluctance and so a greater restoring force is gwwef44]. A u-shaped configuration
will give improved control over the rotor because the insezhfringe reluctances will generate
an increased restoring force in the y-direction.

Equatior 34 provides the magnitude of the force produceshislectromagnet. The following
simplified numerical model gives the magnitude and directibthe force[[42][44]:
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Figure 3.8: A u-shaped rotor offset from the stator.

= . 1 e—Z2 4= ,
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Fy (:,’y,l) = ZNQMO (—; + m) ZZQ (39)

The dimensions are defined in Figlirel 3.8. WhEfeés the strong attractive force arig is the
guidance force that tries to bring the rotor and stator battkalignment, both in newtons.is
the width of the air gap between the rotor and sta&fds the offset between the rotor and stator,
¢ is the width of the poled,is the depth of the poles, all with units of metrég.is the number
of turns in the electromagnet’s coilis the current flowing through the coils in ampergg.is
the permeability of free space.

Figure[3.9 compares the forces generated in a simple eteatnoet as calculated by an FEA
simulation and Equatioris—3.8 ahdl3.9. The electromagnénitas to Figure[3.B. It had an air
gap widthy of 1.3 mm, pole widthe of 5 mm, depth of 40 mm, one coil withV = 300 turns
and a current of 3 A in the coil. For the FEA simulation the FEMM software gage was
used with a triangular mesh and the mesh size set to 0.5 mmactueacy was set tbx 1078

in FEMM's arbitrary units. The force on the rotor was caltethusing FEMM’s weighted
stress tensor method.

For Figure[3.D the rotor was initially aligned with the sta@ = 0 mm) and was shifted in
the y-direction by 0.5 mm, until there was no overlap betwiherrotor and stator poles. There
is a good agreement between the two models until the rotobees shifted to the side by
almost the pole widtlz. The restoring force, from the numerical model then continues to
grow, in reality this force will begin to decrease as theetfisapproaches the pole widththe
FEA simulation models this well. In the central position tliference between the attractive
force in the x direction from the FEA simulation and the nuitedrmethod is 5.6% of the force
predicted. No measurements were taken from the experihesrtdware of the actual forces
generated. It is therefore hard to calculate the accuradhieoFEA and numerical methods.
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Figure 3.9: A comparison of the forces generated by an eleetgnet calculated by the simple
numerical and an FEA model.

Because the shape of the two method’s responses agree #rerigltonfidence that the two
methods produce results that are good enough for designamgment geometries that produce
the greatest force possible.

U-shaped rotor pieces will be used to provide passive cbafrine rotor in the axis perpen-
dicular to the actively controlled axis.



32 Chapter 3. Magnetism and Electromagnets

A P P

‘1< )—0 ‘1< )—0 ‘1< )—o
“r “r

P A A

1 Active DOF 2 Active DOF 4 Active DOF

Figure 3.10: The Degrees Of Freedom (DOF) Actively (A) anddReely (P) controlled in
active magnetic bearings [28].

3.3 Magnetic Bearings

Conventional, or mechanical, bearings have two solid edjeccontact, and moving relative
to each other. To reduce the friction between the two ohjecis to prevent heating or damage
to the objects, lubrication, or additional moving compdsesuch as ball or roller-bearings are
used. An alternative to the mechanical bearing is the magbeéaring, where the moving part
is held in place with a magnetic field. The simplest form of metec bearing is the passive
magnetic bearing where the moving parts are suspendedeingaiition determined passively
by permanent magnets [35]. Active Magnetic Bearings (AM&shbine electromagnets and
position sensors. The current through the electromagoetils are varied to control the posi-
tion of the moving part using feedback from the position sensPermanent magnets can be
used in addition to electromagnets to generate part of thgnet flux. Depending upon the
arrangement of the electromagnets a humber of degreesedloine of the moving part can be
controlled actively and the remainder passively as showsigore[3.10D.

In a bearing with one degree of freedom actively controlled will generally be the axial
position. It will often have simple control electronics amdkchanical construction but the
passive damping of radial oscillations will be poor. A desigith two degrees of freedom
actively controlled will generally have the radial positioactively controlled. The design and
the control system will still be relatively simple and thesim will have a low axial height. A
design with four degrees of freedom actively controlled &asuch more complex mechanical
and control system design but offers the facility to gimi&l moving parts [23].

3.3.1 Permanent Magnet Bias Flux

A combination of electro and permanent magnets is used ire snagnetic bearings to gen-
erate the magnetic field from each electromagnet positidre flux density in the air gap of

the bearing determines the characteristics of the beartige flux density in the air gap is

limited by the saturation flux-density of the iron part of th@gnetic circuit. If the saturation

flux-density is exceeded then the efficiency of the systerhdeitrease and it may become
uncontrollable. Careful design is required to preventfiim happening while generating the
best bearing characteristics possible.

The flux density in the air gap of an electromagnet, modifieautogeometry is[[41]:

poNi
2y

Bem = (3.10)
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where B is the flux density in the air gap in tesla, N is the number afigun the coil, i is
the current in the air gap in Amps ands the air gap width in metres. This numerical solution
for the air gap flux density has been confirmed by FEA simufatio

Molenaar [64] suggests that if bias flux from permanent megyiserequired, an optimal de-
sign will have half of the air gap flux coming from the permaneragnets. The size of the
permanent magnet required can be calculated from:

Buel Rg By
B, Rt B,

Apy = (3.11)

Where Ap); is the cross-section area of the permanent magnet’inAy is the useful flux
density of the permanent magnet at the pole face, in teslghveould be half oBz),; €l is

the cross-section area of the pole face i @, is the remanence of the permanent magnet,
with a value of 1.2 T being common for a neodymium (NdFeB) eaeh magnetRr/R¢

is the useful flux ratio of the circuit and can be approximated0%. The maximum energy
output from a permanent magnet can be obtained with the tpgfaux density being half the
magnet’s remanencd, / B, is therefore two.

Simulations of circuits with the FEMM FEA package, which issdribed in AppendikBI2,
have produced a lower flux density in the air gap than predlibte Equatiof-3.111. Further
simulations and experimental investigations are necgssdhis area.

3.4 Conclusions

A good understanding of the physics behind magnetism isi\éabavhen working with mag-
netic bearings. It allows the bearing’s properties to be elled and optimised and it allows
the results from finite element simulations to be intergteténowledge of magnetism allows
the effects of eddy currents to be understood and meansatmitidted steel can be used to
minimise losses from eddy currents.

The number of degrees of freedom actively controlled in ametig bearing is fundamental to
that bearing’s properties. The number of degrees of freedobe actively controlled is the

first thing to be decided when designing an active magneticitg. The 3Dwheel has to have
four degrees of freedom actively controlled by electronedigio allow it to generate its tilting

torque. A fifth degree of freedom is actively controlled by atam and the sixth degree of
freedom is passively controlled by the electromagnets.

The next Chapter uses the reluctance force equation afriessfto derive models for various
electromagnet geometries. This knowledge can then be asdwbse which geometry to use
and to investigate the chosen geometry.
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Chapter 4

Magnetic Bearing Design

There are many potential geometries that can be used in iae atagnetic bearing. The final
bearing design must be able to generate sufficient forcentraldhe rotor’'s position and its
stiffness must be great enough to transfer the gyroscopic¢ogenerated to the spacecraft.

An analytical model of the forces generated by an electrarags therefore developed in
this Chapter. The analytical model and numerical finite elehsimulations are then used to
examine the properties of three different geometries tleaewenerated for this thesis. The
forces generated and the stiffness of each geometry isla@duo determine the suitability of
each geometry for use in a tilting magnetically levitatedige. The finite element software
used is discussed in Appendix B.

The analytical model and finite element simulations are tsad to identify how individual
dimensions in a magnetic bearing affect the bearing’s ptigse These results can be used to
optimise the chosen geometry to maximise its performance.

4.1 Radial and Axial Electromagnets

Figure[Z shows a tilting magnetically levitated momentuheel. The rotor spins about its
spin axis. Tilting the rotor about the tilt or gimbal axis gduwes a gyroscopic torque about the
torque axis. Assuming that electromagnets are used in fagitipns around the wheel; to tilt
the wheel electromagnets are required in the positionsedashith a G. The electromagnets in
positions marked with a T are required to transfer this terguthe spacecraft. Electromagnets
are required in a minimum of three positions around the whekdctromagnets in four posi-
tions were chosen for this project to simplify the contraitorequired. Three is the minimum
number of positions required to control the wheel, but valult in a reduced stiffness.

When a magnetically levitated momentum wheel is tilted Jatirely small force from an elec-
tromagnet generates a torque that can accelerate the vit&hggenerating a large gyroscopic
output torque. This output torque will have a tendency tatethe rotor about an axis normal
to the spin and tilt axes. Instead it is desired that the dewgnets hold the rotor steady,
transferring the output torque to the spacecraft. Thenst#f$ of the electromagnets determine
the maximum torque that can be transferred from the whedéltspacecraft. This is different

35
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to a Control Moment Gyro where the mechanical bearings mn&rthe output torque to the
spacecraft.

Spin
ho( w)
A
G
T T
G
G | » G nbal
T T
\ ~G\_/
Tor que

Figure 4.1: The electromagnet positions around a tiltingyme#ically levitated momentum
wheel. The electromagnets to tilt the wheel are in the pw®tiG and the magnets to transfer
the resulting torque to the spacecraft are in positions T.

(a) Axial Electromagnets (b) Radial Electromagnets

Figure 4.2: Possible arrangements of the electromagnets énoss-section of a tilting
momentum-wheel. The electromagnets are shown in black. spimeaxis of each wheel is
indicated by the dotted line.

4.1.1 Axial Electromagnets

Electromagnets arranged axially above and below the rotoslaown in Figur¢ 4.2(g). The
axial translational position of the wheel and the two rotadil axes are actively controlled. The
radial position of the wheel is passively controlled. THiing torque that an axial electromag-
net exerts on the wheel is given by:

Ta: = FRTT (41)

wherer is the distance from the centre of the wheel to the point tiaetectromagnet’s force
acts throughyr is discussed in Sectidn Z.%#.2. When transferring a torqukeatellite the

axial electromagnets’ stiffneds p depends upon the distanée the rotor moves in the axial
direction during the transfer:
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T{L’ er
Kp =4 (4.2)
rrdz

Equating this to the reluctance force stiffness from EqudB.7, allows the axial displacement
to be predicted for different magnet designs or for the ebacagnets to be optimised for torque
transfer. The pole face aredof the electromagnet depends upon the radius of the pole face
An example axial electromagnet pole face is shown in Fifule Bhe angle of the arc that the

pole face extends over can vary but was initially set at 4Bhe inner pole face area will be
used when calculating the stiffness as it is the smallestiwik given by:

45°
~360°

el (m(r; +¢)* — 7r?) (4.3)
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Figure 4.3: A plan view of the pole face of an axial electromatgspanning an arc of 45

wherer; is the inner radius of the inner pole face.

The minimum width of the electromagnet air gap required mnatotation through a set angle
depends upon the magnet’s distance from the axis of rotafitime axial height of the rotor is
n and the radius of the rotor is, then using the rotation matrix:

x' cosf —sinf x
[y’}:[sinﬁ cos 6 } [y} (4.4)

the minimum air gap width is then:
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Ymin = Tr SIN Qg + 17/2 COS Az — 1/2 (4.5)

wherea, ... is the maximum tilt angle of the wheel.

4.1.2 Radial Electromagnets

Electromagnets arranged radially around the wheel are stwwwigure[4.2{j). The rotor’s
position along both radial translation axes and its rotetigoosition about both tilt axes is
actively controlled. Its axial translational position iagsively controlled.

For the case of radial electromagnets the minimum air géb thd rotor through the maximum
tilt angle a4, IS given by:

Ymin = Tr COS(—Qmaz) — 1/28I0(—Qmaz) — Tr (4.6)

Rot or
El ect r omagnet

Figure 4.4: A plan view of a radial electromagnet spanningrarof 45 .

The poles have initially been assumed to spread over an df¢ afgain as shown in Figuke4.4.
The cross sectional area of the air gap is given by:

o

=2
=T 3600

2m(ry +7) (4.7)

4.1.3 Radial and Axial Electromagnets Comparison

Sectio4} discusses the optimum geometry for the rotorsattellite momentum wheel and
how it will tend to have the largest possible radius to masariis moment of inertia and gener-
ate a large output torque while minimising its height so thiaas a low mass. The engineering
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model of the 3Dwheel built for this project has a radius of 5@ ,nan axial height of 56 mm

and is capable of tilting througtt3°. For this configuration the minimum air gap width with
axial electromagnets is 2.6 mm and 1.4 mm with radial elecignets. The reluctance force
produced by an electromagnet is inversely proportionahéssguare of its air gap. Therefore,
for a rotor with these dimensions, the radial configuratiah tend to produce a larger force
and have a greater stiffness than the axial configuration.
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4.2 Principal Geometry Options

Sectio 41l provided an overview of the different ways thetteomagnets could be arranged
around a rotor. More detailed models and comparisons bettiese configurations will now
be developed. Each design will be primarily analysed forfiree and stiffness that it can
generate. Force is important for torque generation. ®88ns important for torque genera-
tion and also for transferring the gyroscopic torque gerer#o the spacecraft. For use on a
spacecraft then it is important to minimise the mass andmwelof the electromagnets. For the
engineering model then ease of construction and mainteremecalso important to consider.

Two radial and one axial configuration have been developethif®thesis. These designs will
now be compared.

421 External Radial

Figure[4D shows the External Radial design. U-shapedretaegnets are arranged in two
layers around the outside of the rotor to provide activerabof two radial translation and two
rotation axes. The axial translational position is comdalpassively. The electromagnets can
easily be made from laminated steel to minimise eddy cufosses.

Figure 4.5: The External Radial design with u-shaped eletaignets arranged around the
outside of the rotor.

4.2.2 Planar Radial

Figure[Z® shows the Planar Radial design and Fifure 4.7 stioevmagnetic flux density
vectors when all of the Planar Radial design’s electromisgaee energised. Both poles of
an electromagnet are in the same plane normal to the rofuirisagis’ central position. Two



4.2. Principal Geometry Options 41

radial translation and two rotation axes are actively ailgd; the axial translational position

is passively controlled. Figufe3.7 shows a simplified wersif the design; the mass of this
design could be reduced by removing the steel between gaéesas no flux flowing through

it. This design could be easily manufactured from laminatee!.

Figure 4.6: The Planar Radial design with the electromagaetnged in a plane.

4.2.3 Axial

Figure[48 shows the Axial design. The axial translationagiion and rotational axes are
actively controlled; two radial translation axes are pasgicontrolled. This design could be
difficult to make from laminated steel, making the desigrceptible to eddy current losses.
Each lamination in an electromagnet would have to be wedgpesh which would be too
costly to manufacture using traditional techniques.

4.2.4 Design Comparison

Each of the designs was modelled in the 3D Maxwell FEA packatéh is described in Ap-
pendiB:2. The force generated by an electromagnet is diyehe reluctance force equation:

N2eli?
Fp = _MOT (4.8)

To allow each of the designs to be compared with the othersrihss sectional area of each
design’s air gagl was made the same. For the Axial and External Radial desigis elec-
tromagnet had 100 turns with 3 A flowing through each one. RerRlanar Radial design,

each electromagnet requires two coils to control the fluxsaneach coil has 50 turns and 3 A
flowing through it, giving a total of 300 ampere-turns percélemagnet again.

For each of the designs two rotor radii that could each tithdilgh 3 were compared:



42

Chapter 4. Magnetic Bearing Design

1. 564de+00A
1. 4663e+B0@
1, 36G66e+000
1. 27A8:+808
1.1751e+000
1.8753e+200
9, 776de-A0A1
&, 7985e-001
7.82lle-001
6. B437e-@a1
5. 8663e-0@1
4. 6669:-801
3. 9114=-601
2. 9349e-001
1.9566e-001
9. 7919e-602
1. 7691e-8aY%

Figure 4.7: The Planar Radial design showing the lines ofmatig flux calculated in a mag-
netostatic finite element simulation.

1. a rotor of radius 93 mm and height 50 mm. The External Raathal Radial Planar

designs having an air gap width of 1.2 mm, pole heighf 5.0 mm and a pole width of
40 mm, giving a pole face lengftof 40.3 mm. The Axial design had an air gap width of
4.9 mm, the pole height was 5.0 mm and the arc that each p@adpround was 2%o0
that the area of the inner pole face was the same as the prddoctthe radial designs
to give a good comparison;

. a rotor of radius 50 mm and height 50 mm. The two radial desltaving an air gap

width of 1.3 mm, pole height of 5.0 mm, pole width of 38 mm giving a pole face length
of 38.9 mm. A pole width of 38 mm was the largest that could bedutat fitted all
eight of the Planar design’s poles around the rotor. ThelAlgaign required an air gap
width of 2.6 mm, a pole height of 5.0 mm and a pole arc of 6Qo give the same pole
face areal as the radial designs.

The axial, radial and rotational stiffness of each of the¢talesigns was calculated analytically
and using a 3D finite element analysis (as described in AppdBld For each design some
translational axes will be actively controlled and otheesgwely, which is summarised in
Table[4:1. The tilt axes are actively controlled in all desigThe electromagnets that need to
be energised to calculate the translational forces varamdcluded in the table; “all” means
that all electromagnets had current flowing through them?, faeans that only electromagnets
on the positive x-axis were energised (electromagnets Randrigure[6.P), “top” means the
four electromagnets above the rotor and “+y top” means tteetectromagnet on the +y axis
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Figure 4.8: The Axial design with the electromagnets areanaxially.

above the rotor had a current through it. Where an activefisrbeing measured, the forces on
the rotor were calculated with the rotor in its central gositand shifted along the appropriate
axis by 0.1 mm, e.g. for the axial stiffness, shifted by 0.1 inrthe +z direction. The active
stiffness is then:

o FR(52 =0.1 mm) — FR((52: = 0)
Kactwe - 1 % 10_4 (49)

where the stiffness is calculated by finding the change ioef@n the rotor when the rotor is
shifted in the z direction by 0.1 mm divided by the distanca the rotor was shifted by. The
magnitude of the passive stiffness, from Equafioh 3.9, dépen the offseE between the rotor
and stator poles. Therefore, the passive stiffness waslatdd by finding the passive restoring
force at= = 0.5 and0.6 mm, which is 10% of the pole width when= 5.0 mm. For example,
for calculating the axial stiffness of the External Radiesigin, the axial force was calculated
with the rotor shifted along the +z axis by 0.5 and 0.6 mm. Tlagmitude of the active force
was found analytically using the standard reluctance feguation, Equatiofi4.9, ignoring the
effect of the offseE between the rotor and stator polés.could have been accounted for by
using Equatiof_318. However, with the geometry of the 50 mdiusarotor, there is only a
2.3% difference in the values from Equatidns] 4.9 3.8ckvis less than than the 5.6%
difference between Equatign .9 and the finite element sitionl value from Figure-3]9.

Analytically, in addition to calculating the stiffness bydiing the force or torque acting on
the rotor in two positions, the stiffness can also be catedldy differentiating the active or
passive reluctance force equation with respect to the thgaai width in the active case or
pole offset= in the passive case:
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Axial Stiffness Radial Stiffness Rotational Stiffness

External| Passive, all EMs| Active, +x EMs | Active, -y top & +y bot
Radial | 6z = 0.5,0.6 mm | 6= = 0.0,0.1 mm da = 0.0,0.1°

Radial | Passive, all EMs| Active, +x EMs | Active, -y top & +y bot
Planar | 0z = 0.5,0.6 mm | 6= = 0.0,0.1 mm da = 0.0,0.1°

Axial Active, top EMs | Passive, all EMs| Active, +y top & -y bot
0z =0.0,0.1 mm | 5z = 0.5,0.6 mm o =0.0,0.1°

Table 4.1: The source (active or passive) of the force albisggixis, the electromagnets (EMs)
required to test this force and the positions in which thedaras calculated when evaluating

the stiffness.

Similarly in the active case:

1 1 4
F,(E,7,i) = ~N2pli® | —— + ———=
2 (Z,7,19) 1V noli ( 7+47+7TE>
OF.  N2pgli*r (4.10)
0=  (4y+7E) '
. M0N2€li2
F, (v,1) = T
OF. ,U,(]]\[QEZZ'2

The rotational stiffness was calculated with two electrgrmeds energised so that a torque was
exerted on the rotor that had a direction to rotate the rattive positive (anti-clockwise looking
from the positive axis towards the origin) direction abdw +x axis. The torque was measured
with the rotor central and when tilted lflyl1° about the x-axis.

93 mm Radius 50 mm Radius
Radial Planar | Axial Radial Planar Axial
F.atéz, N -1.22 -0.911 | 1.003 -1.18 -0.765 3.37
F,atdz, N -1.45 -1.07 1.051 -1.40 -0.907 3.57
K.,Nm~! | 228<10° | 1.56x10% | 475 | 2.20x10°% | 1.42x10% | 2.06x103

Table 4.2: The designs’ axial stiffnesses calculated ufiig element analysis simulations.

Table[42 shows the designs’ axial stiffness calculatedguiite element simulations and
Table[4.B shows the axial stiffnesses calculated anallytica

Table[4.% shows the designs’ radial stiffness calculatéadgunite element simulations and
Table[45 shows the radial stiffnesses calculated analiytic

The rotational stiffness was calculated for all three designd the results are shown in Ta-
ble[45.



4.2. Principal Geometry Options 45

93 mm Radius 50 mm Radius
External Radial Axial External Radial Axial
Force OFI0= | Force| OF/0y Force OFI0= Force OFI0~
F,atdéz, N -1.87 0.922 -1.57 3.05
F,atdz, N -2.14 0.960 -1.80 3.29
K.,Nm~—1 [2.69x10% | 2.82<10% | 380 | 392 | 2.31x10% | 2.41x10° | 2.39x10% | 2.53x10°

Table 4.3: The External Radial and Axial designs’ axiaffiséses calculated analytically.

93 mm Radius 50 mm Radius
Radial Planar Axial Radial Planar | Axial
F, atéxy, N 7.42 5.52 -0.0464 5.41 3.83 -0.188
F, atézo, N 8.60 6.28 -0.0579 6.14 4.30 -0.277
K, Nm=! | 1.18x10" | 7.61x10° | 115 | 7.25x10° | 4.68x10° | 894

Table 4.4: The designs’ radial stiffness calculated usinigefielement analyses.

The volume occupied by each design was found by drawing tladiessh rectangular box pos-
sible around each design. The results are shown in TalleThis. is not the most accurate
comparison of the volumes of each design because:

(i) these models were drawn to provide a comparison of thetrelenagnetic properties of
each design and so are not optimised for size;

(ii) the volume was calculated by drawing a rectangular lroxiad each design; the External
Radial design contains much empty volume between the etaamgnets and the Planar
Radial design has a smaller volume when surrounded by adeylif®.1x10~2 m?3). The
design of the Planar Radial configuration will also offer thest room for volume reduc-
tion, with large amounts of steel used around the outsideigfarly design.

425 Conclusions

Because of the 93 mm radius axial design’s large air gap widths a poor radial and axial
stiffness, although its rotational stiffness is compagahkith the other designs.

An actively controlled force is always greater than a padgigontrolled force, with an increase
in stiffness of between 5.2 and 2.3 times observed.

The design with the best axial and radial stiffness was ttterBal Radial design with a radius
of 93 mm. This design had a greater stiffness than the eguiv&0 mm radius design. The
External Radial design had a consistently higher stiffiiean the Planar Radial design. This
is possibly due to shorter path length of the iron part of tlegnetic circuit that the flux flows
through in the External Radial design, because the polediass section area was identical in
both designs.

The axial stiffness of the 50 mm radius Axial design is corapbe to the axial stiffness of the
other 50 mm radius designs despite its larger air gap widthume it is an active force while
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93 mm Radius 50 mm Radius
External Radial Axial External Radial Axial
Force OFI0~y Force | OF/O= Force OFI0~y Force | OF/O=
F, atéxy, N 7.91 -0.0676 6.51 -0.209
F, atéxo, N 9.42 -0.0799 7.64 -0.245
K.,Nm~' | 150x10* | 1.32x10* | 125 123 | 1.13x10* | 1.00x10* | 364 354

Table 4.5: The External Radial and Axial designs’ radidfratisses calculated analytically.

93 mm Radius 50 mm Radius
Radial Planar Axial Radial Planar Axial
T,at0.0, Nm | 8.84x10°2 | 8.85x10 2 | 4.34x10°2 | 9.10x10 2 | 8.33x10 2 | 7.32x10°2
T,at0.P,Nm | 9.25x10°2 | 9.03x10° 2 | 4.60x10 2 | 9.28x10 2 | 8.51x10 2 | 7.73x 102
Koz, NP 4.08x10°2 | 1.79x10°2 | 2.53x10°2 | 1.76x10 2 | 1.81x10° 2 | 4.12x10 2

Table 4.6: The designs’ rotational stiffness calculatddgiinite element analyses.

the axial force of the Radial designs is passive. The axiaefogenerated by this Axial design
are in fact greater than the axial forces in the other desigosever, the radial stiffness of the
Axial design is poor because it is generated passively lgtrelmagnets with large air gaps.
Radial stiffness is important to counteract static masslaze.

The force predicted analytically was greater than the fieiéenent force in all cases except
for the axial force in the 93 mm radius Axial design and thealafbrce in the 50 mm ra-
dius Axial design. The magnitude of the difference betwdenanalytical and finite element
methods varies between designs. These simulation valeaflyicheed to be compared with
experimental data to determine their accuracy.

The stiffest design that can generate the greatest foré¢ahwihys be the design that has the
smallest air gap width. The minimum air gap required is deteed by the range of angles
that the rotor is designed to tilt through. During the degigocess there must be a trade off
between these two variables.

For a tilting magnetically levitated wheel stiffness is ionfant so that the gyroscopically gen-
erated torque can be transferred to the spacecraft. Formuaespacecraft the most important
factors to optimise are the power consumption so that theatant fits with in the spacecraft’s
available power budget. Volume and mass are also imporatdrs as there is limited space
available on a spacecraft and mass needs to be minimisdukftaunch.
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93 mm Radius 50 mm Radius
Radial Planar Axial Radial Planar Axial
Volume, m? | 5.0x10°3 | 7.8x10 2 | 5.7x10°3 | 2.2x10°3 | 9.4x10°3 | 9.8x10°*

Table 4.7: The volume occupied by a rectangular box surriogntihe initial, non-optimised
designs for the External Radial, Planar Radial and Axiaigiess
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4.3 Electromagnet Induced Disturbances

As well as producing the desired restoring forces, two sitna have been identified where the
electromagnets can generate unwanted disturbance torques

4.3.1 Non-Parallel Pole Faces

The reluctance force exerted on a rotor by an electromagrggtén by:

2.7:2
Fp = MolVTElT (4.12)
4y

2

St at or

\

w

Figure 4.9: How the magnetic flux in one pole of an electroneagan be divided into smaller
sections.

This assumes that the pole faces on the rotor and stator wakepaand hence the air gap has
a constant width across the entire pole face. If the polesfaoe not parallel then an additional
rotational force will be generated that will have a directihhat makes the pole faces even
more non-parallel. Figule~4.9 shows the pole faces of onkeohir gaps in an electromagnet.
EquatiofZ.IR can be re-written as:

N2 -
Fp = Mo e ei? Z 4 (4.13)
= Or}/Z

This means that if the rotor is rotated about the +y axis then< ~y. The attractive force
generated at the,, end of the pole face will be greater than the force atyhend. This will
result in the usual reluctance force acting on the rotorénxtdirection, but also a torque about
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the +y axis. The direction of this torque will cause the rdtorotate further about the +y axis.
This positive feedback system is therefore unstable inréspect.

This phenomenon was first observed in the beam hardwareltEsdan Sectioi’s]1. The beam
hardware was a tilting magnetically levitated beam wheme toanslational and one rotational
axis was actively controlled. The phenomenon was then eoefirthrough analytical and
finite element simulations. Finite element simulationseheanfirmed this behaviour as shown
in Table[£8. For this simulation: = 5 mm,/ = 40 mm,~y = 1.3 mm, N = 100 and

i = 3.0 A. The rotor was rotated by’labout the +y axis. The axes are as defined in Figuie 4.9.

Parallel Pole Faces 1° Rotor Rotation about +y
F,, N 3.70 3.96
Ty, Nm 0.000 0.014

Table 4.8: The forces acting on the rotor in an electromagjitetparallel pole faces and with
the rotor rotated through°1

Designs must have all six degrees of freedom controlletige#ctively or passively. The lev-
itated beam has two rotational degrees of freedom uncdedrahd one actively controlled; it
has one translational degree of freedom actively conttptiee passively and one uncontrolled
and is therefore unstable.

4.3.2 Rotated Pole Faces

When the rotor is tilted about the gimbal axis in Figlird 4 dntthe rotor at positions marked
T will be at an angle to the stator electromagnets. Fifuré gtibws this situation for one of
the electromagnets marked as T in Fidure 4.1 with the st&gotremagnet shown in dark blue
in the background and is viewed through the semi-transpaogor in the foreground.

