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Abstract

The aim of this project was to design and test a partial attitude determina-
tion and control system for a nanosatellite. The reaction wheel system was
designed and tested as an actuator for the nanosatellite. This reaction wheel
system consists of four reaction wheels mounted in a tetrahedral formation.
A rate sensor system was also designed and its viability for this space ap-
plication was examined. The rate sensor system consists of 3 orthogonally
mounted planes, each with three rate sensors mounted on it. Hardware-in-
the-loop tests were used along with an air bearing experimentational setup,
which created near frictionless circumstances, to prove the effectiveness of
the designed reaction wheel setup. The results following from this project
were the following: The reaction wheel system proved to be an adequate ac-
tuator for this nanosatellite application and the rate sensor system which was
analysed proved to be inadequate for a nanosatellite application.
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Samevatting

Die doel van hierdie projek was om 'n gedeeltelike orientasie beheer stelsel
vir 'n nanosatelliet te ontwerp en te toets. Die reaksiewiel stelsel is ontwerp
en getoets as 'n aktueerder vir die nanosatelliet. Die reaksiewiel stelsel bestaan
uit vier reaksiewiele wat in 'n tetrahedrale formasie monteer is. 'n Rotasie
tempo sensor sisteem is ook ontwerp en die bruikbaarheid daarvan vir hier-
die ruimtetoepassing is ondersoek. Die rotasie tempo sensor sisteem bestaan
uit drie ortogonaal gemonteerde vlakke wat elk drie rotasie tempo sensore
bevat. Hardeware-in-die-lus toetse is saam met 'n luglaer eksperimentele
opstelling gebruik, wat semi-wrywingslose toestande skep, om die effekti-
witeit van die reaksiewiel stelsel te bewys. Die resultate wat uit hierdie pro-
jek gevolg het was die volgende: Die reaksiewiel stelsel sal as 'n baie effek-
tiewe aktueerder vir hierdie nanosatelliet toepassing gebruik kan word en
die rotasie tempo sensor stelsel wat analiseer is, is ongeskik bevind vir die

nanosatelliet toepassing.
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Chapter 1
Introduction

The attitude determination and control system (ADCS) is the subsystem of
a satellite which is responsible for stabilizing and orientating the satellite in
the desired direction. It takes external disturbance torques into account and
compensates accordingly which means that the satellite will be 3-axis stabi-
lized. This is done by using a set of different sensors to measure the attitude
of the satellite with respect to a fixed coordinate system. The orientation of
the satellite is then changed or maintained by using the actuators of the satel-
lite.

1.1 Aims and Objectives

The aim of this masters project is to design and test a subset of the full ADCS,
sensors and actuators, of a nanosatellite. The challenge in designing such a
subsystem for a nanosatellite is that all parts of the system must be as small,
light and power efficient as possible. The first aim of the project was to sim-
ulate the reaction wheel system along with the model of a nanosatellite. The
second aim was to design and build a tetrahedral reaction wheel system for
a nanosatellite which will enable 3-axis stabilization of the satellite. This in-
cluded designing the driving electronics for the four reaction wheels, the four
rotors and the mounting structure. The third aim of the project was to design
and build a rate sensor system for a nanosatellite. The final aim was to test
these subsystems on an air bearing in a hardware-in-the-loop (HIL) simula-
tion. This means that a part of the simulation (in this case the reaction wheel)

was replaced with the actual physical component to test the hardware as if
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it was in the real system. A control system was also designed to prove that
the reaction wheel system can be used along with the rate sensor system, in
an air bearing setup, to control the attitude of the setup along one free axis of
rotation.

1.1.1 Mission Objectives

The nanosatellite to be designed will be launched together with a mother
satellite, which will most probably be an earth observation satellite. The
nanosatellite will have a CMOS camera sensor as main payload and will be
used to take images and video data of the mother satellite. These images will
be used to monitor the mother satellite and provide visual images for the
following possible processes or error scenarios of the mother satellite: The
deployment of solar panels or a boom with a tipmass, satellite detumbling or
external mechanical problems. This nanosatellite will also once more demon-
strate formation flying, 3-axis stabilized flight and orbit rendezvous of two
satellites with different drag characteristics. One of the main objectives of this
mission is also to educate masters students at the University of Stellenbosch
in the field of Space Engineering.

1.2 Background

In the past much research has been done on the subsystems of microsatel-
lites at the University of Stellenbosch. The Electrical and Electronical depart-
ment hosts the Electronic Systems Laboratory (ESL) where South Africa’s
first satellite, SUNSAT-1 (Stellenbosch University Satellite) was built from
1991 to 1999. Currently masters students at Stellenbosch University are do-
ing research on various subsystems of a nanosatellite. This project will also
contribute to the bigger aim of developing a nanosatellite at the University
of Stellenbosch.

The reason why the project of building a nanosatellite is done in an university
environment, is due to the fact that it can be done in a relatively short period
of time and the costs associated with developing and launching a nanosatel-
lite are relatively small. Builing a nanosatellite provides the extra challenge
of minimizing all the subsystems of a satellite while providing the same func-

tionality.
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Previous reaction wheels were built at the ESL by Laurentius Joubert (for
Sunsat) and Xandri Farr. These reaction wheels are much too big and too
heavy for a nanosatellite, therefore a smaller reaction wheel system was needed
which will meet the torque, weight and size requirements of a nanosatellite.
Therefore this project focuses exclusively on the ADCS of a nanosatellite. A
tetrahedral reaction wheel system was therefore designed to make the total

system even more compact.

Redundancy is an important part of any space mission. In this project it is
therefore also necessary to make provision for the possibility of a reaction
wheel failure in space. An extra reaction wheel is therefore added to the
system to provide continual 3-axis controllability even when one of the four
reaction wheels fails. The tetrahedral form of the reaction wheel structure
was chosen, because in this configuration the nett angular momentum is zero
when all four wheels are rotating at the same angular velocity. This makes
the control of the system simpler due to the fact that the reaction wheels will

be used at a constant offset wheel speed.

1.3 Document Layout

In Chapter 2 the theory behind the design decisions will be explained. The
control algorithms which were tested in simulation will be explained. Chap-
ter 3 will discuss the simulation of the nanosatellite ADCS. First the reaction
wheel will be simulated together with the satellite dynamics and then the
implementation of momentum dumping will be discussed. The design de-
cisions made will be motivated in Chapter 4. Some of the detail design of
the reaction wheel system and the rate sensor system will be discussed in
this chapter. The simulation and practical results will be shown in Chapter
5. These results include the following topics: The HIL simulation, the ex-
perimental air bearing setup and the rate sensor system. Lastly in Chapter
6 the conclusions of this project will be presented and recommendations for

further studies will be given.



Chapter 2
Theory

Design decisions can only be made on the basis of the underlying theory.
This chapter describes the theory which was needed to complete this project.

2.1 Space Mission Geometry

When designing an ADCS for a nanosatellite it is important to know where
and how this satellite will be used. This includes the specific orbit the satellite
will be launched into, for example the inclination and altitude of the orbit.
The specifications set for the ADCS will be based on the background theory

of space mission geometry which will be explained in this section.

2.1.1 Coordinate Systems

The roll, pitch and yaw angles (Figure 2.1) can be used to define the transition
between the spacecraft-fixed coordinate system (Figure 2.2) and the orbit ref-
erence frame (Figure 2.3). The roll axis is the rotation around the spacecraft
direction of velocity. The pitch axis is the rotation around the negative orbit
normal direction. Lastly the yaw-axis is the rotation around the nadir direc-

tion.

The spacecraft-fixed coordinate system is used as the common reference frame
for all on-board sensors and actuators and it is fixed to the center of mass
(COM) of the satellite. Its axis will be chosen such that certain features of
the satellite are orientated along one axis of the spacecraft-fixed coordinate

system. Since the nanosatellite will have a camera as main payload, it would
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_ =

IS
Roll Axis

C\
N~

Pitch Axis

Figure 2.1: Roll Pitch Yaw

be natural for one axis to be in the direction of the camera lens. Along with
the other two axes it should constitute a Cartesian coordinate system.

Nominal Nadir

B
- ~ ey,
Nominal Negative
Orbit Normal
XB
Nominal
Velocity

Figure 2.2: Spacecraft Fixed Coordinate System

The orbit reference frame defines the coordinate system for the spacecraft-
fixed reference frame using the orbital elements. It is a spacecraft centered
coordinate system and it is used to calculate the attitude of the satellite rela-
tive to the earth. The z-axis of the orbit reference frame is always in the nadir

direction. The x-axis points in the satellite velocity direction and the y-axis
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points in the negative orbit normal direction, as seen in Figure 2.3.

Figure 2.3: Orbit Reference Frame

The earth centered earth fixed (ECEF) reference frame is a right orthogonal
coordinate system and as the name states, its origin is at the center of the
earth. The z-axis is in the direction of the north pole, the x-axis is in the direc-
tion of intersection between the equatorial plane (0 degrees latitude) and the
Greenwich meridian (0 degrees longitude) and the y-axis is the cross product

between the z- and x-axis.

Lastly the earth centered inertial (ECI) reference frame is used for orbit sim-
ulation purposes as it is also the basis for the physical laws which hold in
space. To be able to use Newton’s laws for modeling a spacecraft in space, an
inertial coordinate system is needed as reference. The coordinate system is
fixed with respect to the direction of the vernal equinox and its origin is also

at the center of the earth, as is the case with the ECEF reference frame.

2.1.2 Orbit parameters

The orbit of the nanosatellite will depend on the orbit of the mother satellite
with which it will be launched. Assuming that the mother satellite will be
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a low earth orbit (LEO) earth observation satellite, it will have a polar sun-
synchronous orbit. Sun-synchronous orbits have a retrograde precession of
360 degrees per year, which will ensure that the satellite will pass over the
equator at the same local time every orbit. Sun-synchronous orbits are pos-
sible for polar orbits with the correct inclination and altitude. For altitudes
between 400 and 900 km the inclination must be 98° +1° for the orbit to be
sun-synchronous.

2.2 Control Algorithms

In this section the different aspects of the satellite attitude control algorithms
which were tested will be discussed. The inputs to the controller are the
quaternion error and the orbit referenced angular velocity of the satellite. The
output of the controller is the reference wheel torque. The controller output
will then be sent to the reaction wheel model.

2.2.1 Quaternion feedback

The Euler angle parametrization suffers singularities at 90 degree pitch an-
gles when converting from the spacecraft coordinate system to the orbit ref-
erence frame. To avoid this problem, the quaternion approach is used, which
has a 4-element vector definition without any singularities.

The quaternion error is calculated by using the current and the reference

satellite attitude in quaternion representation as shown in equation (2.2.1).



CHAPTER 2. THEORY 9

J4c q3c —2¢ qd1c

—q3c  Y4c d1c —{2c 2.2.1)
q2c —1c G4c —{3¢
d1c q2c q3c G4c

Where,
- T
9 = |71 92 93 44 ]
= Current quaternion (attitude)
- T
de = i dle q2e¢ Y3e Y4e ]
= Quaternion error
; T
9dc = I dic Y92¢ 93¢  Y4c }

= Reference (commanded) quaternion attitude

The quaternion feedback is a method which makes use of this quaternion
error to calculate the error between the reference attitude and the current at-
titude of the satellite. This quaternion error is an input to the controller along
with the orbit referenced satellite angular velocity to be able to calculate the

control torque vector as the output of the controller.

2.2.2 PD control

Euler’s rotational equations of motion of a rigid spacecraft, as discussed in
Wie [18], is repeated here (2.2.2) for the sake of completeness.

u = Iwf+ wp x Iwg (2.2.2)
Where,
u = control torque input vector
I = inertia matrix
wp = inertially referenced body angular velocity vector

A PD controller is used to control the reaction wheels of the satellite. The qua-
terion feedback controller for eigenaxis rotations, as discussed in Wie [18],
was used in this project. The controller proposed by Wie [18] counteracts the
gyroscopic term of Euler’s rotational equation. However for most practical
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rotational maneuvers the gyroscopic term is small and can be neglected. The
control algorithm used in this project is shown in equation (2.2.3). The inputs
of the controller are the quaternion error vector and the orbit referenced body
angular velocity vector. The output of the controller is the control torque vec-
tor which is the input of the reaction wheel system. P and D are the controller

gain matrices to be properly determined.

u = st (Pqe + Dw%) (2.2.3)
Where,
Upax, = Maximum control torque possible for axis i
P = Kpl
Kp = 2w? (2.2.4)
= DProportional gain
I = Moment of inertia matrix
de = Quaternion error
D = Kpl
Kp = 20w, (2.2.5)
= Derivative gain
wQ = Orbit referenced body angular rate vector
= damping ratio
w, = linear control bandwidth

Variable limiter attitude error feedback

Wie [19] discusses an improvement on the control algorithm in equation
(2.2.3). A variable limiter attitute error feedback is included in the controller.
This improves the sluggish response (with increased transient overshoots)
while using the previous controller, when larger rapid maneuvers are done.
The slew rate limit needs to be adjusted for large commanded attitude an-
gles. The improved controller is shown in equation (2.2.6). The improvement
of the new controller is due to the fact that actuator saturation is prevented
by implementing the attitude error feedback saturation. Wie [19] claims that
the response using the improved controller is less sluggish and does not have
a transient overshoot. The gyroscopic term of the Euler rotational equations
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of motion is also neglected in this controller assuming it to be small for all

practical rotational maneuvers.

u = sat [Psat(q.)+ Dwd (2.2.6)
Li

U maxi

~ (Kp\ .
L, = <K—P> min [\/451,‘ |e;] |Wi|max] (2.2.7)

= Attitue-error feedback saturation limit for axis i

a; = u / I i
= Maximum control acceleration about axis i
gde; = Quaternion error for axis i
Wimax = Maximum specified slew rate about axis i

2.3 Tetrahedral Configuration

A tetrahedron is a triangular pyramid, which means that it is a polyhedron
composed of four triangular faces, three of which meet at each vertex, as can
be seen in Figure 2.6. A regular tetrahedron is one in which the four triangles
are equilateral. For the reaction wheel configuration designed the triangles
will all have side lengths of 60 mm. Using a tetrahedral shape mounting
structure means that four equal momentum vectors, perpendicular to each
side of the tetrahedron, amounts to a null momentum vector when they are
added together.

2.3.1 Conversion Matrix

A conversion matrix is needed to convert the momentum vectors of each
reaction wheel in the tetrahedral configuration to the satellite coordinate sys-
tem. This is needed because the momentum vectors of the wheels are not
perpendicular to each other, but rather perpendicular to the planes of the
tetrahedral shape on which they are mounted. The angular momentum and
torque vectors of the four reaction wheels are shown in the spacecraft coor-

dinate system in Figure 2.7.
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Figure 2.6: The Tetrahedron
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The conversion from the wheel angular momentum (or torque) vectors to the
Cartesian coordinate system is shown in equation (2.3.1).

h
Ry 0 cosy —cos7ysiny —cosysiny hl
hwy | = | 1 siny siny sin y hz (2.3.1)
huw: 0 O COsS7ycos#  —cosysiny h3
4

The conversion from the angular momentum (or torque) vectors in Cartesian
coordinates to the wheel angular momentum and torque vectors is given in

equation (2.3.2).
hy 0 COSy —cosysiny —cosysiny B
hy | 1 sin y sin vy sin y
hs3 B 0 0 COSYCOSH  — COS7yCOS1]
hy —2siny (1+siny) 2siny 1 1

(2.3.2)



Chapter 3
Simulation

This chapter discusses the complete simulation process. It starts off with ex-
plaining the different models used in the simulation. The chapter goes on to
discuss the simulation of the reaction wheel system. Thereafter the imple-
mentation of the reaction wheel control algorithm is shown. An explanation
of how momentum dumping was simulated follows in the next section. The
last section in this chapter discusses the PD control block which acts as the

attitude controller for the satellite.

MATLAB Simulink is used as simulation environment throughout this project.
The basis of the simulations used in this project was provided by Steyn [17].
The simulations were however for a microsatellite application and had to be

changed to resemble a nanosatellite. The changes included:

* Modifying the reaction wheel model to simulate the tetrahedral reac-

tion wheel system used in this project

¢ The speed loop and current loop transfer functions of the actual reac-
tion wheels were determined and entered into the model

¢ The nanosatellite MOI was estimated and entered in the simulation
¢ Magnetic dumping was incorporated into the simulation

¢ The reaction wheel control was changed to control the smaller reaction
wheels

14
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3.1 Simulation Models

The full simulation includes the reaction wheel system model, the reaction
wheel controller, the magnetic dumping controller, the satellite model and
the obit model. This simulation can be seen in Figure 3.1. The different mod-
els and controllers used in this simulation will be discussed in further detail
in the rest of this chapter. The simulation time has been chosen as 8000 sec-

onds, which amounts to roughly one and a third times the orbital period.
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Figure 3.1: Simulink Simulation

The simulation requires a model of the orbit of the satellite. The orbit model
is implemented in a S-function block, as seen in Figure 3.1. Using the satel-
lite model, the attitude, orbit and inertially referenced angular velocity of
the satellite can be determined. The desired satellite reference attitude is the
input to the simulation. The error between the reference attitude and the
current attitude is sent into the reaction wheel controller. The output of the

controller is a torque command which is converted to an angular momen-
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tum reference (through an integration process) for the model of the reaction
wheels. The torque and momentum vector of each wheel is determined, us-
ing their non-linear models, and sent back to the satellite model.

