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Abstract

Complex space components are getting more important as the request for
high precision space missions is increasing. The main contribution to vibra-
tions on a satellite is the reaction wheels, the primary actuator in the attitude
control of the satellite. One of the main sources of vibrations is torque ripple
which is caused by various reasons, one being the control algorithm. This
thesis focuses on reducing the vibrations in the reaction wheels at Hyper-
ion Technologies by using a more complex motor control algorithm known
as field-oriented control (FOC) instead of six-step commutation that is cur-
rently used. The reaction wheel driven with FOC was simulated in Python
before testing the concept on the real reaction wheel. The open-source elec-
tronic speed controller VESC was used to evaluate the performance of the
reaction wheel driven with FOC. The results from the simulations showed
that it would be a significant improvement to use FOC, both when it comes
to torque ripple and control performance. Due to some difficulties with the
vibration measurement setup, the torque ripple aspect of the controller could
not be confirmed in real life. It has, however, been shown that the reaction
wheel would greatly advantage from using FOC instead of six-step commu-

tation when it comes to the control performance.
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1

Introduction

1.1 Background

Reaction wheels are common actuators in the attitude control system of
satellites, providing the necessary torque to reach a desired orientation and
stability. They are based on the conservation of angular momentum. Apply-
ing torque to the wheel in one direction will result in the satellite moving
in the opposite direction, in accordance with the principle of angular mo-
mentum conservation. Reaction wheels are, however, the main disturbance
source onboard the satellite as they induce micro-vibrations. High control
accuracy of the reaction wheels is therefore important to meet the required

pointing accuracy of the satellite.

Hyperion Technologies is a company in Delft, the Netherlands, focusing
on the design of products for small spacecraft, where they among other
things provide reaction wheels. The reaction wheel used in this thesis will be
the RW400 reaction wheel, shown in Figure [I.1]

Reaction wheels are critical due to bearings and vibrations. One of the
main contributions of the vibrations of the reaction wheels is torque ripple.
This effect can be reduced with a suitable choice of control method. Cur-
rently, the reaction wheels at Hyperion Technologies make use of six-step
commutation in their control algorithm, which is known to result in more
torque ripple than other common methods for motor drive. This method

is simple to understand and to implement on hardware. The drawback,
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1 —INTRODUCTION

however, is that the current space vector can only have six directions, mak-
ing it sometimes misaligned from the optimal direction. This causes torque
ripple but also loss in efficiency. Field-oriented control (FOC) is a motor
drive method that is known to result in far less torque ripple compared to
six-step commutation since it always aims at using the optimal direction of
the current vector. As a consequence, however, it consists of more complex
calculations. It is desired to investigate whether field-oriented control will

improve the performance of the reaction wheel or not.

Figure 1.1: The Hyperion Technologies RW400 reac-
tion wheel. (Image courtesy of Hyperion Technolo-

gies.)

1.2 Aim of the Thesis

This thesis aims at designing a field-oriented control scheme for the control
of the RW400 reaction wheel, to analyse the performance, and to compare
the control method with the current method in terms of performance and the
amount of micro-vibrations they result in. The developed control algorithm
should be able to operate in the full speed range, including zero-crossings.
The aim is to have a controller that results in less micro-vibrations due to

torque ripple and that have a more efficient performance.
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1.3. STRATEGY

1.3 Strategy

To improve the performance and micro-vibrations of the reaction wheel, the
first step will be to simulate the reaction wheel driven with six-step commuta-
tion and field-oriented control using Python. After obtaining an understand-
ing of the system and after developing the controller in Python, the FOC
scheme will be tested on real hardware. For this, the open-source electronic
speed controller VESC will be used. This hardware comes with open-source
firmware with FOC. Since it is open-source, it can easily be modified if nec-
essary. When the implementation on the real reaction wheel is finalised, the
performance will be analysed in terms of step responses and current consump-
tion. Finally, the micro-vibrations will be measured using a Kistler table. The
measurements will be done using both the current Hyperion Technologies re-
action wheel controller and the VESC controller with FOC to compare the

performance of the two.
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2

Reaction Wheels and

Electric Motors

Electric motors are being used in a wide range of applications, from hard disk
drives to vacuum cleaners and all the way to outer space for driving reaction
wheels. They are based on the conversion of electrical energy to magnetic
energy, and lastly to mechanical energy. In this chapter, the theory behind
reaction wheels driven by electric motors, and in particular brushless motors,

will be explained.