Figure 4.10: A 3D rendering of one electromagnet in a tiltimggnetically-levitated
momentum-wheel. The stator electromagnet is in the backgi@nd is viewed through the
semi-transparent rotor.

For a positive rotation about the gimbal axis in Figlrd 4 drg¢hwill be an active reluctance
force attracting the rotor to the stator. There will also bgaasive restoring force that has a
direction that tries to rotate the rotor to oppose the agpiation.
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A finite element simulation of this phenomenon was performé&tie system had the usual
properties ofe = 5 mm, ! = 40 mm,~y = 1.3 mm, N = 100 and¢ = 3.0 A. The results are
shown in Tabld“Z4]9. This disturbance torque is almost twesrdf magnitude less than the
torque applied to tilt the wheel in Tadle®.6. This disturtacan be ignored.

Parallel Pole Faceps 1° Rotor Rotation about +x
F,, N 3.70 3.68
7., Nm -2.0x107° -1.0x1073

Table 4.9: The forces acting on the rotor in an electromagitétthe rotor at an angle of°lto
the stator.
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4.4 Geometry Investigation

The effect of varying a magnetic bearing’s geometry on itsdand stiffness has been studied
by varying one dimension at a time. This knowledge can be ts@ibtain the best bearing
properties possible.

4.4.1 Cross Sectional Electromagnet Area

Figure[A1 in AppendiXA shows the model of an electromagmseduvhen deriving the equa-
tion giving the reluctance force generated by an electromtagFrom the derivation of this
equation, the magnetic fluk in the circuit is given by:

Ni
®_ (4.14)
Yrotor + Vstator 2y
+
5lﬂiron 5l,Ulair

However in a vacuun;, ~ o andiiren > fair, therefored is approximated to:

_ Nielpg
= 727

i) (4.15)

wherecel is the cross-sectional area of the air gap. Therefore, negltloe cross-sectional area
of the rotor or stator iron sections away from the pole faasughhave only a minimal effect
on the magnetic flux and hence the reluctance force generakedpole face area of the steel
sections must still be kept at as this defines the air gap cross-sectional area and thé¢anedec
force generated.

These assumptions were confirmed using the Finite Elemmndaions shown in Figule ZJL1.
For this simulationg = 5 mm,! = 40 mm,~v = 1.3 mm, N = 100 andi = 3.0 A. In the
lower design of FigurEZ11 the width of the iron part of thetat has been halved in thickness
to 2.5 mm.

The results are shown in Taljle4.10. These finite elemenitsemnfirm the theory above. The
results show that reducing the cross-sectional area obptre steel away from the pole faces
in an electromagnet has a minimal effect on the force gemeday that electromagnet. This
result is useful because iron can be removed from parts deatr@magnet to reduce the mass
and volume of a design without affecting the force generat#ith all designs it is important
to check that the magnetic flux is not saturating the steeleW#teel is removed from a design
it is particularly important to check that the magnetic flexbt saturating the thinner sections
of the material.

4.4.2 Coil Position on an Electromagnet

Figure[4TP shows two electromagnets with identical stegbpbut with their coils mounted in
different sections of the steel part. The top symmetricattebmagnet has its coil mounted on
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Figure 4.11: A finite element simulation of two simple eleatiagnets, the bottom one of
which has a reduced cross-section area in the right-haetstg of the stator.

Design Force, N
Constantl 3.72
Thinner 3.70

Table 4.10: The reluctance force generated by two elecgogta, one of which has a reduced
cross-sectional area in part of stator.

the back edge and the bottom asymmetric design has its caihted on the bottom edge,
where it is often more convenient to wind the coil. These glesiwere simulated in the
Maxwell FEA package. Their properties were, using our saashdhotation:e = 5.0 mm,

I =40 mm,~v =1.3mm,N = 100 andi = 3.0 A.

The magnetic flux density plotted through the centre of trediw gaps of each electromagnet
is shown in Figuré&Z4.13. The electromagnet with the coil srbick edge has the same flux
density in both air gaps. The electromagnet with the coil f@ntiottom edge has the same
total flux density but is 5.2% greater in the air gap closeghtcoil than in the other air
gap. This difference in flux density generates a similaaative force on the rotor and a small
additional force in a perpendicular direction. The forceting on the rotor in the two cases are
shown in Tabl¢Z11. The negligible value wias x 10~° N, which is less than the accuracy
of the simulation and so can be taken to be 0 N. The directioteferpendicular force in
the electromagnet with the coil on the bottom edge was to rtfuveotor towards the air gap
closest to the coil.

Back Edge| Bottom Edge
F,,N 3.70 3.72
F., N | negligible -0.02

Table 4.11: The forces acting on the rotors with their cailgiee back and bottom edges.

Although the forces are small in this case, they will inceeaselectromagnets generating a
larger magnetic flux. The passive restoring forces gemgtayeslectromagnets are also much
smaller than the main active forces. The passive forceslang g¢he same axis as the force
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Figure 4.12: A finite element simulation of identical electragnets with their coils mounted
in different locations. The top electromagnet has a coit®back edge and the bottom magnet
has the coil on its bottom edge.

from the electromagnet with the coil on its bottom pole andhse will be constructive or
destructive interference with the passive force. The &ffe€this asymmetric force from the
electromagnet with the coil on the bottom edge can be miichiis the External Radial Design
of a momentum wheel by always placing the coils on the outsidihe electromagnets as
shown in Figur§Zl5. These asymmetric forces will not ocauhée Planar Radial design.

Bottom Pole | Top Pole
F,,N ]0.531 0.529

F,,N | 746 x107% | =750 x 1073
To, Nm | —1.57 x 1072 | —1.82 x 1072
re,m | 3.0x 1072 3.4 x 1072

Table 4.12: The forces, torques and lever arms generateldebywb designs shown in Fig-
ure[ZT4.

Figure[4.IH shows two alternative positions for the coil syrametric electromagnets. In both
cases the bottom of the electromagnet is 20 mm above thenptigg height of each pole is
8.0 mm and there is a gap of 8.0 mm between the arms of the pdlbe forces along the

positive x and y axes and the torque about the origin weraulzdtd in a 2D finite element

simulation and are shown in Talile4.12. A tordiieabout point(0,0) can be defined by:

Ty = rpF (4.16)

whereF is the force acting on an object a distamgefrom the point that the object is pivoting
about (the lever arm length). Talile4.12 shows that the bioté force on the rotor of both de-
signs in Figuré 414 is similar but the torque produced ifediht. Rearranging Equatién 2116
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Magnetic Flux Density in Electromagnet Airgaps
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Figure 4.13: A finite element simulation of the magnetic flexsity plotted through the centre
of the two air gaps of two electromagnets. The symmetriaall lphs the coil on the electro-
magnet’s back edge and the asymmetric plot has the coil tiwitem edge.

allows the lever arm lengthy to be calculated for both designs, with the results beinky dex
in the bottom row of TablE*4.12.

The lever arm length of a u-shaped electromagnet used ta tdtor can be assumed to be
in the centre of an electromagnet, between the two poles. tdrigeie generated by such an
electromagnet can be maximised by placing the coil on the pothest from the centre of
rotation.

4.4.3 Passive and Active Force Contribution

Figure[4.Ib shows the forces acting on the rotor to generaaaeT; that tilts the rotor. Fig-
ure[4T5 shows an external radial design, but the axial désg the same configuration, only
rotated; therefore the following discussion is applicaoldoth the axial and radial designs.
When the electromagnet is energised by curietihe torque has the direction shown in the
Figure. The active forcé’, generated by the electromagnets acts at a distapte gener-
ateT;. Once the rotor has been tilted the rotor and stator polesdaraligned and a passive
restoring forceF;, will be generated that has a direction that tries to bringrtiter and stator
poles back into alignment. This passive restoring force atta distance, and the torque
component generated will have a direction that opposesltimg torque. However, as shown
by Figure[39,F, > F, and so the net torque on the rotor will tilt the rotor. Inciegsthe
height of the rotor will increase the magnitude of the torthat tilts the rotor. Decreasing the
radius of the rotor will increase the tilting torque.

Figure[4.I6 shows the forces acting on the rotor to generegstaring torquel;. that brings
a tilted rotor back into alignment with the stator. Both ttativee force F, and the passive
restoring forcel, now have directions that try to bring the rotor back into @figent.
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1010 Steel 21010 Stee 1010 Steel

20 AWG
[i1:-100]

20 AWG
11:100]
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[i1:-100;

Y y

<L x <L x

(a) Coil on the bottom electromagnéb) Coil on the top electromagnet pole.
pole.

Figure 4.14: Different positions for the coil on an electemnet.

4.4.4 Air Gap Width

From Sectiof 42112 the minimum air gap width required wheliateelectromagnets are being
used is:

Ymin = Tr COS(_amaJ}) - 77/2 Sin(_amam) — Ty
= (cos(maz) — 1) 1 — n/2sin(—maz) (4.17)

Becauseos a.,q,; < 1 then the minimum air gap width is proportional o~ and the air gap
required will decrease for an increasing radius, which ismaitive.

For maximum force generation the air gap should be as smpbssible. Therefore the radius
should be maximised and the height minimised. Fifurel4.bwstow the minimum air gap
required to tilt throught3° varies with different rotor heights and radii.

The suggestion from this Section that the radius be maxidrés®l the height minimised is
the opposite of the results from the previous Section, 8eBli4.B. The force generated by
the electromagnets is inversely-proportional to the sewdirthe air gap width. Maximising
the radius and minimising the height will therefore have gheatest desirable effect on the
3Dwheel’s properties. Ideally an optimisation procedumeutd be developed to determine the
rotor's dimensions.

445 Mass

The mass of a hollow ring shaped rotor is:
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-

T,
Yy
Figure 4.15: The two force components that the top-lefttedecagnet exerts on the momentum
wheel in the electromagnet reference frame to tilt the wheel

2

Figure 4.16: The two force components that the top-lefttedetagnet exerts on the momentum
wheel in the electromagnet reference frame to tilt the wheel

M = pnm(r? —r?) (4.18)

wherer, is the outer radius of the rotor amgis the radius of the hollow centre. This assumes
that the rotor has smooth vertical faces, which will not be ¢tase as the pole faces will be
u-shaped to improve the stiffness. For Figlire .18 it wasrasd thatr; = 7. — 20 mm.
Therefore:

M = pnm(0.04r, — 4 x 1074) (4.19)
Therefore the mass is proportional to wheel radiugnd heighty, with the radius having a

greater effect on the mass. The mass of the wheel for var@uos Ineights and radii with the
assumptions mentioned here is shown in Figurel4.18.

4.4.6 Moment of Inertia

The moment of inertia of a hollow rotor about its hollow axdggiven by:
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Figure 4.17: The minimum air gap width required for differestor heights and radii.

v
Lnw(z3) = pn=(ry — 1) (4.20)

\V)

For Figurd 4P it was again assumed that r,. — 20 mm. Therefore the moment of inertia
is proportional ta-? and to height).

The moment of inertia of the wheel for various rotor heightd eadii is shown in Figure-419.

4.4 7 Conclusions

Because the moment of inertia is proportional to the cub&eftheel radius, then the radius
should be made as large as possible while keeping the heigit t® save mass that does not
contribute to the moment of inertia. Maximising the momefninertia maximises the wheel's
angular momentum and torque generation capability. Mastimgithe radius and minimising
the height also minimises the width of the air gap width, éaaing the force generated or
reducing the power consumption. However generating a langgie is pointless if it cannot
be transferred to the spacecraft. Therefore, if it is foumat the required torque cannot be
transferred to the spacecraft then the height of the wheelldtbe increased.

Richie [65][66] discusses the numerical optimisation @f tbtor design for a combined energy
storage and attitude control CMG. A Nonlinear ProgrammingbRem technique was devel-
oped to choose the rotor dimensions that gave the optimuforpeance in terms of mass,
torque generation and energy capacity. A similar optinosator the 3Dwheel would choose
the rotor geometry that gives the optimum torque generatiass and power consumption.
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4.5 Controllability

It was found that in certain circumstances a tilting magradly levitated momentum wheel
cannot exert a torque in the desired direction on the rotafi irotor positions.

EM 4
EM3

X-Axis Torque, Nm

-2 i i i i i

Tilt Angle, :

Figure 4.20: The torque generated about the rotor's x-axihé top (EM 3) and bottom (EM
4) electromagnets on the positive x-axis.

Figure[4.2D shows the torque that an electromagnet can emettie rotor at all tilt angles
calculated by a three dimensional finite element simulatiwrthe engineering model of the
3Dwheel. For rotations about the x-axis, electromagnetetihwhen producing an attractive
force will cause a negative rotation about the x-axis. Teetebmagnet numbering scheme is
illustrated in Figuré8l2. Figufe“ZR20 shows that this tergan be generated at all tilt angles.
Similarly, electromagnet four can generate a positiveuergt all tilt angles. Therefore this
design is fully controllable.

Figure[4.21 shows the torques that can be generated aboxisasf eotation midway between
the positive x and y axes for the engineering model of the 3&skhElectromagnets one and
three were used to generate the negative torques. Agaidakign is fully controllable at all
tilt angles.

Several initial attempts at optimising the geometry resliih designs that were not control-
lable. FigurdZ.22 shows an early design that is not coatst#l at all tilt angles. This drawing
is from the FEMM finite element simulation software. The twatsr electromagnets on the left
of the figure are made from a single piece of steel. Due to thevsstry of design, to make the
finite element analysis quicker, only half of the design &vdr; the design is mirrored about
the right hand edge of the drawing. Coils are placed on all@ktator poles. The top two coils
are connected in series and form one electromagnet; thenbdtto coils are also connected
in series to form the second electromagnet. Figurel 4.23 shiosvtorque exerted on the rotor
by each of the electromagnets. Betweeh3° and—1.3°, and between-1.3° and+4.3° the
torque exerted on the rotor is in the same direction from letglctromagnets. Therefore the
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0.6

EM 2+4
EM 1+3

0.4

0.2

Tilt Axis Torque, Nm

-3 -2 -1 0 1 2 3
Tilt Angle, :

Figure 4.21: The torque generated about the axis betwegotitve x and y axes of the rotor
by the top (EM 1 and EM 3) and bottom (EM 2 and EM 4) electromégine

rotor is not controllable between these angles and the maximngle that the rotor can be
tilted through while maintaining control i&1.3°. This design would require mechanical stops
to prevent the rotor from being tilted further than this.

Figure[4.2% shows an attempt to increase the tilt range sfkbsign where the stator poles are
brought closer together. Figure-4125 shows how the maxiniliangle increases as the stator
poles are brought closer together, but at the expense dfandaadial stiffness.

The 3Dwheel engineering model hardware was stable thralgh angles due to its small air
gap width. If the air gap had been made wider to allow for atgre@lt angle then it would
have become uncontrollable.
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Figure 4.22: A drawing in the FEMM finite element simulatiavftavare of an early design
that is not controllable at all tilt angles. The two statozattomagnets on the left are made
from a single piece of steel. Due to the symmetry of desigma#e the finite element analysis
quicker, only half of the design is drawn; the design is nmgtbabout the right hand edge of
the drawing.

x 107 Torque on Rotor
T T T T

Bottom Coil
Top Coil

Torque On Rotor, Nm/mm
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Rotor Angle, :

Figure 4.23: The torque on the rotor in the simulation shawRigure[Z.2P when one colil is
energised at a time.
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Figure 4.24: A wheel with the stator poles shifted towardsdéntre by 1.5 mm to increase the

angle that the rotor can be tilted through.

Figure 4.25: How the bearing’s properties change as thergtate offset is increased.
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4.6 Pole Face Length

The cross sectional area of an electromagnet’s air gaptaffee force that it can generate.
Initially there was some confusion about the correct wayaiednine the cross sectional area
to use when the air gap was curved.

Figure 4.26: An isometric representation of a typical etmuiagnet in a radial design of a
magnetically levitated momentum wheel.

Figure[4.2b shows a typical electromagnet steel piece firua radial magnetic bearing with
the stator electromagnets being arranged around the eudkidhe rotor. The attractive force
generated by such an electromagnet is given by the famdiactance force equation:

N2¢li?

Fp = —”OT (4.21)
wherel is the length of the pole face. The length of the pole facerdetes the amount of
flux that can flow through the steel and air gap of the magnéticit. From the derivation of
the reluctance force equation in Appenfiik A, because ttaivel permeability of the air gap
is very much less than that of the iron part of the magneticudiy the width of the air gap
determines the force generated.

After a quick glance at Figule~ZR26 the width of the air gaphige assumed to be 50.0 mm.
However the pole face is curved and so the actual width iggre@he length of the pole face
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of the rotor is less than the pole face length of the statat@magnets. For system shown in
the Figure the rotor radius was 50.0 mm, the air gap width wasiin and so the radius of the
stator pole face was 51.4 mm. It is assumed that the lengtinef ipole face determines the
pole length of the electromagnet as this is the smallestfpoke

25.0 mm

/51.4 mm

02
92

Figure 4.27: The geometry of the electromagnet.

Figure[4.2¥ shows the geometry of the electromagnet. Thie &repanned by the electromag-
net is given by:

.0 25
sin—- = —
2 51.4
0
— = 29.1°
2
6 = 58.2°

Therefore the length of the stator’s pole facéi8.2/360)2751.4 = 52.2 mm. If the pole face
length! in the reluctance force equation had been incorrectly asdumbe 50.0 mm then the

reluctance force calculated would have been underestitiatéZ2=20 x 100 = 4.2%.

This geometry was simulated in a three dimensional finitmel@ simulation to see the effect
of using the wrong value of. The geometry used has dimensions given in TRbIk 6.2. An-
alytically an incorrect value of of 50.0 mm gave a force of 5.77 N, a correct valud of
50.8 mm from the inner rotor pole face length gave 6.02 N aeditiite element simulation
gave 6.77 N. Therefore using the wrong assumption aboutdleeface lengti when calcu-
lating the reluctance force produces an error that is lesms thtal error from all assumptions
made.
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Unfortunately the difference between the electromagneitith and its pole face width was
only spotted late in the project. During the developmenthef tontrollers for the 3Dwheel
hardware a value of = 50.0 mm was used. However the actual path taken by the flux is
unknown and so the different valuesiathould have a minimal effect when combined with all
other assumptions made.

4.7 Conclusions

The use of analytical and finite element models means thadrdperties of the bearing design
can be understood and optimised before any hardware is nfémlee electromagnet designs
were developed for this thesis and have been compared.

Understanding the properties allows controllers to begtesl in advance. Together with the
dynamic model of the bearing the properties of the beariagvail known before it is built and
levitation can be rapidly achieved once it has been builtt &llodesigns will be controllable
through their entire tilt range and so careful modellingeiguired to check that the design will
function as intended.

Investigations of the factors that affect a bearing’s penfnce show that there are many vari-
ables that affect its properties. Therefore a final fliglategeoptimal design requires some form
of optimisation such as a nonlinear programming techniB&a¢i6g].

The lessons learnt during the modelling work in this Chaptiéirbe used in the next Chapter
to present the hardware built for the laboratory inve it
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Chapter 5

Hardware Design

Chaptei B provided the theory behind magnetism and thedageeerated by an electromag-
net. Chaptefl4 then went on to use this to model and compage thfferent electromagnet
configurations that had been developed for this thesis.

This Chapter will now use these models and knowledge to ptebe mechanical and mag-
netic design of two pieces of hardware developed and builthis thesis. Initially a levitated
beam with only two degrees of freedom actively controlleds wailt to allow controllers to
be tested in a simplified environment. Results from the bdan influenced the design of
the engineering model of the 3Dwheel that was built to dertnates the tilting magnetically
levitated momentum wheel concept and to allow differentriers to be tested.

5.1 Levitated Beam

To simplify the development of the 3Dwheel it was decideduibdba 2D tilting magnetically
levitated beam. One translational axis and one rotatioxiah@ould be actively controlled and
the vertical translational axis overcoming gravity woulg fassively controlled. Figufe’b.1
shows the beam hardware that was built. Drawings of the desighe beam are shown in
Appendix{D). The beam allowed the sensitivity of the sensndsamnplifiers to be studied.

Stable levitation of the beam was not possible because ande tdegrees of freedom were
controlled. This work should reinforce the engineering capt that all degrees of freedom
have to be controlled to have a stable system. However, & deehwas learnt about sensors,
amplifiers and system dynamics, which allowed the final 3Dskteebe built and levitated in a
short space of time.

Non-Parallel Pole Faces

The main discovery from the 2D beam was of the positive feekllizat occurs when straight
pole faces become non-parallel as described in Setiiofl. 4This is not a problem for the
3Dwheel because the pole faces are not straight and alletegféreedom are controlled.

67
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Figure 5.1: The 2D beam hardware that was built.

Switching Amplifiers

For maximum efficiency switching amplifiers built around 8A60 amplifier IC [67] from
Apex, now Cirrus Logic Inc. were tried. An active feedbackcuit is necessary to stabilise
the SA60. Apex provide software that suggests componeunesdbr the feedback circuit. The
complete amplifier system once built was found to have séypecblems. The design was
very susceptible to noise and so close attention had to lsetpahe Printed Circuit Board
(PCB) design for the amplifier. Analysis of the suggesteduiirshowed that it had a poor
phase margin. The gain of one of the stages in the feedbauktcivas reduced by a calculated
amount which resulted in an improved phase margin of theadiv&rstem and stability.

The final circuit was very dependent on the electrical prigeiof the coils that it was driving,
with small changes to the coils making it unstable again. ITvathe rapid development of
the 3Dwheel hardware an existing linear amplifier desigretbged by Delft University of
Technology[[64] was used with their assistance insteadeo&#60 based amplifier.

Inductance Effect on Controller Design

It was found that the inductance of the coils in the electrgness also has a strong influence
on the performance of the controllers. The transfer functibthe electrical part of the system
is:

_ 1
- Ls+R

Gelect(s) (51)
and through the use with the experimental system of the @igignal Analyser (DSA) tool de-
scribed in Appendik®B where a white noise signal was injeatéalthe loop and the frequency
response of response was found, the transfer function iasddo:

12

= 5.2
2Ls+1.7R (®-2)

Gelect (5)



5.1. Levitated Beam 69

R was measured as 0(® for 240 turns and then estimated to be 0(38or 100 turns. The
inductance L is given hy:

o ,u(]N26l
= 2

L (5.3)

The mechanical dynamics of the system were calculated imigasifashion to Equation 6.43
as:

(5.4)

DSA also showed that there was a low pass filter included indfmamics with a cut-off
frequency of 600 rads :

-1

Gy == 55
flt(s) ﬁS—F 1 (5.5)
Therefore the plant system is given by:
12 - S |
G(s) = M 5.6
(®) 2Ls +1.TR 52 — Kz o5 41 &9

This system has four poles: one from the filter, one from thetgtal part and a conjugate pair
from the mechanical part. The frequencies that these pdlesasur at for systems with 100
and 240 turns are shown in TaBlel5s¥%x 1072 m, [=40x 102 m andy=1x10"3 m,).

Pole Source 100 turns 240 turns
Mechanical| £58 rads® | +£139 rads!
Filter -600 rads! | -600 rads!
Electrical | -257 rads'! | -106 rads!

Table 5.1: Pole frequencies for systems with 100 and 24Gturn

System 100 turns| 240 turns
Inductance, mH 1.26 7.24
Cross-over Frequency, rads 98 169
Phase Margin? 46 29

Table 5.2: Properties of the systems with 100 and 240 turns.

The Bode plot of the plant is shown in Figdirel5.2 and the ddra@ntroller response is shown
in Figure[5.B. When there are 240 turns the pole from the ridatipart of the system occurs
at a similar frequency to the negative pole from the meclzdart, leading to a large phase
loss at the cross-over frequency. This produces a combioettiotler and plant with a high-

bandwidth and a high gain, which then requires a large cuasd is noisy. For the system
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Figure 5.2: Bode plot of the responses of the beam plant.
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Figure 5.3: Bode plot of the &b controllers synthesised for different numbers of coil furn
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with 100 turns the pole from the electrical part is at a mugjinbi frequency and so the system
has an improved phase margin at the cross-over frequendg amate likely to be controllable.

It is therefore important to consider the predicted ovesgfitem response during the design
stage. Increasing the number of turns in a coil to reduce tinesiat required can have un-

intended consequences. 240 turns was chosen in this cabatdbdre was enough passive
stiffness to support the weight of the beam against gravity.

5.2 3Dwheel Engineering Model

The engineering model of the 3Dwheel was designed and budtiow the development and
testing of different controllers on real hardware and to pare the simulation models against
actual hardware. The engineering model was designed ferafasanufacture and adjustment
during testing; the hardware was not optimised for massjmel| or any other variable. The
design of the engineering model and the reasoning behinddbkign choices are discussed
here. Similar logic can be followed when designing the hamwfor a 3Dwheel ready for
flight on a spacecratft.

Figure 5.4: The 3Dwheel that was built and successfullyetest

Figure[5.% shows the 3Dwheel hardware that was built andesséudlly levitated. The aim of
the project was to design a tilting magnetically-levitatedmentum-wheel for a small satellite,
e.g. as a replacement for SSTL's Minisatellite reaction elf®3, which was designed in 2002
and was their main reaction/momentum wheel at the startisfpioject in 2006. It had a
total mass of 3.2 kg, an outer case sizd @ x 190 x 110 mm, a maximum output torque of
20 mNm, momentum 4.2 Nms, maximum angular velocity¢-6000 rpm and a momentum of
inertia about its spin axis of 0.008 kgm

It was decided that the 3Dwheel should also be capable ofrgimg a conventional output
torque of 20 mNm. Figure 3.5 shows how the stiffness requmechnsmit a gyroscopic torque
of 1 Nm to the spacecraft varies with rotor radius with theordieing allowed to move no
more than 0.5 mm axially when transferring the output toruine spacecraft. It also shows
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Figure 5.5: The stiffness and current required to transfiergue of 1 Nm to the spacecraft
using radial electromagnets around a wheel of varying gadiu

the total current required to generate this stiffness & thdius if each electromagnet has
100 turns and was calculated by rearranging Equdfiod 4.1@. alr gap width is calculated
using Equatiori_4]6. Rotor radii of between 100 and 50 mm haNg @ small increase in
stiffness and current requirement. A torque of 1 Nm is veghhand will be discussed and
relaxed in the next Section. To save on material costs ardlpsa compact demonstration to
illustrate the concept, a rotor radius of 50 mm was chosethfoBDwheel engineering model.
Later discussions show that a rotor of this radius still hasfficiently large moment of inertia
to generate a conventional output torque of 20 mNm.

The External Radial geometry from Sect[onl4.2 was choseausecthis geometry requires the
electromagnets with the smallest air gap widths and so leagrtfatest stiffness and generates
the largest forces. For the engineering model it also halsehefit of being simple to construct.

Rotor Dimensions

Existing Sensonics PRS04 eddy current sensors had to basiskeere was insufficient money
available to buy new sensors. The PRS04 has a measuremgetfram 1 to 4 mm. The rotor
can move one air gap width in both a positive and negativectitine from its central position.
Therefore to use only one eddy current sensor to measurettirésposition along each trans-
lational axis then the air gap width must not be greater trehdi the eddy current sensor’s
measurement range. Therefore the air gap width will be caingtd to less than 1.5 mm.

From Equatioi’4.17 and Figure 4117, if the radius of the wieBD mm then the maximum
height , of the wheel must be less than 59 mm to satisfy the air gap wddtistraint at a
maximum tilt angle of 3. Maximising the height of each pole face increases the ftrae
can be generated by the system for a given current accomlitige treluctance force equation.
Therefore a pole face height of 8 mm was chosen as shown imefighi to make the largest
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possible pole face height while maintaining the air gap traitg. The dimensions of the
interior hollow section were then chosen to provide an adegmoment of inertia. These
dimensions left sufficient room for the sensors to be plansidié of the rotor. Tabled.3 shows
the final properties of the rotor calculated from the CAD wafte. The steel rotor, the upper
and lower aluminium liners and the permanent magnet forityrasmpensation were included
in this calculation; the permanent magnet for spin rate oreagent and the motor's magnet
ring were not included.

S [

o |oo

©

Figure 5.6: The cross section of the steel part of the rottr dimensions.

Mass, kg 1.301
Moment of Inertia, kg | I, = I, =0.001594
1, =0.002326

Table 5.3: Properties of the rotor calculated by the CADvgaffe.