3.1.1 Satellite Model

The satellite model is shown in Figure 3.2. The satellite dynamics can be de-
scribed using Euler’s dynamic equations of motion as seen in equation (3.1.1).
The angular acceleration of the satellite referenced to the inertial coordinate
system is influenced by the gravity gradient torque, the disturbance torques,
the gyroscopic torque and the input torques exerted by the magnetic torquer
and the reaction wheels. Inside the satellite model the inertially referenced
satellite body angular velocities are converted to the orbit reference frame.
This is used to calculate the current attitude of the satellite in quaternion and

direction cosine matrix (DCM) representations.

1@ = Ngg + Ng + N — wh x (Iwh + hy) — hy (3.1.1)

The satellite moment of inertia was estimated from the current predicted
shape and mass of the satellite. The satellite will have a flat cylindrical shape
with a diameter of 0.4 m and a height of 0.22 m. The moment of inertia of the
satellite was estimated using the predicted mass of 10 kg and the moment of

inertia calculations for a cylinder given in equations (3.1.2) and (3.1.3).

L=1 = %m (3R* + 1?) (3.1.2)
L = %mRZ (3.1.3)

3.1.2 Orbit Model

The orbit model makes use of the classical orbital elements (NORAD TLE)
and the input reference time. The model gives a wide range of outputs which
describe the orbit of the satellite. The outputs of the orbit model include
the orbital period, the angular velocity of the satellite, the mean and true
anomalies, the satellite altitude, latitude and longitude, a conversion matrix
to convert from the inertial reference frame to the orbital reference frame and
the inertially and orbitally referenced magnetic field of the earth.
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Figure 3.2: Satellite Model

3.1.3 Reaction Wheel System Model

A MATLAB Simulink simulation of the reaction wheel system of a microsatel-
lite (designed by Steyn [17]) was modified so that it could be used to simulate
the reaction wheel system of the nanosatellite designed for this project. The
reaction wheel system model includes 4 non-linear models of each reaction
wheel. One of the four identical non-linear models can be seen in Figure
3.3. The reaction wheel system model also includes the conversion matrix, as
seen in equation (2.3.1), which converts the four reaction wheel momentum
vectors to the satellite body coordinate system. In this model provision is
also made for the fact that the reaction wheels will be spinning at an offset
angular velocity of 1000 rpm. An offset wheel speed is used because an op-
tical encoder could not be used to determine the wheel speed and direction,

due to size constraints. As explained in more detail in section 4.4.1, the zero



CHAPTER 3. SIMULATION

18

wheel speed crossings therefore needed to be derived from the wheel speed

information. Using this particular offset wheel speed minimizes the zero an-

gular velocity crossings and therefore simplifies the wheel spinning direction

determination process.

max momentum:

0.02 Nms
O—» [ |-»
Href
Momentum
Saturation

integrator antiwindup

o—f

L

max torque/12bit

max torque:
+ 5 mNm
Kp.z-Kpa
—p L > _/—
z-1
Digitisation: Discrete Torqug
Transfer Fcn Saturation

according to speed
loop update speed

>

]

D/A

. 1

Integrator

D

Nwheel

—rCD

Hwheel
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The non-linear model of each reaction wheel is made up of the following

components. At the centre of the non-linear model is the transfer function

model of the current loop which is closed inside the brushless DC motor con-

troller. The input to the current loop is the torque (which is related to the

current) reference supplied by the speed loop controller and the output is the

wheel angular momentum (which is related to the wheel speed). The current

loop is assumed to be much faster (more than 10 times) than the speed loop,

which is closed around the current loop. The transfer function of the current

loop is therefore simplified to a single integrator and an open loop gain. The

open loop gain is determined by plotting the wheel acceleration versus the

current command. This is done by conducting various tests where the wheel

acceleration is measured for different current commands. The wheel acceler-

ation divided by the current reference gives the constant open loop gain.

The second part of the non-linear reaction wheel model is the speed con-

troller which resides inside the 8051 microcontroller. It has a speed error in-

put and a torque command (in digital to analog units) to the BLDC controller
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as an output. The transfer function of the discrete PI controller is shown in
equation (3.1.4). The calculation of the gains, K, and K,a, will be discussed
in section 5.2.
Gpi(z) = Ke(z—a) (3.1.4)
z—1
The discrete control difference equation (3.1.5), which will later be used when
implementing the speed controller in the microcontroller, is derived from the

transfer function shown in equation (3.1.4).
u(k) = u(k — 1) 4 Kpe(k) — Kpae(k — 1) (3.1.5)

The non-linear reaction wheel model also includes the momentum and torque
saturation of each of the reaction wheels. The angular momentum buildup
on each reaction wheel is limited to 20 mNms (at 5000 rpm) and the torque
which can be exerted by each reaction wheel is limited to 5 mNm. The quan-
tization steps of the digital to analog converter is taken as 2.44 4 Nm (4096 bits
divided into a -5 mNm range). Anti-integrator windup is also implemented
in this model to prevent the integrator from integrating the error when the
torque saturation limit has been reached.

3.1.4 Speed controller algorithm

The wheel speed controller is implemented in the microcontroller as shown
in equation (3.1.6). The design of this controller is discussed in section 5.2.
Speed reference commands can be given at 100 ms intervals, the speed con-
trol loop is executed inside the 8051 microcontroller at 10 times per second.
Therefore speed measurements are also done at these intervals. The previ-
ous torque command and the current and previous angular velocity errors
are used as inputs to the controller. The output of the controller is the torque
reference command which is converted to digital to analog units before it is
sent to the brushless DC controller. The integrator gains K; and K are calcu-
lated (in section 5.2) according to the closed loop damping and settling time
specifications.

Ncommund(k + 1) = Ncommand(k) + werr<k + 1) * Ky — Werr<k) * Ko (3.1.6)
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3.2 Momentum dumping

Momentum dumping is the method of removing unwanted accumulated an-
gular momentum from the reaction wheels. This momentum buildup is due
to secular external disturbances on the satellite. Some of the secular dis-
turbance torques are caused by the earth’s magnetic field, gravitational and
aerodynamic influences on the satellite body. Momentum dumping is done
by using the magnetic torquers to create a torque in the opposite direction of
the angular momentum vector which needs to be dumped. This section will
discuss the algorithms which were used to implement momentum dumping

in the Simulink simulation.

The magnetic control block uses the B-field of the earth, as predicted by
the orbit propagation model, alongside with the reaction wheel angular mo-
mentum vectors in spacecraft body coordinates to calculate the torque which
needs to be exerted by the magnetic torquers. The algorithm used to calculate
this torque is shown below, in equation (3.2.1), where B is the earth’s mag-
netic field, H is the angular momentum of the reaction wheels in spacecraft
body coordinates, M is the torque exerted by the magnetic torquers and k is
the magnetic controller gain. The constant, k, must be negative, because the
torque generated by the magnetic torquers must be in such a direction so as
to decrease the momentum built up on the reaction wheels.

Equation 3.2.1 is obtained by assuming that the earth’s magnetic field, B,
is always perpendicular to the commanded magnetic dipole moment, M.
The components of the earth’s magnetic field (in the orbit reference frame)
are time-varying and depend on the orbit parameters (as discussed by Sidi
[13]). It is therefore not possible to make use of an analytic method to find
the correct value of the controller gain k (in equation (3.2.1)). The optimal
value which was found to be k = —1, was therefore determined using the
“cut-and-try” method. The estimated magnetic torquer saturation value was
taken into account when the controller gain was designed. For the designed k
value the commanded magnetic moment stays within the specified magnetic

torquer saturation value for the simulated disturbance torques.

H x B

M=k—"22
B2

(3.2.1)



CHAPTER 3. SIMULATION 21

The results of the implemented momentum dumping control algorithm can
be seen in section 6.1.3. Momentum dumping can however only by done
when the magnetic field (B-field) vector of the earth and the momentum vec-
tor to be dumped are not in the same direction. This can be seen from the
cross product in equation (3.2.1). The cross product implies that the mag-
netic torque applied depends on the angle between the angular momentum
vector and the B-field of the earth, the magnetic torque is a maximum when
the angle is 90 degrees and zero when the angle is 0 degrees. Momentum
dumping is thus constrained by the position of the satellite in its orbit.

3.3 PD controller block

In section 2.2.2 the theory behind the PD controller was discussed. The gains
Kp and Kp were chosen using equations (2.2.4) and (2.2.5) and the closed loop
specifications as shown in equation (3.3.1). Inside the PD control block the
closed loop specifications, { and w;,, were implemented as constants which
can therefore be changed easily (as seen in Figure 3.4). The torque saturation
of 5 mNm is also implemented in this block. The torque command is inte-
grated using a discrete integrator, with a sample time of 1 second, to calcu-
late the momentum reference which is sent to the reaction wheel model. This
satellite attitude controller is closed at 1 Hz, which is the reason for the inte-
grator sample time of 1 second. This sample time is therefore slow enough to
incorporate reaction wheel speed loop controller which is closed at 10 Hz.
3

tsso = Tw (3.3.1)
n

= five percent settling time

3.3.1 Variable limiter attitude error feedback controller

The improved PD controller as discussed in section 2.2.2 is now implemented
in the simulation. The only difference between the previous (Figure 3.4) and
the improved PD controller is the fact that the quaternion error feedback is
limited. From Wie [19] it follows that, as the quaternion error increases, the
slew rate limit increases for rapid and large maneuvers. This means that the
overall response becomes sluggish and has an increased transient overshoot
because the actuator is saturated. To achieve improved settling times for
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Figure 3.4: PD satellite attitude controller

large maneuvers the slew rate limit is adjusted as showed in equation (2.2.7).
The variable limiter insures that the actuator is not saturated and it improves
the transient response for large maneuvers. The results of this improved con-
troller will be discussed and compared to the PD controller without attitude
error saturation in section 6.1.1.



Chapter 4
Hardware Design

In this chapter the detail design of the different actuators and sensors covered
in this project will be discussed. To start with, the design requirements of the
ADCS system will be explained. This includes all the actuator and sensor
specifications relevant to this project. Thereafter the mission objectives will
be stated and discussed. This will be followed by a full explanation of all
the design steps followed to complete the reaction wheel system and the rate

sensor system.

4.1 Requirements

Previous research at the ESL has been done by Bootsma [4], Ntsimane [10],
Baker [1], Greyling [8] on the subsystems of microsatellites, on which the cur-
rent research on the subsystems of nanosatellites is based. Therefore the main
aim of the current subsystems developed is to compact the improved tech-
nology into smaller and lighter final units. The biggest requirement of this
project is therefore to make the final product as small and as light as possible,
due to the fact that it will eventually be flown on a nanosatellite. Another re-
quirement that goes with the size constraint is the power constraint. Smaller,
lighter batteries and solar panels must be used on nanosatellites and there-

fore the subsystems of nanosatellites must be as power efficient as possible.

4.1.1 Reaction Wheel Specifications

Firstly each reaction wheel must be able to deliver a torque of 5 mNm. The re-

action wheels must also be able to store an angular momentum of 20 mNms.

23
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This means that the maximum angular velocity of each reaction wheel must
be 5000 rpm, while each wheel has a moment of inertia around the spinning
axis of 38.2 x10~° kgm?. The minimum speed command which each reaction

wheel must be able to follow is 50 rpm.

4.1.2 Rate Sensor Specifications

The aim of building this sensor was to determine whether it is in fact a fea-
sible sensor to use on a nanosatellite. The power usage and sensor drift was
analyzed and compared to other off-the-shelf components. It was only re-
quired to determine most accurate angular velocity measurements which can
be obtained from the rate sensors, this implies that the sensor drift must be

as low as possible.

4.1.3 Mission

This nanosatellite will be used as an inspection satellite to observe another
satellite (a mother satellite) which will be in close proximity. This means that
the nanosatellite’s main payload will be a camera to image the mother satel-
lite. It also means that the nanosatellite will have to be 3-axis stabilized to be
able to take these images. This requires reaction wheels for accurate attitude
control. Magnetic torquers will also be needed to dump the momentum on
the reaction wheels, because of momentum buildup due to external distur-
bance torques on the satellite. To be able to inspect all the sides of the mother
satellite, the nanosatellite will have to be in such an orbit so that it will or-
bit around the mother satellite. The rotation of the nanosatellite to keep its
camera facing the mother satellite will be controlled by the onboard ADCS.
The nanosatellite will be launched together with the mother satellite, but will
inevitably have different drag characteristics. Therefore the nanosatellite will
need a propulsion system to enable it to rendezvous with the mother satellite
and to make minor orbit adjustments.

4.2 Reaction Wheel Design

In this section the detail design of the reaction wheel will be discussed. Firstly
the decisions made during the design of the mounting structure will be ex-

plained, the choice of motor will be defended and the rotor design will be
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discussed. Lastly the process of designing the motor controller and micro-
controller electronics will be presented.

4.2.1 Structure

The reaction wheel system must be redundant and support a zero momen-
tum bias with offset wheel speeds, so the design decision was made to mount
the four reaction wheels in a tetrahedral formation. As explained in section
2.3 equal angular momentums of the four reaction wheels amounts to a nett
zero momentum vector. This allows each reaction wheel to spin at an equal
offset angular velocity of 1000 rpm while the nett momentum stays zero. Due
to this fact and the fact that the tetrahedral configuration occupies a smaller
volume than the pyramid configuration, the tetrahedral configuration was
chosen. The positive directions of the angular momentum vectors can be

seen in Figure 2.7.

The structure was chosen to be as small as possible and as rigid as possi-
ble to minimize structure vibrations during launch. The structure fits into a
figurative cube with dimensions 100 mm by 100 mm by 100 mm. A Solid
Edge drawing of the tetrahedral structure alone can be seen in Figure 4.1.
The smallest possible tetrahedral shape structure was chosen so as to allow
for the rotors to each have a diameter of 50 mm (which will be on the outside
of the structure). The four brushless DC motors will be mounted in the cen-
ter of each of the four plates on the inside of the structure and their axes, on
which the rotors will be mounted, will be protruding from the structure as
can be seen in Figure 4.2.

The structure can be fully disassembled into 4 plates and 3 standoffs (see Ap-
pendix A.1), when assembled all junctions of neighbouring pieces are held
together by two 2.5 mm bolts. It is necessary to be able to disassemble the
structure fully, because the motors are in such close proximity of each other
on the inside of the structure, when assembled, that they have to be fixed to
the plates before connecting the plates to each other. The four plates which
constitute the tetrahedral structure are also identical, as are the three stand-
offs, which simplifies the production. The plates were manufactured using
laser cutting technology which ensures accuracy. A method called stitching
(small slits cut by the laser) was used along the folding lines to ensure that
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Figure 4.1: Tetrahedral Structure

the position of the folds were accurate.

The reflective optical sensors, used to measure the rotational speed of the
rotors, are also mounted in a corner of each of the four plates. The distance
from the sensor to the rotor was chosen to provide optimal reflective surfaces
for the sensor to discriminate between the polished and black surfaces of the
rotor. The standoffs are mounted on the mounting plate, which serves as a
baseplate for the structure and a means to mount the structure and the PCB
to the satellite.

Due to the triangular shapes which are connected to each other to make up
the tetrahedral structure it can withstand large vibrational forces. This is one
of the reasons why this shape was chosen. The shape of the tetrahedral struc-
ture was therefore assumed to be rigid enough so as to be able to use 1.6 mm
aluminium, but further vibration tests would be necessary to verify this as-
sumption. Possibly 1.2 mm aluminium (or maybe even 0.9 mm) could suffice,
depending on the vibration specifications of the specific launch vehicle used
to launch the nanosatellite.
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Figure 4.2: Tetrahedral Structure with Motors

4.2.2 Rotor

The material used for the rotor was chosen to have a high density, so as to de-
crease the volume of the rotor. The other criterion for the material was that it
should be easily obtainable and relatively inexpensive. Therefore brass was
chosen. The moment of inertia of each rotor around the spinning axis was cal-
culated as 38.2 x10~® kgm? from the reaction wheel requirements. The rotor
diameter was designed to be 50 mm. The rotor has a cup like shape with 1
mm deep slits (1.2 mm wide) on its perimeter, which are used to determine
the rotational speed of the rotor, as seen in Figure 4.3. The only problem with
this material is the fact that it forms an oxidation layer in a short period of
time, which makes the surface dull. This reduces the reflectiveness of the
polished surface and the reflected signal coming from the diode is therefore
also weaker. This can lead to faulty speed readings and a sealant had to be
found to prevent this oxidation.