2.1 Introduction to Reaction Wheels

Reaction wheels are an important component in satellites as the primary
actuator in the attitude control system, especially where high pointing ac-
curacy is needed. They are typically composed of a brushless direct current
(BLDC) motor attached to a high inertia flywheel. The reaction wheel is
in turn attached to the spacecraft and provide attitude control through
angular momentum exchange with the spacecraft [Lopes et al., [2019]. Since
the torques and forces used to spin up the wheel are internal to the system,
the angular momentum is conserved. Therefore, the angular momentum of
the satellite is equal in magnitude in the opposite direction of the accumu-
lated angular momentum in the wheel. Torque is proportional to the electric
current so by adjusting the current to the electric motor the reaction wheel

will speed up or slow down and produce torque. An opposite torque will be
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2.1. InTrRODUCTION TO REACTION WHEELS

applied to the satellite, consequently rotating it and adjusting its attitude
in one axis [Mohamad et al., [2015]. For three-axis control, at least three
reaction wheels mounted perpendicular to each other are required. It is also
common to use four reaction wheels along tetrahedral axes for redundancy,

in case one of the reaction wheels would stop functioning.

Satellites in space are subject to perturbing forces. These could come from
solar pressure, atmospheric drag or celestial bodies. The attitude control
system on the satellite receives information about the attitude from inertial
sensors like star trackers, magnetometers, gyroscopes and sun sensors. Based
on this information the attitude control actuators can move the satellite to-
wards the desired attitude as the perturbing forces are acting on the satellite,
making its attitude deviate from the desired one [Carrara and Kuga, [2013].
To counteract these forces, the reaction wheels will have to accelerate, and
when the attitude is adjusted, the reaction wheels will stay at the reached
speed. Eventually, the reaction wheel will become saturated and will not
be able to reach higher speeds, and they can, therefore, no longer perform
attitude manoeuvring. The reaction wheels have to unload the excess mo-
mentum and decelerate without affecting the satellite. Momentum dumping
can, normally on small satellites in low Earth orbit, be done with the use of
magnetorquers. This is a device consisting of a coil which, by sending current
through it, produces magnetic torque when interacting with the magnetic
field of the Earth. A net torque of zero can be produced by decelerating the
reaction wheel and at the same time use the magnetorquer to produce a
magnetic torque in the opposite direction of the torque produced with the
reaction wheel [Oland and Schlanbusch, 2019]. To get a full understanding
of how the reaction wheel is integrated into the attitude determination and
control system an image of the Hyperion Technologies iADCS200 is included
and shown in Figure

There are several challenges involved in the design of reaction wheels for
small satellites. There are limitations in volume and mass, and they must
be able to operate continuously for years in space where they are subject

to wide temperature variations and high radiation doses. There are two
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2 —ReacTioN WHEELS AND ELECTRIC MOTORS

different modes that reaction wheels are normally operated in, current mode
(equivalently torque mode) and speed mode. In current mode, the electrical
current is tracked and adjusted to achieve the desired torque. In speed mode,
there is an outer control loop that eliminates the error in commanded speed
by regulating the current [Carrara and Kuga, .

Reaction wheel
Magnetorquer .

Figure 2.1: The Hyperion Technologies iADCS200. (Image cour-
tesy of Hyperion Technologies.)

2.2 Brushless DC Motor

The Brushless DC motor is an electric motor. As the name suggests, brush-
less direct current (BLDC) motors do not have brushes, unlike the ordinary
DC motors where the commutation is done mechanically with brushes. In
the brushless motor, this is instead done with the use of power electronics.
There are several advantages with the brushless DC motor. It has higher
efficiency, reduced noise, and since you don’t have brushes that gradually

break, lower maintenance. Thus, it is well suited for space applications.

The electric motor consists of a rotating part, the rotor, and a station-

ary part, the stator. In most motors, the rotor is on the inside of the stator.
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2.2. BrusHLEss DC MoTor

In the BLDC motor, the rotor consists of a permanent magnet with a varying
amount of pole pairs. The stator consists of a varying amount of windings
divided into three current paths, creating a three-phase motor. When cur-
rent flows through the windings, a magnetic field will be induced. It is the
interaction between this electromagnetic field and the magnetic field from
the permanent magnet that is used to make the motor spin. A magnetic
field with any direction and magnitude can be produced by controlling the
current in the three windings. Since opposite magnet poles attract and like
magnet poles repel each other the idea is to energise the phases in such a
way that the permanent magnet will rotate with the electromagnetic field
[Hanselman, 2006|. If the permanent magnet field is aligned with the elec-
tromagnetic field, no torque will be produced. The force produced by the
interaction of the fields will then only compress the motor bearings and not
cause rotation. If the stator and rotor field instead are orthogonal to each

other torque will be maximised.