Coil Design

The stiffness, and hence torque capability, of the desigorigrolled by the dimensions of the
pole face, the number of turns in the coils and the currentifiguhrough the coils. These three
variables were optimised using the analytical equationSdation[3.P2 and 2D and 3D finite
element simulations. To check that the the final version ef3bwheel’'s electromagnets had
enough stiffness to transfer the gyroscopic output torqulee spacecraft the following method
was used. A 3D finite simulation of the 3Dwheel was performdith ¥he rotor already tilted
about the x-axis by°“lto simulate the generation of the gyroscopic torque. Thigld/cesult in
an output gyroscopic torque about the y-axis, which woutgiire the electromagnets two and
five (from Figurd6.R) along the x-axis to transfer the tortpuéhe spacecraft. Therefore these
two electromagnets were energised with a current of 3.0 dutlin 100 turns in each coil. In
this position the FEA simulation showed a torque of -0.2386 &cting on the rotor about the
y-axis. The rotor was then rotated about the y-axis by %arid the torque acting on the rotor
about the y-axis was -0.2336 Nm. The rotational stiffnesthefsystem for torque transfer is
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0000
0000

Figure 5.7: The typical arrangement of wires after being mebimto a coil.

therefore:

—0.2386 — —0.2336
K, = 01 = —49.6 mNm/° (5.7)

If it is assumed that the maximum acceptable axial movemetiteorotor while transferring
this torque is 1 mm (13% of the pole face height), which wolddglenerated by a rotation of
1.2° using Equatiol_C]2 then the maximum torque that can be &remesf is0.0496 x 1.2 =
60 mNm, which is too low. From Equatidn 3.7 stiffness is prooral toi? and so doubling
the current to 6.0 A will result in a maximum torque that cantfamsferred o238 mNm, or
9.0 A will transfer a torque 0536 mNm, which is acceptable. The torques calculated here are
greater than those in Tallle .6 because here the rotoreis kit1° and so there are additional
passive restoring components in the force generated. Amuaf 3.0 A in an electromagnet
results in a predicted peak flux density of 0.4 T in each edectignet from 3D finite element
simulations. A current of 6.0 A resulted in a flux density d T.and 9.0 A was just beginning
to reach the saturation point of the steel with a flux dendity,. & T.

The cross-sectional area of a coil is given by:

Acy = N(1.1%2d)2 (5.8)

whereAc,, is the cross-section area of the wire id,M\l is the number of turns in the coil and
d is the diameter of the wire in metres. Thd? term allows for the insulation thickness and
irregularities during the winding process. When wound thewill tend to sit as shown in
Figure[5.Y [[68].

The diameter of the wire is determined by the average andrmmuai current that will flow

through the coils. A current density in the coil of 10 Amwill result in the heating of

the coils by several tens of degrees and will not damage the [@4]. 20 AWG enamelled

copper wire was chosen, which has a conductor diameter 6frir@ and hence a maximum
current of 5.0 A. The depth of the electromagnets was thesesdhat there was sufficient
room for the coils according to Equati@n.8. For operatioraivacuum the conduction of
the heat away from the coils must also be considered durieghdrmal design process. It
had been anticipated that if the initial system developmeait smoothly and quickly enough
then the u-shaped electromagnets could be modified to iagetmanent magnet into them
as shown in FigurE 5.8 to test the 3Dwheel under the eleatadic principle. Time was not
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Figure 5.8: A possible design for the inclusion of bias fluonira permanent magnet in an
electromagnet.

available to complete this task. This would also be costly ttuthe requirement for custom
sized permanent magnets to be manufactured.

Electromagnet Construction

To minimise eddy current losses the electromagnets shalchdide from laminated steel.
Ideally the steel part of the rotor would be too, however beeeof its shape and because it
rotates, this would be expensive to manufacture and prplveddker due to the laminations.

To reduce costs there was a brief investigation into maepittie electromagnet shapes from
old transformers. This was not feasible due to there beinguitable sized transformers avail-
able and also fears that the machining process would bey likebreak apart some of the
laminations.

The most cost effective way found to produce the electromisgvas using photo or chemical
etching; this process works using the following steps:

1. a photosensitive resist is applied to the material to tieegt;

2. a printed mask is then laid over the resist layer and bategposed to UV light. Areas
of the resist exposed to the UV light harden;

3. soft areas of resist that were masked from the UV light lae@ themically developed
away leaving only the areas that were exposed.

4. the material passes through a tank of etchant. Areas @rialamnot protected by resist
are etched away;

5. astripping solution is then applied to remove the remginésist, leaving just the etched
material.

Each electromagnet is 50 mm thick and each layer of laminatid®.35 mm, requiring 142
laminations per electromagnet if the thickness of the adéésignored. Photo etching allows
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this large number of laminations to be produced efficiengiglmachine, requiring little human
intervention and minimising costs. The tolerance of thepss ist0.0525 mm. The individual
parts can then be placed in a former and laminated togethersieel used is Transil 330, an
unorientated low-loss silicon steel, which has a core I1ds3.2Wkg~! at a flux density of
1.5 T at a switching frequency of 50 Hz.

To cut the curved face in the laminated electromagnets,rétatitipnal approach would be to
place them on a turntable on a milling machine. To prevents#paration of laminations a
clamp could be placed around the laminations. There wasecortbat this approach would
still have the risk of damaging the end laminations in eaabkstTherefore the curves were cut
into the electromagnets using wire erosion. This proceed fe the electromagnets achieves
a tolerance of 3@m with a surface finish of 1.2m.

The electromagnets were sent directly from the photo egctorthe wire erosion company.
At some stage in the manufacturing processes an error ecysossibly that they were not
mounted in a machine perfectly square. Figure 519(b) shqv®tograph of two of the wound
electromagnets sat back to back on a perfectly flat opticattoeFigurd 5.9(&) shows a draw-
ing of the requested magnet shape in dotted line and thelactsalid line. The fault was not
spotted until after the coils had been wound onto the stde.tivo companies involved could
not agree when during manufacture the fault had occurredinfesand finances were limited,
a 51.4 mm radius circular aluminium block was fabricatede €hectromagnets were loosely
mounted in their supports and the supports were looselgtathto the base plate. The circular
block was placed in the centre of the electromagnets angtiiey was tightened, leaving the
electromagnets in the correct place once the aluminiunkidted been removed. Because of
the electromagnets’ parallelogram shape, if two magnete w@unted in the correct orienta-
tion they would have the same shape; if one of the magnetgyur€f5.9(0) were to be rotated
through 180 then they would have the same shape and the curved surfigesdal

The intention had been to have the coils wound around the tgh pole of the electromagnets
in the top layer of magnets and around the bottom most poleedidttom layer of electromag-
nets to achieve the best performance as described in SEcigh Because the coils had been
wound around the electromagnets before the problem haddisssvered the arrangement of
the electromagnets around the rotor had to be modified sahteaturved surfaces aligned. It
was only possible to have all eight electromagnets’ curaedd aligned when two of the coils
were not wound around the intended poles as shown in FigdkeThe system worked well
and so it was decided not to rewind the coils on the corre@sol

Coil winding machines exist that will wind coils automatlgaand precisely by rotating the

object to be wound. Because the electromagnets are u-shiapedt possible to wind the turns

directly on to the steel pieces with a coil winding machine aternative is to wind the turns

around a plastic bobbin that can then be placed over the gdézl Bobbins are available for

common transformer sizes, but none of these had the samasions as the electromagnets.
There was not sufficient funding available to have custoratigdobbins fabricated.

Therefore the coils were wound around the electromagnetsabg. The following steps were
found to produce the best results:

1. with afile round off the edges of the steel that the coilsafge wound around;

2. cut one edge off, and trim to size, plastic triangular pajeders;
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(a) The intended and actual shape  (b) The wound electromagnets

Figure 5.9: The misformed electromagnets. The intendepesisashown by the dotted line
and the actual shape by the solid line.

3. glue four of these plastic parts to the steel using highptrature epoxy adhesive;

4. wrap five layers of transformer or greaseproof paper atobe steel to provide insula-
tion;

5. bolt the steel piece to the bench and secure the free ehd cbpper wire;
6. wind the enamelled copper wire around the steel as tigistiyossible with fingers

7. stop every few turns and push the coils towards the endeo$titel to ensure that they
are tightly packed together.;

8. when all of the turns have been wound, secure the ends higihgemperature epoxy;

9. measure the resistance between the wire and the stedauredhat the wire’s insulation
has not been damaged and measure the inductance and esistdme coil.

It is necessary to round off the corners of the steel as thespre of the wire against the
sharp right-angled edge of the steel will cut through bothghper and the enamel insulation,
shorting the coil to the steel. The transformer paper pes/additional protection. The plastic
end pieces allow the ends of each layer of turns to be finishatlynand for subsequent layers
to sit neatly as shown in Figuke™.7. The completed coil messants are shown in Talleb.4.
During the winding process it was difficult to keep track of tumber of turns that had been
wound. There was a suspicion that only 95 turns had been watauohd electromagnet 7 and
this was confirmed by these measurements. An additional afain0/95 was added in the
software for channel 7 to increase the gain and compensatkisadecrease in the number of
turns. This approach worked well and so there was no needMioddhe coil. The average
resistance of the seven good coils was 0.90#nd the inductance was 2.756 mH.
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Coil | Resistancef) | Inductance, mH
1 0.890 2.765
2 0.915 2.796
3 0.914 2.790
4 0.920 2.792
5 0.900 2.711
6 0.905 2.743
7 0.850 2.532
8 0.897 2.690

Table 5.4: The resistance and inductance of the eight eleegnets’ coils.

Sensor Integration

The Sensonics PRS04 eddy current sensors that were agditaitthis project have the prop-
erties described in Tableh.5169]. The sensors had bedwrat@d for use with an aluminium
target. The steel rotor therefore had to be lined with alivmm However, from Section'4.4.6,
material in the centre of a rotor contributes little to itsment of inertia, but does affect its
mass. Therefore material providing structural support sgr@sing surface in the centre of the
rotor should be made from a low density material such as aiumi.

Tip Diameter 8.0 mm

Sensitivity 4 mV/um

Linear Range l1to4 mm

Resolution 0.002 mm

Temperature sensitivity <5% at 150C

Frequency Range 0to 10 kHz

Effect of Target Curvature| +2% for 150 mm
+5% for $25 mm

Effect of Target Magnetism Less than 1% at 11 mT

Table 5.5: Eddy current sensor properties.

Eddy current sensors have their output affected when miegsarcurved surface. The data
sheet states that for a curved surface of diameter 150 mra thidrbe an effect of4-2%;
meaning that the target object will appear 2% closer thapdit directly beneath the sensor.
The data sheet additionally specifies an effect of 5% at 25 nameater. The effect of target
curvature is likely to be related to the diameter of the cumeaand the distance between the
sensor and the object to be measured by a square law. Therteatgzial also has an effect]70].
If one is available, further tests with a laser interferoeneshould be conducted to confirm this
behaviour.

The sensors have a 3.0 mm measurement range. They can thenefasure the axial position
of an object that moves at most 1.5 mm axially from its centoglition. The axial movement of
an object will increase as its radius from the centre of therrmcreases. Using Equatibn}.5,
but placing the surface that the sensors measure on a plamedentre of the rotor means that
n = 0 and so the sensor’s air gap width becomgs, = r, sin . Therefore for the air gap to
be less than 1.5 mm at a maximum tilt angle3®fthe sensor must be less than 28.7 mm from
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the centre of the rotor. The diameter of the sensor’s tipdsi@n and the area of the target that
the sensor requires to see in order to obtain an accuratauneezent is twice the diameter of

the tip. The sensor support and the aluminium liner in théreenf the wheel was dimensioned

to meet these two requirements.

To calculate the tilt angle of the rotor from the three vetticmounted eddy current sensors:

1. the positions in 3D of three points on the rotor directhdemeath three of the axial
sensors are formed. The x and y components of their posiioemknown and the z
component is formed by the sensor’s output. The points diedcA, B andD. Two
vectors are formedBA = A — B andDA = A — D:

2. unit vectors are formed from these two vectors and theoveotform an orthogonal
right-hand co-ordinate system is found using the vectoss:—moductﬁ X ]ﬁ);

3. these three orthogonal vectors are formed into a direcsine matriXdCM and the
tilt angles are found by assuming a 3-1-3 Euler rotationosige= — arcsin(DCM(1, 3))
andoy, = arcsin(DCM(1, 3))/ cos(ay).

Because the initial position of the translation and tilts@ms is not known measurements must
be taken to calibrate their position. To do this the graviynpensation permanent magnet was
placed in its lowest position, plastic shims were placedeurde rotor so that its poles were
level with the electromagnet poles. Paper shims were theregdibetween the electromagnets
and rotor poles so that the rotor appeared by eye to be centthe system. The sensor
voltages measured by the real-time control system datasitbop cards were then recorded.
The Simulink data acquisition block was then modified to maditthese “central” positions
from the sensor values so that the block outputs positimma the central position. This is not
the best method of determining the centre of the inertia@reefce frame as it was only done
by eye (although the available alternative was to use a@eaailiper, which is difficult to use
in the curved area between the rotor and stator poles) aaftéstno account of the air gap
between the motor’s rotor and stator. If the air gap betwhemiotor’s rotor and stator is not
constant then the motor will add a disturbance force to tiséesy. Ideally an accurate survey
of the system, such as with a laser interferometer, wouldebfopned during its construction
so that the position of the motor and centre of geometry ansiseffsets is accurately known.
There was not sufficient finances available during this jptdjehave the system surveyed this
accurately.

The two horizontally mounted sensors that measure the x anaghglational position of the
rotor are offset from the centre position of the rotor, witle tx-axis sensor being below the
centre line and the y-axis sensor being above the centreWith low bias currents and hence
low controller gains and without the motor magnets fitted tffset did not affect the control
loop. However with the magnets fitted and with higher coigrajains then this offset had to
be compensated for to achieve stable levitation. The posilf the sensors can be calculated
using the following method; the geometry of the problem isvamin Figurd 5.ID. The sensor
measures a point on the tilted rot@y,,, z,,). The axial height of the sensor is known and so
2! =20 x 1073 m. For a rotation by angle, about the x-axis the following rotation matrix
exists:
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Figure 5.10: The geometry of the translation sensor congtemsmethod.

[ yin ] _ [ Cosay —sinag } [ Ym ] (5.9)

Zm, sin COS (g Zm

Therefore the axial position of the measured point can bedadithe rotor was not tilted:

/

Zyy = Ym SOy + Zy, COS Qi
, .
Zy, — Ym SIN Qg
Zm = o ImPTW (5.10)
COS Oy,

The radius of the rotor gives the radial position of the meagypoint when the rotor is not
tiited. Thereforey,, = 35 x 1072 m and the radial position of the measured point can be
found:

y;n = Ym COS Oy — Zm sin Qg (511)

The y-axis translational position of the rotor, correctedtiit, is therefore:;y = meas+ (y,, —
yr.). The measured sensor values for the x-axis translation eamtilarly compensated.

Electrical Interfacing

The LM3886 linear audio amplifiers used have a poor powerieffaty compared to a class-
D switching amplifier and so would not be used in a flight modethe 3Dwheel, but they
provided a low noise amplifier that allowed the rapid deveiept of the 3Dwheel system.
They were built into a rack mount system to allow their usehvaither magnetic levitation
projects under development by the research group. The LBIB88esigned to drive speakers
with an impedance of 4 to 8. The average coil's impedance, usifig = \/R? + (wL)?

is 0.91, 0.95 and 2.9 at 1, 100 and 1000 rads$ respectively. The amplifier had a tendency
to oscillate when higher currents were being drawn becdwesedils’ impedances were lower
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than it was designed to drive. 3(350 W resistors were added in series with the coils and
were mounted on each current amplifier channel's heat sidknarfurther instabilities were
encountered.

Anti-aliasing filters were added to the inputs and outputshefdata acquisition and output
cards. First order resistor-capacitor (RC) filters werentbto provide sufficient filtering.

Gravity Compensation

For testing of magnetically levitated wheels on Earth, th&tesn must be strong enough to
support the mass of the rotor against gravity. The appraaamntin the magnetically levitated
beam was to have the passive stiffness of the beam great lenowmpport its mass. This
complicated the design of the controllers as described aic®@d5.1. The alternative approach
taken with the 3Dwheel is to place circular permanent magoetthe base of the rotor and on
the base plate and orientate them to repel, or place avefctirientated permanent magnets
on the top of the rotor and above the rotor.

3D finite element simulations were used to determine the dizermanent magnets to use
and their location. The data sheet for the chosen permanaghets gave the remanence
B, as 1.3 T and the coercive field, as 923 kAnt!. No value for bulk conductivity was
available from the manufacturers and so the default valug26f000 Sm' from the default
FEA NdFeB magnet was used. Figlire$.11 shows a cross settioa BEA simulation. Each
permanent magnet had a radius of 9.5 mm and a height of 5.0 aike[®.6 shows the results
of this simulation for repulsive magnets being rotated abiweir x-axis and Table5. 7 shows the
results for attractive magnets. The suspension force ipacable for both orientations as is the
disturbance force along the y-axis and the disturbanceitoatpout the x-axis. Tadleh.8 shows
the repulsive magnets being offset along the x-axis andeaBl shows the offset of attractive
magnets. Therefore the attractive gravity compensatiomg@eent magnets will try and resist
any displacement whereas repulsive magnets will amplifyadfset between magnets, trying
to force them further apart.

Figure 5.11: A cross section of the 3D FEA simulation of theuteive permanent magnets.

The magnitude of the disturbances generated by the repudsid attractive modes can both
be compensated by the electromagnets. The repulsive masiisr to tune because of its
inherent stability; if the attractive magnets are too clamgether then the positive feedback
of the system will increase the attractive force betweemth&he repulsive configuration

was therefore chosen to compensate for gravity. The magntiteobase plate was housed in
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Table 5.6: The results of the 3D FEA simulation of the remalgiermanent magnets being

tilted about the x-axis.

Angled,° | F,,N | T, mMNm | F,, N
0 15.6 0.0 0.0
1 15.6 -3.4 0.23
2 15.7 -6.6 0.46
3 15.7 -9.8 0.58

Angled,° | F,,N | T, mMNm | F,, N
0 -16.7 0.0 0.0
1 -16.7 3.3 -0.25
2 -16.7 6.2 -0.42
3 -16.6 9.6 -0.66

Table 5.7: The results of the 3D FEA simulation of the ativ@cpermanent magnets being
tilted about the x-axis.

a threaded support, allowing its distance from the roto€mpanent magnet to be adjusted,
hence controlling the force that is generated.

The use of attractive electromagnets to compensate foitgrass also investigated. Although

working in the unstable attractive mode, closed loop corgravailable with electromagnets
and position sensors. Taljle d.10 shows the axial forceezkert the rotor at various tilt angles
through various tilt axes. The force varies considerahly,viill be under closed loop control

and so this can be compensated for. T&bIel5.11 shows theetesguited about the tilt axis as
the rotor is tilted through various angles through sevdltaxes. The magnitude of the torque
when the rotor is at its maximum tilt angle is likely to exceruat the levitation electromagnets
can generate. Because of this and the additional complekitging electromagnets compared
with the permanent magnets it was decided to use repulsiragment magnets for gravity

compensation.

The forces predicted by the FEA simulation were found to imalhe forces experienced in
the final hardware. Initially the magnets were not mountedredly in their holders causing a
disturbance as predicted by the FEA simulations. When thgneta were mounted as precisely
as possible with the aid of shims the disturbance forces wenimised and the levitation
system reached equilibrium rapidly during the tuning of¢batrollers.

Motor Integration

A brushless DC motor is ideal for use in a magnetically legilamomentum wheel as there
is no physical contact between the rotor and the stator lseddue coils are fitted to the stator.
Brushless DC motor design is a complex but well understoatgss. A custom motor is
required for a flight ready wheel to achieve mass, power,meland torque requirements. For
the engineering model of the 3Dwheel it was decided to madalifyexisting motor. A motor
with sufficient air gap between the stator poles and the ratmnets was identified to allow the
rotor to be tilted through:3°. Because the rotor is at the centre of rotation, for a giveyukam
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x-axis offset, mm| F,,N | F,, N
0 156 | 0.0
1 15.4 1.5
2 148 | 3.0

Table 5.8: The results of the 3D FEA simulation of the repa@lgiermanent magnets undergo-
ing a translation offset along the x-axis.

x-axis offset, mm| F,,N | F,, N
0 -16.7 | 0.0
1 -16.5| -1.6
2 -16.0 | -3.1

Table 5.9: The results of the 3D FEA simulation of the attv@écpermanent magnets undergo-
ing a translation offset along the x-axis.

rotation the minimum air gap width is less than at the elestignets, which are further from
the centre of rotation.

Figure[5.IP shows the motor’s stator poles and coils mourmgédeen the two translation eddy
current sensors. The cable for the bottom eddy current sérasoto pass through the centre
of the stator. Sacrificial adhesive tape has been placedatbe stator poles in case the rotor
and stator collide during testing. Figure 3.13 shows theon®totor and permanent magnets
mounted inside the aluminium liner of the 3Dwheel’s rotoneTmotor’s rotor was attached to
the liner using epoxy adhesive.

Brushless DC motor controllers need to know the rotor’s #argrate to switch the current
between coils. This information can come from either a Hatisor mounted on the rotor or by
observing the voltage induced in the coils by the permanexgnets. The motor chosen used
the second method, which made the integration of the mototliee 3Dwheel easier as no Hall
sensor was necessary. Interface electronics and softwene developed to control the motor
using its PC interface from the system’s real time control environmditite motor’s controller
was unable to provide reliable control of the rotor's anguielocity, possibly because of the
increase in inertia of the 3Dwheel rotor compared to therrtitat it was designed to drive.
A small permanent magnet was attached to the rotor and a efadlos was mounted on the
baseplate. A proportional-integral (PI) controller wagpiemented and manually tuned in the
real-time control environment to provide closed-loop cohof the rotor's speed as shown in
Figure[5.TH.

Commands to the motor control electronics are sent ovet@interface, using a “bit banging”
technique over a digital i/o line. The real time operatingteyn runs at 1 kHz, hence only a bit
rate of 500 Hz is achievable over th& bus and so commands can only be sent to the motor
at a maximum rate of 2 Hz due to the number of bits in the command

Mechanical Support

During initial testing it was found that the 3.0 mm diametapport between the brackets
holding the x and y-axis translation sensors was not stravagigh and was bending if the
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, o F,,N F,, N F,,N
Rotor Tilt Angle, Rotor =0° | Rotor =45° | Rotor =90°
0.0 14.4 14.4 14.4
1.5 16.9 16.4 15.7
3.0 31.7 47.4 21.8

Table 5.10: FEA results showing the axial force generateti®@notor by gravity compensation

electromagnets at various tilt angles about various axes.

. o | Tny mNmM T, MNm T, MNm
Rotor Tilt Angle, Rotor =0° | Rotor =45° | Rotor =90°
0.0 0.04 0.04 0.04
1.5 122 88.3 0.06
3.0 453 772 0.19

Table 5.11: FEA results showing the tilting torque exertedh® rotor by gravity compensation
electromagnets at various tilt angles about various axes.

motor rotor came into contact with the motor stator, resgliin a positive feedback system
that applied a stronger force and bent the support furthes.diameter of the support between
the sensor holders was therefore increased and the hole gettire of the motor’s stator was
enlarged. The method used to secure the top translatioorserecket to the frame over the
base plate was also improved.

Control System Implementation

The system was modelled using the Simulink modelling envirent that is part of the Matlab
mathematics software package by The Mathworks Inc. The-Res Workshop toolbox was

used to convert the Simulink model into C code that was skitédr use with a real-time

operating system. A further toolbox, XPC Target, was usethireal-time operating system.
This set of tools had the advantage that the same model ceulddd to simulate the wheel
and to then control the hardware with only minimal changesdeequired.

The xPC Target operating system ran on standard PC hard#ayational Instruments PCI-
6703 analogue output card was used, which has sixteen Hddiibgue voltage outputs. Volt-
ages were sampled using the National Instruments sixteameih12-bit PCI-6023E analogue
input card. Financial constraints prevented the use of atduels. The 12-bit range of the input
card was not ideal. One bit correspond2@g2'! = 9.8 mV (1-bit is required for the sign and
so only 11-bits are available for the magnitude). The senisave a sensitivity of 4 mymn—!
and so 1-bit corresponds to a movement of 215

Linear voltage amplifiers were built to convert the voltaggpoit range of the sensors and the
input range of the current amplifiers to use the full voltagyege of the i/o cards to make full use
of the cards’ resolution. The gain of each amplifier was fousitig a calibrated 4-digit meter.
The amplifiers were not temperature compensated as the tatugein the lab remained fairly
constant. Temperature compensated amplifiers would ndwsel¢onsidered for use on a flight
model of the wheel.
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Figure 5.12: The brushless DC motor’s stator mounted betvlee two translation eddy cur-
rent sensors.

Conclusion

An engineering model of a tilting magnetically levitated mentum wheel has been designed
and built. The design was chosen for ease of manufacturefftltseo optimise the design for
minimum mass or for structural strength; the design has beenengineered. The structural
modes of the rotor were not calculated. A full design of a fliglady wheel should optimise
the mass of the wheel against strength, while considerimgffiect of the design’s fundamental
frequencies on the control of the spinning rotor. Tdble]Sd@marises the properties of the
engineering model hardware.

Rotor radius 50 mm
Rotor height 56 mm
Rotor mass 1.3 kg

Moment of inertia | 2.326x10~3 kgm?
Angular velocity 5000 rpm, 524 rads'
Angular momentum 1.22 Nms

Tilt range +3.0°
Radial stiffness 1.6 x 10* Nm~!
Axial stiffness 3.6 x 103 Nm~!

Table 5.12: Summary of the engineering model design.
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Figure 5.13: The brushless DC motor’s rotor and permanergneta mounted on the
3Dwheel’s aluminium liner.

; J+tf3
il Integrator
i WOT

015 bio ("
o x

K_p Product int

stopfstart

Figure 5.14: The Simulink PI controller to control the ragaspin rate.
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5.3 Additional Design Aspects

This project has concentrated on the magnetic design arttbtofa tilting magnetically levi-
tated momentum wheel using the electromagnetic princifdaurn this 3Dwheel into a system
ready for flight on a spacecraft several additional itemsseéarch need to be performed. Dur-
ing launch the spacecraft will not have any electrical posrat so the rotor cannot be levitated
using the electromagnets. Additionally during launch theére spacecraft is subject to strong
forces and so all moving parts must be restrained. Therefdaench lock mechanism is re-
quired to secure the rotor during its ride to orbit. The etmuiagnets’ coils generate large
magnetic fields. Various other components on a spacectafait with the Earth’s relatively
weak magnetic field, such as magnetotorquers for attitudea@oand magnetometers for at-
titude determination. Additionally the spacecraft comsagensitive electronic components as
part of its bus and payload that could potentially suffemfrimterference from the electro-
magnets. Therefore the extent of any stray magnetic fietda the electromagnets must be
understood and appropriate shielding devised. For testinge 3Dwheel during spacecraft
assembly, integration and test, gravity compensationefdtor against gravity must be con-
sidered.

5.3.1 Launch Lock Mechanism

Traditionally large communication satellites have usesmchnic releases to release securing
straps or devices after launch. Pyrotechnic releases cagerae large shocks during their
operation [[6], are sensitive to electromagnetic distuckanmay leave debris behind and can
be expensive because of their inherent dangerousness.

Alternative, safer and cheaper, releases have been dedefop small satellites. Aramid or
dyneema straps are used to secure the spacecraft's maubaniBhe straps pass over an
electrically-heated thermal-knife. When current is agnplio the knife it slowly melts through
the strap. A spring gently applies pressure to push the lagiéénst the strap. As the strap is
cut through pressure is gradually released resulting inhoalsforce. The system is not sus-
ceptible to electromagnetic disturbances; the knife catested on the ground before launch.
The temperature of the knife is designed to cleanly melt &adl the strap leaving behind no
debris [71].

It is envisaged that such a strap and thermal-knife systemddme used as a launch lock
mechanism for the 3Dwheel by having the strap securing ttar to the stator’s base plate
during launch. Once on orbit the strap would be cut and sprimguld pull the strap clear of
the rotor.

An alternative approach would be to use a Shape Memory ABMA). SMASs can be de-
formed into a low temperature shape, but will recover thagioal shape when heated. They
are commonly made from a nickel-titanium based alloy [72JonBined with mechanical
springs, lightweight release mechanisms can be develdzdcite able to apply forces of up
to 1500 N, but will release in five seconds with an appliedteiead power of 60 WI[/3].

On the magnetically levitated momentum wheel fitted to th©BR satellite the launch lock
system consisted of a metallic bellows filled with nitrogeas @36]. An pyrotechnic device
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fractured a pipe releasing the gas after launch. The matuéaand testing of this system was
likely to be complex and not appropriate for use on a smadillitet

A magnetically levitated momentum wheel that was built aagte¢d on Earth, but not know-
ingly flown was fitted with a rubber bellows that held the roitomplace during launch[31].
Gas was released from the bellows using a magnetic actuktis.design had the advantage
of being refillable and so the system could be tested sevaraktand refilled between tests.
This design is more appropriate for use on small satelli@zse must be taken to vent the gas
to a suitable location on the spacecraft to avoid contarimgatamera lenses. The release of
the gas will act as a thruster on the spacecraft; on smalliszgevith a low mass and moment
of inertia the thrust and torque generated must be carefuljuated. Until the gas is released
the momentum wheels will not be operational and so the déittontrol capabilities of the
satellite will be limited; the direction of the venting tlstumay not be able to be controlled and
could have an adverse effect on the satellite’s orbit or terdde.