For the first design iteration it was chosen to machine 40 slits into the rotor.
This yielded a speed measurement resolution of 1.5 rpm at a 1 Hz sampling
frequency. Seeing that the satellite attitute control loop should ideally be

closed at 1 Hz, a faster sampling frequency for the speed measurement was
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Figure 4.3: The Brass Rotor

needed. A better resolution could only be obtained when more slits were
machined into the rotor. Therefore during the next design iteration it was
chosen to machine 72 slits on the side of each rotor, which would yield a
speed measurement resolution of 8.33 rpm at a faster sampling frequency of
10 Hz. This would allow the satellite attitude controller to run at 1 Hz. The
speed loop is therefore executed every 100 ms (as explained in section 3.1.4),
but the angular velocity is only displayed every second, thus with a resolu-
tion of 0.83 rpm. There was no speed measurement resolution requirement,
the resolution must only allow for the speed loop to be closed at 10 Hz. The
specific number of slits was chosen due to the fact that it was easier to ma-
chine slits into the rotor at integer angles (in this case 5 degrees). A better
resolution could be obtained by machining more slits on the perimeter of
each rotor, but the accuracy at which it could be machined would deteriorate
due to the machinery available. Therefore it was decided to keep to 72 slits

for this project until funding allowed a better machining process.

4.2.3 Motor

A brushless DC motor was chosen for this project, because the commutation
wear on a brushed DC motor is not desired for space applications. Three
small brushless DC motors were considered for this project, the 5.2 mNm
Faulhaber motor, the 13 W and the 6 W EC flat Maxon motor (see datasheets
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in Appendix B). The three key elements, on which the choice of motor was
made, were the size of the motor, its nominal operating voltage and the
power consumption of the motor. In the next 3 paragraphs these three crite-
ria will be discussed for each motor and the final decision will be motivated.

The maximum torque requirement for each motor is 5 mNm (according to
the specifications, see section 4.1.1). The power consumption, at an output
torque of 5 mNm and an angular velocity of 5000 rpm, of each motor was
therefore compared to each other. The power consumption under these op-
erating conditions of the Faulhaber motor is 5.65 W, the 6 W Maxon motor,
4.98 W, and the 15 W Maxon motor, 4.92 W (see Appendix B for calculations).
It can therefore be seen that the 15 W Maxon Motor has the smallest power
consumption by a small margin.

The size of the motor was to be as small as possible. This is why the EC-flat
series of Maxon motor was chosen above the Faulhaber motor. The brushless
DC motors in the EC flat series has an axial length of 28 mm in total, which is
a critical dimension in this compact design. The axial length of the Faulhaber
motor is 44 mm. Using this motor would enlarge the tetrahedral configura-

tion by a significant amount.

The nominal voltage also needed to be in the 12 V range, due to the smaller
power supply which will be used on the nanosatellite. Therefore the 6 W
Maxon motor with a nominal operating voltage of 9 V was chosen above the
15 W Maxon motor with a nominal operating voltage of 24 V.

It is therefore clear that, by taking all the above specifications in account,
the 6 W Maxon motor was the best choice of motor for this project.

4.2.4 Motor Drive Electronics

The motor drive electronics can be divided into 4 parts, the 8051 microcon-
troller and its components, the four brushless direct current (BLDC) con-
trollers and their peripheral components, the power distribution and com-
munications components. The schematics for these four parts of the motor

drive electronics can be seen in Appendix A.2.
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8051 microcontroller

The 8051 microcontroller has a 16 MHz crystal as clock source. This clock
source was chosen so that the CAN controller can operate at 1 Mhz, the UART
baud rate at 19200 baud and a timer can be set up to interrupt at 10 Hz for
the wheel speed control loop. External to the microcontroller a reset circuit is
set up to prevent small voltage drops in the power supply from resetting the
microcontroller. The serial peripheral interface (SPI) of the microcontroller
is used to communicate with an external digital to analog converter (DtoA)
which drives the references for the BLDC controllers. The inter-integrated
circuit (I2C) port of the microcontroller is used to interface with an external
analog to digital converter (AtoD), which converts the rate sensor outputs.
The Joint Test Action Group (JTAG) interface is used to program the micro-
controller. Four output pins on the microcontroller are used to drive the en-
able inputs of the BLDC controllers and another four output pins drive the
direction of rotation input pins on the BLDC controllers. Four input pins of
the microcontroller are configured as external timer inputs and act as coun-
ters to count the pulses from the optical reflective sensors, to determine the

rotational speed of the rotors.

BLDC controllers

The BLDC controller from ST Microelectronics (with component number L6235)
and its peripheral components have been chosen to fit the application. One of
the main requirements was that the controller should have an onchip three-
phase transistor bridge to drive the BLDC motors. This would minimize the
PCB space required for these components, as one controller would be needed
for each of the four BLDC motors. The other requirements for the controllers
are: It should be able to operate from a 12 V supply and it should be able
to deliver 0.7 A of current to the motor. The peripheral components for the
BLDC controllers include a charge pump, an external overcurrent and ther-
mal protection circuit, a current sense resistor, a PWM off time selection RC
circuit, a speed output pulse width selection RC circuit and bypass capacitors

and pull up resistors on the Hall sensor inputs.

The internal workings of the BLDC controller will now be discussed briefly
by taking a look at its block diagram as seen in Figure 4.4. The first is the
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constant off time PWM controller which makes use of an external RC circuit
to determine the off time. The external RC circuit has been chosen to give a
PWM switching frequency of between 8 kHz and 10 kHz (depending on the
on-time chosen by the controller). The optimal switching frequency would
be between 25 kHz and 40 kHz, but the choice was limited by the minimum

on time which is set by the controller.
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Figure 4.4: BLDC controller Block Diagram

The second part of the BLDC controller consists of the three phase transistor
bridge which drives the BLDC motors. The current drawn by the BLDC mo-
tor is determined by measuring the voltage drop over a sense resistor which
is connected between the source of the three lower transistors in the bridge

and ground.

The tacho monostable uses the signal coming from the first Hall sensor to
output a pulse which length can be determined by an external RC circuit.
The BLDC motor uses an eight pole permanent magnet, which means that
four pulses per revolution can be measured and used to verify the speed out-
put coming from the reflective optical sensors. The pulse width is chosen to
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be short enough to accommodate the maximum rotational speed and long
enough to be registered on an input pin on the 8051 microcontroller. The
maximum rotational speed is 5000 rpm, resulting in the upper bound of the
pulse width of 3 ms and the lower bound set by the 8051 microcontroller
is 125 ns. A pulse width of 282 us was therefore chosen and the resulting

resistor and capacitor values were calculated according to equation (4.2.1).
tpurse = 0.6 X Rpyr x Cpur (4.2.1)

The Hall-effect sensors decoding logic provides the appropriate driving of
the three-phase bridge outputs according to the signals coming from the
three Hall sensors. Lastly onboard the controller there are thermal protection
and overcurrent detection circuits to protect the controller against overheat-

ing and drawing too much current.

The sense resistor is chosen according to the peak current in the load and
there are two constraints to its resistance value. The first is that it dissipitates
energy due to the fact that all the current drawn by the BLDC motor flows
through this resistor and must therefore be kept as small as possible. The sec-
ond constraint is the fact that the voltage over the sense resistor is compared
to the reference voltage by the comparator; therefore the lower the sense re-
sistor value is, the higher the peak current error will be, due to noise on the

input reference voltage.

The recommended voltage drop over the sense resistor (according to the
datasheet) is 0.5 V when the peak current is flowing through it (see equation
(4.2.2)). The power rating of the sense resistor must also be taken into account
and can be calculated using equation (4.2.3). A resistance value of 0.733 () is
therefore chosen for the sense resistor, which is achieved by putting three 2.2
Q) resistors in parallel (the parallel combination insures that the power capa-
bility is adequate). The maximum torque required, of 5 mNm, results in the
maximum current of 0.7 A drawn by the BLDC motor. This was calculated
using the torque constant of the BLDC motor (according to its datasheet) and
determining the static and dynamic friction during operation. The required
power rating is therefore 0.36 W. Each of the 2.2 () resistors have a power rat-
ing of 200 mW resulting in a combined power rating of 600 mW which meats
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the requirement.
Rsense - 0-5/Ipeuk (422)

Pr =12

pea

© X Rsense (4.2.3)

Power Distribution

Three voltage levels are needed to supply the components on the Motor
Drive Electronics PCB. The BLDC controller needs a 12 V supply, the 8051
microcontroller needs a 3 V supply and the rest of the components need a 5
V supply. The 12 V supply which is connected to the PCB is regulated down
to 5 V using a switching regulator (with an efficiency between 86% and 95%
depending on the load and the input voltage). The 5 V supply is then regu-
lated to 3 V using a linear regulator.

Communications

The 8051 microcontroller communicates with the ground test computer us-
ing a serial UART connection. This communication is used to send the wheel
speed and rate sensor information to the ground test computer and to re-
ceive speed commands from the ground test computer, for demonstration
and ground testing purposes. The hardware for the CAN bus connection to
communicate with the on-board computer is also implemented. The SPI on
the 8051 microcontroller is used to communicate with the DtoA converter
which outputs an analog voltage to the voltage reference input on the BLDC
controller. The I?C connection on the 8051 microcontroller is used to commu-
nicate with the AtoD converter which converts the rate sensor data as stated

previously.

4.3 Rate Sensor Design

The design of the rate sensor system can be divided into 3 parts, the PCB
design, the mounting design and the calibration of the sensors. These three
design steps will be discussed briefly below. The rate sensors manufactured
by Analog Devices (with component number ADXRS401), which will be used
in this project, have a range of 75 °/s.
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Micro electromechnical (MEMS) gyros are usually designed as an electron-
ically driven resonator, often fabricated out of a single piece of quartz or
silicone, as described in Bijker [3]. The working of a MEMS gyro relies on
the Coriolis force that causes displacements of the resonator when an angu-
lar rate is applied to the sensor. These displacements can be detected by a

capacitive pickoff and demodulated to form the output of the sensor.

4.3.1 PCB design

The rate sensor system is divided into 4 parts, the three PCBs on which the
rate sensors are mounted, for the x, y and z-axis and the main gyro board,
which hosts the AtoD converter and the instrumentation amplifiers. The

schematics for these hardware designs are shown in Appendix A.3.1.

Three rate sensors are used per axis to be able to improve the estimation of
the true angular velocity. Thus on each of the three PCBs which are mounted
on the rate sensor mounting structure there are 3 rate sensors and their pe-
ripheral components, which includes a passive 20 Hz low pass filter. The
filter cut off frequency was chosen while considering the 100 Hz sampling
frequency. The design of this filter is discussed in Appendix A.4. The Nyquist
frequency (50 Hz) is therefore half of the sampling frequency and acts as the
upper bound for the low pass filter cut off frequency. This upper bound en-
sures that no aliasing occurs. The nominal output of the rate sensor is 2.5 V
and it deviates 15 mV per °/s angular velocity. A full scale angular velocity
of £15 °/s is used for this satellite application. This means that the output of
the rate sensor will swing between 2.275 V and 2.725 V.

On the main sensor board instrumentation amplifiers are used to rescale the
rate sensor output signal to use a bigger range of the AtoD converter’s pos-
sible inputs. A 2 V reference is subtracted from the rate sensor output before
amplifying the signal by factor of 2. The minimum and maximum output of
the instrumentation amplifier will thus now be 0.55 V and 1.45 V respectively
for the full scale angular velocity outputs from the rate sensor. The AtoD con-
verter uses an internal reference of 2.048 V which means that the minimum
and maximum outputs of the AtoD converter will be 1100 and 2900 (DtoA
units) respectively. This means that a resolution of 16.67x 1073 °/s can be
obtained.
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4.3.2 Mounting structure

Firstly it is very important that the 3 surfaces on which the x, y and z rate
sensors will be mounted on must be orthogonal to each other. Care has thus
been taken in the manufacturing of the structure to respect this specification.
Secondly it was important that the structure should be as light as possible,
but materials which tend to outgas in space had to be avoided. Delrin was
thus chosen, because it is a strong material which is easy to machine and does
not outgas in space. A hollow cube was manufactured to save on weight,
leaving just enough of the frame of the cube to mount the three PCBs (see
Figure 4.5). The total weight of the structure is 9.4 g. Due to the fact that the
dimensions of the PCB to which the rate sensors are soldered are 22 mm by
32 mm, the Delrin cube has dimensions of 32 mm by 32 mm by 22 mm.

Figure 4.5: Rate Sensor mounting structure

4.3.3 Calibration

Before the rate sensors can be used they need to be calibrated. This proce-
dure includes calibration of the axis, the temperature output, the offset drift
due to temperature variation and determining the bias instability. Lastly the

initial conditions of the rate sensor output were recorded just after the power
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to the rate sensors were switched on. This will be used to calibrate the ini-
tial transients of the rate outputs due to the warming up of the rate sensors
internally. These procedures will be explained in the sections to follow.

Orthogonality

Two of the tree rate sensors were used per axis, which means that there are
effectively two sets of rate sensors which can be used to measure the angular
rates. These two sets will from here on be referred to as rate sensor set 1 and
2. The orthogonality calibration was done fixing the rate sensor system to
the inner gimbal of a turn table. Four tests per axis were performed, each
consisting of a 360 degree rotation around the particular axis. The angular
rate data was analysed by integrating the measured angular rates to obtain
an angular displacement measurement for both sets of rate sensors as seen in
Table 4.1 and 4.2. This measurement was then compared to the true rotation

angle of 360 degrees to calibrate the axis.

Table 4.1: Rate Sensor Calibration Measurements (set 1)

Experiment 1 | Experiment 2 | Experiment 3 | Experiment 4
Roll Axis Test
Roll Axis 357.5396 361.6532 353.4244 361.3211
Pitch Axis 0.0816 0.7392 0.9164 2.4368
Yaw Axis 11.8473 12.1771 8.7964 14.7277
Pitch Axis Test
Roll Axis 0.2990 2.1714 0.6660 2.7608
Pitch Axis 363.9619 365.2805 362.9093 360.8096
Yaw Axis 4.3880 1.5358 6.6809 1.5553
Yaw Axis Test
Roll Axis 1.0037 2.9626 1.2215 2.3299
Pitch Axis 0.8885 2.6775 2.4592 1.6639
Yaw Axis 363.9620 364.9807 361.5431 359.3850

As can be seen from Tables 4.1 and 4.2 there is some cross coupling between
the roll, pitch and yaw axes. This cross coupling effect is due to the fact
that the sides of the mounting structure might not be perfectly orthogonal
to each other and the rate sensors might not have been soldered onto their
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Table 4.2: Rate Sensor Calibration Measurements (set 2)
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Experiment 1 | Experiment 2 | Experiment 3 | Experiment 4
Roll Axis Test
Roll Axis 347.8919 349.8659 339.7070 350.5748
Pitch Axis 1.7944 0.5451 1.2360 1.3549
Yaw Axis 14.2961 11.2277 8.2123 13.6768
Pitch Axis Test
Roll Axis 0.1142 1.6765 0.2184 0.7802
Pitch Axis 346.8632 341.4480 348.7228 343.0313
Yaw Axis 3.8859 2.7142 0.8585 1.1198
Yaw Axis Test
Roll Axis 5.9208 6.2102 10.3636 10.6652
Pitch Axis 0.1456 1.2869 3.5055 0.7491
Yaw Axis 364.5231 364.9161 359.3170 361.4272

respective PCBs very accurately. A decoupling matrix (A, as seen in equation
(4.3.1)) was calculated to correct these errors. The method of calculating this
decoupling matrix is shown in equation (4.3.2). This decoupling matrix is
then multiplied with the rate sensor measurements to obtain the true angular

velocities.

Yo Yo Yol = Ax[Yur Yup Y] (4.3.1)

A = [Yo Yo Yol xino([Yur Ymp Yuy]) 43.2)

Where,

Y., = average true roll angle of rotation for the four experiments

Y., = average true pitch angle of rotation for the four experiments

Y.y = average true yaw angle of rotation for the four experiments

Yiur average rate sensor measured roll angle of rotation for the four experiments
Yinp average rate sensor measured pitch angle of rotation for the four experiments
Yy average rate sensor measured yaw angle of rotation for the four experiments

A matrices (as seen in equation (4.3.2)) were calculated for both sets of rate

sensors. The results of these calculations can be seen in equations (4.3.3) for
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Table 4.3: Rate sensor biases for different temperatures

Temperature (°C) 30 35 40 45 50

Rate sensor bias :
(1073 x rad/s)

Roll 1 3.88 | 875 9.57 | 13.08 | 19.39
Roll 2 -5.31 | -11.35 | -16.49 | -21.94 | -26.54
Pitch 1 594 | 1220 | 1792 | 2532 | 29.68
Pitch 2 945 | 1838 | 28.78 | 37.95 | 47.24
Yaw 1 0.82 | 1.33 3.33 5.13 4.09

Yaw 2 11.29 | 23.26 | 3298 | 44.36 | 56.47

rate sensor set 1 and (4.3.4) for rate sensor set 2.