A third approach for a launch lock mechanism mentioned ifitbeature uses a DC motor and
a worm gear to drive a plate down, trapping the rofol [29].

5.3.2 Magnetic Shielding

The Earth's Magnetic Field Strength at an Altitude of 450 kmin nT x10°

Latitude, *

-150  -100 -50 0 50 100 150
Longitude, ’

Figure 5.15: The Earth’s magnetic field intensity at anudigt of 450 km[[74].

With a bias current of 3 A the magnitude of the magnetic fietérgith 100 mm from the
engineering model of the 3Dwheelis3 x 1075 T and2.2 x 10~ T at a distance of 200 mm
according to a 2D FEMM magnetostatic finite element analy&gure 5. Ih shows the intensity
of the Earth’s magnetic field at an altitude of 450 km aboveEheth [74]. At this typical
low Earth orbit altitude the magnitude of the Earth’s magnéeld varies between 1.8 and
5 x 1075 T. Surrounding the wheel with a 1.0 mm thick ferromagnetieecaeduces this field
t07.0 x 1077 T and1.2 x 10~8 T at 100 and 200 mm distance respectively. A shield of this
thickness will have a volume @71 x 10~° m? if the electromagnets are placed in the centre
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of the rotor. Using steel with a density of 7900 kgfrsuch a case will have a mass of 0.293 kg.
Figure[5.I6([5] shows SSTL's mini-satellite momentum wheed the aluminium case around
it. A shield will be necessary to protect the rest of the speafefrom debris in case of a loss
of levitation at a high angular rate [75].

Figure 5.16: SSTL's mini-satellite momentum wheel [5].

5.3.3 Gravity Compensation

To test the 3Dwheel engineering model in the lab repulsivenpaent magnets underneath
the rotor were used to compensate for gravity. All testinghef wheel was done with the
wheel horizontal (with the rotor’s spin axis pointing vedily out from the centre of the Earth).
3Dwheels cannot be assumed to be in this orientation dupagexraft assembly, particularly
as there may be several wheels mounted orthogonally to éhehar in a pyramidal configu-
ration. Once away from the Earth’s surface this pair of reijpalmagnets will try and displace
the rotor axially with only the electromagnets’ passivetagrg force acting against the per-
manent magnets. If the permanent magnet in the base plate eihngineering model was in
a certain position the rotor could be made to oscillate Bxtacause of a lack of damping in
the permanent magnet system. Additional repulsive perntanagnets above the rotor could
be used to prevent these two problems. Additional permanagnets could not be fitted dur-
ing this project as the sensor mount in the centre of the witbnot allow enough room for
additional permanent magnets. A complete dynamic moddie@permanent magnet gravity
compensation system needs to be developed. Increasingadisev force generated by the
electromagnets to compensate for gravity is not the besgtigolfor reasons described in Sec-
tion[5] and because of the thermal dissipation of additibeat generated in the coils, and the
increase in mass and ohmic losses due to any additionalrego#ed in the coils.
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5.3.4 Rotor Critical Frequencies

The critical frequencies of the 3Dwheel engineering madeitor have not been calculated as
mechanical finite element software was not available. Tha nill increasingly vibrate and
suffer from instabilities as its spin rate passes each dfritical frequencies. The complete
levitation system must have sufficient stiffness to supgitrotor through these frequencies
if they occur in the wheel's operating range. The rotor'sical frequencies on the wheel
designed for the AMSAT 3D satellite were said to be above #imum operating speed of
3000 rpm [[28]. The composite rotor developed for an energsage application had its first
critical frequency at 46019 rprm [34].

5.3.5 Touch Down Bearings

If electrical power to the controller or electromagnets’pdifier is lost, the rotor will cease to be
levitated. Mechanical touch down bearings need to be peavid allow the rotor to gracefully
lose its angular momentum without the rotor and stator bdemgaged. Such bearings must
prevent the rotor or stator from coming into contact withteather but must not limit the
rotor's movement during normal operation. Designing todown bearings for the tilting
wheel is more complex than standard wheels because itegaagap width allows the rotor
a greater range of movement. Bearings such as roller or éalifmgs, or plastic solid bearings
could be used. The bearing must be designed to cope with tkienma angular velocity of the
wheel and the touch down bearing design could even limit thealis maximum spin raté [23].

An additional solution proposed by several authors is tothieenotor as a generator if power
to the electromagnets is lost. This would maintain lewtatof the rotor and dissipate the
rotor’s kinetic energy in a controlled fashion until the ¢hdown bearings are able to support
the rotor. The 3Dwheel’s rotor spinning at 5000 rpm has atkirenergy of%[zzo@ = % X
0.002326 x 5242 = 319 J. Assuming that levitation can be achieved with a power womsion

of 10 WH then if the generator has a 100% conversion efficiency thendior can be levitated

for 32 seconds, or 9.6 seconds at 30% conversion efficiency.

5.3.6 Redundancy

In the engineering model of the 3Dwheel there is no redundanfailure of a single amplifier
or sensor would prevent the rotor from being levitated. Fs& on spacecraft the lifetime and
likelihood of each component failing must be calculated.ditidnal redundant components
can be added if necessary to provide redundancy and an iegplidetime, albeit with a mass
penalty. This is an advantage of a magnetically-levitatesnentum-wheel. The mechanical
bearings in a conventional wheel are one of the components likely to fail and it is not
possible to include redundant or spare mechanical bearings

1The AMSAT Phase 3-D wheel's bearings have a stated poweuogtion of 5 W [23]
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5.4 Conclusions

The knowledge acquired during these investigations has bembined to produce the engi-
neering model of the 3Dwheel hardware. The engineering hiadebeen designed to demon-
strate that a tilting magnetically levitated momentum wiseiable for use on small satellites
is feasible. The engineering model has been designed ferafasanufacture and so is quite
different from a flight-ready wheel.

Finally, the aspects of a tilting magnetically levitatedmentum wheel that were not consid-
ered during this project have been briefly introduced. Thegects must be fully developed
for a flight-ready wheel.

The next Chapter will develop a model of the dynamic motiornthaf 3Dwheel’s rotor. This
model will allow the response of the rotor to be modelled aiitlhe used to derive controllers
to stabilise the levitation and motion of the 3Dwheel’s roto
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Chapter 6

Dynamic Modelling

In the previous Chapters the magnetic properties of adiltiragnetically levitated momentum
wheel were discussed and modelled analytically and nuadbrid his work was used to design
the hardware for the engineering model of the 3Dwheel. Asasghaving magnetic properties
a magnetically levitated rotor has dynamic propertiesstrinslational and rotational motion.
In this Chapter analytical models of these motions are d@esl. The models will be used to
predict the dynamics of the rotor's motion and again in thet @hapter to derive controllers
to stabilise the 3Dwheel’s levitation and motion.

The models initially assume a perfect rotor with no mass lari®e. This is later extended
to discuss a rotor that is not perfectly balanced. The senssed in the engineering model
and in a flight-ready model measure only the rotor’s positidany control technigues require
knowledge of the rates that the rotor is moving at. Calcutpthese rates by differentiating the
sensor values also differentiates noise in the values.€eftrer Kalman filters were developed
to estimate the rotor’s rate of movement. A method to tunekihinan filters to the actual
dynamics of the engineering model is presented.

6.1 Dynamic Equations
The motion of the rotor can be separated into translatiomdlratational components:

6.1.1 Dynamics of Translational Motion

The dynamic behaviour of the rotor for translational moi®given by Newton’s Second Law:

F = Ma (6.1)

whereF is the force acting on the rotor in the fixed inertial fraiNe a is the acceleration of
the rotor in the inertial frame antlf is the mass of the rotor. The acceleration is given by:

a = ity + iy + 50, (6.2)

93
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where x is the translational position along the x-axis aids the second derivative of the
translational position, or acceleration, along the x-axis

6.1.2 Inertia Matrix

In translational motion, the object’s mass determinesdtekration when a force is applied.
Mass is a scalar quantity. In rotational motion the equiviaté mass is the moment of inertia.
For three dimensional motion the tensor inertia matrix mdus

J

K

Figure 6.1: The body and inertial reference frames.

The derivation of the inertia matrix of a body B is describedriany texts, for examplé [lL1]
and [12].

I, J andK form the fixed inertial reference framg.j andk form the body reference frame.
For a particlem; in the body its position is given by:
R;=Rg+r; (63)

From Euler's Moment Equation the velocity of; is given by:

Ri:Ro—{—fi—{—wXI'i (6.4)

wherew is the angular velocity of the body frame with respect to tietial frame.

The angular momentum of particie; is then:

hi = r; X miRi
= r; X mi(Ro +r; + w><ri) (6.5)
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As we have a rigid body thefy = 0 and so:

h; = r; X mi(Ro +w><ri)
= r; Xx m;Rg + 13 X m;(w Xrj)
= —RO X myri + ri X m;(wXr;) (6.6)

To find the angular momentum of the whole body we sum the angatementum of all the
particles:

h = Z R0><m1rl+z:r1 (wXr;)m

= —Rg X Zmlr1 + Zrl (wXri)m; (6.7)

Because the motion is about the centre of njass m;r; = 0, therefore:
h= Z r; X (wXrj)m; (6.8)

The position of each particle is given by:

ry = xli—kyzj—kzll;
T (6.9)
and:
T
w= [ Wy Wy Wy ] (6.10)
Therefore:

—Wa iz + We ] — WyTiYs + Wali
r; X (wXry) = | —w,yiz + wyzg + wy:v? — WaTiYi (6.11)

2 2
Wzl; — WyYizi + Wy — Wylizg

Defining:
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m;

Ly = 2(5'322 + 27 )m;
m;
m;

Iazy = Iyx:§ TiYimy;
m;

I, = IszE Tizimy
m;

Iyz = Izyzzyizimi (6.12)

Now, the angular momentum of the body is:

Iy Iy I | | w | =Iw

|: Ipe —I:vy —1I;. Wy
—1, —Izy I, Wz
(w:rlmm - wylxy - wzlxz) +
(wylyy — walys — wzlyz) +

k(w. L, — welp — wyl.y) (6.13)

Cied> o>

I, Iy, and 1., are called the principal moments of inertia and the remginoff diagonal
elements, are called the products of inertia.

6.1.3 Dynamics of Rotational Motion

The body framdB is fixed to, and rotates with, the bodg.rotates with angular velocityZ/™
with respect to the inertial fram. This angular velocity can be written as:

B/N /

by + Gy by + by, (6.14)

If the body frame is aligned with the principal axes of the ypadd the origin coincides with
its centre of mass, assuming there are no products of infréia the angular momentum of the
body is:
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H = H,b,+ H,by + H.b,

= Iyw.bx + Iyywyby +I..w.b, (6.15)

This can be differentiated using Euler's Moment Equatiomyitee the dynamic equation of
rotational motion in vector form, which makes no assumpgiahout the inertia matrix [76]:

T=Iw+wxlw (6.16)

whereT is expressed in the inertial franié:

T = Tyhy + Tyhy + T.A, (6.17)

Rearranging we have:
w=IYT-wxIw) (6.18)

6.1.4 Kinematic Differential Equations of Motion
The orientation of the body frame with respect to the inkfteme is specified by the Euler

anglesyp, 6 and. Using a 3-2-1 sequence we can define the rotation mRti@s described in
Appendix(C1:

R =Rq(¢)R2(0)R3 () (6.19)

The Euler angles are related to the angular velocities bkitrematic differential equations of
motion [12]:

d:) 1 cd spsh  cpsh Wy
0 | =—1| 0 cpcd —spch Wy (6.20)
1/} € 0 so¢ co W,

wherect = cos § ands¢ = sin ¢

Many authors do not include the kinematic differential amres of motion in their mod-
els of the rotational dynamics of a shaft or rotbri[L8][25][[*8]. The kinematic differ-
ential equations of motion are however always included & ribtational dynamics of mo-
tion of spacecraft([11/][12]. In a spinning shaft or rotor age of angles tilted through is
small and small angle approximations can be used to showEttaation[6.20 simplifies to
(¢ 6 ] " =[w: w, w. ] Therefore the kinematic differential equations of motion
can be omitted from the motion of the 3Dwheel if the tilt rafgemall enough that the small
angle approximations are valid.
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EMs

EME

EME

Figure 6.2: The arrangement and numbering of the electroatagiround the wheel

6.1.5 Kinematic Mapping Equations

The mapping to convert the forces produced by the electrastago the 3-axis torque and
force exerted on the rotor is given by the kinematic mappiggaéons. Figuré€8l2 shows
the co-ordinate system and numbering of the electromagngetsand z represent the wheel's
inertial reference frame, which is fixed to the stator. Emtiagnets 1 to 8 produce an attractive
reluctance forcef; to fs, in the radial direction. The passive forces in the axiadclion are
ignored because of their low magnitude compared to theeactimponent as described in
Sectio3.Z1B. The total force produced in the inertialneiee frame is given by:

Jf2

I3
-1 -1 0 0
Ja (6.21)

f5
0 0 0 0
f6

fr
L fs

I
o O =
o O =
O =R O
O = O

()

()

|

—

|

[—

The torque about each of the inertial axes can similarly t=utzted as:
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!
f2
T, 0 0 -11 001 -1 ff’
T, | = m|1 -1 00 -1 10 0 f4 (6.22)
T, 0O 0 00 000 O b
fe
fr
L fs

wherery is the length of the moment that the torques act about, asibeddn Sectiofi 4.4]2.
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Figure[6.B shows the components of the motion of the 3Dwhbehwnounted on a spacecraft.
fi indicates a vector quantity in the inertial frame dnihdicates a vector quantlty in the body
frame. F;_g andi;_g are the elght electromagnet forces and currents resplyctivd, v, a is
the desired spacecraft attitud€n is the desired torque output from the 3Dwheel dnd is
the desired spin rate of the rotarn is the attitude rate of the rotor ardn is the attitude of
the rotor, whilepfn is the desired rotor attitude.

The area enclosed by a dashed grey line is a piece of hardwaitgets dynamics that have to be
simulated by a model in a Simulink simulation. The remairiteghs are always implemented
in software for both a simulation and in the hardware in thetatory or on a spacecraft.

The rotor’'s dynamic equations of rotational and transtetianotion and its kinematic differ-
ential equations of motion are all described in this Chaplee rotational motion is given by
Equation[8.IB, translational motion by Equationl 6.1 andkihematic differential equations
by Equatior6.20.

The electromagnet dynamics implement the reluctance fegoation and the electromagnet
kinematic mapping block implements Equatiéns 5.21 [andl 672% motor dynamics can be
simulated using Equatidn 6133.

The satellite dynamic blocks consisting of the dynamic &quoa of rotational motion and
kinematic differential equations are given in Appendix € jathe satellite command torque.
The 3Dwheel steering law block implements Equalionl6.36.

6.1.7 Air Gap Width

As the rotor moves the width of the air gap between each elmetgnet and the rotor will

vary. As the reluctance force generated by each electrogtagrinversely proportional to

the square of the air gap width it is important to be able t@wdate the air gap width at

each electromagnet for an accurate simulation of the dytsofithe system and also for the
derivation of the controller.

Non-Linear

Electromagnet has its stator pole face fixed in the inertial reference frather,,, s, zsn |©
and the corresponding point on the rotor moves around. Thresmonding rotor point has a
position| =, ym 2 |1 When the rotor is in its central position. The rotation natsi
describing the position of a point after a rotation are giieAppendix[C1; because of the
symmetry of rotor about the z-axis only rotatioRg (o) andRy (c,,) need to be considered.
The translation that the rotor had undergone is givef by y 2 |7 and so the widthy,, of
the air gap between the rotor and electromagnistgiven by:

Tsn Trn z
Tn = Ysn - Rx(a:v)Ry(ay) Yrn + 1y (623)
Zsn Zrn z

For electromagnets on the x-axis the first component,pprovides the air gap width and the
second component for electromagnets on the y-axis.
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The radius of the rotor is,, the height of the rotor i§ and the width of the air gap with the
rotor in its central position isy. The position of the rotor and stator in each air gap is defined
in Table[6.1.

Electromagnet Stator Position Rotor Position
1 [rr +70,0,7/2] [rr,0,1/2]

2 [rr +70,0,=n/2] | [rr,0,-1/2]
3 [0, 7 + Y0,1/2] [0 ,r,n,n/2]

4 (0,7 + 50, —n/2] | [0,7r, —n/2]

5 [=rr —70,0,n/2] | [-rr 0 n/2]
6 [—rr — 70707 —n/2] | [-ry T2

7 [07 — 70, 77/2] [Oa _Tra 77/2]

8 [Ov —7Tr — 70, _77/2] [07 77/2]

Table 6.1: The co-ordinates of each electromagnet’s rotdrséator poles.

Linearised

When generating the linearised controller, a linear fornEqfiation[6.2B is required. For
electromagnets one and two as the rotor moves in the positilieection then the width of
their air gaps will decrease and the width of the air gaps ecteomagnets five and six will
increase:

Ay = Dyp=-—

Similar values can be calculated for the remaining elecagmets along the y-axis.

Electromagnet one is &t,, 0,1/2]”. Using the y-axis rotation matrix from Equatibnic.2 and
assuming no translations about other axes, the air gap widlttis electromagnet for rotations
about the y-axis is:

71 = (1 + ) — (1 cos oy + 1/2sin ay) (6.25)

Using small angle approximations this reduces to:

Y1 =" — /20y (6.26)

Performing similar rotations for the other electromagr(etsusing symmetry) the linearised
change in air gap width for all of the electromagnets can bedo
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A ] [ -1 0 0 —n/2
Ay 10 0 /2
A 0 -1 n/2 0 x
Ay | | 0 =1 —n/2 0 Y
Nvys | 1 0 0 n/2 Qe (6.27)
A 1 0 0 —n/2 Qy
A 0 1 —n/2 0
LA&Mys L 0O 1 /2 0

6.1.8 3-Axis Torque Output From the Wheel

The 3-axis output torque from the full wheel syst8mis the sum of the gyroscopic output
torque from tilting the wheell'r and the conventional torque from changing the angular ve-
locity of the spinning wheell'. Because the rotor is tilted through a small range of angles,
we can use small angle approximations to say that there impanent of the gyroscopic
torque about the z-axis and the conventional acceleratiaqué only has a component about
the z-axis.

The output torque from tilting the rotor is generated by tw@e physical process as in a CMG.
Incorporating the small angle approximations mentionemabit is given by:

Ay
Tt = dy X h0(¢7 07 az) (628)
0

wherehy is the angular momentum of the spinning rotor, and is a fonctif the rotor spin
rate about the z-axis and the angle of the rotor about the y axds. The angular momentum
when the rotor is not tilted is:

0
Ho(d,)=1| 0 (6.29)

az

The rotation matrix to rotatély (¢, ) about the y-axis and then the x-axis can be calculated by:

1 0 0 cd 0 sb
Ryy = 0 cp —so 0O 1 0
| 0 8¢ co —s0 0 cf
[ b 0 s6
= s¢psf ¢  —s¢cl (6.30)
| —cgst s cocl

Therefore the output torque from tilting the rotor is given b



104 Chapter 6. Dynamic Modelling

i 0
Tr=|dy | xRyyI| 0 (6.31)
0 .

The output torque about the z-axis from the acceleratiohefdtor is given by:

0
Tc=1.| 0 (6.32)

o

The output torque from the tilting magnetically-levitatedbmentum-wheel is the sum of the
torques from tilting and accelerating the ro®Br= Tt + Tc.

The dynamics of the brushless DC motor spinning the rotoapmoximated in the Laplace
domain by:

N SIdrive(S)
Q =——7r 6.33
Z(S) SKl + KD ( )
wherel;.;.. is the drive current to the motor, and the inertia and dampeigs K; and K p
are taken for a typical brushless DC motor used in the laborawith valuesl.07 x 10~2 and
0.1 respectivelyl[/9].

6.1.9 Torque Command

AppendiXT describes two steering laws that generate a détoegquel = [ 7, T, 7. ]T
that the 3Dwheel is required to generate. This demand nedus ¢converted from a torque to
tilt demands about the x and y-axes. These torque commaadsdhm the desired input to
the closed loop controllers.

The gyroscopic torque generated by tilting the wheel ismive Equatiod 6.31. Multiplying
this out and assuming that the inertia malfris diagonal with no product of inertia terms:

Cryy COS Qry COS iy I Cr,
T = — (g COS (g €OS L5, Gy (6.34)
(—cyy sin oy — G sin oy cos o) I 26,

Ignoring the term about the z-axis, which will be controllegla separate controller, this can
be rewritten:

0 cos a cos ayl ., 0 Qi
Tt = | —cosagcosayl,d, 0 0 Gy (6.35)
0 0 0 0

This can be inverted to give the rotor tilt commands that aarfeld to the electromagnet con-
trollers:
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by
&y | 1/(cos ay cos ayl,.cr,) 0

0 —1/(cos o cos a1 0r) ] [ T, ] (6.36)

Y

The motor’s speed input can be simply generated by a simpleoptional controller froni’.
The proportional gain in the simulation was found by experitation.

6.1.10 Linearised Model

The translational and rotational dynamics mean that a im@ad model is required to accu-
rately model the levitated spinning rotor. However, for degivation of some of the controllers
in the next Chapter it is convenient to linearise the modelalis operating point.

The simplest model assumes that there is no coupling betamgetranslation or rotation axis.
From Equatior.G6]1 there is no coupling between the traosiatiaxes. By treating the gyro-
scopic term in Equatiof 6.6 as a disturbance then the ootdtaxes can be considered to be
decoupled from each other and from the translational axestefore a separate model can be
generated for each actively controlled translation anatiarn axis.

The reluctance force generated by an electromagnet, igndine minus sign that is usually
included to indicate that it is an attractive force, is:

N2eli?
Fp = % (6.37)
dry
This equation can be linearised by taking the first orderdraggtries expansion:
N2eli3 NZ2eli N2eli3
Fp Ho 2620 Ko QEZOAZ-_,UO ;ZOAV
45 27§ 2%
= fo+ KLi— KAy (6.38)
whereK; is the force-current constant aid, is the force-displacement constant.
The total translational force along the x-axis is:
Jo=h+fa—fs—Je (6.39)

Substituting in the Taylor series expansion and the lisedrair gap widths:

fo = fo+ Kilig + K, Ax
+ fot Kilip + KAz
— fo+ Kiligy + K, Ax
— fo+ Kilig + K, Ax
- AK; Nig + 4K, A (6.40)
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Applying Newton’s second law and rearranging we have:

fo = M
i o= %(Kimﬁuqm) (6.41)

Taking the Laplace transform:

s2X(s) = %(Kiz‘x(s)—i—llKWX(s))

=) = (6.42)

The transfer function for translation along the x-axis isréfore:

X(s) = 4K;/M

ip(s)  s2—4AK,/M (6-43)

G.(s) =

For rotations about the y-axis, the torque acting on the listgiven by:

Ty =rr(fi+ fo — fa— f5) (6.44)

whererr is the length of the lever arm that the torques act througlsasssed in Sectidn 4.3.2.
Substituting in the Taylor series expansion and the lisedrair gap widths:

Ty= rr( fo+ KiDigy + K n/20ay
+  fo+ Kiliay + Kyn/20ay
—  fo+ Kiligy + Kyn/20ay
- fo+ Kiligy + K\n/20ay)
= Arp (K Nigy + Kyn/20ay) (6.45)

The dynamic equation of rotational motion (Equation 6. i®)oiring gyroscopic coupling and
only considering rotations about the y-axis is:

Ty = Iyydy (6.46)

Substituting this into Equatidn 645 and taking the Laplaaasform:

_ AT Kiiay(s) N 4r2 K, Ay(s)

2
s%Ay(s)
! Ly Iyy

(6.47)
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The transfer function for rotations around the y-axis igefare:

Ay(s) Are K/ 1y,
o = - = 6.48
Gay(s) Gay(s) s —4r2K, /1, (6.48)

The values used to generate the linearised model are sholabie[6.2. Figur€6l4 shows the
bode plot of the translation and rotation transfer functioffhe translation transfer function
has a magnitude of -57.1 dB at DC and a 3 dB frequency of 34 tad he rotation transfer
function has a DC magnitude of -21.2 dB and a 3 dB frequencybaf fiads ' . Because they
are double integrators they have a constant phase of di&f) their magnitude decreases at a
rate of -40 dB per decade.

N | 100 turns

€ 8.0 mm

l 50.0 mm

Yo | 1.4 mm

ip | 3.0A

M | 1.301 kg

I, | 0.001594 kg
rp | 16 mm

Table 6.2: The values used to generate the linearised model.

Bode Diagram
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Figure 6.4: The linearised rotation and translation tranifnctions.

6.1.11 Non-Linear Model

The linearised model that has just been generated is usafinigdthe generation of the con-
trollers. To accurately model the complete behaviour ofttheel a non-linear model is re-
quired. An accurate model is required to test that the chatsocan cope with the hardware’s
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non-linear behaviour and to see how the controllers pertosaty from the operating point that
they were linearised about.

The non-linear model of the wheel was generated in the Sikbliock diagram programming

language. Simulink allows a system to be modelled in a hibreal system of graphical draw-
ings. Each level of the hierarchy introduces more detail the¢ basic mathematics of a block
are represented by algebraic blocks or equations writtémeiatlab programming language.
Simulink allows the model to be solved using either fixed stisprete or continuous Ordinary
Differential Equation (ODE) solvers. Results can be viegeaphically or the chosen variables
saved for later analysis and plotting.

Wheel Non-linear Dynamics

alpha_dot [ i 3 )
= 0,22}‘7i_ff =yz i} 2d_est
.ﬂ ' FF_gain FTP [t
- Hon-lin Current
i_ff Feed Fonnard
Yz 1)
-1 O W Furce ] Force ] =
; alpha_dot b
Selector! 4zd
BM_Force [—e{ B_Force PhiTheta Psi w2 )
FhiThetaPsi
wdydzd —fe, : )
- gamma Torque Torque 4

wvzd

weldyddadd

syzdd

Emd - Non-linear Kinematics Dynamics
fen -
gamma
Stap if Crash xyz [
+—Jgamma H_nen_lin

F Y

alpha

Figure 6.5: The top-level model of the wheel’s non-lineanaiyics.

Figure[&5 shows the top-level block of the wheel's nondindynamics. The inputs and out-
puts are listed in Table8.3 and the sub-blocks in TRble 6.4.

Label Dimensions| Description

[ [8 x 1] Electromagnet currents

Tz 1x1 Motor torque

ad est 3x1 Estimated angular rates

Xyz 3x1 Translational position

PhiThetaPsi 3x1 Rotational position in the inertial reference frame

[1x1]
3 x 1]
3 x 1]
3 x 1]
azd [1x1] Wheel's angular velocity about the z-axis in the body frame
3 x 1]
3 x 1]
[8 x 1]

xyzd 3x1 Translational velocity
Xyzdd 3x1 Translational acceleration
i_ff 8x1 Feed Forward Currents

Table 6.3: The inputs and outputs to the wheel's non-lingaadhics block.
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Label Description

EM - Non-linear| Electromagnet non-linear dynamics

Kinematics Mapping from electromagnet forces to inertial force andter
Dynamics Wheel non-linear dynamics

Non-lin Current | Feed forward calculation
Feed Forward
H_non.lin Air gap width calculation

Table 6.4: The sub-blocks in the wheel’'s non-linear dynarbiock.

The “H_non.lin” block is an embedded Matlab function that implementsi&eppn[6.2B. The
“Stop if Crash” block stops the simulation if the rotor cdblis with the stator electromagnets.
This is said to have happened if the following logical expras is true:

Y0 < |Yn — Y0l (6.49)

This is equivalent to saying that if an air gap moves furtmentits central position than one
air gap width then a collision will have occurred.
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Electromagnet Non-linear Dynamics
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Figure 6.6: The electromagnet non-linear dynamics blogdémenting Equation-3.4.

Figure[&5 shows the electromagnets non-linear dynamaxskblThe inputs and outputs are
listed in Tabld&b.

Label Dimensions| Description

\Y [8 x 1] Controller output command

gamma [8 x 1] Electromagnets air gap widths

EM_Force| [8 x 1] The horizontal attractive reluctance force genergted
by each electromagnet

Table 6.5: The inputs and outputs to the electromagnetslinear dynamics block.

The input to this block is the voltages generated by the otlats. The Amp sub-block takes
these voltages and converts them to a current. Because bhéaeity and low noise of the
amplifiers used, this conversion has been represented binafane. The EM sub-block
implements the reluctance force equation:

o ,uoN2€l’L'2

F
R 172

(6.50)

The air gap input to this block is the actual air gap width atheaf the eight electromagnets.

The force output is the attractive reluctance force geedray each electromagnet; the kine-
matic mapping equations are required to map these forcedhimtwheel’s inertial reference

frame.
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Kinematic Mapping
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Figure 6.7: The kinematic mapping block implementing Emues{6.21 an6.22.

Figure[6.¥ shows the kinematic mapping block. The inputsartguts are listed in Tab[e™®.6.

Label Dimensions| Description

EM_Force| [8 x 1] The horizontal attractive reluctance force generated by
each electromagnet

Force (3 x 1] The force acting on the rotor in the inertial reference frame

Torque [3 x 1] The torque acting on the rotor in the inertial reference ram

Table 6.6: The inputs and outputs to the kinematic mappiogkbl

The kinematic mapping block maps the eight attractive m®duced by the eight electro-
magnets into the total force acting on rotor along the thres af the inertial reference frame
using Equatiof 6.21 and also into the three torques actingtahe inertial reference frame’s
axes using Equatidn 6.22.
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Non-Linear Dynamics
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Figure 6.8: The non-linear dynamics block implementing &und 6.l anf{6.18.

Figure[6.8 shows the non-linear dynamics block. The inpoatsautputs are listed in Tadle®6.7.

Label Dimensions| Description

Force [3 x 1] The force acting on the rotor in the inertial reference frame
Torque 3x1 The torque acting on the rotor in the inertial reference ram
Xyz 3x1 The translational position of the rotor

xdydzd 3x1 The translational rate of the rotor

PhiThetaPsi The rotational position of the rotor in the inertial frame
alphadot The rotational rate of the rotor

3 x1]
3 1]
[3 > 1]
xddyddzdd [3 x 1] The translational acceleration of the rotor
[3 > 1]
3 x1]

Table 6.7: The inputs and outputs to the non-linear dynairiimsk.

The non-linear dynamics block implements the dynamic egustof translational and rota-
tional motion, Equations 8.1 ahd 6118 respectively. Thedslational acceleration is integrated
twice to calculate the velocity and position of the rotoreThtational acceleration is integrated
once to give the rate, which passes through the kinemafereiftial equations of motion block
to give the rotational position of the rotor in the inertiedihe. The initial rotational rate of the
wheel at the start of the acceleration is specified in thiskbl@ll other initial rates and posi-
tions are assumed to be zero.

The rotational rate and position is passed to the staticlanba block; the theory of which is
explained in Sectiof 8.2. The static imbalance disturbémwe calculated is summed with the
force exerted on the rotor by the electromagnets.

The translational and rotational rates are only passed fotiti® block to allow them to be
monitored conveniently. The output of the equivalent haneiws only xyz and PhiThetaPsi.
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Kinematic Differential Equations of Motion
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Figure 6.9: The kinematic differential equations of motidack implementing Equatidn 6.R0.

Figure[6.D shows the kinematic differential equations ofiamblock. The inputs and outputs
are listed in TablE®&I8.

Label Dimensions| Description
adot [3 x 1] The rotational rate of the rotor
PhiThetaPsi  [3 x 1] The rotational position of the rotor in the inertial frame

Table 6.8: The inputs and outputs to the kinematic diffeadiguations of motion block.

The kinematic differential equations of motion block implents Equatiof 6.20. The “Form
Kinematics” MATLAB Function forms th& x 3 matrix. The rotor is assumed to start from a
central position.
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Feed Forward
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Figure 6.10: The non-linear feed forward block implemegit8ectior 8211 of this thesis.

Figure[6&ID shows the non-linear feed forward block. Thaiismmnd outputs are listed in
Table[6.9.

Label Dimensions| Description

alphadot [3 x 1] The rotational rate of the rotor

Xyz (3 x 1] The translational position of the rotor in the inertial fram

PTP [3 x 1] ¢, 8 and), the rotational position of the rotor in the inertigal
frame

PhiThetaPsi  [3 x 1] The rotational position of the rotor in the inertial frame

Table 6.9: The inputs and outputs to the non-linear feeddoavilock.

The non-linear feed forward block calculates the curremtsotmpensate for gyroscopic cross-
coupling as described in Sectibn8]2.1. The H sub-blockutaties the air gap width at each
electromagnet. The HT constant contains the pseudo-inverse of Equdfion 6.22ai time
three torques to eight currents. The constant was only defisean’ x 2 matrix hence the
need for the selector block. The rest of the maths implemtbetseluctance force equation,
Equatior &.5D.
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Static Imbalance

Figure[6.ID shows the static imbalance block. The inputsoatplts are listed in Tab[e6J10.

Label Dimensions| Description

alphadot [3 x 1] The rotational rate of the rotor

alpha [3 x 1] The rotational position of the rotor in the inertial frame

F [3 x 1] The disturbance force on the rotor due to its static masslanbe

Table 6.10: The inputs and outputs to the static imbalanoekbl

" e
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alpha_dot e » x
Math >
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Figure 6.11: The static imbalance block implementing Eignd.54.

The static imbalance block calculates the static balansteitiance force acting on the rotor
using Equatiofi’6.34. The magnitude of the imbalahteis stored as a constant in the model’s

initialisation call-back function.
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6.2 Rotor Imbalance

An ideal rotor has its mass evenly distributed about it anthgahal inertia matrix. In reality
rotors will not be perfectly balanced. This imbalance cavetestatic or a couple component.
Most rotors will have a dynamic imbalance, which has bothaticind couple component.

6.2.1 Static Imbalance

A static imbalance is where the centre of mass of the rotoffsefrom the centre of rotation.
It can be approximated by the addition of a single point mass.

The equations of motion for a simple point mass rotor can higenras:

Mz + ks = fi(t)
M+ ksy fy(®) (6.51)

Wherek, is the spring constant of the bearing. In a static imbalaheecentre of mass is
located a distance metres from the centre of rotation, the mass of the whekl ikg and the
wheel is rotating about the z-axis at a ratefbfads™! then the equations of motion can be
written as below if there are no external forces acting ontheel [80]:

d? )
WM(:U + ecos(ayt)) +ksz = 0
2
EM(y +esin(a,t)) +ksy = 0 (6.52)

Which can be written as:

Mi + ksx = Med; cos(dt)
My +ksy = Med;sin(a,t) (6.53)

Where the terms on the right-hand side are the disturbamce éue to the static imbalance of
mass in the wheel. The force on the wheel due to the staticlambaFs; is:

Med? cos(ci,t)
Fsr = | Med?sin(c.t) (6.54)
0
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6.2.2 Couple Imbalance

With the couple imbalance, the principal axes of inertiaad@n angle, radians from the plane
of the wheel. From[[47], the resulting turning force on theewhis given by the torquéc;
and given the difference in moments of inedjgy y = I, — I.. = I,,, — I.. can be calculated
similarly as:

—xlaif &2 sin(dt)
TC] = XIdiffdg COS(dZt) (655)
0

Alternatively, when the rotational dynamics are writterv@ttor form and the static imbalance
is included in thel,. or I,. term of the inertia matrix then the cross product term of the
rotational dynamics will include the disturbance torquanirthe couple imbalance:

T=1w+wxlw (6.56)

When the inertia matrif is diagonal with the couple imbalance represented by,arterm
then multiplying out the gyroscopic component gives:

I = 0 I, O
L Ia:z 0 Izz
[ Gyl — dydedy, + dyded,,
axIa = | dp,lpy — 21, + &21,, — 1, (6.57)
uyGuy Ly — gy Ly — iy Iy,

The &1, term is the disturbance due to the couple imbalance. Whegriated as part of
the wheel's dynamic equations it will give sinusoidal teratwut the x and y axes. The I,
term has been shown to be equal to m@iffdg term in Equatioli_.6.35, when the small angle
approximation is replaced by = sin(y), and/,. is calculated from a CAD model of the rotor
rotated by the anglg.

6.2.3 Imbalance Estimation

The static and couple imbalance of a rotor would normallydigreated and corrected to within
a given tolerance on a balancing machine. No balancing maakés available at the Univer-
sity’s workshop and neither time nor funds were availabletli@ rotor to be balanced at an
external company. The following method was devised to eg#énthe static imbalance of the
rotor.

The dynamic equations of translational motion of the rob@orporating the static imbalance
and control force from the electromagnets, but assumirigtiieaspring constark, = 0 are:
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Mi = Mea?cos(a, + ae) + Fomg
Mij = Med?sin(a, + ae) + Femy (6.58)

Which can be rearranged to:

Femm .
(i“ Y, ) = ed?cos(a, + ae)
i — Lemy = ed?sin(a; + o) (6.59)
M *

Z andy need to be calculated. The sensors measwedy and the Linear Kalman filter can
be used to estimatzandy. A high-pass filter of the form:

1

S
Gupr(s) = % (6.60)

WHPF

wherewpr is greater than the rotation rate of the wheaglcan be used to differentiate
andy to calculate the acceleratiofisandgj. The transfer function of the above high-pass filter
whenwypr = 150 rads™! is shown in Figur€g.12, which was used in the following exlmp
when the wheel was rotating at 500 rpm (or 52.4 radls The 3 dB frequency of the filter is
at 150 rads™! and so at 52.4 rads the filter is acting as a differentiator. However, it is not
perfect and has a phase of 70&at 52.4 rads', compared with 90for an ideal differentiator.
The forces generated by the electromagnets and the massrofdin are known and so the left
hand side of Equation 6.59 can be calculatéd.is also known and so the offset distance
between the centre of geometry and the centre of mass camihe fiom the amplitude of the
sine wave.

There are then several options to calculate the phaseqguositiof the centre of mass. Initially
it was found by converting the sine wave to a square wave anghgat with cos(a,). The
resulting signal is a logical high when the two inputs to tloe are different. The proportion
of a cycle that the xor output is high is relatednta This proportion can be found by low pass
filtering the output of the xor. A more refined approach is faeecos(c, ) with cos(a, + )
and to varya/, until the output of the xor is logic zero at all times. This wagplemented in
Simulink by low pass filtering the output of the xor and usingl@ontroller to generate’, as
shown in Figuré6.13.

The method works well in the non-linear simulation of the 3iael. When fed with a sim-
ulated input signal with a rotation rate of 52 rads but with a phase shift 0f0°, the PI
controller converges to within 5% of the correct answer inith5 seconds as shown in Fig-
ure[&1%. Unfortunately this method could not be used on tigineering model of the wheel
due to the noise in the y-axis translation eddy current seasdescribed in SectiGn 7.P.3.
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Figure 6.12: Transfer function of a high-pass filter with &affi frequency of 150 rads'.

6.2.4 Imbalance Compensation

As described by[[31] it is not necessary or even beneficigbito & rotor about its geometrical
centre. If there is a static imbalance then doing so resunltsdisturbance force that will be
transmitted to the spacecraft if the bearings are stiff ghoéllowing the rotor to spin about its
centre of mass and principal axes of inertia will elimindte disturbance due to the imbalance,
[48][49][=0] all suggest methods to do this. An alternataygproach to estimating a rotor’'s
mass imbalance has been presented in the preceding Sedti@nrotor must be balanced
sufficiently well that the centre of mass is close enough éagometrical centre that the rotor
will not collide with the stator when spinning around the tterof mass and tilting.
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Figure 6.13: The Simulink model used to calculate
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6.3 Estimation

6.3.1 Kalman Filter

The rate of translation is required to be known if the statasaimbalance of the rotor is to be
estimated or counteracted. Differentiating the positifsom the eddy current sensors would
differentiate the position and the noise from the sensorbetter solution is to use a Kalman
Filter, which tracks the underlying translation rate anigf# the noise at each sample.

To form the Kalman Filter a state space model is built withstede variables:

q1 z
q2 Y
= N 6.61
q o 5 (6.61)
q4 (0
The outputs are:
X
= 6.62
p=| 7 (6.62
And the inputs are:
Fy
u= [ F, ] (6.63)

where F' are the forces that the electromagnets are commanded tcageihy the controller.
From the translational dynamics of the rotor:

q3 0
L q4 0
0 M-1F,

The complete state space model has the form:

4 = Aq+Bu (6.65)

Therefore:
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0010
0 0 01
A = 00 0 0 (6.66)
L0 0 0 0
[0 0
0 0
B = M=t 0
| 0 Mt
(1.0 00
C = 10 1.0 0
The iterative procedure for implementing the Kalman estimes [81]:
1. Form the state transition matrix:
®(t),) = AT (6.67)
whereT is the sampling period in seconds.
2. Predict the covariand® and the state variabig [58]:
P = ®L)Pr®(t)" +Q (6.68)
T
Q1 = eATqn+ / A drBuy, (6.69)
0

whereQ is an estimate of the noise and id & 4 diagonal matrix, with each of the values on
the diagonal initially being0—4.

3. Calculate the Kalman gain:
Ki1 = P CT(CPy CT + W) ! (6.70)

whereW is an estimate of the measurement noise anis & diagonal matrix, with each of
the values on the diagonal initially being—*.

4. Update the state estimate:

Ak+1 = A1 + K1 (Y11 — CQrt) (6.71)

5. Update the error covariance estimate:

Pji1 =Py — Kps1CPryy (6.72)

This iterative process can be implemented as a block diagsashown in Figure 6.15.
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Figure 6.15: The implementation of the Kalman estimatordack diagram form.

6.3.2 Extended Kalman Filter

For linear systems the Kalman Filter introduced above usestate transition matri (¢, )

to propagate the state and the covariance to the next tireaht For non-linear problems ei-

ther the Linearised Kalman Filter or the Extended KalmateF#re required. The Linearised
Kalman Filter uses a linearised form of the system’s dynartiogoropagate a small deviation
in the state variables to the next time period. For “highlghdinear systems the Linearised
Kalman Filter can diverge from the true state. The Extendaldnién Filter (EKF) uses a hybrid

architecture with a continuous integration of the nondingynamics for the state propagation.
The discrete computation of the covariance is retained. BE}Xtended Kalman Filter is neces-
sary to calculate the rate of rotation of the rotor.

The statey is:
. . . T
q= [ ¢ 0 o, oy az] (6.73)
The measured valugsare:
. T
p=[¢ 0 & | (6.74)
The inputs to the system are:
T
u=|[17, T, T.| =T (6.75)

which can be found from the controller output currents, tinggap widths and the kinematic
mapping equations.

The dynamic equation of rotational motion is given by:
a=TYT - axIa) (6.76)

The update functiorf(q, t) is given by:

(f((1>t) = q

= [¢ 0 & & da. (6.77)
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Equation6.76 provides rows 3 to 5 of Equatlon 6.77. The kew#differential equations of
motion provide rows 1 and 2:

(]:5 1 c spsd  cpsh o
0| = = 0 cpcd —spch Gy (6.78)
¥ ¢ 0 so co a,

The iterative procedure for each time step of the Extenddch&a Filter is [82]:

1. Propagate the state:

~ tk+1 ~
st = a5 + / f (@, 7)dr (6.79)

t

where in the Simulink implementation of the Filter, the gration is performed with a first
order Euler integrator. To find the curgéz) given the functiony’ = ¢/(z,y) the following
integral is evaluated given that the starting vajye= y(z) is known:

xo+d
y(wo + d) = y(a0) + / da (6.80)

Zo

For the first order Euler method the integral is replaced byattea of a rectangle [B3]:

y(zo + d) = y(xo) + dy' (xo, yo) (6.81)

2. Linearise around the last estimate:

df(q,1)

A:
dq

(6.82)

a=qx

A can be formed by analytically differentiatingwith respect tay in advance and then substi-
tuting in the values ofj;, at every time step.

3. Derive the state transition matrix by numerical inteigrat

D (tpt1,tk) = AR (tgs1, k) (6.83)

Therefore:

P(to,to) =1 (6.84)

and:

1
®(tp1,te) ~ 1+ AN+ §A2At2 + ... (6.85)
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where/ is the identity matrix.

4. Propagate the covariance:

Prir = ®(ter1, tr)PO(tey1, 1) + Q (6.86)
whereQ is an estimate of the noise and i§ x 5 diagonal matrix, with each of the values on
the diagonal initially being 0.

5. Calculate the Kalman gain:

Kii1 = Pry1Cl1 (Crp1Pri1 Chyy + Wipr) ™ (6.87)
whereW is an estimate of the noise and i8 a 3 diagonal matrix, with each of the values on
the diagonal initially being 0—*.

6. Update the state estimate:

A1 = Aet+1 + K1 (Vi1 — Cr1Qi41) (6.88)

7. Update the error covariance estimate:
Pii1=Pri1 — Kiy1Cri1Pria (6.89)

6.3.3 Kalman Filter Tuning

To obtain the best performance from the linear and extenddh#n filters, the noise estimates
Q andW need to be tuned. Convergence of the filter can be measurasbkind at the diag-
onal terms in the covariance matrix; smaller terms show & gomvergence of the estimated
value. The linear Kalman filter is relatively simple. Becatise x and y axes have the same dy-
namics, there are only three different value€randW that need to be chosen. It was found
to be relatively simple to modify one value at a time and vitseffect on the covariance. The
final values chosen were:

1078 0 0 0
0 1078 0 0 1078 0

Qiin = 0 0 104 0 , Wiin |: 0 10—8] (6.90)
0 0 0 1074

There is less symmetry in the EKF noise matrices; five valleedrto be chosen. It was
attempted to tune them by hand, but the values were intendepé and so a good final solution
could not be found. Values that allowed the filter to convemipen presented with simulation
data were found, but the filter failed to converge when imgetad in hardware with real world
noise and dynamics. An alternative method to i@@&ndW was developed.
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The hardware was run using a tuned controller and curreasstigns and spin rate data were
recorded for 10 seconds. The kinematic mapping equationused to calculate the torque
applied to the rotor from the recorded currents. A Simulimiplementation of the EKF was
taken. The recorded values ff andd., and torque were applied to the implementation. The
model was run repeatedly with each of the diagonal elemdrttsedive unique members of
Q andW being tried with valued0~!, 1072, 104, 10=% and 10~%, requiring5® = 3125
simulations of the EKF. The covariance matrix was recordethe@ end of each simulation
and the set of) and W elements that produced the smallest diagonal varianceemrthe
covariance matrix were chosen to initialise the EKF witheTinal chosen values were:

1078 0 0 0 0
0 100% 0 0 0 108 0 0
QEKF = 0 0 107* o0 0 ,WEKF = 0 10°% o
0 0 0 107* o0 0 0 1078
0 0 0 0 1076

(6.91)
This brute force approach to tuning the filter took only sel/@ours on a modern PC. It is
similar to a Monte Carlo search, which could be used to funtefne the choice of values for
QandWw.

6.4 Conclusions

Linearised and non-linear analytical models of the 3Dwhabinamic translational and rota-
tional motion have been derived. The models show that thw'sanotion will be unstable in
open-loop. Results from these models are therefore pexsémthe next Chapter after closed-
loop controllers to stabilise the rotor’s levitation andtion have been derived.

Real world rotors will not have their mass distributed eyettiroughout them and so will
exhibit mass imbalance. The two types of mass imbalance lbese discussed here and their
effect on the rotor's motion described. A technique to eatera rotor’s static imbalance has
been presented here.

The sensors used to measure the rotor’s position provigetiomlposition. It is often necessary
to know the rotor’s translational or rotational rate. Diffatiating the position output by the

sensors will also differentiate the noise. A better techaits to use estimation techniques to
calculate the rates based upon knowledge of the rotor’srdigsa Linear and Extended Kalman
filters have been presented to calculate the rotor’s triaosi and dynamic rates respectively.
A technique to tune the Kalman filter for the dynamics of thedheare has been presented.
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Levitation Stabilisation and Results

In the previous Chapters a complex model of the interactemwéen the electromagnets and
the rotor dynamics was developed. In order to stabilisedhi¢aition of the rotor and make the

3Dwheel operate a feedback controller is required. Foferdint controllers will be presented

here along with results from testing them with the non-lm&enulation and on the 3Dwheel

hardware in the laboratory. The controllers allowed thelare to be successfully levitated
and generate 3-axis output torques.

Chapte B described the magnetic behaviour of the 3Dwheklian forces that the electro-

magnets exert on the rotor. Chagdiér 6 described the dynawtiomof the rotor when these

forces acted upon it. This Chapter brings these togethatetive the controllers necessary
to calculate the currents required through each electrogtay make it move in the desired
manner. Current control is necessary as it is the currerfiaérréluctance force equation that
determines the force generated by an electromagnet.

7.1 Decoupled Lead Lag Controller

The decoupled lead lag controller is the simplest of therotiats developed for the 3Dwheel.

Lead lag controllers or compensators use a combinatiorogigetional, derivative and integral

terms to achieve the desired frequency response. A leadfdgptier was chosen as it was the
control technique that there was the most existing fanitiiavith.

Separate single-input single-output lead lag controbeesdeveloped for both translation and
rotation axes. The kinematic mapping equations are theth taseonvert the translation and
rotation current demands into the current through eachreleagnet coil.

7.1.1 Theory

From the linearised transfer function for translationaltiomm Equatiori6.43, substituting=
Jjw:

127
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AK; /M
(jw)? — 4K, /M
AK; /M
—w? — 4K, JM
AK; /M

e T 7.1
WP+ 4K, /M (7.1)

Gy(jw) =

The magnitude of this function is:

|G (jw)| = VRe?+Im?

)
4K;/M

T T 7.2
W+ 4K, /M (7:2)

Using a lead-lag compensator with a cross-over frequepof 100 rads® and a phase margin
of 55°. Assume a constant gain across all frequencies sddhétw) = K, then:

KaGuljo = )| = Kagitgis =1
K, = St (73)
A lead compensator of the form below is added to improve ttesemargin:
Kpp = =20 (7.4)
Bs+wr/B

where = 0.1 is known to give 558 of phase margin. The corner frequengy is computed
from the cross-over frequency to give the maximum phase #&able cross-over frequency
wr, = v/Pw.. The lead compensator contributes to a gain losk/gf3 and so the previously
calculated value ofC is multiplied by+/3 to compensate for this:

KB st+wg
Kr, = 5 stwn/D (7.5)

A lag term is added to add integral action to the controllaetnove steady state error:

§ + Wiag
S
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wherew,,, is the corner frequency of the lag component in rdds

Similarly for the rotation controller:

drpK; /1y,
(Jw)? = drg. Ky /1y,

4TTKi/Iyy
—w? — Ard Ky /1y,

47'TKi/Iyy

- 7.7
w? + 4rf. Ky /1y, 7

Gay(jw) =

|Gay(jw)l = VRe?+Im?

_ 4TTKi/[yy (7 8)
w? + 4r2 K., /I, '

47'TKi/Iyy _
w2+ i, /1,
wp + 4rf K /1y,

Koy = 7.
oy 47'TKi/Iyy ( 9)

‘KayGozy(jw = Wc)‘ =

Controller Discretization

For implementation in software on the real-time operatipstean a discrete controller is re-
quired with a fixed time sampling period. Matlab providesdiimns to discretize continuous
systems with a choice of several different algorithms. 8] shows a continuous controller
and the same controller discretized using the Tustin [84]Rinst Order Hold[[85] methods,
both with a sampling period of 1.0 ms. The Tustin method hadrggood results on a previous
project and was used initially. At higher bias currentsiitded to result in an unstable system.
Looking at the phase of the two methods it can be seen thatitste@rder Hold method more
closely matches the continuous controller at frequenggscaching the Nyquist frequency.
Controllers discretized with the First Order Hold methodvyad the most stable when used
with the experimental hardware.

The discrete controller was implemented as a discrete spaiee controller. Figuie~1.2 shows
the controller form used, which implements the discrettestpace equations:

a(k+1) = Aq(k) + Bu(k)
p(k) = Cq(k)+ Du(k) (7.10)
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Comparison of Controller Discretization Methods
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Figure 7.1: A comparison of the Tustin and First Order Hol@Kf discretization methods
with the continuous controller.
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Figure 7.2: The implementation of the controller in Simllin a discrete state space form.

Controller Implementation

The two translation, two rotation current demands caledlddy the controllers and the bias
current are converted to eight current demands by combthmginematic mapping equations,
Equation§6.21 ardld 6.P2, and taking the pseudo-inverse:

- A -

i 10 0 1 17

iz 1 0 0 -1 1 ;

i3 0 1 -1 01 Zf

i 0 1 1 01 "

{i “ -1 0 o0 -1 1 Low (7.11)
i -1 0 0 11 toy

i 0 -1 1 01 to

] Lo -1 -1 0 1]
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Wherei, andi, are the demanded currents along the two translation axeandi,, are the
demanded currents about the two rotation axesigiglthe bias current.

7.1.2 Simulation Results

N | 100 turns

€ 8.0 mm

l 50.0 mm
Yo | 1.4 mm

ip | 3.0A

M | 1.301 kg
I, | 0.001594 kgrh
rp | 16 mm

K; | 1.28 NA™!
K, | 916.0 NnT!
Ié] 0.01

we | 100 rads?!

Table 7.1: The values used to generate the lead-lag cantfoll the 3Dwheel hardware.

Bode Diagram
Gm =-5.73 dB (at 35.9 rad/sec) , Pm = 32.2 deg (at 105 rad/sec)
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Figure 7.3: The frequency response of the linearised déedupanslation model, controller
and electromagnet dynamics.

The controller was implemented using the values given if€l@dl. w. and 3 were tuned
manually for best performance. Figurel7.3 shows the frequeesponse of the linearised
translational dynamics, decoupled lead-lag translataniroller and second order electromag-
net dynamics. Figure—4.4 shows the equivalent for rotatior@ion. The translational system
has a cross-over frequency of°32t 105 rads! and the rotational system 32t 104 rads!.
Figure[Zb shows the rotor being tilted through 30 mrad inrlimear simulation by this lead
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Bode Diagram
Gm =-10.9 dB (at 35.9 rad/sec) , Pm = 32.1 deg (at 104 rad/sec)
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Figure 7.4: The frequency response of the linearised déeduptational model, controller
and electromagnet dynamics.

lag controller. The controller had been designed for a lised system dynamics but was here
being tested on a non-linear model. The controller was tdmetthe dynamics of the hardware
rather than the non-linear simulation. When it was obsethiatithis lead lag controller could
stabilise the non-linear simulation, effort was conceetteon testing the controller with the
engineering model hardware, hence the 31% overshoot indfifgh. Development work was
stopped on the simulation of the system when the controllene capable of levitating the
hardware.
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Figure 7.5: The decoupled lead lag controller tilting theorahrough 30 mrad in a non-linear
simulation.
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7.1.3 Experimental Results

An iterative procedure of changing the controller valueg of. andw;,, and then the loop
gains in the translation and rotation loops to stabilisestrstem, before trying new controller
values was used to obtain the most stable levitation of thetgiel. The initial values used
were those from the simulation.

When there was stable levitation the Digital Signal Analy&SA) tool was used to measure
the frequency response of the translation and rotatiorslomyitially w. = 100 rads ! and the
phase margin at the cross-over frequency of ardiftdrads ! was low. w,. was increased to
270 rads ! to maximise the phase margin at the cross-over frequenoglifithe loop gains
were modified to give the maximum phase margin at the crossfosquency.

The transfer function of the anti-aliasing filters is givean b

1 1
- R1Cs+1RsCs+1

Gaa (7.12)

where the resistor and capacitor values were the ones fitétetsystem at the time? =
100 nF, Ry = Ry, = 3.3 k) to give a cut-ff frequency of 3030 rads. The electromagnet
dynamics were initially assumed to be:

1
G = - 7.13
EM LS+ REM ( )

The resistance and inductance of the wound electromagreesmeasured and the average of
the eight was found to b8g,; = 0.906 2 andL = 2.755 mH.

The frequency response of system of the mechanical andiei@lant dynamics, anti-aliasing
filter and the controller were compared with the responsesored by DSA. An additional
low-pass filter with a cut-off ofo;, pr = 600 rads™! was needed to obtain a close match:

-1
G S 7.14
Lrr(s) sfwrpr +1 ( )

The source of this low pass filter is unknown. It was found thatsimulated response could
be matched more closely, and with less effort, to the meds@sponse by replacing the elec-
tromagnet dynamics and low pass filter with a single secoddrdiiter:

Kmatch
w252 + (2¢ Jwn)s + 1

Gmateh = (7 15)

The best match was given by, = 1400 rads™!, K,,q;cn = 1 and¢ = 0.78.

The final values used in the controller are shown in TRRIk Figured Z.b anf 717 show the
final frequency responses of the hardware in the laboraiing theoretical response was the
loop response generated by the product of the mechanid¢ahmawn in Equatioh 6.4 3, together
with the transfer functions of the anti-aliasing filters dinel electromagnet part. The translation
controller has a phase margin of &t the crossover frequency of 465 radsand the rotation
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controller has a phase margin of°3&t the crossover frequency of 213 radsThe translation
controller's poor phase margin is due to its flat gain respptie cross-over frequency cannot
be easily moved to the peak of the phase because of the flaitodgnThe 7 of phase margin
for the translation controller means that the translatixia @ill only just be stable and external
disturbances may cause stable levitation of the rotor to$te |

x—axis Translation Response

40 T T T
Measured
o 201 i : : Simulated ]
h \MW
g of e ]
2
S -20
I
= 40
-60 0 1 ‘ 2 3 4
10 10 10 10 10
T T T
50 |
. A),‘»NW«"W
g 0 7
«
£ M/v
-50} M
AP

10° 10" 107 10° 10°*

Frequency, rads’*

Figure 7.6: The measured (black) and theoretical (greegufency response of the x-axis
translation system with the decoupled lead-lag contralfet the engineering model hardware.