1.0035  0.0006 0.0128
A = 0.0025  0.9986 —0.0040 (4.3.3)
| —0.0315 —0.0076  0.9940

1.0389 —0.0042 0.0218
Ay = —0.0020  1.0446 0.0000 (4.3.4)
| —0.0351 —0.0019 0.9956

Temperature

Firstly the temperature output of the rate sensor needed to be calibrated. This
is done by putting the rate sensors in a temperature controlled oven and cap-
turing the temperature output data at different known oven temperatures.
This data is then used to calibrate the temperature outputs of the rate sen-
sors. Then the angular rate output data of rate sensors during these tests is
used to calibrate the rate output bias offset due to temperature variation. Five
tests were completed at 30 °C, 35 °C, 40 °C, 45 °C and 50 °C. The different
rate sensor biases for each test at a fixed temperature is given in Table 4.3.

Temperature calibration is essential for satellite applications due to the vary-
ing temperature in the space environment. The bias offset variation was
found to be in the order of 1.2x1072 rad/s for a variation of 1 °C as seen
in Table 4.4.
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Table 4.4: Rate sensor drift with temperature change

Rate sensor Rolll | Roll2 | Pitch1 | Pitch2 | Yaw 1 | Yaw?2

Bias drift:
(10_3 x rad/s per oC) 0.78 -1.06 1.19 1.89 0.16 2.26

Allan Variance

After performing the axis calibration tests, the bias drift of the Analog De-
vices rate sensor was found to be relatively large (in the order of 150 °/h)
and therefore it needed verification that this bias drift was in fact due to the
bias instability of the rate sensor. This procedure will be explained in the next
paragraph.

Bias drift can be modeled as random walk, in other words the integration
of white noise. For a signal composed of a random walk process with addi-
tional white noise added (which is the case with the rate sensor signal), over a
short period of time the measured variance of the signal will be dependent on
the added white noise. However, over long periods of time, the random walk
process will begin to dominate. Allan Variance is a method of extracting the
variance of the white noise process driving the random walk, as well as the
variance of the added white noise. This is done be calculating the variance of
the sampled data as a function of averaging time. Time variance (TVAR) is a
form of Allan Variance (Cropp et al. [6]) and for discrete signals the TVAR is

the variance of the double difference of the mean of a block of data (as seen

in equation (4.3.5)).
1 N=3 2
> L 2.
% = sz g ((4%)") (43.5)
Where,
A% = Fipp— 2% + ¥

The Allan Variance (as seen in equation (4.3.6)) technique as explained by

Bijker [3] was used in this project. It was used to determine the angle random
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walk and the rate random walk of each of the rate sensor outputs.

1 N-1
o5 (T) = AN-1) & (y(k+1) -y (k) (4.3.6)
Where,
kn
v = - x (i)
L) P

x (k) = data points spaced by T
Ts = Sample time
T = nT;
= the bin size (in seconds) into which the data is divided
n = the number of data points over which
the average values were calculated

N = the number of complete bins which fit into the data

The relationship between the Allan variance and the power spectral density
of random processes (as seen in equation (4.3.7)) was used to determine the
power spectral density of the rate sensor signal from its Allan variance (Bijker

[3]).
sin* (71fT)

(7fT)?

where S(f) is the power spectral density (PSD) of a random process.

72 (T) :4/0w5(f) df 4.3.7)

Rate sensor measurements were taken under certain fixed circumstances.
The rate sensor outputs must be stabilized (so as to eliminate the initial con-
ditions) and the rate sensor system must remain stationary. The Allan Vari-
ance technique was used to characterise the noise on the rate sensor output
signals. According to Bijker [3] the uncertainty in the sensor data can be as-

sumed to be generated by noise sources of specific character, as given below:
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Angle random walk
Rate random walk
Bias instability
Quantisation

M.

Drift rate ramp

As stated in Bijker [3], the first two noise sources will dominate the noise on
MEMS devices. Therefore only these noise sources will be examined.

Angle random walk: The angle random walk is the measurement noise on
the rate sensor outputs which causes drift (random walk) on the integrated
rate sensor output signal. This noise can be approximated as white noise

with a angle random walk spectral density coefficient, Q, where the PSD is

given as:

Sarw (f) = Q° (4.3.8)
Substituting equation (4.3.8) into equation (4.3.7) (Bijker [3]):

oarw (T) = < (4.3.9)

VT
Where the units of Q will be rad/s/+/ Hz.
Rate random walk: The rate random walk drift on the rate sensor outputs

due to temperature differences and other external interferences. The PSD of

this noise is given in equation (4.3.10).

K 2
Srrw (f) = (ﬁ) (4.3.10)
Substituting equation (4.3.10) into equation (4.3.7) (Bijker [3]):
T

Where the units of K will be rad /s?/+/Hz.

Graphical representation: The calculated Allan deviation can be plotted

against averaging time on a log-log scale along with equations (4.3.9) and
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(4.3.11) which will appear as straight lines with inverse gradients. An exam-
ple of the Allan deviation vs averaging time plot for each of the rate sensor
outputs can be seen in Figure 4.6. The asymptote with the negative slope is
used to calculate the angle random walk value and the asymptote with the
positive slope, the rate random walk value. From this graph the values of
Q and K can be determined using equations (4.3.9) and (4.3.11). For short
window times, the angle random walk will be the most significant in the Al-
lan deviation value. These values will decrease for longer window times due
to the average being taken over more samples. At a certain point, the Allan
deviation will increase when the rate random walk is starting to dominate.
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Figure 4.6: Allan Deviation vs averaging time

Initial conditions

The rate sensors used display an initial transient condition where, due to
the heating of the sensor internally, the biases of the output signals drift in a
certain direction. As previously stated the power resources on a nanosatellite
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are very limited. Therefore the rate sensors will only be switched on for very
short periods of time. The initial transients of each of the output signals was
thus recorded and will be used to calibrate the rate sensor outputs in the

initial state just after the power to these sensors has been switched on.

4.4 Integration

The integration of the reaction wheel system and the rate sensor system with
a hardware-in-the-loop (HIL) Simulink simulation will be discussed in this
section.

4.4.1 Reaction wheel system integration

The following parts of the reaction wheel system needed to be integrated
with each other: The structure, BLDC motors, the rotors, reflective optical
sensors and motor drive electronics and the 8051 microcontroller.

The reflective optical sensors were tested along with the 8051 microcontroller
to ensure that the correct angular velocity reading is calculated by the mi-
crocontroller. The direction of angular rotation must be derived from the
rotational speed readings using a predictive algorithm implemented on the
microcontroller. This algorithm uses the current and previous wheel speed
measurements to predict the wheel speed direction changes. This derivation
is needed, because the reflective optical sensor only has one output which is
high for a reflective surface and low for a non-reflective surface. No encoding

therefore exists to extract directional information.

When the rotors were integrated with the system and tested at a rotational
speed of more than 3000 rpm it was found that the vibrations due to un-
balanced rotors were significant and problematic for this application. Un-
der such circumstances the possibility exists of damaging the electronics and
sensitive sensors. It was therefore required to balance the brass rotors. It
was done using a simple technique of adding a small weight iteratively to
the rotor at different locations until the vibration was minimized. A hole of
the same mass as the balancing mass was then drilled on the opposite side of
the rotor. This process was repeated if the result was not satisfying until the
vibration was significantly damped at a rotational speed of 5000 rpm.
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The integration of the structure with the PCB hosting the motor drive elec-
tronics and the 8051 microcontroller, required a mounting plate, designed to
be as light as possible, but strong enough to withstand the vibrations during
launch. The mounting plate was machined from 1.6 mm aluminium, but fur-

ther research might show that a thinner aluminium plate may be sufficient.

4.4.2 Reaction wheel system and rate sensor system integration

The I>°C communications interface of the 8051 microcontroller was required
to enable reception of the rate sensor data from the AtoD converter. A rate
sensor measurement update is sent to the microcontroller every 10 ms. This
data is then sent to the ground test computer via the UART interface. The raw
data is sent to the computer and it is therefore not calibrated in the 8051. The
main gyro board is supplied with 5 V and 3 V from the reaction wheel sys-
tem PCB. During this integration step it was also required to verify that the
8051 microcontroller is capable of executing all the software tasks timeously
(this includes I*C, SPI, UART communication and the rotor speed calcula-
tions). This was verified by using another timing device to determine the
time between wheel speed control intervals which was found to be 10 ms as

expected.



Chapter 5
Software Design

This chapter will discuss the software design for this project. At first a brief
overview of all the microcontroller software tasks will be given along with
a flow chart. Thereafter a detailed area of the software design will be dis-

cussed, namely the implementation of the wheel speed control algorithm.

5.1 Microcontroller code implementation

The main tasks of the 8051 microcontroller can be divided into 5 parts: The
rotational speed calculation and speed control of each of the 4 rotors, the I?C
communication with the AtoD (which converts the rate sensor data), the SPI
communication with the DtoA (which converts the reference voltage for the
BLDC controllers) and the UART communication with the ground test com-
puter (which is used to send speed reference commands and receive rotor
speed and rate sensor data). In this section brief commentary will be given
on the implementation of each of these tasks and which microcontroller re-

sources were used to fulfill these tasks.

5.1.1 Rotational speed calculation

To be able to determine the rotational speed of each of the rotors the pulses
from each of the reflective optical sensors need to be counted. A time refer-
ence is also needed to determine how many pulses are recorded in a certain
time. One of the 8051 timers are used for this purpose, it generates an inter-
rupt every 100 ms. Timers 2, 3, 4 and the programmable counter array (PCA)

timer are used as counters to count the pulses from the reflective optical sen-

45
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sors. The values stored in the counters are used every 100 ms to determine
the rotational speeds of each of the rotors.

5.1.2 Speed control

The speed control implemented on the 8051 microcontroller is explained in
section 5.2. The speed loop is closed at 10 Hz. Additional checks are imple-
mented in the controller to ensure that variable overflows do not cause faulty
calculations. For this reason saturation checks of certain variables are imple-
mented. The maximum torque requirement and angular momentum which

is applicable for this project is also taken into account in the controller.

The wheel speed sign is determined by the controller onboard the 8051. The
previous speed reading is used together with the new reading to determine
whether the wheel speed is decreasing or increasing. When the wheel speed
is around zero this information is used together with the wheel speed ref-
erence to identify the changes in the wheel speed direction, seeing that the
reflective optical encoder only supplies magnitude readings and not direc-
tion.

When the wheel speed is below a certain threshold and the wheel speed refer-
ence is zero the current reference to the BLDC controller is zeroed. The static
friction is estimated using the minimum current reference which puts the
wheel into motion. The maximum torque command incorporates the motor
friction to ensure that the true maximum torque output of the BLDC motor
reaches the torque specification. The kinetic friction is assumed to be much
smaller than the static friction.

5.1.3 I°C communication

The I°C clock frequency is set at 220 kHz. This is done according to the mini-
mum low and high times for the I>C clock as specified by the AtoD converter.
There are twelve 12-bit values to be transmitted every 10 ms. This means that
24 data bytes (2 bytes per sampled channel) are needed to transmit the rate
sensor data and one additional byte is needed to transmit the slave address
of the AtoD converter. Between each transmitted byte there is an 18.2 us

conversion period in which the AtoD converter converts the analog voltage.
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This means that one transmitted byte along with the acknowledge bit and
the conversion time effectively takes 59 us. Thus sending the 12 channels of
converted rate sensor data over the I?C connection takes 1.48 ms. Seeing that
this bundle of data is only sent every 10 ms, the I?C bus is sufficiently fast.
The other limiting factor is the fact that the *C communication takes some of
the 8051 processing time each 10 ms and therefore should be as short as pos-
sible. A moving average filter is used to filter the data which is received from
the AtoD converter. The output of the filter now has a frequency of 10 Hz,
and the data can be sent to the ground test computer along with the wheel

speed measurements.

5.1.4 SPI communication

The SPI communication is set up according to the specifications of the DtoA
converter. The maximum SPI clock frequency specified by the DtoA con-
verter is 50 MHz, but it was decided that a clock frequency of 2 MHz is suffi-
cient. This decision was based on the fact that four 16 bit words needed to be
sent in 100 ms (one analog voltage reference for each BLDC controller). This
amounts to 32 us of transmitting time, which is less than 0.04% of the 100 ms
period. The SPI interface on the microcontroller side is set up to be in 4-wire
master mode. This means that it is configured to have Master out Slave in
(MOSI), slave select (NSS) and serial clock (SCK) outputs and a Master in
Slave out (MISO) input.

5.1.5 UART communication

The UART is configured to operate at 19200 baud. Each 100 ms 24 bytes of
rate sensor data and 20 bytes of wheel velocity data are sent via the UART
interface and four wheel speed references can be received. This amounts to
a total of 53 bytes (with protocol implementation characters) which need to
be sent each 100 ms. A maximum of 24 bytes of wheel speed reference data
can also be received each 100 ms. The UART interface is implemented using
interrupts, which means that while there is no data to send or receive the
processor is free to process other tasks, it does not need to poll for data on a
fixed time basis.
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5.1.6 Flow chart overview

A flow chart depicting the sequence of tasks completed by the microcon-
troller is shown in Figure 5.1. It gives a brief overview of the sequence of
tasks which need to be executed by the 8051 microcontroller. The flow chart
shows the initialization stage and the main execution loop. The reaction
wheel speed control loop block will be discussed in more detail in section
5.2.

5.2 Implementation of wheel speed control algorithm

A proportional-integral (PI) controller is implemented on the 8051 microcon-
troller to control the wheel speeds of each of the four reaction wheels. The
form of the controller can be seen in equation (5.2.2). As stated previously,
the current loop is closed inside the BLDC controllers, it is assumed to be
much faster than the speed loop, which is closed at 10 Hz. Therefore the cur-
rent loop can be approximated using only an open loop gain (Kpr) and an
integrator. This was confirmed to be a valid approximation through practical
measurements. Therefore only the open loop gain had to be determined to
complete the model of the current loop (see equation (5.2.1)).

S
GoL(z) = % (5.2.1)
Gpr (z) = w (5.2.2)

This PI controller can now be written as a difference equation in the time
domain as in equation (5.2.3). This controller will then be implemented in
the microcontroller, with the controller gains K; equal to K, and K; equal to
Kya.

u(k) =u(k—1)+Kpe (k) — Kpae (k—1) (5.2.3)

The process of calculating the closed loop transfer function (of the speed
loop) can be seen in equation (5.2.4). The poles are placed according to the
design specifications, with a damping factor of 0.9 and a five percent settling
time of 0.53 s. This means that the poles of the second order system will
lie at —5.65 £ 2.74i in the s-plane. The controller gains, K; and K3, can then
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Figure 5.1: Flowchart of the tasks executed by the microcontroller
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calculated as 11.12 and 8.31 respectively using equation (5.2.4) and the time
domain specifications.

Kp(z=a) ., KoLTs
o z—1 X z—1
GCL (Z) =

K,(z—a) Ko T.
4 AoLls
1+ z—1 X z—1

Ko T;K —
= - oLTsKp (z — a) (5.2.4)
72 — (2= KorTsKp) z + (1 — KoL TsK pa)




Chapter 6

Results

In this chapter the outcomes which have been achieved will be discussed.
Explanations will also be given for the goals which could not be reached.
The first section in this chapter will give some simulation results which can
be compared to the real system at a later stage. Thereafter the reaction wheel
system in the simulation will be replaced with the real system and the results
of the hardware-in-the-loop tests will be shown. Lastly the results using the
experimental setup controller, designed to use the rate sensor feedback to
control the reaction wheel system, will be discussed.

6.1 Simulation Results

In this section the results from the simulation as discussed in Chapter 3 will
be given. Firstly it will be demonstrated that the PD controller implemented
performs as expected. Thereafter the inclusion of disturbance torques into
the simulation will be motivated and lastly the effectiveness of the momen-

tum dumping will be discussed.

6.1.1 PD controller

This section discusses the results of the PD satellite attitude controller as ex-
plained in section 3.3. The results which will be presented in this section
were obtained using the controller gains as stated in equation (6.1.1). The
algorithms for the controller gains in section 2.2.2 are repeated here to show
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how they were calculated.

tssp, = 15s
{ = 08
Therefore,
w, = 025
Kp = 2uw?
= 0.125
Kp = 2Cwy
= 04 (6.1.1)

Figure 6.1 shows that the reference attitude of the satellite is followed with
a 5% settling time of 13.85 s. In this example a reference roll angle of 30
degrees has been chosen. It can be seen that the actuators control the satellite
to follow this reference angle with little or no overshoot. The resulting five
percent settling time of 13.85 s is 1.15 s less than the specified settling time of
15 s. This is due to the fact that the three-axis quaternion feedback controller
is not linear. Similarly it can be shown that pitch and yaw reference angles
will be followed.