G 0.06
we | 270rads™?
Wiag | 270 rads™?

Table 7.2: The controller values used in the decoupled lagadompensator for implementa-
tion on the hardware.

The noise in translation was around 1-bit of the analoguetiogrd, abou?.4 xm, as shown in
Figure[Z8. The bias current used at this point was 1.0 A. otwr had a tendency to oscillate
axially when disturbed. Increasing the bias currert #0A increased the passive axial stiffness
of the electromagnets and prevented these oscillationselrer, the increase in bias current,
increased the gain of the system and the noise in the trasmsiditection increased to greater
than 10 um as shown in FigurE_4.9. However, the performance of theesysit both bias
currents is good with the rotor being able to be levitatedhwaithigh precision and with low
noise.

To improve the noise performance, the cut-off frequencyrdi-aliasing filter at the output
of the PC was dropped from 3030 radsto 455 rads! by changingR; to 22 k(. A first
order RC low pass filter hag5° of phase loss at its cut-off frequency. Bringing the cut-off
frequency closer to the system’s cross-over frequencyedses the phase margin at the cross-
over frequency. In this case the phase loss from the aasialj filter makes the system with
the decoupled first-order lead lag compensator unstabkeubsef its low phase margin at its
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x—axis Rotation Response
40 T T T

Measured

20 L : : Simulated ]
i W . |

Magnitude, dB

Phase
[
o o
==
-

gl

0 1 102

Frequency, rads’*

4

10

Figure 7.7: The measured (black) and theoretical (greeguincy response of the x-axis
rotation system with the decoupled lead-lag controller liedengineering model hardware.

cross-over frequency. Tuning a second-order lead lag atentby hand is difficult. It was
therefore decided to automatically generate the decowaetioller using the Ho method to
generate enough phase margin at the system’s cross-ogeefrey to have a stable system.
The decoupled kb controller is discussed in the next Section.

7.1.4 Conclusions

The simplest form of controller used on the 3Dwheel, the dptam lead lag controller, was
able to stably levitate the 3Dwheel hardware’s rotor. Thaelllag controller was a first order
controller, which offered limited possibilities to shagetsystem’s frequency response. The
translation axis of the system had a very flat frequency respavhich only allowed a phase
margin of 7 at the crossover frequency and so was unlikely to stay staiger large external
disturbances. It was therefore decided to use a second dedeupled controller that was
tuned using the bb method rather than the first order lead lag controller.
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Figure 7.8: The response of the hardware to a;drbtranslation step command along the
X-axis using a bias current of 1.0 A.
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Figure 7.9: The response of the hardware to a;@rbtranslation step command along the
X-axis using a bias current of 2.4 A.
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7.2 Hoo Decoupled Controller

The decoupled controllers generated so far have the behsiitplifying the control problem;
as there is no coupling between translational and rotdtiooéon, then using a multi-variable
controller would add additional complexity to the probleifhe decoupled controllers allow
the loop gains of each channel to be manually tuned if theemysuncertainty in the plant
dynamics. However decoupled controllers make it difficutt@émpensate for coupling between
axes, such as in the rotational dynamics, which have beatettras a disturbance so far.

The Hoo sensitivity minimisation technique can be used to autaraliyi tune the decoupled
controllers. Controllers with a higher order possible wiie lead lag method can easily be
generated with Ho sensitivity minimisation, while keeping the simplicity tie decoupled
controller.

7.2.1 Theory

T(s)

K(s)S(s)

K(s) G(s)

Y

X >

Figure 7.10: The plant and controller structure.

Figure[Z.ID shows a simple closed loop systéifs) contains the plant dynamics expressed in
the Laplace domain anfl (s) is the controller. The measured outpuis negatively feed back
to calculate the erro# from the desired output. The sensitivity transfer function is defined
as:

(7.16)

L(s) = K(s)G(s) (7.17)
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The complimentary transfer functidfi(s) is then:

L(s)

(s) = TTL0) = L(s)S(s) (7.18)

where the sensitivity transfer function can also be wriden

1
S(s) = TG (7.19)

The sensitivity transfer function describes the systemjsation of disturbances and the com-
plimentary transfer function its ability to track the input

o Wis) [ —

J 6 X A;* we) |,

K(s)

Figure 7.11: The decoupleddd controller synthesis structure.

Figure[ZTl shows the structure used to synthesize the plecbbo controllers [86].1/7 is a
weighting function that limits the controller action. THé, weighting function determines the
system’s sensitivity transfer function.

The Hxo method tries to minimise the controller down onto the weighfunctions:

H W2S H (7.20)

W1 K (s

The Hxo synthesis tool indicates the achieveddtosty. v can be converted to decibels using:
201log;( (). The value in decibels indicates the overshoot above 0 dBeo$énsitivity transfer
function in the generated system over the requested satysitansfer function. Hence the
value provides an indication of how successful the cordrainthesis was.

7.2.2 Implementation

The mechanical plant dynamics from Equatibns16.43and 6et8 wombined with the electro-
magnet dynamics in Equati@n7]15 and the anti-aliasing fitaamics from Equatidn Z.12. An
Hoo controller to levitate the 3Dwheel hardware was then sysisieel for this using weighting
functions:
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Wy, =107 (7.21)
s+ 50

Wo =~ 7.22

2T s+ 104 (7.22)

The values of the weighting functions were tuned manuallyite the best performance from
the hardware in the laboratory. The bias current was setitd and after tuning the loop gain,
the rotor was stably levitated. The DSA tool was then run agdad match between the mea-
sured loop response and the theoretical model was achidved thie electromagnet dynamics
werew,, = 3600 rads!, K,,ue, = 1 and(¢ = 0.8 for translation andv,, = 600 rads™!,
Koaen = 1 and¢ = 0.8 for rotation . The controller was synthesised again foréhgant
dynamics. The frequency responses are shown in FigurekandZ.IB. When choosing the
second-order electromagnet parameters the aim was tovaéhgiood match between the phase
rather than the magnitude of the measured and theoretarpldéncy responses. Effort was con-
centrated on the rotation controller where both the phadenaagnitude matched, while still
giving a good match on the phase of the translation controlldhe phase responses match
well. The match between the magnitude responses is potigwarly at low frequencies. The
translation controller has a phase margin of 3#a crossover frequency of 385 radsand
the rotation controller has a phase margin df dfla frequency of 121 rads$. These compare
with 32° of phase margin for both the rotation and translation legdctantrollers in simula-
tion, demonstrating that the second order controller gaadrby the decoupleddd has an
improved performance.

The final synthesised translation controller is:

Ko(s) = 89749359200(s+3030) (5+454.5)
z\5) = (576.94x10°)(s+3352)(s+0.0001) "

(54127.4)(5+16.04) (52 +5760541.296 x 107) (7.23)
* (s2414245+1.96 X 10%) (s2+58905+1.369x 107 ) :

and rotation:

Ko(s) = 2245995927 (s+3030) (s+454.5)
a\5) = Ts3211x10%)(s+4733)(s+0.0001) " " °

(5458.2)(5416.5)(s2+57605+1.296x 107) (7.24)
" (s2+15305+8.079x10°)(s2+69775+2.031x107) :
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Figure 7.12: The measured (black) and theoretical (greeguéncy response of the x-axis
translation system with the decoupleddtontroller.
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Figure 7.13: The measured (black) and theoretical (greeguéncy response of the x-axis
rotation system with the decoupledticontroller.
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7.2.3 Results

FiguredZ.I¥ and 7115 show the sensitivity transfer funstfor translations along and rotations
about the x-axis for the decoupled>& controller with the linearised model, including the
second-order dynamics and anti-aliasing filters that weesluto create the controller. For
the translation controller synthesis= 1.6348, and~y = 1.1934 for the rotational motion’s
controller. Thesey values are much less than the gamma values achieved whédmesiging
other Hx controllers later in the thesis. The lowvalues show that the controller is easily
synthesisable and the performance should be as desired.

Sensitivity Transfer Function for x

From:i To: Out(1)

Magnitude (dB)

10 10 10° 10° 10* 10°
Frequency (rad/sec)

Figure 7.14: The sensitivity transfer function for tratigla along the x-axis with the decoupled
Hoo controller.
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Sensitivity Transfer Function fororx
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Figure 7.15: The sensitivity transfer function for rotatiabout the x-axis with the decoupled
Hoo controller.
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Accuracy

Figure ZI6 shows the distribution of the wheel positionlaitiie 3Dwheel engineering model’'s
rotor is being levitated but is not rotating during contrglthe Hoo decoupled controller. The

desired position is maintained to three sigma within Jin& Figure[Z1l7 shows the distribu-
tion of wheel positions with the same controller, but with thheel rotating at 500 rpm. While

rotating at this angular velocity the position is maintane three sigma of the desired position
within 290 m.

7000

6000 ; ; : : 1

5000 : : 1

4000 - : 1

3000 : 1

Number of Occurrences

2000 : 1

1000 : b

0 . ;
-20 -15 -10 -5 0 5 10 15 20
Translation Distance, microns

Figure 7.16: The distribution of the wheel positions frone ttentral position during non-
rotating levitation with the do decoupled controller with the 3Dwheel hardware.

Figure[ZIB shows the rotor’s position along the x and y aXafevgpinning at around 500 rpm
in the laboratory. The sine wave disturbance on the x-axdsiésto the mass imbalance of the
rotor and occurs at the rotor’s spin rate. There should bendasidisturbance on the y-axis.
Due to an error, the positions of the bolts securing the alium liner to the steel rotor ad-
ditional holes were drilled in the aluminium liner at a sianiheight to the y-axis translation
eddy current sensor. To minimise the effect of the additiboées, they were filled with alu-
minium pegs and the surface finish smoothed on the lathe. Howa small disturbance can
still be seen in the y-axis translation data. There are fotinese holes around the aluminium
liner. Figure[Z.IP shows an FFT of the y-axis translatioradelien the rotor was accurately
measured as spinning at 560 rpm (9.3 Hz) using a Testo 47€abRPM measurement device,
accurate tat0.02%. Because of the four holes, their disturbance appsaas37.3 Hz peak in
the FFT data, with even and odd higher order harmonics.

The periodic disturbance due to mass imbalance visiblegarei.Z.IB explains the shape of the
histogram in Figur&Z17. The rotor’s position moves padaltly between two extreme vales
as a result of the controller not fully damping the rotoratist mass imbalance.

Figure[Z.ZD shows the translational position of the hardwator along the x-axis when at
15.0 seconds there is a demand for a step ofubalong the x-axis. Also shown is the ro-
tational motion about the x and y-axes over the same timegeilihe analogue input card in
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Figure 7.17: The distribution of the wheel positions frora tentral position while rotating at
500 rpm with the Ko decoupled controller with the 3Dwheel hardware.

the controlling PC has a resolution 12-bit, with 1-bit cepending to 2.4.m. The rotor is
moving from the desired position no more than 4-bits denmratisg the low noise and con-
trollability of the system. If the resolution of the inputrda is increased then the accuracy
of the positional control should increase because of theléels of noise in the rest of the
system. Figur€&Z.20 also shows that the controllers aretalilecouple translational motion
from rotational motion.

Tilt Range

Figure[Z.3B shows the extent that the decoupled ebntroller can tilt the engineering model
of the 3Dwheel through. The maximum angle before becomirsgalate is 0.05 radians (2.9
The air gap is sized to allow the rotor to tilt through a maximaof +3°, therefore when tilted
by 2.9 two of the air gaps are 44m wide.

Tilting Torque

Figure[Z.ZP shows the hardware’s rotor tilting through G&dans (.7°) while it is not spin-
ning. It tilts through 0.0297 radians in 0.058 seconds. This tilt rate of 0.512 rads. If
the wheel was spinning at 5000 rpm it would have an angular embum of 1.22 Nms. This
tilt would therefore generate a torque of 0.62 Nm. The tilncoand in this case was a step
command filtered through a low pass filter with a 3 dB frequenfcy7 rads!.

Figure[Z.ZB shows the 3Dwheel’s rotor tilting through 0.88ians while spinning at 496 rpm
in the laboratory. It tilts through 0.0301 radians in 0.054tsa rate of 0.558 rads. This
generates a peak torque of 0.067 Nm at 496 rpm, or would genararque of 0.680 Nm if
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Figure 7.18: The rotor’s translational position while spirg at around 500 rpm.

this tilt rate could be sustained while the wheel was rotath 5000 rpm. The demand was
again low pass filtered by a first order filter with a 3 dB frequyeaf 17 rads!. This frequency
was chosen to give the fastest response with an acceptabiehoot (17% in this case, but
controllable by altering the filter's corner frequency)g®ie[Z.2# shows the torque generated
by this tilt.

The periodic disturbance in, that is particularly noticeable after the tilt has a frequenf
55.1 rads!. This is the same as the spin rate of the rotor. There is°gB@se difference
between the two axes. This disturbance is due to the compohére rotor's angular velocity
from spinning that is now about the x-axis. The disturbarscéhén gyroscopically coupled
about the y-axis and is discussed in Secfioh 8.2.
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Figure 7.19: The frequency spectrum of the y-axis eddy atisensor voltage with the rotor
spinning at 560 rpm.
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Figure 7.20: A 2.5um translation demanded along the x-axis at 15.0 secondste Th&o
coupling visible in the rotational data.



148 Chapter 7. Levitation Stabilisation and Results

Decoupled Heo Controller Limit of Tilt
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Figure 7.21: The Ho decoupled controller’s tilt range.
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Figure 7.22: Tilting the wheel through 0.03 rad while notnsying.
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Figure 7.23: Tilting the wheel through 0.03 rad while spignat 496 rpm.
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Figure 7.24: The torque generated while tilting the wherdualgh 0.03 radians and spinning at
496 rpm.
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7.3 Hoo Multi-Variable Controller

Rather than assuming that the motion along or about eachwagsdecoupled from other
axes it was desired to make a multi-variable controller whbe two translation axes and
two rotation axes were simultaneously controlled by a sirmgintroller. The controller would
have knowledge of the coupling between axes and would hahidleoupling. Using the bb
technique to generate this controller is a natural extensidhe work performed so far.

7.3.1 Theory

The following assumptions were made: 1. the kinematic ifigal equations of motion have
been omitted, 2. the air gap equations were linearised,hnibigalid for the small tilt angles
encountered here, 3. thex [w term in the equations of rotational motion had been removed
using feedback linearisation.

The kinematic differential equations of motion were assditoehave no effect because they
greatly simplify the state space model. For small tilt asglbout the x and y-axes, small angle
approximations can be used so thap 6 ]T =[ws wy w: ]T. The tilt range of the
3Dwheel is+3° and so the small angle approximations are valid and the katierdifferential
equations of motion can be assumed to have no effect and aamitied.

It is first necessary to build a state-space model that tkeddntroller synthesis tool then uses
to generate the multi-variable controller. The model stgtdefined for the state-space model
are:

a=[% = ¥ y & ap &y ay ]T (7.25)

The input vectom is:
u=/[i, iy i3 iy i5 ig i7 ig |’ (7.26)

The output vectop is:
p=[2 ¥y ap a ¥ (7.27)

The constant terms in the reluctance force equation areategeout:

}L()N2Eli2
4~2
2‘2

— Kem—2 (728)

Fr =

The reluctance force can then be defined for each electraghagn:
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in
fn = Kem_2 (729)
Tn

where each of the eight air gaps is calculated using therlgezh air gap equations using
Equatiorf6.2I7 with the addition of the default air gap wiggh For example:

=0 — @ — /20, (7.30)

The entire state space model is given by the two equations:

q = Aq-+Bu
p = Cq (7.31)

The translation dynamic response in the inertial framevergby Newton’s Second Law:

{ i ] =M"'F (7.32)

3

The total force is given by the kinematic mapping equations:

e
p)
IE
F, 1100 -1 -1 0 01| £

{ ]:”{0011 0 0 —1 —11] f (7.33)
f6
fr
L fs |

The rotation dynamic response in the inertial frame, assgrttie gyroscopic term has been
removed using feedback linearisation (see Se€fionl8.2 diyen by:

oy

Uy
{ dy ] =I1'T (7.34)

fa

/3
T, 0 0 -1 1 0 01 -1 fa

{ }:7"3[ 00 —-110 0 fs (7.35)

fe

I

L fs
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g can be written by the non-linear vector:

B Kem i52 Kem i62 _ Kem i12 _ Kem i22 T
_ (votztay TZ)2 (rot+z—ay TZ)2 (z—r0+ay TZ)Q (ro—z+ay TZ)Q
M
T
Kem i72 Kem i82 Kem i32 Kem Z'42

_ (oty—ozrz)?  (yotytomrz)? " (—vytoezrz)?  (y—gtazrz)?
M

) Yy
q= r ( Kem i72 o Kem ’i82 _ Kem i32 + Kem 7"42 ) (736)
#\ (voty—ozr2)?  (votytazrz)?  (—ytazrz)? ' (y—yotoxz rz)?
wa
o
< Kem i5? Kem ig? Kem i1? Hem 127 )
Tz - 2~ ) N2 )2 + . 2
(vo+z+ayrz) (votz—ayrz) (z—vo+ay rz) (ro—ztayrz)
Iyy
i dy |

The A andB matrices in the state space model (Equdiionl7.31) can belatdd by taking the
Jacobian ofy:

r o4 . 941 7
Jai Jdqs
A= : : (7.37)
04s .. Oas
L da1 Oqg A
roar .. 941 T
8u1 aug
B = : L (7.38)
94s . 9as
L Ou; OJug -
The C matrix to calculate the output variables from the states is:
01 0 0O0O0OTO0OTG O
00 010O0O0GO0
C= 00 0O0O0OT1TO0TPO0 (7.39)
00 0O0O0TO0T 01

The anti-aliasing filters and second order electromagneamijcs were implemented as trans-
fer functions. Matlab model creation functions were usedppend an anti-aliasing filter and
second-order dynamics to each of the state-space modelantinputs and an anti-aliasing
filter to each output. An ko controller was then generated for this system using the syn-
thesis structure shown in Figuke—7.11 with the differencat this now a 4 element vector
X=[2 9§ G dy T andi is an eight element vector consisting of the current through
each electromagnet. Similarly the weighting functidtis andW, are8 x 8 and4 x 4 respec-
tively diagonal matrices of the single-input single-outpieighting functions:

Wirp(s) = 107°

s+ 150
WQTF(S) = m (740)
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These weighting function values were found through expentattion to give the best perfor-
mance from the hardware.

7.3.2 Results

FiguredZ.2l7 and_Z.28 show the sensitivity transfer funstiarhey cost achieved by the con-
troller synthesis was 2.3358. This is significantly lardeart they achieved for the decoupled
Hoo controllers and results in a 7.4 dB overshoot of the seiityitivansfer function. How-
ever, Figure§ 725 arld 7126 show the theoretical loop tearighctions for translation along
and rotation about the x-axis respectively for the stasespnodel with anti-aliasing filter and
second-order dynamics and the multi-variableoHtontroller. The phase margin for trans-
lational motion was 30Dat a crossover frequency of 219 radsand 47 at 175 rads' for
rotational motion. The predicted phase margin is greatam the decoupled & controller’s
phase margin and so this controller should be more stable.

From: xhat To: x

100

Magnitude (dB)

Phase (deg)

‘ ‘
10 10 10 10° 10 10° 10°

Frequency (rad/sec)

Figure 7.25: The loop transfer function for translationrgdhe x-axis with the Ho multi-
variable controller.
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Figure 7.26: The loop transfer function for rotation abdet x-axis with the Ho multi-variable
controller.
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Figure 7.27: The sensitivity transfer function for tratisla along the x-axis with the &b
multi-variable controller.



7.3. Hbo Multi-Variable Controller 155

Sensitivity Transfer Function fororx
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Figure 7.28: The sensitivity transfer function for rotatiabout the x-axis with the &b multi-
variable controller.
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System Frequency Response

Figure[Z.ZP shows the laboratory measured and theoretieqliéncy responses of the con-
troller and hardware for translation along an axis with the Irhulti-variable controller. Fig-
ure[Z3D shows the equivalent for rotation. The measureglifrecy has a phase margin for
translational motion of 43at a crossover frequency of 226 radsand 55 at 126 rads' for
rotational motion. This is an improvement ¢f &nd 14 for translation and rotation respec-
tively compared with the decoupledst controller. This improved phase margin should result
in greater stability and rejection of disturbances.

There is a poor match between the theoretical (from whiclegmroller was synthesised) and
measured frequency response. The measured response lemtea ghase margin than the
theoretical Ho controller. If more time was available the state space mae the second
order dynamics and anti-aliasing filter dynamics appendédaould be carefully investigated
and refined to give a better match between the measured andtibal responses, which would
improve the stability and performance of the levitationref 8Dwheel.

Heo Multi-Variable Controller — Translation
20 T T

’l \\\\\\///A\\//\\;/“\\/\“~\~\\,¥‘;__;~,¢Ma*mm
O, .. . N

-10 :
10 10 10

Magnitude, dB

-100 x x
-150}
o
& -200f
o
-250} ///-\V H
_300 0 ‘ 1 ‘ 2 3
10 10 10 10

Frequency, rads’*

Figure 7.29: The final measured (black) and theoreticalefgrérequency responses of the
x-axis translation system with thedd multi-variable controller and the engineering model
hardware in the laboratory.

Accuracy

Figure[Z31l shows the distribution of the wheel positiondeviine rotor is being levitated but
not rotating during control by the && multi-variable controller in the laboratory. The desired
position is maintained to three sigma within 13.6. Figure[Z.3P shows the distribution of
wheel positions with the same controller, but with the whiedting at 500 rpm. While rotating
at this angular velocity the position is maintained to ttsiggna of the desired position within
446 um.
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Heo Multi-Variable Controller — Rotation
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Figure 7.30: The final measured (black) and theoreticakefgrérequency responses of the x-
axis rotation system with thedd multi-variable controller and the engineering model haachwv
in the laboratory.

Tilt Range

Figure[Z.3B shows the extent that thedHmulti-variable controller can tilt the engineering
model hardware of the 3Dwheel through. The maximum anglerbdfecoming unstable is
0.03 radians (1), although after 0.02 radians (2)lhe rotor is visibly less stable about both
the tilting y-axis and the stationary x-axis. The tiltinghge is linked to the ability of the

controller to operate away from its point of linearisatiorhe multi-variable controller has a
range of half of what the bb decoupled controller is capable of in this respect.

Tilting Torque

Figure[Z.3% shows the rotor being tilted through 0.015 resliay the multi-variable Ho con-
troller while it is not rotating in the laboratory. The avegestilt rate is 0.18 rads sustained
over 81 ms, which would generate a gyroscopic torque of 012%ifthe wheel was spinning at
5000 rpm. FigurE=Z.35 shows the wheel being tilted through®radians by the multi-variable
Hoo controller while the wheel is spinning at a demanded rateO6f Hm. This is a tilt rate
of 0.24 rads!, which generates a peak torque of 29 mNm at 500 rpm. The wha=kilted
through a smaller angle than it was with thed-lecoupled controller because the range of the
multi-variable Ho controller is less than the decoupled one as discussed Tiltlange Sec-
tion earlier. A 17 rads' low pass filter was again used to pre-filter the demand. Théaism
after the tilt is due to the component of the spin rate abaeiixtaxis, which is gyroscopically
coupled about the y-axis as discussed in Sefidn 8.2. Tirat# is slower than that produced
by the decoupled bb controller. Because of the poor match between the multakbe model
and hardware it is not clear whether this is due to the regpohthe synthesised controller or
multi-variable controllers in general.
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Figure 7.31: The distribution of the wheel positions of tleedware from the central position
while not rotating with the Ho multi-variable controller.
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Figure 7.32: The distribution of the wheel positions of tleedware from the central position
while rotating at 500 rpm with the & multi-variable controller.
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Multi-Variable Heo Controller Limit of Tilt
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Figure 7.33: The Ho multi-variable controller’s tilt range.
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Figure 7.34: Tilting the wheel through 0.015 rad while naingg using the multi-variable
Hoo Controller.
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Figure 7.35: Tilting the wheel through 0.015 rad while sjmgnat 500 rpm using the multi-
variable Ho Controller.
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7.4 State Feedback Controller

An alternative method to control a system is the state fegdiveethod, where internal states are
fed-back to the controller. Estimation methods such as lalfiiters are required to calculate
states that are not directly observable. To develop a stagbhick for the 3Dwheel a state
space model was constructed. The statase:

.. . . . AT

q= [ Ty Ty ¢ 0 Y b &y o ] (7.412)
The inputsu to the system are:

u= [ i1 19 i3 4 d5 dg 7 ig T, ] (7.42)
The state space rate vectprs:

q= [ Ty Yy o 0 Y by &y @, } (7.43)

7 andy can be calculated from the dynamics of translational motiguation[&.11, with the
non-linear reluctance force equation; Equafion]7.29 was &3 calculate the forces produced
by the eight electromagnets. The air gaps were calculatatieojinearised equation, Equa-
tion[Z30. The kinematic mapping equation, Equalion]7 88sed to map the force from each
electromagnet to forces along the principal axes in thaialdrame.

Similarly, ¢, ¢, andd, are given by the dynamics of rotational motion, EquafiorBHut
linearised using feedback linearisation to removedshel/w term. The mapping from the eight
electromagnet forces to torques in the inertial frame arergby Equatiofl 7.35.

#, 6 and) are given by the kinematic differential equations of motiBquatior 6.20.

The A andB matrices of the state space model are calculated by finddgtobian off with
respect tay andu similarly to the multi-variable Ko controller.

The pole placement technique was then used to generate ralt®nto stabilise the system.
In pole placement the desired feedback system’s poles adfigol along with theA and B
matrices of the plant. The pole placement algorithm thersdeva controller that results in the
specified close loop poles. The Matlab Control Systems Toglh ace function was used to
generate the controller. The requested poles are showrbie[fa3. They are all in the left
hand plane because the system needs to be stable.

The controller generated is in the form of a maiikxthat is multiplied by the state variablgs
The matrixK generated is shown in Equatibn4.44:
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State Variable Pole
T —200 + 10y
Y —200 — 10y
T —210 + 10y
U —210 — 10y
10) —205+ 57
0 —205 — 57
0 —205 + 10y
Ay —205 — 10y
Gy —210+ 5y
oy —210 — 57

Table 7.3: The closed loop poles requested from the poleplant tool.



11443
11423
—185.82
—158.23
—11443
—11423
185.82
158.23
1.9459

123.29 104.28
80.067 104.19
11536 —0.89287
11530 —0.75932
—123.29 —104.28
—80.067  —104.19
—11536 0.89287
—11530 0.75932

—0.18503 0.0092612

0.59309
0.3841
104.74

104.7
—0.59309

—0.3841

—104.74
—104.7

—0.00060196

—279.18
—135.58
—698.09
984.22
279.18
135.58
698.09
—984.22
—0.36918

776.73
—932.66
—148.24
—7.1721
—776.73

932.66

148.24

7.1721

2.4792

77.51 —1.1654 7.8258 0.37408
68.028 —0.86506  —8.3683  0.32343
—15.695  —7.3166  —0.54153 —0.13866
—23.094 8.7473 —0.24378 —0.17377
—77.51 1.1654 —7.8258 —0.37408
—68.028 0.86506 8.3683  —0.32343
15.695 7.3166 0.54153  0.13866
23.094 —8.7473 0.24378  0.17377
95.992 —-0.0014924 0.011715  0.94397

(7.44)
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The controller generated does not contain an integral caetcand so the system can contain
steady state errors. Integration can be added by takingahslational and rotational position
in the statesy, vy, o, andca,, and subtracting them from the desired positions. Thesdiposi
errors are then integrated, converted to eight currentgube pseudo-inverse of the kinematic
mapping equations and multiplied by an integration gairesehcurrents are then added to the
output of the multiplication of the controller matrix. Th&plementation of the integration in
the Simulink model is shown in Figuke7136.

J_trans

n | =y Integrator

Integratort J_rot

Figure 7.36: The Simulink implementation of integratiorttie state feedback controller.

Because the rates in the statpsannot be observed directly it is necessary to use the lavehr
extended Kalman filters to calculate the rates from the ebslepositions when constructing
the state vector. Figule_7J37 shows the implementation ®fsthte feedback controller in
Simulink. The “Full Dynamics” block contains the two Kalméilters and either the complete
non-linear model of the wheel or the i/0 blocks to connectathgineering model of the wheel.
The “Sine Wave” and “trans” blocks are used in testing to fthmdesired statg. ¥ in g is the
desired angular position of the rotor about the z-axis, Wwigaconstantly changing as the rotor
spins. Itis formed by integrating.. The current stateg are subtracted from the desired states
q to give the erroe. e is multiplied by the control matri¥ and also passed to the integration
block. The two sets of currents calculated are summed arebadd bias current before being
applied to the 3Dwheel.

The state feedback controller worked in simulation, algtoit could be difficult for the soft-
ware to solve as algebraic loops can exist in the model. Wheranti-aliasing filter and
electromagnet dynamics were added to the state space rhedmle placement function was
not able to achieve the desired pole locations and a coertrotiuld not be generated. Time
was not available for further development work.