Variable limiter attitude error feedback results

The results for the improved PD controller (as discussed in section 3.3.1),
which implements a variable limiter for the attitude error feedback, will be
presented in this section. Figure 6.2 shows the different responses of the two
controllers. It shows that the controller which implements the limited atti-
tude error feedback has an improved transient response during large ma-
neuvers. For small angle maneuvers the two controllers, however, perform
similarly. It was therefore decided to use the simple PD controller (without
the attitude error limiter) in practise, because the responses of the two con-
trollers are equivalent for maneuvers up to 90 degrees. The added complexity

of the improved controller is also undesirable for this application.
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6.1.2 Disturbance torques

Constant disturbance torques in the order of 10~ Nm were applied to the
satellite in the x- and y-axis and 1078 Nm in the z-axis in the simulation to
show the effect of the momentum dumping (N; = [1077 1077 10~8] T Nm).
The disturbance torques are dominated by the gravity gradient torque for
satellites where the moment of inertia in the z-axis is different to the x- and y-
axis. The disturbance torque used in the simulation was therefore calculated
using the worst case gravity gradient torque calculation as shown in equation
(6.1.2). The satellites altitude was taken as 600 km and its moments of inertia
as discussed in section 3.1.1 (I, = I, = 0.14 kgm?, I, = 0.2 kgm?).

3 .
T, = obs|L—1|sin(20) (6.1.2)
Where,
T, = Gravity gradient torque

u = Earth’s gravity constant <3.986 x 104 m3/ sz)
R = Orbit radius (from centre of earth) [m]
® = maximum deviation of the z-axis from the local vertical

(worst case: 45 degrees) [rad]

6.1.3 Momentum dumping results

The fact that momentum dumping can only be done when the angular mo-
mentum vector and the magnetic field vector of the earth are not in the same
direction is verified by Figure 6.3. The maximum momentum is dumped be-
tween 4000 s and 6000 s, when the magnetic field vector is more favourable to
generate a torque to dump the angular momentum. Figure 6.3 shows the an-
gular momentum of the reaction wheels in spacecraft body coordinates over
a period of 8000 seconds while momentum dumping is implemented. The
period of one orbit is about 6000 seconds, therefore the periodic influence of
the earth’s B-field on the dumping efficiency can be seen clearly. Figure 6.3
therefore proves that momentum dumping as implemented in the simula-

tion, works effectively.

The results shown in Figure 6.3 can be compared to the case where no mo-
mentum dumping was implemented, as shown in Figure 6.4. The angular
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Figure 6.3: Simulation Result - Momentum Dumping

momentum buildup due to constant external disturbances is evident. The
need for momentum dumping to be implemented is therefore clear.
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6.2 Hardware-in-the-loop

The hardware-in-the-loop (HIL) simulation has one main objective, to prove
that the speed control loop implemented on the 8051 microcontroller behaves
as expected. This is done by comparing the angular velocity outputs of the
reaction wheels to the angular velocity outputs of the reaction wheel model,
while both the model and the real system are receiving the same inputs. This
will also serve as a method of verifying the accuracy of the reaction wheel

model.

In this chapter the changes made to the simulation as discussed in chapter
3 will be discussed. Then the interfacing between the Simulink simulation
and the 8051 microcontroller will be explained. Lastly this chapter will give
a summary of the results obtained from the hardware-in-the-loop tests.

6.2.1 HIL Simulation

Figure 6.5 presents the Simulink simulation model as used in Chapter 3. The
model has been changed to run the actual reaction wheel system in parallel
with its model to enable a comparison of their outputs and to verify the accu-
racy of the model. The HIL block is an S-function block which contains the C
code used to implement the communications protocol between the Simulink
simulation and the 8051 microcontroller. The inputs to the HIL block are the
wheel angular velocity references for each reaction wheel and the outputs are

the angular velocities measured from every reaction wheel.

Other than the added HIL block, convertion gains were required to convert
from the angular momentum reference output of the PD controller to the
wheel speed reference in rpm which is sent to the microcontroller. A con-
vertion method was also required for the wheel speed measurement, coming
from the microcontroller, to the wheel angular momentum and torque input
of the satellite model. The disturbance torques were removed from the simu-
lation along with the magnetic control implementing momentum dumping.
Seeing that the speed loop controller uses speed references in rpm units the
angular momentum reference values used in the simulation needed to be
converted to angular velocity values and scaled to the correct units. This was

done by firstly dividing the angular momentum values by the moment of in-
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ertia of the rotors and then converting them from rad/s units to rpm units.
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Figure 6.5: Hardware-in-the-loop

The control of the actual reaction wheel system in this HIL simulation was
tirstly done in an open loop fashion, using the reaction wheel system model
outputs as feedback to the satellite model. This was done to determine whether
the actual reaction wheel system was modelled accurately enough. The only
objective at this stage was therefore to compare the reaction wheel model and

the actual reaction wheel outputs.

6.2.2 Communications protocol

The protocol implemented to communicate between the ground test com-
puter and the 8051 microcontroller was designed to use ASCII characters to
represent the speed data, the direction of rotation and the reaction wheels
number. The contents of a single data packet is explained in Figure 6.6. This
was done in order to be able to interpret the ascii data without conversions
being necessary. Each wheel speed was also preceded by a unique character
to relate it to the specific wheel. The speed reference command sent to the

wheel microcontroller implements an absolute wheel speed command and a
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direction of rotation for each wheel. A current reference command was not
needed for this application and was therefore not implemented.

separation character wheel speed in rom

}

$a+1000$b+2000$c+3000$d+4000

wheel identifier direction of rotation

Figure 6.6: Communications protocol implementation

6.2.3 HIL results

Before the hardware-in-the-loop simulation could be implemented it was
necessary to prove that the reaction wheel model resembled the true reac-
tion wheel with small enough modelling errors to be able to insert the hard-
ware into the control loop. This was done by sending the same angular
velocity reference to both the reaction wheel model and the true reaction
wheel. The angular velocity, angular momentum and torque outputs of the
model and the true system were compared. The results, as seen in Figure
6.7, showed that the reaction wheel model was accurate enough to proceed
with the hardware-in-the-loop simulation. The small differences between
the model and the true reaction wheel outputs still eminent are due to the
fact that the effects of wheel friction (and air friction) are not included in the
model of the reaction wheel. That is why the model angular velocities dis-

play more overshoot at some stages during the simulation.

The reaction wheel model was then replaced by the actual reaction wheel in
the control loop. To compare the difference between the reaction wheel and
its model, a 30 degree pitch rotation was commanded using the actual reac-
tion wheel and the model in two separate simulations. The result is shown in
Figure 6.8. Figure 6.8 shows very small differences in the 30 degree reference
step response. These differences are due to small modelling errors (as ex-
plained above), seeing that identical satellite attitude controllers were used
in both simulations. The HIL simulation results showed a five percent set-
tling time of 13.6 s. The response when the model of the reaction wheel was

used for feedback showed a five percent settling time of 13.9 seconds. It can
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therefore be seen that the results obtained from the two simulations (using
the model and the actual reaction wheel system for feedback) are very well
related. This also proves that the initial specification, requiring a 30 degree
rotation to be completed in less than 60 seconds, is satisfied in the simulation.

Figure 6.9 shows the angular velocity of the reaction wheel system compared
to its model in the simulation with a 30 degree pitch reference step, during a
hardware-in-the-loop simulation. The fact that Figure 6.9 and Figure 6.7 are
quite similar is also an indication that the model of the reaction wheel is quite
accurate. It is clear from Figure 6.10 that there are minor differences between
the damping coefficients of the actual reaction wheel system and the model
of the reaction wheel system. Smaller errors can be observed from the actual
reaction wheel response for bigger angular velocity steps. The reasons for
these differences will be discussed in section 6.4.1.

The angular momentum vector of wheel number one is aligned to the ver-
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tical axis (pointing downward) which is the pitch axis of the actual reaction
wheel system. Wheels two, three and four are the wheels aligned at angles
of 70.53 degrees from the upward pointing vertical. From Figure 6.9 it can be
seen that the wheel one is accelerated in the opposite direction to wheels two
three and four to create the angular momentum in the pitch axis which will
turn the simulated satellite. The reaction wheel speeds converge back to 1000
rpm which means that the angular momentum exchange on the satellite will
be transferred back to the reaction wheels bringing the satellite to a standstill
at the end of the 30 degree pitch maneuver.
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Figure 6.10: Hardware-in-the-loop results - 30 degree pitch rotation (zoomed in)

Figure 6.11(a) shows the torque results in the X, y and z-axis for the hardware-
in-the-loop results. It is clear that the maximum torque of each of the four
wheels is combined to give a torque vector of around 10 mNm in the pitch
axis. Looking at the angular momentum in the x, y and z-axis in Figure

6.11(b) it can be seen that the pitch reference step causes the step in the angu-
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lar momentum of the reaction wheels in the y-axis and then the gradual re-
turn to a zero angular momentum to bring the simulated satellite to a stand-
still after the rotation.

6.3 Power, Mass and Size Budgets

Power

The specification was to minimize the power consumption of each of the
components used on the reaction wheel PCB as far as possible. Therefore
components with a low current usage were chosen. Some components can
also be switched off or switched to a low current state to save power. In
Table 6.1 the maximum current usage of each of the components is shown
according to the power supply voltage it uses. The table is divided into a sec-
tion where the datasheet current usage values are given and a section where
the measured values are shown. A total current usage for the total reaction
wheel system is also given for each power supply. Due to the fact that the 5
V regulator is powered from the 12 V supply the current drawn by the 5 V
regulator is included in the 12 V current usage. The same is true for the 5V
supply and the 3 V regulator.

Examining Table 6.1 reveals that the total power consumption (1.77 W) of
the reaction wheel PCB is quite high for a nanosatellite application. The ini-
tial goal was for the power consumption to be less than 1 W in total. The
only solution to this problem would be to lower the power supply voltage.
Depending on the satellite bus voltage this would entail adding another volt-
age regulator which would add more power losses to the system. Tests were
done with lower supply voltages of 9 V and 8 V which lowers the power con-
sumption to 1.23 W and 1.09 W respectively.

Table 6.2 shows the total measured power consumption for the different op-
erating conditions stated. For each condition the calculated and measured
power consumption is given. The equation (B.0.1) used to calculate the power
consumption for the different operating conditions is discussed in Appendix
B. It can be seen that the calculated power consumption is lower than the
measured power consumption for each of the operating conditions. This is
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Table 6.1: Current usage of RW system

12V 5V
Component Lisage[mA] | ILusage[mA]
Datasheet values (max):
BLDC controllers 40
5V regulator (Ig) 7
Optical sensors 60
DtoA converter 0.88
Current sensor 1.9
RS485 Tranceiver 0.5
RS232 Tranceiver 0.257
CAN Tranceiver 10
Measured values:
BLDC motors (Vs) 36
BLDC controllers 52
8051 microcontroller
Optical sensors 60
Total measured current usage: 147.6 101

due to the fact that the no load current specified in the datasheet is lower than
the practical current drawn by each motor at a constant angular velocity. The
reason for this difference is mainly air friction which influences the rotation
of the rotor. The power consumption for the following conditions is shown
in Table 6.2:

All the reaction wheels are stationary

All the reaction wheels rotate at a speed of 1000 rpm

All the reaction wheels are at maximum acceleration (at 1000 rpm)

All the reaction wheels are at maximum acceleration (at 5000 rpm)

Mass

The mass budget for the reaction wheel system is given in Table 6.3. As can
be seen from Table 6.3 the maximum weight contribution comes from the
rotors, which generate the angular momentum. Their weight can only be

decreased by increasing their size, but because of the volume constraint the
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Table 6.2: Measured power consumption of RW system

Condition Power usage [W| | Power usage [W]
Measured Calculated

4 wheels stationary 1.77

4 wheels at 1000rpm 2.62 242

4 wheels (max accel, 1000 rpm) 11.77 10.5

4 wheels (max accel, 5000 rpm) 20.1 18.9

Table 6.3: Mass budget measured for RW system

Component Mass (g)
Structure 110.11
Rotors 333.76
BLDC Motors 128
Optical sensors 4.6
Mounting plate 51.22
PCB 123.26
Total mass: 750.95

size of each of the reaction wheels is also limited. A compromise thus needed
to be found for the optimal size and weight of the reaction wheels. The other
significant contributions are made by the structure, the PCB and the BLDC
motors. Further improvements can be made using 1.2 mm (or maybe even 0.9
mm) aluminium to manufacture the structure after verifying that it is rigid

enough to withstand the vibration envorinment during launch.

Size

The size of the complete reaction wheel system is 110 mm by 110 mm by
130 mm high. The biggest contribution to the volume of the reaction wheel
system is the structure, which was designed to be as small as possible to
be able to house the BLDC motors on the inside. The depth and width of
the system was minimized to the size of the PCB, which itself was designed
to be as small as possible. The height of the system consists of the height
of the tetrahedral structure, the aluminium plate standoffs connecting the
structure to the base plate and the standoffs connecting the base plate to the
PCB. The height of the aluminium plate standoffs can be reduced by 1 cm
if they are redesigned to be the minimum height, which is the height of the
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rotor. Other than that the reaction wheel system was designed to occupy the

smallest possible volume.

6.4 Reaction wheel Measurements

This section will discuss some results regarding the reaction wheel system
as a whole and how effective it would be to use in a nanosatellite. The sec-
tion will also take the system requirements into account and discuss whether
they have been satisfied. The different subsystems of the reaction wheel sys-
tem will be discussed individually, and finally the system as a whole will be

evaluated.

6.4.1 Wheel speed control system

The reaction wheel controller was evaluated by comparing the results of the
reaction wheel model with that of the actual reaction wheel. The description
of the reaction wheel model was done in section 3.1.3. An angular velocity
reference step of 1000 rpm at 5 s and another 500 rpm at 10 s was given to
each reaction wheel of the true system, and their corresponding models. The
result is shown in Figure 6.12. It can be seen that the model and the true
reaction wheel follow the reference with five percent settling times of 1.24 s
and 1.15 s respectively. The other noticeable difference is the damping of the
true reaction wheel system which is much larger than that of the model. This
is due to the fact that the reaction wheel model does not incorporate wheel
friction and air friction. The dynamic friction of each the BLDC motors have
a damping effect on the step response. When the initial accelerations of the
reaction wheel model and the true system are compared, they are found to
be quite similar. These initial accelerations of the true reaction wheel and
the model can be calculated from Figure 6.12 as 128.68 and 134.17 rad/s?
respectively. This implies that the torque capability of each reaction wheel
modelled is accurate. The 0.1 s delay between the reference and the model
output is due to the fact that model output can only start changing after its
input, the reference wheel speed, has changed. The fact that the true wheel
speed is slightly smaller than the modelled wheel speed at any given time is

due to wheel and air friction as discussed above.
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Figure 6.12: Model and true system comparison: 1000 rpm speed reference step

6.4.2 Reflective optical sensors

The reflective optical sensors have been found to be adequate for the purpose
of wheel speed measurement. At the maximum wheel speed of 5000 rpm the
sensor is required to measure 6000 pulses per second and it does so effec-
tively. This means that the speed measurement resolution is 8.33 rpm when
measurements are taken every 100 ms (as discussed in section 4.2.2). The
only drawback of this sensor is its power consumption, it draws a minimum
of 10 mA of current from the 5 V supply. When the resistor which limits the
current to the infrared diode is increased the sensor fails to detect the slits in
the rotor. The power consumption for these four sensors therefore amounts
to 200 mW, which is problematic for a nanosatellite application due to the
limited power available.

6.4.3 Rotor

The rotors are unbalanced due to their manufacturing which is done locally
at a workshop at the university to save on manufacturing costs. The balanc-
ing of the rotors was also not done professionally, therefore small unbalances
could still remain. For the non-reflective surfaces to be detectable by the opti-
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cal reflective sensors a coating was required. This was done using an iodizing
process which leaves a black residue. This proved to be a sufficient method
in this application.

6.4.4 Microcontroller

The microcontroller needs to execute a few different tasks: Measuring and
controlling each of the four wheel angular velocities, UART, SPI and I’C
communication, as stated previously. It was proven practically that the 8051
microcontroller has sufficient processing power to execute all these tasks.

6.5 Rate sensor results

This section contains analysed test data which will be used to determine the
suitability of the Analog Devices rate sensors for space applications. Three
sets of data were used to verify the accuracy of the results. The results from
one set of data will be displayed in this section and the rest of the results
from the second and third sets of data can be seen in Appendix C. Figure 6.13
shows the recorded data from the six rate sensor outputs while the sensors

were at rest and kept at a fairly constant temperature.

The temperature influence will be discussed further in section 6.5.3. It is clear
that the measurement noise is quite significant, this shows in the covariance
results in section 6.5.4. The variance of the rate sensor outputs is in the order
of 4 x 10~® rad® /s2. The rate sensor outputs are firstly filtered using a passive
low pass filter with a cutoff frequency of 20 Hz. Thereafter the analog signal,
which is sampled every 10 ms, is converted to a digital signal using a 12 bit
analog to digital converter. The digital signal is then filtered using a moving
average filter, which means that the average of 10 samples is taken and the

filtered rate sensor data is sent to the ground test computer every 100 ms.

6.5.1 Allan Variance results

The first of the tests was to calculate the Allan Variance of each of the rate
sensor outputs. The seven hours of data as shown in Figure 6.13 was used for
this calculation. The Allan Variance technique, as explained in section 4.3.3,
was applied to retrieve the results as shown in Figure 6.14. The angle random
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Figure 6.13: Rate Sensor outputs over 7 hours

walk (ARW) and rate random walk values for each sensor as shown in Table
6.4 can be calculated from the graphs in Figure 6.14. This is done by using
equations (4.3.9) and (4.3.11) which represent the dotted lines on the left hand
side and right hand side, respectively, in Figure 6.14. The value of the angle
random walk can be obtained where the negative slope crosses T = 1 s and
the value of the rate random walk can be obtained where the positive slope
crosses T = 3 s. From Figure 6.13 it is clear that the measurement noise is
quite large (with variances in the order of 10~* rad?/s?). The measurement
noise can be decreased using a higher order analog filter, in this application

only a passive first order analog filter was used.

6.5.2 Integrated rate sensor outputs

The rate sensor data was then integrated to give angular displacements. The
graph of angular displacements is shown in Figure 6.15 indicating maximum
angle random walk in the order of 30 radians over a 7 hour period. The

average drift was determined by calculating the drift over each 1 hour period
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Table 6.4: Angle Random Walk and Rate Random Walk values for the rate sensors

Rate Sensor ARW RRW
(1 x 104 md/s/\/m) (1 x 1075 md/sz/\/Hz)

Roll 1: 6.77 2

Roll 2: 6.69 2.3

Pitch 1: 6.38 1.8

Pitch 2: 7.46 1.2

Yaw 1: 6.26 0.95

Yaw 2: 7.09 15
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for every sensor and taking the average over all these periods. The result was
an average angular drift in the measured Euler angles of 203 degees per hour.
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Figure 6.15: Integrated rate sensor outputs

6.5.3 Filtered rate sensor outputs

The rate sensor outputs are filtered to retain the only the rate random walk
effect. The filter frequency is chosen from Figure 6.14, where the Allan devi-
ation value is at its smallest. This means that all the measurement noise will
be filtered out. The graph in Figure 6.14 reaches a minimum at an averaging
time of 500 s, which means that a filter frequency of 0.02 Hz must be used.
The filtered rate sensor output retaining only the rate random walk effect can
be seen in Figure 6.16.

The rate random walk is due to temperature changes and other effects in-

fluencing the rate sensor output bias. From Figure 6.17 it can be seen that

400



Pitch rate [rad/s]

Roll rate [rad/s]
o ol

|
a

Yaw rate [rad/s]

CHAPTER 6. RESULTS 72

$10° Gyro Pitch output 1 x10* Gyro Pitch output 2
o
3 5
g
[}
T 0
~
]
a -5
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
time[min] time[min]
x10™ Gyro Roll output 1 X107 Gyro Roll output 2
T T T . .
7 J
©
a J
2
g §|
s ]
4
1 i ; ; ; ; i ; ;
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
time[min] time[min]
10 Gyro Yaw output 1 %107 Gyro Yaw output 2

T T T T 1 T T T T T T

@
°
<
o}
[
g
>
i i i i i i i i
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350
time[min] time[min]

Figure 6.16: Filtered rate sensor outputs - at cut off frequency of 0.02 Hz

the temperature variations during these tests were minimal, which means
that the rate random walk recorded was mostly due to the characteristics of
the sensor. The changes in the bias of the output of the rate sensors due to
temperature variation can be eliminated after calibration.

6.5.4 Rate sensor characterization

The rate sensor output can be modelled as the true angular rate added to
measurement noise (white noise) and a random walk process (integrated
white noise) as seen in equation (6.5.1). The measurement noise figure is
expressed in the covariance matrix of the rate sensor outputs and the ran-
dom walk process is described by the covariance matrix of the derivative of
the filtered rate sensor outputs. To identify the noise characteristics of this
sensor it is also required to be able to identify rate random walk and angle
random walk values for each of the sensors as seen in Table 6.4.

400
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Figure 6.17: Temperature outputs of rate sensors

y = w+b+vo (6.5.1)
Where,
y = rate sensor output
b = w
b = rate sensor bias from random walk process
wp, = RRW component noise
Q = Cov[wy]

= RRW covariance matrix
v = ARW component noise or measurement noise
R = Cov[v]

= ARW covariance matrix

w = trueangular rate
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The covariance matrix of the rate sensor outputs is shown in equation (6.5.2)
(with units of 1 x 1075 rad?/s?).

0.4113 —0.0038 —0.0030 0.0043 —0.0018 0.0018
—0.0038 0.3997  0.0082 —0.0017 —-0.0013 0.0061
R — —0.0030 0.0082 03842 —0.0074 —0.0006 —0.0018
0.0043 —-0.0017 —-0.0074 0.5286 —0.0005 0.0049
—0.0018 —0.0013 —0.0006 —0.0005 0.3389  0.0005
| 0.0018  0.0061 —0.0018 0.0049  0.0005  0.4662 |
(6.5.2)

The covariance matrix of the derivative taken of the filtered rate sensor out-
puts (with units of 1 x 10~ rad?/s*) is shown in equation (6.5.3).

03139 —-0.0323 0.0271 —0.0075 0.0015 0.0017
—0.0323 0.2821  0.0297  0.0086 0.0007 0.0260
0- 0.0271  0.0297 04796 —0.0137 0.0151 0.0064 (653)
—0.0075 0.0086 —0.0137 0.2687 0.0074 —0.0041
0.0015 0.0007  0.0151  0.0074 0.2687 0.0154
| 0.0017  0.0260  0.0064 —0.0041 0.0154 0.3288 |

6.5.5 Rate sensor measurements improvement method

The rate sensors were the only feedback used during the experimental setup

(as seen in Figure 6.19) tests which were conducted. Due to the Euler an-

gle drifts on these sensors a possibility of improving the measurements us-

ing multiple sensors per axis was explored. An article by Bayard [2], which

implements a Kalman filter to combine the readings from each sensor, was

studied. It proved that a theoretical improvement of the angular rate mea-

surements was possible if the outputs of the sensors on each axis have a high

negative correlation factor. This proved not to be the case in practice, for

which reason this technique was not implemented.
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6.6 Control system - air bearing experimental setup

In this section the control system which is implemented as a Simulink simu-
lation (as seen in Figure 6.18), to control the attitude of the air bearing exper-
imental setup, will be discussed in detail along with its performance. At first
the air bearing experimental setup and the simulation will be explained and
thereafter the communications interface between the simulation and the reac-
tion wheel microcontroller. Then some results will be discussed, whereafter

the external disturbances will be taken into consideration.
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Figure 6.18: HIL simulation - air bearing experimental setup

6.6.1 Air bearing experimental setup overview

The experimental setup as seen in Figure 6.19 is used to prove that the re-
action wheel system can be used, along with the rate sensors as feedback,
to control the attitude of the setup with one free axis of rotation at a time.
The experimental setup consists of 5 main parts. The level adjustable table is
used to ensure that the setup is level. The air bearings are used to create near
frictionless conditions for rotation in one axis. A metal bar placed on top of a
glass disk (which floats on top of the air bearings) is used to represent the mo-
ment of inertia of the nanosatellite. The reaction wheel system is also placed
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on top of the glass disk. To ensure that lateral disturbances do not push the
setup off the air bearings, a cable which is hung from the ceiling, is attached
to the reaction wheel system. The communications and power supply lines
also run along this cable. The cable only suspends some of the weight of the
reaction wheel system to ensure that minimum lateral movement and only

rotation takes place.

Figure 6.19: Experimental Setup

6.6.2 HIL simulation components

The hardware-in-the-loop simulation (as seen in Figure 6.18) can be divided
into four main parts. The first part is the hardware-in-the-loop block. It im-
plements the communication protocol which is used to communicate with
the 8051 microcontroller. The input to this block is the reference reaction
wheel speeds for each wheel and the output is the measured wheel speeds
and the rate sensor and temperature outputs. The second block is the rate
sensor calibration block. It implements the orthogonality, temperature and
initial conditions calibration of the rate sensor outputs. The third block is the
reaction wheel system block which is a model of the four reaction wheels.
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This block is used to compare the measured wheel angular velocities to the
predicted angular velocities in the reaction wheel model. The last of the four
main parts of the simulation is the PD controller. This implements the con-
troller which controls the attitude of the experimental setup in one axis at
a time. It makes use of a quaternion error input and the angular velocities
measured by the rate sensors. Its output is a reference angular momentum
for each of the four reaction wheels.

6.6.3 Moment of inertia

The moment of inertia of the air bearing experimental setup was determined
applying the law of conservation of momentum. The test was started while
all the reaction wheels and the experimental setup were stationary. The re-
action wheel in the vertical (pitch) axis is spun up to a fixed wheel speed.
Accoring to the law of conservation of momentum (equation (6.6.1)) the ex-
perimental setup will now have an equal opposite momentum. The rota-
tional speed of the setup is measured and used to calculate its moment of
inertia.

Lrotor X Wrotor = Isetup X Wsetup (6.6.1)

The moment of inertia of the reaction wheel rotors therefore needed to be
determined accurately. This was done using a computer-aided design (CAD)
program and the string suspension method (as discussed in Appendix D)
to verify the accuracy of the result. The CAD analysis revealed a result of
36.8 x107° kgm? for the moment of inertia of the reaction wheel rotor. It
was found that there was a significant difference between the result using
the CAD program and the string method. It was decided that the CAD result
was more accurate (and reliable) and it was therefore used for further calcu-

lations.

A wheel speed of 3000 rpm (or 314.16 rad /s) was commanded for the reaction
wheel in the vertical (pitch) axis. This results in a wheel angular momentum
of 11.56 mNms. The experimental setup will therefore have an equal oppo-
site momentum, as discussed above. The angular velocity of the setup was
measured for 10 different tests and an average angular velocity of 2.459 rpm
(or 0.258 rad/s) was found. The moment of inertia of the air bearing experi-

mental setup was therefore determined as 44.9 x10~3 kgm?.
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The moment of inertia used in the PD controller of the air bearing experi-
mental setup control system was therefore adjusted to the calculated value
for the setup.

6.6.4 Communications interface

Similar to the hardware-in-the-loop simulation a UART interface is used to
communicate with the 8051 microcontroller. A baud rate of 19200 bps is used
for this communication interface. The protocol is designed so that a speed
command can be sent every 100 ms to the 8051 microcontroller, while a mea-
sured wheel speed for each wheel along with the six rate sensor outputs and
the three temperature outputs is received from the 8051 microcontroller each
100 ms. The time of communication is however determined by the microcon-

troller so that the 100 ms interval between each data packet is accurate.

6.6.5 HIL control system results

Due to the HIL air bearing experimental setup the control system could only
be tested with one free axis of rotation. Some results will be given to prove
that the control system performed as expected in the particular axis of rota-
tion. Firstly the measured pitch Euler angle obtained by integrating the rate
sensor data can be seen in Figure 6.20(a). These measurements were taken
after giving a reference step pitch angle of 30 degrees at 25 s. The reference
angle step of 30 degrees is followed with a five percent settling time of 17
seconds. When compared to the specification of 30 degrees reference angle
step in less than 60 seconds it proves that the system satisfies its requirements

with quite a large margin.

When looking at the angular velocities of each of the four reaction wheels
(as seen in Figure 6.20(b)) it is clear that the maximum wheel speed of 5000
rpm is not exceeded. The build up (or loss) of angular momentum on each of
the wheels during standstill (between seconds 50 and 100) is due to external
disturbances mostly caused by the cable connected to the ceiling. This cable

ensures that the setup does not slide off the three air bearings.

The rate sensor angular and rate variations are now compared to the con-
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trolled angular and rate variations (RMS), respectively, at a constant refer-
ence angle. This is done to determine the variation which is added by the
controller. This analysis gives another perspective on the efficiency of the
controller which is implemented.

Firstly the angular RMS values from the integrated rate sensor signal and
the controlled angle is measured. From Figure 6.20(a) a RMS angular vari-
ation, between seconds 50 and 100, of 0.352 degrees can be measured. The
measured RMS variation of the integrated rate sensor signal is 0.297 degrees.
From these values it can be seen that the controller adds a small amount of
RMS variation to the measured signal. The initial drift which can be seen in
Figure 6.21 is during the calibration time (during first 10 seconds). The offset
which is still emminent at 10 seconds in the simulation is therefore eliminated

after calibration and will not have an effect on the simulation.

30 degree reference pitch angle step
35 T . : : .

301 1

Pitch angle [deg]

10f 1
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Figure 6.21: Integrated rate sensor measurement of the 30 degree pitch maneuver

The rate variations are now calculated using the rate sensor signal and the
controlled rate. The satellite orbit referenced body angular rate is used to
find the controlled RMS rate variation. The controlled RMS rate variation
was calculated as 0.38 °/s. The RMS variation of the rate sensor signal is
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measured as 0.47 °/s. The reason why the RMS rate variation of the con-
trolled rate is smaller than that of the rate sensor signal is the fact that the
satellite attitude control loop is closed at 1 Hz and the rate sensor signal has
a frequency of 10 Hz. This means that the controller uses the average of 10
rate sensor measurements to control the attitude of the satellite. This brings
about the difference in rate RMS variation.

The last analysis looks at the RMS variation of the high pass filtered mea-
sured wheel speed signal. The highpass filtered wheel speed signals are
shown in Figure 6.22. The average RMS variation of the filtered wheel speed
signals is calculated as 62.99 rpm. This RMS variation shows that a large
amount of control input is used to keep the satellite stationary. A lower RMS
value would be preferable due to the smaller power consumption (at a con-
stant reference angle) it would have as a result. The variation in the wheel
speed can be decreased using either of the following two methods: The first
would be to use a rate sensor with less measurement noise and the other
method would be to design a controller with a lower bandwidth to be used
when no maneuvers are executed.

6.6.6 External disturbances

The external disturbances have unwanted effects on the experimental setup.
These disturbances are due to the cable suspended from the ceiling which
counters any lateral disturbances. The communication and power wires which
run along this cable also create disturbance torques. These disturbance torques
create a momentum buildup on the reaction wheels, which could cause the
momentum on the reaction wheels to saturate. The disturbances are however
small enough to be compensated for during a 100 second test period. It was
not possible to measure the magnitude of the disturbance torques due to the
fact that they vary depending on the angular position of the setup and the
position of the wires running along the cable. Air movement around the ex-
perimental setup could also cause disturbance torques, but they will be much
smaller than that of the disturbances caused by the cable and wires.
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Figure 6.22: High pass filtered wheel speed measurements of the 30 degree pitch
maneuver



Chapter 7

Conclusions and
Recommendations

This chapter will present some of the conclusions made after completing this
project. The conclusions will be divided into three sections. The first will dis-
cuss the effectiveness of the reaction wheel system to be used as actuator on a
nanosatellite. The second will entail the viability of the rate sensor for space
applications. The experimental setup will be evaluated critically discussing
the results obtained and how they can be improved. Lastly the outcomes will
be discussed in the light of the specifications given for each system evaluat-
ing their fulfillment of the goals set.

The recommendations part of this chapter will look at possible improvements
on each of the systems and subsystems designed. Recommendations will be

made for future work and classified in the order of importance.

7.1 Conclusions

7.1.1 Satellite simulation evaluation

The satellite model used in the simulation provides a platform on which the
reaction wheels could be tested as attitude actuators. Due to the fact that all
of the subsystems of the satellite are currently in the design phase, the actual
characteristics of the satellite, such as its size, weight and moment of inertia,
can only be estimated. The simulation can thus only be used to verify, using
the model of the reaction wheel and the estimated model of the satellite, that

83
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the reaction wheel is an adequate actuator for the final satellite. The moment
of inertia values chosen for the nanosatellite model were estimated using a
flat cylindrical shape for the satellite, because it requires a small drag coeftfi-
cient. This is why the moment of inertia in the vertical axis (z-axis) is larger
that in the lateral axes (x- and y-axis) as seen in equations (7.1.1), (7.1.2) and
(7.1.3). The estimated satellite dimensions are as follows: It has a height of
0.22 m and a diameter of 0.4 m, giving it a volume of 0.0276 m?>.