Figure[Z.3B shows a simulation of the state feedback andugésd Ho controllers tilting the
rotor through0.5°. The state feedback has a 40% faster response with 29% lesshowt.
Figure[Z.3D shows the frequency response for the x-axislatons in simulation. The cross-
over frequency is around 31 rads
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Figure 7.37: The Simulink implementation of the state femtcontroller.
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Figure 7.38: Simulation results comparing the state fegdlaad decoupled &b controllers
tilting the rotor0.5° about the x-axis.
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Figure 7.39: A Digital Signal Analyser (DSA) measurementtaf frequency response of the
x-axis translation of the state feedback controller in $ation.



7.5. Conclusions 167

7.5 Conclusions

Four different basic control techniques have been devdlapstabilise the levitation of a tilting
magnetically levitated momentum wheel. Three of thesenigties have been successfully
controlling the 3Dwheel hardware in the laboratory. In erdkcomplexity these techniques
are the decoupled lead-lag controller, the decoupled tbntroller, the multi-variable bb
controller and the state feedback controller.

Decoupled| Multi-var.
Trans. Cross-over | 385rads! | 226 rads!

Trans. Phase Margin 34° 43
Rot. Cross-over 121 rads! | 126 rads’!
Rot. Phase Margin | 41° b5°

Table 7.4: Comparison between the decoupled and mulivaritbo controllers for transla-
tional and rotational motion.

Table[Z%# compares the measured performance of two of tleedetiers with the hardware.
The multi-variable controller has a greater phase margirsarcan be expected to be more sta-
ble. Its lower cross-over frequency means a lower gain &t figuencies and so should have
the best noise performance. When levitating the hardwaike wte wheel was stationary and
rotating there were no observable differences in the diabit noise performance of the two
controllers. However, the tilt range results show that teeodipled controller is more stable.
Each decoupled controller implementation required lodpga the translation and rotation
control loops to be manually tuned for optimum stability.efdis a mismatch in the magnitude
of the frequency response of the hardware, which has not imeasured accurately enough,
even with the help of the DSA tool. This gain mismatch canlgds compensated in the lab
with the decoupled controllers but not with the more comprenti-variable controllers. If the
gain is not precisely known with the multi-variable conkeos then the cross-over frequency
will not be at the frequency that gives the greatest posgibse margin and hence the poorer
stability of the multi-variable controller.

As shown in Tablé—7]4 the more complicated controllers suctha Ho multi-variable con-

troller offer the potential of a more desirable response thimpler controllers such as the
decoupled controllers. Complex controllers such as the fdulti-variable and the state feed-
back are synthesised by algorithms that require a precisiehob the plant dynamics. If there
is any uncertainty in the plant dynamics then the perforraasfachese complex controllers is
adversely affected. The decoupled controllers have tharddge of being easily modifiable
by hand to achieve the optimum performance when there igtamety in the plant dynamics.

All of the controllers when properly tuned are able to begwithting the rotor with the rotor
at rest in any initial position. During initial testing atidhal support and damping of the rotor
had to be provided by holding the rotor with fingers to initidévitate the rotor.

The quantization of the position is visible in Figlirel7.8pwing that the system is low-noise
and can be controlled with a high precision. The precisiothigfengineering model is limited
by the resolution of the data acquisition card. The rotoo'sifion has been controlled to within
3 sigma of the desired value in 11.6n.
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The rotor became uncontrollable when spinning at anguliacitees above around 1000 rpm
(105 rads!). At the highest spin rates the rotor oscillated. The rot hot been balanced
and so had a unknown and potentially large static and coodalance. It is believed that the
imbalance is causing these oscillations and limiting thgireeering model’s spin rate.



Chapter 8

Additional Control Techniques and
Results

In the previous Chapter four different controllers wereaduiced. Three of them were suc-
cessfully demonstrated controlling the levitation and iotobf the 3Dwheel hardware in the
laboratory. In this Chapter additional experimental ressdemonstrate the 3Dwheel’s ability
to generate a conventional torque about its spin axis, theepoonsumption of the engineering
model and finally there is a discussion of feed-forward camsp#on to stabilise the levitation
at high spin rates.

The Chapter concludes with simulation results demonstyatiow the now proven 3Dwheel
can be used to control the attitude of the TopSat small gatellhe 3 axis attitude control of
TopSat is demonstrated using only a single 3Dwheel.

8.1 Conventional Torque

Although work has concentrated on the development of thimgilmomentum wheel, the
3Dwheel is still capable of generating a torque about ite gpis in the same manner as a
conventional momentum wheel. Figdrel8.1 shows the angaacity and angular acceler-
ation of the 3Dwheel's hardware rotor as it is accelerate86t@ads! (821 rpm), using the
decoupled Ho controller for levitation in the laboratory. FiguieB.2 si®the torque gener-
ated about the spin axis during this acceleration. The g#ebrtorque is over 20 mNm for
the majority of the acceleration, which is comparable toilgify sized satellite momentum
wheels, and the peak torque is 37 mNm.

To generate the maximum torque in these tests, maximumeaatieh was achieved by running
the motor without closed loop control, hence the variabkekaration rate and output torque
in Figured 81l an@8.2. Modifying the PI controller to coh@toceleration rather than velocity,
and increasing the message rate over #@ ihterface would allow the output torque to be
smoothly controlled.

The motor fitted to the 3Dwheel is not optimised for this agaiion. A custom designed
motor may be able to generate a greater torque, or the saqueetbut with an improved power
consumption.

169
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Figure 8.1: The angular velocity and angular acceleratfdheorotor hardware as it is acceler-
ated to 820 rpm in the laboratory.
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Figure 8.2: The torque generated about the spin axis by ttedaxation of the rotor hardware.
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8.2 Cross Coupling

The w xIw term in the dynamics of rotational motion can couple the orofibout one axis
to the other axes. This term is also responsible for the g¢inarof the gyroscopic torque
when tilting the wheel. The rotor was not balanced during ufeture. Its inertia matrix was
found from the CAD model of the outer steel part, the two paftthe aluminium liner and
the permanent magnet. The magnet ring from the brushless @@rnthe permanent magnet
for calculating the spin rate of the rotor were not includedhie matrix nor were the screws
and adhesive connecting the parts. Because the CAD modehasghat the material has a
uniform density and because the parts are symmetrical ttera fare no off diagonal terms in
the rotor’s inertia matrix:

0.001594 0 0
I= 0 0.001594 0 (8.1)
0 0 0.002326

where each term has units k§mSSTL's microsat momentum wheel is balanced so that its
couple imbalance (the product of inertia terms) is bettanth0 x 10~% kgn? [B7].

The product of inertia terms will have a very limited effeCthey are only in thel,, term
because of the low angular velocity about the x and y axes aosdpwith the rate about the
z-axis. For example in Figufe“7]23 while potentially getiagp680 mNm of torque the rotor
was tilted about the x-axis at 0.558 radscompared with a spin rate of 524 radsabout the
z-axis. Therefore thé,, and/,, terms need to be minimised during balancing.

Simulating the rotor dynamics in open loop the product oftingermsi,, andl,, were set

to —2 x 10~® kgm? while the rotor was initially spinning around the z-axis a85ads ' and
stationary about the other axes. Figlird 8.3 shows theaotdtrates about the x and y axes as
a result of thel,, and 1., terms. The magnitude of the rate is independent of the spinofa
the rotor and is determined by the magnitude of the prodddtsedia.

When the spinning rotor is tilted there will be a componenthef rotor’'s angular velocity in
the x or y-axes. For a rotor spinning at 524 ratis 1° tilt about the y-axis will result in a
angular velocity component about the x-axissaftsin(1°) = 9.1 rads!. Figure[B# shows
the disturbance in the rotation rates about the x and y-axes\simulated open loop with a
diagonal rotation matrix. Due to the large magnitude of tites compared with off diagonal
products of inertia the magnitude of rate disturbance camsBamed to be proportional to the
component of the rate about the x or y-axis.

FiguredZ.ZB and7Z.B5 show the periodic disturbance in tlowrae rotor’s tilt angle after being
tilted with the Hbo decoupled and multi-variable controllers. This distudsis due to the
component of the rotor’s angular velocity in the x or y-axéss important that controllers are
able to overcome this disturbance to minimise noise gee@ @i the platform. The disturbance
occurs at the frequency that the rotor is spinning with, Wwhglikely to be greater than the
bandwidth of the controller.
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Figure 8.3: The rotor’s attitude rates with a product of fieef,, = I,, = —2 x 1078 kgn?
spinning at 524 rads .

8.2.1 Feed Forward Compensation

Because thev x Iw term in the dynamics of rotational motion generates a distoce with

a frequency component at the same frequency as the rotan'sate, which is likely to be
greater than the bandwidth of the controller, a controltstyato counteract this disturbance
needs to be designed. The proposed solution is to use thingXitc decoupled or multi-
variable controllers to control the rotor’s position butatdd a feed forward term that directly
counteracts they x Iw disturbance. This term will be calculated directly by algebnd so its
maximum frequency will be determined by the frequency ofribe time operating system.
Because the eddy current sensors only measure the rotsittoppthe extended Kalman filter
(EKF) described in Section 6.3.2 has to be used to calcutsedtew. Figure[85 shows
the proposed controller structure. This technique is adled feedback linearisation as the
feed-back term linearises the rotational dynamic equata@motion.

wxIw generates a torque, which must be converted to a current appled to the elec-
tromagnets. The kinematic mapping from electromagnetututpce to torque is given by
Equatiof&.2R. This matrix can be inverted using the MoaerBse pseudoinverde [88]:

HY =H'HHT)! (8.2)

If the r gain term is added later the inverse is given by:
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Figure 8.4: The rotor’s attitude rates while spinning at 52ds ! but tilted about the y-axis
by 1°.
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Figure 8.5: The proposed controller structure incorpogathe Kalman filter and feed forward
term.

(8.3)
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Two approaches were taken to convert the foreso fs generated by the pseudo inverse
into eight currents. As the linearised reluctance forceaéiqn (Equatioi6.38) is used in the
generation of the decoupled controllers then the feed fahwarrents should be calculated
usingi, = f,/K;. The alternative of rearranging the standard non-linelctance force
equation (Equation~3.4) to give the current in terms of fames also tried.
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Because the rotor had not been balanced, its inertia marixumknown and it was not able
to stabilise the hardware with a feed forward term as there te@ great a disparity between
the model that the EKF and feed forward term were built arodmrefore, simulation results
will be presented here.
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Figure 8.6: The wheel tilt angles in a simulation with no féadvard control.

Figure[8.6 shows the results from a simulation with the wispeining at 52 rads' and with

a tilt demand on the rotor of a sine wave with peak amplitud@.01 radians at 20 Hz. There

is no feed forward term in this model. The inertia matrix @dn$ the product of inertid,, =

I, = —2 x 1078 kgn?. Due to thew x Iw term there is coupling between the axes. Because
the coupling is below the bandwidth of the controller somthefcoupled disturbance has been
damped by the controller.

Figure[8F shows the results from the same simulation bitt avfeed forward term. The rates
w used in the term are taken directly from the output of the dvinaquations of motion. This
is not possible when implemented with the 3Dwheel hardwate@sensors can only measure
positions and not rates. The feed forward value was appligtie model by converting to
linearised currents. This was repeated for currents Gtedinon-linearly and with the EKF
calculating the rates. The results are presented in Taflle 8sing the feed forward term
reduced the cross coupled rotational disturbance in afiscaSalculating the current using the
non-linear reluctance force equation gave a better pednom than by using the linearised
form. When the rates were calculated using the EKF the pedoce was not as good as in the
physically unrealisable case of taking them directly frdva todel. Further work to improve
the tuning of the EKF may result in an improvement of the 4 d&éase in cross-coupling
rejection that this simulation suggested is possible.

To illustrate the benefits of the feed forward term FidurésBi@wvs the currents generated by the
decoupled Ho rotation controllers with no feed forward term present wbheing demanded
to tilt the rotor at 20 Hz about the y-axis. Figurel8.9 showe shme currents but with the
feed forward term present. There is a 17.0 dB drop in currbotiathe x-axis because the
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Figure 8.7: The wheel tilt angles in a simulation with the tdtes taken directly from the
eqguations of motion and the feed forward applied as linedréirrents.

Method Peak Magnitude of gyroscopic
disturbance about the x-ax|s
No feed forward 1.0 mrad
Act. rates via lin. i 0.15 mrad
Est. rates via lin. i 0.35 mrad
Act. rates via non-lin. i 0.05 mrad
Est. rates via non-lin. i 0.25 mrad

Table 8.1: The performance of the various feed forward imgletations.

feed forward term is damping the cross coupled motion. Tad ferward term has the benefit
of being implemented algebraically and so does not have dmelvlidth limitation that the
compensators do at high rotor spin rates.
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Figure 8.8: The rotation controller currents in a simulatiaith no feed forward term.
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Figure 8.9: The rotation controller currents in a simulatigith the tilt rates taken directly
from the equations of motion.
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8.3 Power Consumption

The engineering model of the 3Dwheel was developed to proge3Dwheel concept of a
titing magnetically-levitated momentum-wheel; no efferas made to minimise its power
consumption. Power consumption is however an importansideration for the development
of a flight ready 3Dwheel. The power consumption of the 3DWwkagineering model's com-
ponents is given in Table®8.2. The bias current through ebsttiremagnet was 2.4 A during
these measurements. One option to improve the power cotisumip to change from the
electromagnetic to the electrodynamic principle and haeebtas flux generated by permanent
magnets rather than the electromagnets, as describedtiord8&.1. The Control Only value
in Table[8.2 refers to the component of the current requioecbntrol the position of the ro-
tor and not any bias flux as shown in Figlire 8.10 and discusged hdditionally the rotor is
assumed to be perfectly balanced.

5 x Eddy Current Sensors 0.22Aat18.0vV=4.0W
8 x Current Amplifiers Quiescent | 1.4 Aat28.0 V=39 W
8 x Current Amplifiers Levitating | 20.0 A at 28.0 V=560 W
8 x Current Amplifiers Control Only 2.8 A at 28.0 V=78 W
Brushless Motor at-20 mNm 0.24 Aat18.0V=4.3W

Table 8.2: The power consumption of the hardware system cosms.

Sectior_Z1L describes how the currents from the four cdatshre combined in the decoupled
controllers to form the current demands for each of the e@dptctromagnets. Figuie—8110
shows the sum of the magnitudes of the eight electromagmednta generated by the control
currents (the two translation and two control currentsinftbhe Hxo decoupled controller while
levitating the rotor while it was not spinning. The magn#uaf the control currents was used
because the control currents are negative at times, duesfilire power to generate them. The
mean total current over 34.0 seconds was 2.8 A, the powetissgpe fed from a 28 V supply
giving an average power consumption of 78 W. Fidurel8.11 st same data but with the
rotor spinning at 500 rpm. The mean current this time was 3dveéx 30.0 seconds, giving an
average power consumption of 98 W for all components. Uafately it was not possible to
record data from the & multi-variable controller to make a comparison againstsagrieater
complexity did not leave enough time for recording the datand) each period of the real-time
operating system.

The bias current chosen for each controller determines tteele power consumption. A bias
current of 2.4 A was used as this was the lowest current thatrgéed enough stiffness for
stable levitation. The bias curreifgtis a component of the plant dynamics and so the controller
must be updated when the bias current is changed.

Providing a bias current of 2.4 A to eight electromagnetsilitesn a power consumption of
538 W, which explains the high power consumption in Téblé 8/though using the electro-
magnetic principle results in the possibility of genergtiarger forces compared with provid-
ing bias flux from permanent magnets, the additional stmsomes with a penalty in the form
of power consumption. To minimise the power consumptiorhef3Dwheel as much flux as
possible should come from permanent magnets.

Existing magnetically-levitated momentum-wheels havevgroconsumptions ranging from
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Figure 8.10: The magnitude of the total controlled currertluding bias current, for thedd
decoupled controller to levitate the rotor while it was ngihsing.

2.5 W [14] to 23 W [[31] for suspension. With total power congiion including the mo-
tor while generating its maximum torque ranging up to 37[\W)] [@7d even 190 W([24] for
magnetically levitated wheels on the large SPOT satellites

The power consumption of the 3Dwheel has two componentslational and rotational. In

other non-tilting momentum wheels rotational motion isgdady controlled resulting in a

lower power consumption. The 3Dwheel requires larger gisghan other wheels to allow the
rotor to tilt. To generate the same force, current is propoa to the air gap width, resulting in

the 3Dwheel’s increased power consumption. Existing wehieaVve air gap widths of between
0.6 mm [17] and 1.0 mni[23], while the 3Dwheel's is 1.4 mm.
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Figure 8.11: The magnitude of the total controlled currertluding bias current, for thedd
decoupled controller to levitate the rotor while it was syirg at 500 rpm.
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8.4 3Dwheel on a Satellite

The 3Dwheel hardware has been successfully demonstradedtlipg a 3 axis output torque
in the laboratory. This final section shows how the 3Dwhegi®ven ability can be applied
on a satellite to provide attitude control of the TopSatltde It will be shown that a single
3Dwheel can provide 3-axis attitude control of a small $igeel Figure[6.B gave an overview
of the system showing the 3Dwheel fitted to a spacecraft.

For these simulations the dynamic model of the 3Dwheel waeddo the dynamic model
of a spacecraft, which is described in Appendix C. The inemtatrix from Surrey Satellite
Technology Limited’s 2005 TopSat small satellite was usethe satellite model; this matrix
is [89]:

Ly Iy I 12.053 —0.1635 0.2715
Lat = | Iyw Iy Iy | = | —0.1635 10.386 —0.879 (8.4)
L, L, L. 02715 —0.879  8.398

Where closed loop control was used then Sidi’s control terpmmand was used as described
in Appendix[@. The spacecraft’'s attitude was fed back ardhedcontrol loop using quater-
nions rather than Euler angles to avoid singularities. Tdrgrol torque command was gener-
ated by Equation.C14. The desired rotor tilt rates wereutatied from Equatiof 6.36. The
calculated desired rates were then integrated to give thieederotor angles that were fed to
the decoupled kb levitation controller.

8.4.1 Satellite Reorientation

TopSat is a typical modern small satellite. It has a Time kitegration imaging mode, where
the satellite pitches during image acquisition to maintagncamera pointing at one spot on the
ground, improving the image resolutidr [1]. TopSat alsodesquirement to be able to roll up
to +£30° off track to image areas that are off to the side of its grouwadkt Coupled with the
requirement to be able to counteract disturbances suctaggyggradient, aerodynamic, solar
radiation and magnetic field disturbance, a three axisid#itontrol system is required. Three
conventional momentum wheels are required to build arudticontrol system that can gen-
erate an output torque about all three axes of the satellitepugh a pyramidal configuration
of four wheels may be used to provide redundancy. A single (3&alcould be used instead
of three conventional wheels to fulfil TopSat’s attitudeuation requirements. With its spin
axis aligned with the satellite’s pitch axis it can pitch seellite by operating conventionally
and accelerating or decelerating the rotor. It can also tssgyroscopic torque output to roll
the satellite for off track imaging when required and to remany disturbances about the yaw
axis.

Figure[8IP shows the 3Dwheel rolling the TopSat small kae¢hrough29.3° in 45 seconds
using its gyroscopic torgue output while the rotor was sjpigmat a constant rate of 10,000 rpm.
The rotor was tilted from its central position by2.8° in 1 second generating a torque of
120 mNm and then returned to its central position at the enthe@fmanoeuvre to stop the
satellite from turning. This was achieved using open looptrd of the desired wheel tilt
angle. Forimplementation on a spacecraft then a form oéddmop control would be required
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Figure 8.12: The 3Dwheel turning the TopSat small sataHliteugh a roll angle 029.3° using
its gyroscopic torque output.

to ensure that the rotation rate of the spacecraft is zerwadrid of the manoeuvre. To turn the
satellite at a higher rate then the rotor can be spun fastéchws likely to be possible due to
the lack of touching parts.
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Figure 8.13: The satellite’s attitude when reorientatisgng a tilting momentum wheel (tilt in
the legend) and a conventional momentum wheel (spin in thenid).

Figure[8IB shows the attitude of the model TopSat spadeioraf simulation when it was
reorientated through 2Dy tilting the momentum wheel and also by conventionallyedee
ating the spinning rotor. This manoeuvre was performed ualdsed loop control of TopSat.
Because of the larger output torque available from tilting wheel, this reorientation can be
performed almost five times faster than is possible by opeydihe wheel conventionally. The
axis of the output torque when tilting the wheel is not fixed an this torque can be generated
about any axis normal to the wheel’s spin axis. The largau®and high bandwidth makes the
3Dwheel ideal for spacecraft rendezvous and docking or teservicing missions.
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8.4.2 Disturbance Damping
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Figure 8.14: The attitude rate observed on the UK-DMC gageidthile it was suffering from a
high frequency disturbancgl[7].
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Figure 8.15: The satellite’s attitude when applied with tiigh frequency disturbance shown
in Figure[8.1#, with the disturbance being damped by a gilimomentum wheel (tilt in the
legend) and a conventional momentum wheel (spin in the gen

A disturbance in the attitude rates of the UK-DMC spacechai been identified through
image processind[7]. With a frequency of 0.6 Hz the distndeawas too high for the conven-
tional momentum wheels on UK-DMC to damp. The effect of thetudbance is visible in the
attitude rate shown in Figufe_8114. This angular rate datdiféerentiated to give an angular
acceleration and then multiplied by UK-DMC’s moment of iieerabout that axis to give the
torque that caused the disturbance. This torque was thdieapp the TopSat model using
closed loop control and its attitude is shown in Figure18. iemthe disturbance is damped by
the momentum wheel operating conventionally and whemngjlti

The magnitude of the attitude disturbance is over twentgsitess when damped with a tilting
momentum wheel than when it is damped by a momentum wheeatpgrconventionally.
This improvement in performance is due to the 3Dwheel’s oupd bandwidth.

8.4.3 Frequency Response

Figure[8.16 shows the frequency response measured usiiiveool of the attitude control
system of the simulated TopSat satellite with the 3Dwheakgaing a gyroscopic torque by
tilting and a conventional momentum wheel. With the 3DwHittld the cross-over frequency



8.4. 3Dwheel on a Satellite 183

Magmitude, dB
|
a1
o
f
¢
i % i

-100 |

Conventional
—— 3Dwheel
-150 L

Phase, °
o

-100}

Frequency, rads™t

Figure 8.16: The frequency response of the simulation oBwheel generating a gyroscopic
torgue by tilting and a conventional momentum wheel on theSHki satellite measured using
the DSA tool.

of the attitude control system is 6.7 rads The satellite model used closed loop control with
quaternion feedback. The cross-over frequency and hemuiwidth of the system fitted with
the conventional momentum wheel was too low be measuredthétBDSA tool. Interpolating
the measured response it appears to be around two ordergpitate less than the 3Dwheel’s.
Conventional wheels are satisfactory for satellite retagons or for damping disturbances
that have a period equivalent to the orbital period such asitgrgradient or solar radiation
disturbance, but cannot damp microvibrations.
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8.5 Conclusions

The 3Dwheel can generate a torque about its spin axis inlgthetsame way as a conventional
momentum wheel. The addition of the ability to tilt does niféet its ability to generate this
conventional torque. Because of lack of mechanical besramgl friction then the bandwidth
of this conventional torque may be increased, althoughtt@ery had not been tested. The
rotor could also be be spun faster increasing its angular entum.

Because the 3Dwheel engineering model’'s rotor was not bathits inertia matrix and par-
ticularly the products of inertia were not known. This résdlin the feedback linearisation
technique not being tested on the hardware and the perfaamainthe multi-variable con-
trollers at removing cross-coupling not being investigate

When tilted there is a component of the spinning rotor’s déaageelocity about the other axes.

This creates a periodic disturbance about the x and y-axes fréquency of this disturbance
will be greater than the controller’'s bandwidth for highrspates. Feed forward compensa-
tion has been suggested in this thesis as a solution to thidgon. Because the rotor’s static
imbalance and inertia matrix were unknown feed forward cemsation could not be success-
fully tested with the 3Dwheel hardware. If the feed forwaetht is not able to damp all of the

disturbance generated when the spinning rotor is tilted the range of angles that the rotor
tilts through may have to be limited, limiting the time dueat that the tilting torque can be

generated for.

With all of the 3Dwheel’s bias flux being provided by the efeatagnets it has a high power
consumption, with 335 W being required for bias flux. To imm@dhe power consumption
the 3Dwheel must be changed from using the electromagretieetelectrodynamic principle
with some of the bias flux being generated by permanent magWétile spinning at 500 rpm,
98 W was required for active control of the spinning rotor,ichhis four times greater than
any existing magnetically levitated momentum wheel. Thizéase is due to the 3Dwheel
requiring power to actively control translational and tmaal degrees of freedom. In non-
tilting designs the rotational motion is passively corigdl The width of the electromagnets’
air gaps in the 3Dwheel is greater than in non-tilting wheelsllow room for the rotor to
move. The air gap width and hence power consumption can leeddy limiting the range
of angles that the rotor can be tilted through. The contrelderived were not optimised
for power consumption. The power consumption may be redstightly by optimising the
controllers. A complete multi-parameter optimisation leé 8Dwheel could be performed to
choose the optimal design in terms of torque output, tilgeaand power consumption. This
increase in power consumption is a penalty that occurs ibt#mefits of a tilting momentum
wheel are required.

The demonstrated performance of the 3Dwheel has also beamgb be ideal for use on a
spacecraft. The gyroscopic output torque can be used teneate a typical small satellite.
The conventional torque output about the wheel's spin axisoi different from existing mo-
mentum wheels’. The high bandwidth of the gyroscopic outmag been demonstrated to be
ideal for damping high frequency disturbances on a saellihe ability to generate a greater
torque than a conventional momentum wheel and its greatehvidth also makes it ideal for
applications such as spacecraft rendezvous or roboticcgegy The 3Dwheel’s reduced mass
and volume compared to a set of conventional wheels givéisdiureason to use it.
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Conclusions

A tilting magnetically levitated momentum wheel called B8@wheel has been modelled, de-
signed, built and successfully demonstrated.

ChaptefR presented the 3Dwheel concept developed fotissstand explained how it com-
pared with existing attitude control actuators. The torouigut envelope about all three princi-
pal axes of a spacecraft was demonstrated. The existimatlite was reviewed demonstrating
that the 3Dwheel concept is both novel and practical.

ChaptefZB examined the theory behind magnetism. This knigelallows the materials used
to build the laboratory model of the 3Dwheel to be chosen. fohees generated by an elec-
tromagnet were then derived and the concept of stiffnessdated. The basic geometry of an
electromagnet was then presented.

Chapteil¥ presented the three electromagnet geometrietoded for this thesis. Analytical
and finite element models of each of these geometries werdaged using the knowledge
developed in Chaptéll 3. The effect on the electromagnedpgsties of changing each of the
dimensions of the electromagnet were investigated. Clarefgnet design is required to ensure
that the 3Dwheel’s rotor is controllable at all rotor pawits and this was demonstrated.

Chaptefb built on the knowledge and results generated ipréhaéous two Chapters to present
the two pieces of hardware that were designed and developéagadhis thesis to demon-
strate in the laboratory the theoretical and simulatiowltes The design process developed
and presented in this Chapter for the engineering modeleo8Bwheel that was successfully
levitated and demonstrated in the laboratory can also bkedpp future tilting magnetically
levitated momentum wheels, such as a flight-ready versiagheoBDwheel. Some additional
mechanical components that were not required for the eagimemodel were discussed along
with suggestions as to how they can be designed and builetfiegwith the existing practical
demonstration of the 3Dwheel they show that the 3Dwheel&ginis suitable for a flight on a
spacecraft.

Chapteib developed a linearised and non-linear model d3fiveheel’'s dynamics of motion.
These models are required to evaluate the performance @Ddeel, and to develop and
test controllers to stabilise its levitation and motionefdwas also a discussion on how a real
rotor’'s imbalance affects its motion and a technique to meathis imbalance was developed.

185
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Kalman Filters to estimate the rotor’s rate of rotationaltioro were developed along with a
technique to tune the Kalman Filters using experimenta.dat

Chapte )Y describes the four controllers that were devdlégethis thesis to control the levi-
tation and motion of the 3Dwheel. Results from simulationd ftom the successful operation
of the 3Dwheel in the laboratory were presented allowingraparison of the controllers to be
made.

ChapteB presented additional results from the evaluatitime 3Dwheel hardware. Its ability
to generate a conventional torque about its spin axis apditer consumption were measured.
Now that the 3Dwheel hardware had been successfully denadedtin the laboratory, simula-
tions were presented showing how its gyroscopic outpulican be used to reorientate the
TopSat small satellite, thus providing 3-axis attitudetoalrfrom a single actuator.

9.1 Summary

The 3Dwheel concept has been successfully demonstratéautaesion and in the laboratory.
Four degrees of freedom in the 3Dwheel are actively comtlallowing the rotor to be tilted or
gimballed, generating a gyroscopic output torque. Thexis can be steered to be anywhere
in the plane normal to the rotor’s spin axis. A single 3Dwlai therefore generate an output
torque about all three principal axes of a spacecraft.