I, = 014 kgm? (7.1.1)
I, = 014 kgm* (7.1.2)
L, = 02 kgm? (7.1.3)

It was therefore decided to use the real reaction wheel in the simulation by
conducting certain hardware-in-the-loop tests. These HIL simulations would
serve a double purpose, firstly it would eliminate the errors made by using
the model of the reaction wheel and secondly it could verify the reaction
wheel model.

Hardware-in-the-loop evaluation

During these simulations, as explained previously, the reaction wheel model
was replaced with the actual reaction wheel system. This served the purpose
of being able to design a controller to control the satellite attitude by using
the physical reaction wheel system. This simulation proved that the reaction
wheel performed as expected and the results showed that the torque and
momentum storage capability specifications were met. The closed loop spec-
ifications for the satellite attitude controller were also met using the actual

reaction wheel system as actuator.

7.1.2 Reaction wheel system evaluation
Torque and momentum storage capability

The specifications for each reaction wheel, of 5 mNm maximum torque and
20 mNms momentum storage capability, were met as stated above. This was
done using one of the smallest and most power efficient BLDC motors cur-
rently available on the market. Until more efficient products are available
the chosen motor suits this application best. These, above stated, specifica-
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tions allow for a rotational maneuver of 30 degrees to be completed with a
five percent settling time of less than 20 seconds as shown in the HIL simu-
lation. The specification was therefore met, requiring a 30 degree maneuver
to be completed in at least 60 seconds. This is more than adequate for the
application as described in the mission objectives.

Size, mass and power usage

Seeing that the reaction wheel system was designed to be used on a nanosatel-
lite, some of the most important design specifications were its size, weight
and power usage. These specifications were however not fixed values, due
to the fact that the current technology available needed to be explored and
the smallest, lightest, most power efficient design was required. The results
of the system regarding these specifications were found to be quite viable for
its space application.

The total mass of 751 g is 7.5 percent of the maximum total satellite weight
of 10kg. This ratio is quite acceptable taking into account that the reaction
wheels contribute most of the weight of the ADCS and the proportional
weight of the ADCS of an average satellite is normally a tenth of the total
satellite mass. There is however still a margin for improvement in the weight
of the tetrahedral structure, due to the thickness of the aluminium used cur-

rently.

The size of 110 mm by 110 mm by 130 mm occupies about 6 percent of the
estimated total satellite volume of 0.027 m3. This ratio is adequate, especially
when taking into account that the on board electronics (such as the on board
computer) are becoming smaller with improved technology and will require

a smaller internal volume of the satellite.

A power analysis was done for the average consumption per orbit. It was
assumed that no maneuvers would be done in eclipse and two maneuvers
would be completed in the sunlit part of the orbit. These maneuvers would
entail a positive 30 degree off-nadir reference pitch angle step and a refer-
ence angle to return to the nadir position and another equivalent maneuver
in the negative 30 degree direction. Measurements were taken to determine

the average power consumption for a single 98.2 minute orbit expecting the
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maneuvers, as explained above, to be executed. The estimated eclipse time
for the nanosatellite is 35 minutes and the period in the sunlit part of the or-
bit 63 minutes. The maneuvers are expected to last 17 seconds (see Figure
6.20(a) each. This means that for the rest of the orbit (97.1 minutes) the rotors
will be spinning at a constant speed of 1000 rpm. The power consumption
for the wheels to run at the nominal offset speed of 1000 rpm is 2.7 W (as seen
in Table 6.2). The average power consumption, over the 17 seconds it takes
to complete a 30 degree maneuver (in one direction), was measured as 6.36
W. This means that the average power consumption per orbit was estimated
tobe 2.74 W.

A Lithium-Ion battery has a specific energy density of 70 - 110 Wh/kg, which
means that the storage capacity to support the nominal offset wheel speed of
1000 rpm should not be a problem (when a total battery mass of about 0.5 kg
is allowed).

The output power intensity of Silicon solar cells, at the beginning of their
lifetime, with the sun normal to the surface of the cells is 202 W/m?2. The
cylindrical surface of the satellite (as discussed in section 7.1.1) facing the
sun will be 0.088 m?. Therefore the power generated by the solar cells (in the
sunlit part of the orbit) according to equation (7.1.4) is 17.8 W.

Po = Pintensity X Asolar panel (7.1.4)

The required power to be supplied by the solar cells, in the sunlit part of
the orbit, is determined using equation (7.1.5). The efficiencies of the voltage
supply paths from the solar cells (X;) and the batteries (X,) are estimated as
90% and 80% respectively. The time during eclipse (1) and during the sunlit
part of the orbit (T,) are as discussed above. The power consumption during
daylight is estimated as 14 W and the consumption during eclipse, 10 W.
This estimation was done by assuming that the reaction wheel system power
consumption will be a fifth of the total power consumption during daylight
and that most of the other susbsystem will be switched to a lower power

mode during eclipse. According to equation (7.1.5) a solar array capable of
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generating 22.5 W during the sunlit part of the orbit will be necessary.

From the calculations, (7.1.4) and (7.1.5), it can be seen that the power re-
quired from the solar panels are higher than the power which can be gener-
ated by the Silicon solar cells. Solar cells with a higher efficiency (for example
Gallium Arsenide cells) will therefore be required for this nanosatellite. Im-
provement on the power consumption of the reaction wheel system might
also be necessary, which will decrease the average power usage per orbit.

Reaction wheel electronics

The BLDC controller (which has internal power MOSFET transistors) cho-
sen for this application was the most compact and power efficient controller
which could be found on the market. The maximum quiescent supply cur-
rent of 10 mA however makes a large contribution to the total power usage
(as seen in Table 6.1). It would be advisable to use a more power efficient
product when it becomes available.

The 8051 microcontroller on which the speed controller is implemented, proved
to have sufficient processing power for the tasks it is required to perform. Its
measured power usage of 90 mW is also a very small part of the total power
usage of the reaction wheel electronics (as seen in Table 6.1).

The voltage regulator used to convert the 12 V bus voltage to 5 V has a max-
imum efficiency of 95 percent at a load of 0.2 A. As shown by Table 6.1 the
regulator will however be used at a nominal load of 0.1 A, where the effi-
ciency will be 92 percent. The regulator used to convert from 5V to 3 V was
however chosen to be a linear regulator (due to the fact that the output and
input voltage difference is small) and its efficiency will be lower.

7.1.3 Rate sensor system evaluation

The aim of testing the rate sensors was to determine whether they can be
used on a nanosatellite. It was found that the sensors have a bias stability of

203 degrees per hour or 3.4 degrees per minute. The sensors have an angular
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random walk in the order of 7 x10~4 rad /s /+/Hz. Comparing this to newer
rate sensors available on the market (for example the ADIS16250), the rate
sensors used in this project perform poorly. The ADIS16250, manufactured
by Analog Devices, has a bias stability of 57.6 degrees per hour or 0.96 de-
grees per minute. Its range of £320 °/s is four times larger than that of the
rate sensor used in this project. This means that the angular random walk
value as specified in the ADIS16250 datasheet, for the equivalent range of
the rate sensor used in this project, will be four times smaller. Its angular
random walk without digital filtering is therefore 2.5 x 10~ rad /s/+/Hz for
a +80 °/s range. This means that after implementing the 10 Hz digital filter
as in the case of this project the ADIS16250 will perform much better than the

rate sensors used for this project.

When looking at the specification set for other space applications it is clear
that an angular random walk in the order of 5 x 105 rad/s/ v/ Hz and a bias
stability in the order of 100 degrees per hour is acceptable. In the 3-Axis mi-
cro gyroscope feasibility study done by Prezzavento [12] different rate sensor
application classes were compared, ranging from orbit control to failure de-
tection. The article determines the average required angular random walk
and bias stability for each of these classes. These specifications were used
to evaluate the characteristics of the rate sensors used in this project. These

values were also compared to the results from an article by Dussy [7].

It can therefore be concluded that the rate sensors used in this project are
not the best sensors currently available on the market and their performance
leaves a large margin for improvement. This sensor would not be adequate
for space applications and further research on other sensors, such as the
ADIS16250 would be necessary. The ADIS16250 was not available at the time

during the project when the rate sensors for this project was chosen.

7.1.4 Air bearing experimental setup evaluation

To evaluate the experimental setup it would be required to compare it to
the situation it simulates, when the satellite is in space. The fact that the
experimental setup only has one free axis of rotation limits the testing pos-
sibilities. The setup can however be tested in three orthogonal axes (during
three different tests by, changing the setup orientation) to prove that it would
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perform as expected in a full three axis of rotation environment. The other
main drawback of the experimental setup is the disturbance torques exerted
by the stabilizing cable, communication and power wires connected to the
setup. The disturbances are different with each test, making it difficult to
analyse the true performance.

The experimental setup can thus be seen as a simulation of a satellite in space
with: One free axis of rotation at a time and large disturbance torques. If it
can be proven that the reaction wheel can be used successfully as actuator for
the experimental setup it will also perform well in space. The only difference
is that the maximum angular momentum will not be reached in such a short

time, due to smaller disturbance torques in space.

It was shown during the tests using the experimental setup that the reaction
wheel performed well, as the only actuator, over short periods of time. The
tests thus prove that the reaction wheel system will be adequate for space
applications on nanosatellites.

7.2 Recommendations
Regarding the reaction wheel system further improvements can be done in
the following areas:

¢ The size and weight of the structure can be improved

¢ The optical reflective sensors can be replaced with a more power effi-
cient sensor

e The number of slits on each rotor can be increased with a better ma-

chining process, to improve the speed measurement resolution

¢ The better machining process can be used for the manufacturing of the
rotors to eliminate unbalances or the wheels can be properly balanced

(static and dynamic)

Considering the rate sensor system the following improvements are recom-
mended:

* A more power efficient rate sensor with better bias stability and smaller

angle random walk characteristics must be found
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¢ The analog filtering process must be done using an active filter, e.g., a
second order Butterworth filter
* A 16-bit in stead of a 12-bit analog to digital converter can be used

The improvements which can be made to the experimental setup to minimize

the external disturbances are as follows:

¢ The stabilizing cable can be replaced with a needle point rotational
setup

¢ The communication wires can be replaced with a wireless R5232 con-

nection

¢ Instead of the power cable Lithium Polymer (LiPo) battery cells can be
used as power source
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Appendix A

Hardware

A1 Reaction wheel mounting structure assembly

The structure as shown in Figure 4.2 is assembled from six different parts.
Three baseplates as seen in Figure A.1(a) and three standoffs as seen in Figure
A.1(b). The different parts are connected to each other using 2.5 mm screws
and bolts. It was necessary to design the structure so that the BLDC motors
could be fixed to the baseplates before the structure is assembled, due to the

limited space inside the structure.

(@ (b)

Figure A.1: The reaction wheel structure (a) baseplate and (b) standoff
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A.2 Reaction wheel PCB schematics

In this section the PCB schematics will be given for the reaction wheel PCB.
The schematic for the BLDC drivers and peripherals includes the following

components:
* BLDC controllers and their peripheral components
¢ Connector for the optical encoders
¢ Connector for each BLDC motor
* Bypass capacitors for each voltage level

The schematic for the power distribution and communication includes the

following components:

5V switching regulator

3 V linear regulator

e Power connector

JTAG connector

Current sense components for the 5 V power supply

CAN controller with R5485 tranceiver

RS232 tranceiver
The microcontroller schematic includes the following components:
¢ 8051 microcontroller
¢ Digital to analog converter and its reference voltage supply component
* Bypass capacitors for each of the voltage supplies
¢ LEDs to indicate that the voltage supplies are active
* 16 MHz crystal as external clock source for the 8051 microcontroller

* Reset circuitry
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A.3 Rate sensor PCB schematics

In this section the PCB schematics for the rate sensor system will be given.
The system is divided over four PCBs: The main rate sensor PCB and three
equivalent othogonally mounted rate sensor PCBs. The main PCB includes
the following components:

¢ Digital to analog converter

¢ 2V reference supply component

* Power and I2C connectors

¢ Connectors for each of the three mounted PCBs

* Operational amplifiers to change the rate sensor output voltage levels

The rate sensors themselves are soldered onto the three equivalent orthogo-
nally mounted rate sensor PCBs. Each PCB has space for three rate sensors.
The other components on this PCB are the rate sensor peripheral components

including the passive analog first order filter.
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A.4 Rate sensor filter design

Equation (A.4.1) was used to calculate the resistor and capacitor values for
the passive first order low pass filter. Seeing that a 180 K(2 resistor is inte-
grated into the rate sensor package, only the value of the capacitor needed
to be determined. The required filter 3 dB cut off frequency is 20 Hz, as dis-
cussed in section 4.3.1. According to equation (A.4.1) a 44 nF capacitor is
required for the specified cut off frequency. A 39 nF capacitor was therefore
used, which results in a cut off frequency of 22.7 Hz. Figure A.7 shows the 3
dB cut off frequency of 22.7 Hz (or 142.6 rad /s) on a bode plot of the passive

first order low pass filter.
1
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Figure A.7: Rate sensor Filter - Bode Plot



Appendix B

BLDC motors datasheets

The three BLDC motors as shown in Figure B.2, B.3 and B.4 were compared
to determine which would fit the application best. Equation (B.0.1) was used
to calculate the power usage of each of the three BLDC motors at the speci-
fied maximum output torque of 5 mNm and the specified maximum angular
velocity of 5000 rpm. The equation for a DC motor was used for this calcu-
lation, but the power consumption of a BLDC motor can be calculated using
the same equation. The results of the power calculations are shown in Ta-
ble B.1. The meaning of the variables in equation (B.0.1) is depicted by the
schematic in Figure B.1.

Va

Figure B.1: Schematic to describe a DC motor
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Pmax

Where,

@ max

@ max

InL
Nconst
Nmux

VR’J max

Qterminal

EO max

Weonst

wmax

@ max~a max

(VRu max + EO max) Iﬂ max (BOl)

Maximum voltage over armature
Nmax/Nconst + INL

Maximum armature current

No load current

Torque constant

5 mNm

Maximum torque specification

Iu max Qterminal

Maximum voltage over armature resistance

Terminal resistance

Wnax / Weonst

Maximum back EMF
Speed constant
5000 rpm

Maximum rotational speed specification
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Table B.1: Power consumption of the BLDC motors compared

Motor Data Maxon 6 W | Faulhaber | Maxon 15 W
Neonst:

Torque Constant [MNm/A] 9.5 6.34 49

I NL-

No load current [mA] 110 102 73
I,:

Armature current [mA] 636 891 175
Weonst-

Speed Constant [rpm/V] 1007 1506 195
Oterminal:

Terminal resistance [Ohm] 4.5 34 13.7
VRa:

Armature voltage [V] 2.86 3.03 24
Eo [V]: 497 3.32 25.64
Power Consumption [W]: 4.98 5.65 4.92
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EC 32 Flat motor 32 mm, brushless, 6 Watt

=
20,4 03 79 085

B
9 A with Hall sensors B sensorless ~ 103] | 1085 M3 x1.5 tief/deep
£
= N N )
= 23! e g B
= o
c N/ N s ©
(] } w7
H 8
é 3 | k4 _]l.08
£ g ‘ g
=4 I = m 1304
!
|
1
PIN 1 12,1 4018 PIN 1 528
M1:2
I Stock program

[_Jstandard program Order Number

Special program (on request!)
with Hall sensors 200187

sensorless | B [1E]
Motor Data I S N N S S S N
w 6

1 Assigned power rating
2 Nominal voltage Volt 9.0 9.0
3 No load speed pm 8600 8600
4 Stall torque mNm 20 20
5 Speed /torque gradient rpm / mNm 479.0 479.0
6 No load current mA 110 110
7 Terminal resistance phase to phase Ohm 4.50 4.50
8 Max. permissible speed pm 12000 12000
9 Max. continuous current at 5000 rpm A 1.03 1.03
10 Max. continuous torque at 5000 rpm mNm 8.70 8.70
11 Max. efficiency % 60.0 60.0
12 Torque constant mNm /A 95 95
13 Speed constant pm/V 1007 1007
14 Mechanical time constant ms 70.0 70.0
15 Rotor inertia gem? 13.9 13.9
16 Terminal inductance phase to phase mH 1.070 1.070
17 Thermal resistance housing-ambient K/W 6.8 6.8
18 Thermal resistance winding-housing K/wW 74 74
19 Thermal time constant windings s 3.7 3.7
20 Thermal time constant stator s 16.1 16.1
Spe: ations Comments Details on 149
®  Axial preload >5N  n[rpm] Curve of constant assigned power rating
® Max. ball bearing loads 16000
axial (dynamic) 28N 14000 I continuous operation
radial (7.5 mm from flange) 55N In observation of above listed thermal resistances
Force for press fits (static) 50N 12000 (lines 17 and 18) the maximum permissible winding
(static, shaft supported) 1000 N 10000 temperature will be reached during continuous oper-
©  Ambient temperature range -40 ...+100°C 8000 ation at 25°C ambient.
® Max. permissible winding temperature  +125°C 6000 Sileizalini
®  Weight of motor 329 4000 Short term operation
®  Version with and without Hall sensors 2000 The motor may be briefly overloaded (recurring).
® 8 pole permanent magnet
® 3 phased coil stator with 2 pole shoes each 10 M [mNm]
®  Values listed in the table are nominal. 92 @ @5 & e T
® Connection with Hall sensors  sensorless
Pin 1 35..20VDC  Motor winding 1 0.2 0.4 0.6 08 1.0 1[A]
Pin 2 Hall sensor 3 Motor winding 2
Pin 3 Hall sensor 1 Motor winding 3
Pin 4 Hall sensor 2 __ neutral point
Pin5 GND
Pin 6 Motor winding 3
Pin7 Motor winding 2
Pin 8 Motor winding 1
® Adapter Order number  Order number
see p.275 220300 220310
® Connector Article number Article number
AMP 1-487951-1 487951-4
MOLEX 52207-1190 52207-0490
MOLEX 52089-1110 52089-0410 :
Recommended Electronics:
Pin for design with Hall sensors: 328822/51/3 page ggg
FPC, 11 pole, pitch 1.0 mm, top contact style DEG 50/5 564
®  For wiring diagram for Hall sensors, see p. 26 DECV 50/5 265
EPQOS 24/1 271
Notes 17
184  maxon EC motor April 2005 edition / subject to change