The magnetic bearings used in the 3Dwheel are based on tiatagnetic principle, while
existing magnetically levitated momentum wheels have tiseélectrodynamic principle. The
rotor's position can be controlled with a high accuracy whiking levitated; the translational
position of the rotor can be maintained to three sigma of gsérdd position within 11.Gm.

A maximum tilt rate of 0.558 rads has been achieved with the wheel spinning at 496 rpm,
generating a gyroscopic output torque of 0.067 Nm. Thigaieé would generate a torque of
0.68 Nm at 5000 rpm. Use of the 3Dwheel to provide 3-axis cbtfra satellite’s attitude has
been demonstrated in simulation.

The magnetically levitated momentum wheel solves many efpifoblems that designers of
momentum wheels for small satellites face. There is no cotiatween moving parts and so
no wear and hence an increased lifetime. Some existing nmomemheels are operated at low
spin rates to minimise wear. With the 3Dwheel having no weaiftlll angular velocity range
of the wheel can be used generating larger torques, or pngvigteater gyroscopic stability.
The reduced levels of friction allow the wheel to have a gnebandwidth.

The 3Dwheel’s rotation axes cross-over frequency is in tdercof 120 rads!, with the trans-
lation axes having a cross-over two or three times greatdrer\Witted to the TopSat satellite
in simulation, the 3Dwheel has a bandwidth two orders of ritage greater than a conven-
tional momentum wheel. This improved bandwidth makes thevi3&el ideal for damping
microvibrations on imaging satellites, improving theirage quality, or for high bandwidth
small angle manoeuvres, such as in spacecraft rendezvduoaking. For satellite reorienta-
tions the conventional torque generated by acceleratmgidgnetically levitated rotor is more
suitable.

The rotor in the engineering model of the 3Dwheel was notrizadd. At higher spin rates
the rotor’s static and couple imbalance generated a lagiardance on the rotor limiting the
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maximum rate that the rotor could be spun at. This prevemtedeed forward compensation
technique from being tested.

When the spinning rotor is tilted there is a component of theris spinning angular velocity
about the x and y-axes generating a disturbance. This béstae has the same frequency as the
rotor’s spin rate, which may be greater than the bandwidth@tontroller. If this disturbance
cannot satisfactorily be damped using techniques suchedsféeward compensation then the
range of angles that the rotor tilts through will have to Ineitiéd.

The power consumption of the engineering model of the 3DWkdggh for several reasons.

Because it uses the electromagnetic principle, the biastffiaixis required for the stiffness

of the wheel must be generated by the electromagnets. Tlamtdpe of the electromagnetic
principle compared with the electrodynamic principle is #bility to generate larger forces and
hence have a greater stiffness, if required. The electadjmapproach has a linear relation-
ship between force and current that aided the design ofa@t@s in the past. This project has
shown that modern control techniques and implementatiansgercome the electromagnetic
principle’s non-linear force-current relationship. Haxee the reduced power consumption of
the electrodynamic principle means that it should be prefeover the electromagnetic princi-
ple for magnetically levitated momentum wheels on spadecra

Ignoring the component of the power-consumption requiedygnerate the bias flux, the
3Dwheel still has a power consumption four times greaten thther magnetically levitated
momentum wheels. This is due to the 3Dwheel’'s increasedagrvgdths to allow for the
motion of the rotor while tilting. The current drawn is prafional to the air gap width while
generating a constant force. An increase in power consomijgia penalty that must be ac-
cepted if the 3Dwheel’s benefits of a 3-axis high-bandwidttpot torque are required.

Three conventional momentum wheels are required for 3atitside control of a spacecraft.
These can be replaced with a single 3Dwheel providing madve@lame savings. The mass
and volume savings still exist if two 3Dwheels are used fdurelancy. There is a penalty in
terms of increased power consumption though.

It has been shown in simulation that a single 3Dwheel canaetate a small satellite using its
gyroscopic torque output. Additionally, the 3Dwheel canegate an output torque about its
spin axis by accelerating the rotor as well as a conventiahale! can.

9.2 Novelty

This project is novel because:

e a magnetically levitated momentum wheel using the elecaigimatic principle sized for
a small satellite has been designed, built and demonstiratbe laboratory;

¢ the wheel hardware has been tilted thro@gf in the laboratory, which is a factor of
three greater than other designs. The robustness of thisl'wlcentroller allows stable
levitation throughout this tilt range;

o the tilt range means that this is the first tilting momentunewltthat is capable of gen-
erating a controllable torque about all three axes that eanentate a small satellite;
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Chapter 9. Conclusions

9.3

the design of a tilting magnetically levitated momentum elit@at has been built and
successfully demonstrated is described and discusseitljprga scalable design method-
ology for such a wheel;

the performance and benefits of including the ability totlit rotor in a magnetically
levitated momentum wheel have been examined.

Future Work

This project and the engineering model of the 3Dwheel hamsodistrated that the tilting mag-
netically levitated momentum wheel concept works. Theofelhg items need to be further
developed to produce a flight ready 3Dwheel for use on a spaftec

9.4

modification of the mechanical design by the inclusion ofhpement magnet bias flux
and a revised controller design to use the electrodynaricipte to minimise the power
consumption;

a revised mechanical design to place the electromagnetsesusdrs in the centre of the
rotor to minimise the volume of the design;

optimise the magnet and rotor design to produce an optinsden terms of power,
mass, volume and torque capability;

develop controllers to use the 3Dwheel to perform largeeasgw manoeuvres;

development of embedded controller hardware that is lownel and low power con-
sumption to replace the PC based control system impleméntée engineering model
of the 3Dwheel. Such controllers are commonly used in modigital electronics using
Digital Signal Processing (DSP) Integrated Circuits (I@sinicroprocessors. Develop-
ment systems are available from most manufacturers to dheetbsign process. Some
attention must be paid to ensuring that the electronicsd&atian hardened and toler-
ant of the space environment. In low earth orbit, where thallssatellites that are the
most likely to use the 3Dwheel concept fly, radiation harddrield Programmable Gate
Array ICs are available on which DSPs and microprocessarbeaasily implemented:;

replacement of the linear current amplifier with a more pogficient switching class-D
amplifier;

design touch down bearings and a launch lock mechanismoidleas for these items
are discussed in Sectibnb.3.

Publications and Awards

Jon Seddon, Alexandre Pech8bwheel - A Single Actuator Providing 3-Axis Control
of Satellites AIAA Journal of Spacecraft and Rockets, 49(3):553-556,20
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e Jon Seddon, Alexandre Pech@&bDwheel: 3-axis low-noise, high-bandwidth attitude
actuation from a single momentum wheel using magnetic hgariln Proceedings of
23rd Annual AIAA/USU Conference on Small Satellites, Ut&IGA, 10-13 August,
2009

e Jon Seddon, Alexandre PechAdpw-noise, high-bandwidth magnetically-levitated motam-
wheel for 3-axis attitude control from a single whedh Proceedings of 13th Euro-
pean Space Mechanisms and Tribology Symposium (ESMAT8hN4, Austria, 23-25
September, 2009

e Royal Aeronautical Society Aerospace Speakers’ TravehGom attendance at the Utah
Small Satellite conference.

e Royal Academy of Engineering International Travel Gramtfibtendance at the ESMATS
conference.
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Appendix A

Derivation of the Reluctance Force
Equation

The approaches taken by Molendar [64] and Demdrest [63kaathere. The dimensions used
in this derivation are shown in Figufe“A.%.is the width of the electromagnet poles and

the depth of the poles, both in metresis the air-gap width - the separation between the rotor
and the stator, also in metresis the current flowing through the coil in amperes avids the
number of turns in a coily,..or and-ysator are the distances in metres that the magnetic flux
flows through the iron of the rotor and stator respectively.

Y otor

I ,
A
‘FR Y

N-turns

TN |

Ystat or

Figure A.1: The dimensions used in calculating an electgrats reluctance force.

Assuming that the permeability of the rotor and stator argelaand that the air-gap width is
small then:

e there is no fringing in the air-gaps - flux flows in a straightlithrough the air-gap;

191
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e there is no leakage flux.

The cross-section aredg ), of the circuit is given by:

AEM =el (A.l)

Because of the assumptions made the magnetic Beldll be nearly uniform throughout a
cross section of this magnetic circuit. The magnetic flugan then be found by integrating
over a cross section of the circuit:

b = / B -dAgm = BAgy (A.2)
AEMm

where B is the magnetic flux density in tesla. The relationsfgitween the magnetic flux and
the current flowing in the coils can be found by evaluating Anefs Law clockwise around
the magnetic circuid _ -y, which includesy twice, v, otor @NAdYstator:

H-d’yzj{ lB-d’y:Ni (A.3)
> S K

whereH is the magnetic field strength anpdis the permeability of the appropriate material -
iron or air. The lines of flux have been assumed to be parall®l'ty and soB - d+v can be
replaced withBd~. B is also a constant and so we can simplify to:

1 2
ng —d’)/ — B (fYrotor +75tator + Y > — Ni (A4)
Sy M Hiron Hair
Because:
P
B= (A.5)
area
We can write:
Ni
P = (A.6)
Yrotor + Vstator 2'7
+
gllu'iron gllu'air

However, (;ron > jtair @and in a vacuumy;, =~ jo, SO We can approximate to:

~ Ni Nielpg A7)
2y 2y '
elpo

From Demarest [€3], the magnetic eneiidi: of this reluctance circuit is:
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1
WR:_/ B - Hdv (A.8)
2 )y

WhereV is the surrounding volume of the magnetic circuit. Agaircdesei;, o, > fiqir, WE
need only consider the airgap, aBd= ¢ /S = pyH so:

1 @2 Oy el N?i?
Wp=_—r  _Ovel = = A.9
T 22 T el 4y (A-9)
From Demarest [63], the reluctance fotEg is given by:
FR = VWR’constanti (AlO)

And so:

SWr poN2cli?
Fp = = — A1l
R oy 4~2 ( )
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Appendix B

Tools and Techniques

B.1 Digital Signal Analyser (DSA)

The Digital Signal Analyser tool is a Matlab/Simulink toblkt allows the frequency response
of a closed loop system to be identified. It works by injectingource signal into the system
and then recording the system’s response. A modified veddithre Matlab Empirical Transfer
Function Estimate is used to compute the ratio of the outpst Fourier Transform (FFT) to
the input source’s FFT, generating the frequency respohskeeoclosed loop system. The
frequency response is generally displayed as a bode ploi\ymuist and Nichols plots can
also be generated. The source signal can be chosen to beaihept sine wave or white
noise. The start and stop frequencies and the duration ditnglation must be specified for
the swept sine wave. The amplitude of the source must befiguefor both types of signal.

The DSA tool was used in both simulations and also for hardviiarthe loop testing with
the engineering model hardware. The bode plot generatedy@reerally saved and then the
frequency response of models of the plant system could bemotted. The parameters of
the model were varied until the model’s response gives a goaith against the measured
response.

The signal source and simulation duration need to be cérafhbsen to get the best perfor-
mance from the DSA tool. A white noise source was generakfepred because at certain
frequencies the system’s response to a swept sine wave wauke the system to become
unstable. The amplitude of the source needs to be greatethhanoise levels in the system
to allow a response to be measured. The greater the lengthethat the simulation can be
run for, particularly with a white noise source, then the endata points will be present at each
frequency for the FFT improving the measured responsersakig noise ratio.

B.2 Finite Element Analysis (FEA)

Finite Element Analysis (FEA) simulations allow the prdjes of a system to be modelled.
They are often used to calculate the stress, temperatuie,djmamics or magnetism of a
system. For this project, magneto-static simulations weeal to look at the properties of the
magnetic bearings.
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26230001 : >2.761e-001
2485001 : 26230001
2.347e001 : 2.485e-001
2.209001 : 2.347001
2.071e001 : 2.209e.001
1.933e-001 : 2.071 001

1.796e-001 : 1.933e001
1.857e-001 ; 1.795e001
1.5192.001 : 1.6572-001
1.380e-001 : 1.519e-001
1.242e-001 : 1.380e-001
1.1042-001 : 1.242e-001
9664002 : 1.104e-001
8.283e-002 : 8664002

6.903002 : 8283002
£.522e002 : 6.903e-002
4142002 : 55220002
2761002 : 4.142e002
1.381e002 : 2.761e002
<4.420e-006 : 1.361e-002

Density Plot: |B], Tesla

"

Figure B.1: A two dimensional magnetostatic finite elemémigation of two electromagnets
from an early design for the wheel.

There are four stages in the solution of a problem using FEX [9

1. Discretization of the problem into a finite number of sria#lements.
2. Deriving equations governing the behaviour of a typidaent.
3. Assembling all of the elements in the problem into a matrix

4. Solving the matrix obtained from Step 3.

FEA simulations were used in this project to check the mageitof the flux densities in ma-
terials, to ensure that materials were not saturated, andltolate the forces exerted by the
magnetic fields. There are several methods that can be usectdate the force, the most
commonly used in this project was the Weighted Stress Teksthod, which was imple-
mented by the FEA software.

FEA simulations allow the properties and behaviour of auiito be easily and rapidly viewed.
A numerical model is still required for the development & ttontroller, but FEA simulations
save considerable amounts of time when designing theligjiametry of a system. FEA
simulations are also useful to check that the numerical iMwatebeen developed correctly.

FEA software packages can solve either two-dimensional ¢2Ehree-dimensional (3D) prob-
lems. Several packages were used in this project. FEMM @a]freeware 2D program that
was very easy to use and was used for the majority of the pirdiedso features a scripting fa-
cility that allows a design to be repeatedly analysed witlmgonents at different orientations,
or at different currents. FiguEeB.1 shows the results of a@iulation in FEMM of the design

shown in Figur¢4.22.

Maxwell 3D [92] is a commercial package by Ansoft, now Ansys.]) that was used to confirm
that the assumptions made when simplifying the 3D desig@®tw simulate in FEMM were
valid. Figure[B.P shows the results of simulating two of tiiiheel’s electromagnets in 3D
using Maxwell.
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Tl

5. 4p162-001
7.8767e-001
7.35166-801
6.582650-001
6. 3914e-B01
5.77625-091
5.2511e-091
4, 7268e-001
Y4, 2p@ge-a01
3.6758e-801
3. 1507e-001
2.82562-001
2.1Pa5e-@01
1,5753e-601
1.@5022-001
5. 25120-002
2.8512e-807

Figure B.2: A three dimensional magnetostatic finite elersgnulation of two electromagnets
from the 3Dwheel. The direction of the arrows indicates tineation of the magnetic flux and
the size of the arrows, the magnitude of the flux.
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Appendix C

Satellite Dynamic Model

This Appendix describes the dynamic model of the Horyu sreatiéllite developed by Jon
Seddon during an exchange visit to Kyushu Institute of Tetdgy, Kitakyushu, Japan during
a four month break from the PhD in 2006/7. This dynamic modas$ weused with TopSat's
inertia matrix for testing of the 3Dwheel.

C.1 Rotation Matrices

In an inertial reference frame, a point: y =z |7 that is rotated about the x-axis by an angle
a, will have a position| =/ o' 2’ |7 after the rotation[12]:

1 0 0 T
0 cosa, —sina, Y
0 sina, cosag z

= Rx(am) |: Yy :| (C.1)

z

Similar equations can be written for rotations through agi@a, about the inertial y-axis and
o, about the inertial z-axis:
cosay 0 sinay x
0 1 0 y
—sinay 0 cosaqy Z

= Ry(oy) |: Y ] (C.2)

z
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z cosa, —sina, 0 T
y = sina, cosa, O Y
2 0 0 1 z
x
= Ry(az) | v (C.3)

z

C.2 Coordinate Systems

Three coordinate systems are in Us€ [11]:

¢ the inertial equatorial axis frame with its origin at the terof the Earth and assumed to
be stationary with respect to the stars;

¢ the orbit reference frame that moves with the centre of mhtisecsatellite around the
orbit. The z-axis points towards the centre of mass of théhEtre x-axis is in the plane
of the orbit, perpendicular to the z-axis and in the dirattbvelocity of the satellite and
the y-axis is normal to the plane of the orbit and completesitfht-handed axis system;

¢ the body frame of the satellite is the third frame. It is cedton the centre of mass of
the satellite. The angles between this frame and refereaoeef define the satellite’s
attitude.

These coordinate systems are illustrated in Figureé C.1.

C.3 Rotations

Several rates of rotation are definedl[11]:

e wpg - the rotation of the body frame in the inertial frame;
e wgR - the angular velocity of the body frame relative to the refiee frame;
e wry - the angular velocity of the reference frame relative toitiggtial frame;

e wriB - the velocitywgry expressed in the body frame.

These rotations are related through the equation:

WBI = WBR T WRIB (C.4)

Because the orbit of the satellite is not a perfect circlatbgy is not a constant. The position
of the satellite in its orbit and its velocity can be calcathfrom an orbit propagation model.
Therefore the attitude model for Horyu ignoreg; and just models the motion of the body
frame with respect to the reference frame.
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Inertial

Figure C.1: The three coordinate systems usBdis the vector representing the satellite’s
position in the inertial frame.

C.4 Direction Cosine Matrix

The direction cosine matrix (DCM) is & x 3 matrix and maps vectors from one reference
frame to another.

The direction cosine matriAjr to convert from the inertial frame to the reference frame is
formed by:
i'refm -i'refy -i'refz
AIR = Qrefx grefy grefz (CS)
éref:v érefy érefz

Wherex,..¢ is the unit vector along the x-axis of the reference frampressed in the inertial
frame.

The vectorag, which is in the inertial frame, can be converted to the veatpin the reference
frame by:

aRr = Arar (C.6)

A vector in the reference frame can be converted to the aldréime by multiplying byAg .

C.5 Euler Angle Representation

The attitude of the satellite can also be represented ugifey Bngles, which show the angles
that the body frame must be rotated through to get to theaeber frame. The order that the
axes are rotated in is important; the same order must be bsmejhout the project.
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7 Z, Z,I?\ AZ” . AZ”
0: ¢
b I‘_‘? 9 -.H..'\
y ! y : vy — = Reference
7y | LTy -' 7 ----> Body’
- . - y ., N > Bodv’’
-z D S e S S y _}Body
e Vi L_f.__—.r..‘..‘..’.ﬁﬂ-} - X ody
vy X”
X

Figure C.2: The formation of the the 3-2-1 Euler angle regméation. First the Reference
frame is rotated by the anglg about its z-axis to form the intermediate Body’ axis. Body/’ i
then rotated by the angteabout its y-axis to form the intermediate Body” axis. Figdlody”

is rotated by the angle about its x-axis to form the Body axis.

For this project the Euler rotation order of 3-2-1, or yawchiroll will be used. From[[12]
the Euler angles can be found from the quaternions by equggims in the direction cosine
matrix for the Euler angles with the equivalent term in thatgmion direction cosine matrix.
Roll is given by phig, pitch by thet&d and yaw by pst):

_ . < 2(g293 + q194) >
¢ = arcsin :
cos(arcsin(—2(q193 — g294)))
0 = arcsin(—2(q193 — q2q4)) (€7

B . 2(q192 + g394)
¥ = arcsin -
cos(arcsin(—2(q193 — g294)))

This order of rotations is shown in Figure C.2. Euler anglespgone to singularities as shown
in Figure[C:B. With the 3-2-1 rotation order the singulaigcurs atd = 90°. A different
order of rotations can sometimes be used to avoid a knowmlgirity, or a simulation can be
stopped before it reaches a known singularity. Alterntitee quaternion representation can
be used, which does not suffer from singularities.

C.6 Quaternion Representation

Quaternions use four quantities to represent the threeedegf freedom in an attitude rota-
tion with redundancy. Quaternions are therefore able tidasiagularities. The attitude of a
satellite can be difficult to visualise using quaterniond an the Euler angles are useful for
this.

If quaternions are used to describe the attitude of the bapéd in the reference frame, the
direction cosine matrix to convert a vector from the refeeeframe to the body frame is:

1-2(+¢2) 2(qee+aq) 2(q1q3 — ¢2q4)
Arg(a) = | 2(12 — @3q1) 1 —2(¢} +¢3)2 2(g2q3 + q1q4) (C.8)
2(q1gs + @2q1)  2(q2q3 — 1qa) 1 —2(¢ + ¢3)
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Figure C.3: The effect of a singularity occurring in the batjyamics.

In this projectq, has been used as the scalar component of the quaternionldy emd [12].
In other texts;; is used as the scalar component; care must be taken to beteoghroughout
the project.

C.7 Equations of Motion

From Euler's moment equation_[[76]:

hI = hB 4+ w X hp (C.9)

Whereh; is the rate of change of angular momentum,(i.e. the tordué)e inertial frame and
hp is the rate of change of angular velocity in the body framés the angular velocity of the
body in the inertial frame antg is the angular momentum in the body frame. If momentum
wheels are used thdmg will be the sum of the satellite angular momentum and the Whee
angular momentum.

From Equatior_C]9 the attitude dynamic equation of motianHoryu, assuming magneto-
torquers are the only attitude control actuators used, eamrliten as:

Te+Tg=Iw+w X Iw (C.10)

WhereT . is the control torque in the inertial frame generated by tlagmeto-torquersTq is
the disturbance torque on Horyu, expressed in the ineraahé. The gravity gradient distur-
bance torquéx is ignored in this projectl is the inertia matrix of the satellite. The relationship
between these terms is shown in Figurel C.4.

EquatiorTCID can then be rearranged to give:

=TT+ G - w x Iw) (C.11)
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Figure C.4: The relationship between the terms in Horyulsagiqn of motion - Equation C10.
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Figure C.5: The equation of motion implemented in Simuliolgive the satellite’s body dy-
namics.

The output of Equatioi"C.11 can be integrated to give thdiootaate of the body frame in
the inertial frame. The rotation rate at the start of the rhoda be specified in the integral.
The implementation of this is shown in FigureIC.5, but witk thertia matrixI replaced by

the3 x 1 vector of principal inertia terms. When the matfiis known from the CAD model,

the vectorI gain block can be replaced by the matrix multiplicatiod @hdw.

C.8 Kinematics

The kinematic differential equations represent the timpeddent relationship between the
body frame and the reference frame. To avoid problems withusarities this relationship is
most easily defined using quaterniohsl|[12]:

q1 g —q3 Q@ q w1
; 1 -
q= qg _ 2 q3 44 q q w2 (C.12)
qs3 2| —q Q1 94 q3 w3
qGa -1 ¢ —q3 Q4 0

q is more easily integrated than the alternative directigsireomatrix representation and so is
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often used on-board satellites.

C.9 Control Torque Command

C.9.1 Sidi's Approach

From Sidi [11],qg is the attitude error quaternioqy is the target attitude quaternion agds
the current attitude quaternion:

4dE1 qr4 qrs —qr2 411 —q1

qE = qE2 _ —qT3 qr4 qri 412 —q2 (C.13)
qE3 qr2 —qr11 qra 413 —q3
qE4 —qri1 —q12 —4q13 4714 q4

The command torque inputs to the magneto-torquers can #hdefined as:

Tc:z: = 2KmQE1QE4 - dep
Tcy = 2KyQE2QE4 - Kydq (C14)

Tcz = 2KzQE3QE4 - sz’l“

Wherewpgr = [ p oq T ]T is the satellite body angular velocity in the orbit refereframe,
andK andKy are the gain constants of the controller.

C.9.2 Wie’s Approach

From Wie [12],qg is the attitude error quaternion;r is the target attitude quaternion aqd
is the current attitude quaternion:

4dE1 qr4 qrs —qr2 —qT11 q1

qE = qE2 _ —qT3 qr4 qri  —4qr12 q2 (C.15)
qE3 qr2 —qr11 qra  —4T13 q3
qE4 qri1 qr2 qr3 qr4 q4

If the quaternion desired [30 0 0 +1 ]T then the command torque inputs to the magneto-
torguers can be defined as:

T.=-Kqg — Cw (C.16)

WhereK = kD, andk is a scalar constan€ andD are the matrices:

C1 0 0
C={0 ¢ 0 (C.17)
0 0 C3
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1000
D=|010 0 (C.18)
0010

Wherec;, ¢c; andceg are scalar contstants chosen using control theory to gesedhtroller its
desired propertiesv is the body-frame angular velocity in the reference frame.

Wie proposes several other controllers in Section 7.3.1s0bbok.
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List of Orawings:

Complete System

Wheel Assembly

Sensor Support Assembly

Rotor

Rotor Centre Top Piece

Rotor Centre Bottom Piece
Baseplafe

Electromagnet and Axial-Sensor-Bracket Support
Electromagnet

Axial Sensor Support

Top Radial Sensor Support
Radial Sensor Support Connector
Bottom Radial Sensor Support
Permanent Magnet Holder

Please contact Jon Seddon on extension 3411 with any questions, or email
jseddon@surrey.ac.uk.

Alternatively contact Or Alexandre Pechev on extension 3417 or
apechev@surrey.ac.uk
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Rator Centre Top Piece
Rotor
Rotor Cenfre Bottom Piece
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Top Radial
Sensor
Support

|
|
@ Motor
|

Radial Sensor
Support
Connector

Bottom Radial Sensor
Support
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Modification: enlarge 23.75 mm hole
to 255 mm fo accept larger motor
rofor.

Note: internal 23.75mm diameter
hole will have motor magnet ring
glued inside it.

This fop piece wil be secured fo
the rotor via screws going
through the sidewall of this piece
info the rofor. The screws need
to be within the top 4mm of the
open end of this piece fo not
interfere with the position
Sensors.
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Cenfre 19.5 mm diameter cuf-out
fo have permanent magnet glued
inside.

Screws will go through bottom
flange info steel rofor
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the top and 2 without
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Al 20 ® 6 | M6 Thread 15mm Deep
A2 10 ¢ 6 | M6 Thread 15mm Deep
A3 -10 ® 6 | M6 Thread 15mm Deep
Ak -20 ¢ 6 | M6 Thread 15mm Deep
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Laminated Steel
Quantity: 8

Notes: Steel to be made info a u-shape
50x24x57mm without the curved face by
Photofab Ltd. Curved edge tfo be cut by
spark erosion at Multispark Ltd and
mounting holes fo be drilled af the
Faculty Workshop at the University.
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1 Initial piece extened fo 57mm long fo  [18/12/2008
aid the spark erosion process
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REV DESCRIPTION DATE APPROVED

Note 1. the Top Radial Sensor Support will be secured
into the 14mm diameter (1 hole via grub screws through
the side of this piece. If 18mm is too far fo place grub
screws through then the Top Radial Sensor Support will
need to be extended upwards and a collar made fo
secure it fo this Axial Sensor Support. There will be a
torque on the Top Radial Sensor Support of ~20mNm
and so the grub screws/collar must be capable of
containing this torque.

Note 2: the positions for the 10mm diamefer holes were
calculated automatically. The positions should be
rounded to the nearest millimefre.

= XI

Hole Table
Hole X Y Size
Al 25 20 6
A2 25 250 6
B1 8,03 118,03 @10
B2 197 118,03 ¢ 10
B3 8,03 15197 @10
B4 197 15197 ¢ 10
N 25 135 b 14
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REVISION HISTORY

REV DESCRIPTION DATE

APPROVED

2 | Modifications to use larger mofor 8/9/09

Modification: extend the 14 mm diameter circular fop section into the
square section by 5mm fo allow the sensors fo be moved upwards. THe
circular section should now be 13 mm long. Extend the flat face on this
circular section similarly by Smm. Remove 3 mm from the boftom of the
square section so that this is now & mm in length rather than the
existing 7 mm. Drill and fap a new grub screw, on the opposite side to
the existing one, 2 mm from the new end so that it is in the centre of
fhe new square section.

Note *: this piece will be secured into the Axial Sensor Support's 14mm
diameter hole via grub screws through the side of the Axial Sensor
Support. If 18mm is foo far to place grub screws through then the 14mm
diameter round section of this piece will need to be extended upwards
and a collar made fo secure it to the Axial Sensor Support. There will
be a forque on the Top Radial Sensor Support of ~20mNm and so the
grub screws/collar must be capable of confaining this forgue.

Note 2: The Radial Sensor Support Connector will slot info the 3mm
diameter hole of this piece. It will be secured via a grub screw that is
not shown on this drawing.

Note 3: The motor will attach to this piece via a bracket that has not
been drawn yet.
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Top Radial Sensor Support
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Aluminium

25

Note: the outer 4 mm radius may
decrease to 35 mm once a
motor has been prepared.
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REVISION HISTORY

REV

DESCRIPTION DATE APPROVED

Modified fo accept larger motor 8/9/09

Modification: Remove 6 mm from the top square section so
that there is now 4 mm of square section between the
end of the piece and the edge of the 10 mm diameter
hole. Orill and fap a new grub screw on the opposite face
fo the exisiting one, cenfered 2 mm from the end of the

piece.

Note: The Radial Sensor Support Connector will slot info
the 3mm diameter hole of this piece. It will be secured
via a grub screw that has not be shown on this drawing.
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