Figure B.2: Maxon EC flat BLDC motor: 6W
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Brushless DC-Servomotors
Electronic Commutation

5,2

mNm

For combination with
Gearheads:
2011

Encoders:

IE2, 5500, 5540

Drive Electronics:

refer to “Combination Chart”, pages 14-15

012 B 024 B 036 B 048 B
1 Nominal voltage 12 24 36 48 Volt
2 Terminal resistance, phase-phase 3,4 14,0 26,3 62,2 Q
3 Output power ! 20 19 19 18 w
4 Efficiency 70 69 70 69 %
5 No-load speed No 17 600 18 000 19 500 17 400 rpm
6 No-load current (with shaft o 2,0 mm) lo 0,102 0,053 0,040 0,025 A
7 Sstall torque M 22 21 23 20 mNm
8 Friction torque, static Co 0,27 0,27 0,27 0,27 mNm
9 Friction torque, dynamic (e 2,1410°> |2,1410> |2,1410°> |2,1410> | mNm/rpm
10 Speed constant kn 1506 773 557 374 rem/\V
11 Back-EMF constant ke 0,664 1,294 1,796 2,677 mV/rpm
12 Torque constant km 6,34 12,36 17,15 25,56 mNm/A
13 Current constant ki 0,158 0,081 0,058 0,039 A/mNm
14 Slope of n-M curve An/AM 808 875 854 909 rpm/mNm
15 Terminal inductance, phase-phase 148 600 1160 2 500 pH
16 Mechanical time constant Tm 16 18 17 18 ms
17 Rotor inertia J 1,95 1,95 1,95 1,95 gcm?
18 Angular acceleration O max 114 107 119 100 10°rad/s”
19 Thermal resistance Rw1/Rewz | 5,7/19,9 Kw
20 Thermal time constant Twt/Tw |9/577 5
21 Operating temperature range =30.. +125 °c
22 Shaft bearings ball bearings, preloaded
23 Shaft load max.:
—radial at 3 000/20 000 rpm (4,5 mm from mounting flange) | 14/ 7 N
— axial at 3 000/20 000 rpm (push-on only) 8/4 N
— axial at standstill (push-on only) 30 N
24 Shaft play:
—radial < 0,015 mm
— axial = 0 mm
25 Housing material aluminium, black anodized
26 Weight 50 g
27 Direction of rotation electronically reversible
Recommended values
28 Speedupto? Ne max. 49 000 49 000 43 000 49 000 rpm
29 Torque up to"? Me max. 5,2 4,9 5,0 4.8 mNm
30 Current up to "? le max. 0,98 0,48 0,35 0,23 A
¥ at 36 000 rpm
7 thermal resistance Ru2 by 55% reduced
2036 U...B
L1
M2 2,5 deep 020 +0,1

max. 20 L

36

7,103

8,103

Figure B.3: Faulhaber BLDC motor
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EC 32 flat 32 mm, brushless, 15 Watt

A with Hall sensors B sensorless M3 x1.5 tief /deep B
°
§ 3 2 -
= =N - re o £
) 8 S S -
ks H g
2 2 ° Lo
o o
g g £
i 5400 0.3 005

M1:2

[ stock program
[_1standard program
Special program (on request)

Order Number

with Hall sensors 267121
sensorless [N 111

[T N S S S S S S

Values at nominal voltage

1 Nominal voltage v 24.0 240
2 No load speed pm 4390 4390
3 No load current mA 73.4 73.4
4 Nominal speed rpm 2740 2740
5 Nominal torque (max. continuous torque) mNm 24.2 24.2
6 Nominal current (max. continuous current) A 0.506 0.506
7 Stall torque mNm 85.8 85.8
8 Starting current A 1.75 1.75
9 Max. efficiency % 64 64
Characteristics
10 Terminal resistance phase to phase Q 13.7 13.7
11 Terminal inductance phase to phase mH 7.73 7.73
12 Torque constant mNm/A 49.0 49.0
13 Speed constant rpm/ V. 195 195
14 Speed /torque gradient rpm / mNm 545 545
15 Mechanical time constant ms 20.0 20.0
16 Rotor inertia gem?2 35.0 35.0
17 %‘serrr'w“;r:;:ancs housing-ambient 974K/ W n[rpm] - Cominuoug LI N "
18 Thermal resistance winding-housing 263 K/W 15W In observation of above listed thermal resistance
19 Thermal time constant windings 81s 10000 (lines 17 and 18) the maximum perr_nlsslble \n{lndlng
20 Thermal time constant motor 1088 temperature will be reached during continuous
21 Ambient temperature 40 ...+100°C 8000 operation at 25°C ambient.
22 Max. permissible winding femperature +25°C oo = Thermal limit.
Mechanical data (preloaded ball bearings) Short term operation
gi Q\Afél E?;;";ﬁs::ﬁg:sd <50N 1000% m 4000 The motor may be briefly overloaded (recurring).
>50N 0.14mm
25 Radial pk reloaded b 1
26 Max afl:y\uad (dynamic) P 48N 20 30 M [mNm] Assigned power rating
27 Max.force for press fits (static) 50N 02 0.4 06 08 I[A]
(static, shaft supported) 1000 N
28 Max. radial loading, 7.5 mm from flange 55N
Other specifications
29 Number of pole pairs 4
30 Number of phases 3
31 Weight of motor 469

Values listed in the table are nominal.
Connection with Hall sensors  sensorless

Pin 1 35..20VDC Motor winding 1

Pin2 Hall sensor 3 Motor winding 2

Pin3 Hall sensor 1 Motor winding 3

Pin4 Hall sensor 2 )\neuhal point

Pin& GND

Piné Motor winding 3

Pin7 Motor winding 2 Recommended Electronics:
Pin8 Motor winding 1 AECS 35/3 page 270
Adapter Order number Order number DEC 24/1 270
see p. 283 220300 220810 DEC 50/5 271
Connector  Article number Article number DECV 50/5 271
AMP 1-487951-1 487951-4 EPOS 24/1 278
MOLEX 52207-1190 52207-0490 Notes 17
MOLEX 52089-1110 52089-0410

Pinfor design with Hall sensors:
FPC, 11-pole, pitch 1.0 mm, top contact style
‘Wiring diagram for Hall sensors see p. 26

April 2006 edition / subject to change maxon EC motor 193

Figure B.4: Maxon EC flat BLDC motor: 15W



Appendix C

Rate sensor verification results

The test results which were used to verify the results shown in section 6.5 will
be given in this section. Two test results sets were used to verify the results
in section 6.5. They will be referred to as rate sensor result set 2 and 3 in this
section. It can be seen that the variance of the data in result set 1 is larger
that the variance in result set 2. This is due to the fact that the temperature
variations during the recording of the data in result set 2 was larger than
the temperature variations in result set 3. Both result sets 2 and 3 verify the

results in section 6.5 successfully.

C.0.1 Rate sensor result set 2

The covariance matrix of the rate sensor outputs (of result set 2) is shown in
equation (C.0.1) (with units of 1 x 107> rad?/s?).

0.806 —0.017 —0.003 0.001 0.002 —0.014 |

0017 1165 0.005 —0.013 0011 0.044

~0.003 0.005 0.885 —0.004 0.003 0.008

R = (C.0.1)
0.001 —0.013 —0.004 2674 —0.001 —0.011

0.002 0011 0.003 —0.001 0766 0.007

| —0.014 0.044 0008 —0.011 0.007  1.029

The covariance matrix of the derivative taken of the filtered rate sensor out-
puts of result set 2 (with units of 1 x 10! rad®/s*) is shown in equation
(C.0.2).
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Allan Deviation Allan Deviation

Allan Deviation

Roll rate [rad/s] Pitch rate [rad/s]

Yaw rate [rad/s]

1
=3
s 3
o o
= o

Gyro Pitch output 1

20 40
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time[min]

Gyro Roll output 1
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time[min]

Gyro Yaw output 1

—-0.005

20 40 60 80 100
time[min]

Gyro Pitch output 2
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g
Q
®
=
L
o
20 40 60 80 100
time[min]
Gyro Roll output 2
o
°
g
Q
©
]
i
20 40 60 80 100
time[min]
Gyro Yaw output 2
@ 0.01
o
g
Q
kil 0
K
-0.01
20 40 60 80 100
time[min]

Figure C.1: Rate Sensor outputs over 2 hours (Result set 2)

Allan Variance vs decimation ratio
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Figure C.2: Allan Variance of the rate sensor outputs (Result set 2)
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Table C.1: Angle Random Walk and Rate Random Walk values for the rate sensors

Pitch angle [rad]

(Result set 2)
Rate Sensor ARW RRW
<1 x 104 md/s/\/Hz) <1 x 1075 md/sz/\/Hz)
Roll 1: 7.03 0.65
Roll 2: 8.32 0.3
Pitch 1: 7.39 -
Pitch 2: 7.19 1
Yaw 1: 6.76 -
Yaw 2: 7.75 0.6
Gyro Pitch output 1 Gyro Pitch output 2
0 T T T
T 1501
_50 = :
S 100
IS
-100 S sof
o
26 4‘0 éO 86 160 0 26 4‘0 60 E;O 160
time[min] time[min]
Gyro Roll output 1 Gyro Roll output 2
=37 ‘ ‘ = 20} : ‘
=} °
S ool s
E 20 E 0
[=2) =
< 101 £ -20
g o g
i i i i i -60 i i i i i ki
20 40 60 80 100 20 40 60 80 100
time[min] time[min]
Gyro Yaw output 1 Gyro Yaw output 2
g T 150}
Y Iy
g g 100
§ § %
i i i i i 0 i i i i i
20 40 60 80 100 20 40 60 80 100
time[min] time[min]

Figure C.3: Integrated rate sensor outputs (Result set 2)
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X107 Gyro Pitch output 1 x 107 Gyro Pitch output 2
T Y z
B o5t K
Q Q
g O IS
§ 05 S
[ o
20 40 60 80 100 20 . 60 80 100
time[min] time[min]
< 10° Gyro Roll output 1 x10™ Gyro Roll output 2
Q Q ]
g ° g ]
g 0 Y
o 5] 1
= g =
¢ 2 |
-10k i i i i il ; ; i i i
20 40 60 80 100 20 40 60 80 100
time[min] time[min]
x10™* Gyro Yaw output 1 x 107 Gyro Yaw output 2

7 ° T 1 ]
g g
s 0 % 0 |
< o
-5 B ]
> >
20 40 60 80 100 20 40 60 80 100
time[min] time[min]

Figure C.4: Filtered rate sensor outputs - cut off frequency 0.01 Hz (Result set 2)
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[
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Figure C.5: Temperature outputs of rate sensors (Result set 2)
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C.0.2 Rate sensor result set 3

x 10~ Gyro Pitch output 1

0.1348 —0.0074 —0.0046
—0.0074 0.1115 —0.0005
—0.0046 —0.0005 0.1305

0.0081 —0.0024 0.0027

0.0088  0.0106 —0.0003
| —0.0032  0.0004  0.0060

Pitch rate [rad/s]

50 100 150 200 250 300 350 400

time[min]
X10" Gyro Roll output 1
T T T T T

Roll rate [rad/s]

50 100 150 200 250 300 350 400
time[min]

X107 Gyro Yaw output 1
T T T

Yaw rate [rad/s]

50 100 150 200 250 300 350 400

time[min]

0.0081  0.0088 —0.0032 ]
—0.0024 0.0106  0.0004

0.0027 —0.0003 0.0060

0.1026 —0.0020 —0.0052
—0.0020 0.0961  0.0050
—0.0052 0.0050  0.1285

(C.0.2)

x 10~ Gyro Pitch output 2

Pitch rate [rad/s]

50 100 150, 200 250 300 350 400
time[min]
x 107 Gyro Roll output 2

Roll rate [rad/s]

50 100 150 200 250 300 350 400
time[min]
X107 Gyro Yaw output 2

Yaw rate [rad/s]

50 100 150 200 250 300 350 400
time[min]

Figure C.6: Rate Sensor outputs over 7 hours (Result set 3)

The covariance matrix of the rate sensor outputs (of result set 3) is shown
in equation (C.0.3) (with units of 1 x 10-5 rad?/s?).



APPENDIX C. RATE SENSOR VERIFICATION RESULTS 112

Allan Variance vs decimation ratio Allan Variance vs decimation ratio
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Figure C.7: Allan Variance of the rate sensor outputs (Result set 3)

Table C.2: Angle Random Walk and Rate Random Walk values for the rate sensors
(Result set 3)

Rate Sensor ARW RRW
(1 x 104 md/s/\/m) (1 x 1075 rad/s%// Hz)

Roll 1: 7.07 1.8
Roll 2: 8.36 1

Pitch 1: 7.35 0.8
Pitch 2: 7.29 -

Yaw 1: 6.79 0.85
Yaw 2: 7.8 1
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Figure C.8: Integrated rate sensor outputs (Result set 3)
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Figure C.9: Filtered rate sensor outputs - cut off frequency 0.002 Hz (Result set 3)
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Gyro Temperature output 1
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Figure C.10:

0.4006
—0.0116
—0.0063

0.0024
—0.0135

0.0036

200

time[min]

400

Temperature outputs of rate sensors (Result set 3)

—0.0116
0.5476
—0.0011
—0.0016
0.0032
—0.0028

—0.0063
—0.0011
0.4223
0.0011
0.0000
0.0014

0.0024
—0.0016
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0.4006
—0.0069
0.0020

—0.0135 0.0036
0.0032  —0.0028
0.0000  0.0014
—0.0069 0.0020
0.3556 —0.0016
—0.0016  0.4655 |
(C.0.3)

The covariance matrix of the derivative taken of the filtered rate sensor out-

puts of result set 3 (with units of 1 x 10~ rad®/s*) is shown in equation

(C.0.4).

0.4088
—0.0096
0.0019
—0.0044
—0.0369
0.0105

—0.0096

0.2820
0.0287
0.0069
0.0119

0.0019
0.0287
0.3434

—0.0065

0.0299

—0.0043 0.0275

—0.0044

0.0069

—0.0065

0.3209

—0.0036
—0.0120

—0.0369 0.0105
0.0119 —0.0043
0.0299  0.0275

—0.0036 —0.0120
0.2563 —0.0516

—0.0156  0.4093

(C.0.4)



Appendix D

Moment of inertia
determination method

This chapter explaines the string suspension method used to determination
the moment of inertia of each reaction wheel rotor, as explained by Peddle
[11]. The representation of the setup is given in Figure D.1. Equation (D.0.1)
shows the formula for the moment of inertia determination. Table D.1 shows
the measured periods of oscillation after the setup was given an initial offset

position.

Figure D.1: The string suspension method for moment of inertia determination
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Table D.1: Periods of oscillation measured for the reaction wheel rotor

Measured values for 10 periods of oscillation:

T[s] | 20.77 | 21.65 | 21.19 | 21.52 | 21.77 | 21.92 | 20.99 | 22 | 21.66 | 21.78
Mean period of oscillation [s] : 2.15 s
mgr’
I = 2 © (D.0.1)
Where,
I = 47.08x10°°
= Moment of inertia of the rotor
m = 8519¢
= Mass of each rotor
g = 981m/s
= Gravitational acceleration
r = 25mm
= Radius of the rotor
I = 12m
= Length of the suspension string
T = 2155
= Period of oscillation (see Table D.1)
constraint:

l

>

r
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