The stator field can be decomposed into two components, as shown in
Figure The quadrature (q) component is orthogonal to the rotor field
and is the torque producing component while the direct (d) component is
parallel to the rotor field and causes compression forces [John et al., 2011].
Therefore, torque will be maximised when the direct component is as small
as possible. The figure also shows the basics of the electric motor construc-
tion with a permanent magnet as the rotor and windings in the stator. As
mentioned before, there can be more permanent magnets and more windings

in the motor, depending on the chosen design.

In the air gap between the rotor and stator, a certain magnetic flux dis-
tribution is obtained depending on the design of the motor. It depends on
how the stator windings are placed, concentrated or distributed. According
to Faraday’s law of induction, an electromotive force (back-emf) is induced
in a changing magnetic field and is equal to the negative time derivative of
the magnetic flux. In an ideal motor, the back-emf shape is either perfectly
trapezoidal or perfectly sinusoidal. In reality, however, these will deviate

from the ideal case due to manufacturing [Hanselman, 2006].
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2 —ReacTioN WHEELS AND ELECTRIC MOTORS

Figure 2.2: Basic motor construction and the
two stator field components.

2.3 Reference Frames

A three-phase system is usually described by its voltage and current equa-
tions which make the analysis of such a system complex since the back-emf,
induced voltages and currents change as the rotor is in relative motion. To
simplify the analysis of a three-phase circuit, mathematical transformations
are often used where the two most commonly used are the Clarke transfor-
mation and the Park transformation [Microsemi Corporation, 2013].

A three-phase system is described in the so-called abc-frame with 120°
between the vectors, see Figure 2.3 With the Clarke transformation, these
three time-domain components can be converted to two components in the
orthogonal stationary, so-called a/3-frame. This frame is centred on the stator
of the motor with the a-component aligned with the a-component of the
abc-frame and the S-component orthogonal to the a-component. There are
many different ways to perform this transformation where the difference is
the magnitude of the two-phase quantities. There are mainly two different

versions that are useful, the power invariant and the amplitude invariant
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2.3. REFERENCE FRAMES

transformation. The power invariant version of the Clarke transformation
can be seen in Equation Here s denotes a general quantity which can

represent a voltage, current or back-emf. The inverse of this transformation

P \/gsa (2.1)

is shown in Equation [2:2]

Sp = %(Sb — Sc)
S0 =/ 250
Sy = —Tzsa + 558 (2.2)
Se = —%sa %Sﬁ

The amplitude invariant version of this transform is necessary when the trans-
form is made in analogue electronics and you want to protect the signal-to-
noise ratio. In this thesis, this is the version that will be used. The amplitude
invariant version of the Clarke transformation can be seen in Equation 23]

and the inverse of it in Equation [2.4]

(2.3)
_ 1
55_%'(517_50)
Sa = Sa
sp= —L1so + Lsp (2.4)
So=—18, — Lsp

To transform the two time-domain components in the stationary a/f-frame
to the rotating so-called dg-frame, the Park transformation can be used. In
this frame, the d-components rotates with the electrical rotation angle 6 of
the motor, and the g-component is orthogonal to the d-component. The Park
transformation is shown in Equation 2.5 and the inverse is shown in Equation
2.0l

Sq = sqc0s(0) + sgsin(0) (2.5)
sq = spcos(0) — sqsin(0)

Sq = sqc08(0) — sqsin(f) (2.6)
sg = sqc08(0) + sqsin(0) -

17



2 —ReacTioN WHEELS AND ELECTRIC MOTORS

Implementing the Clarke and the Park transformation consecutively simpli-
fies the analysis and computations of a three-phase system since the waveform
of the current and voltage are converted from AC to DC signals [Alakiila et
al., [2019|. Figure shows an illustration of the three reference frames just
described.

)
Clarke Park q .
transformation transformation Ly
0
a-axis v—axis
Two-phase orthogonal reference Rotating orthogonal reference

Three-phase reference frame frame frame

1 e iq o 1p g

N

Figure 2.3: The figure shows the three different reference frames described
in this section.

2.4 Mathematical Model

The modelling of the reaction wheel can be treated as a brushless DC motor
with a high inertia mass. The BLDC motor can be described as a three-phase
equivalent circuit, as shown in Figure Each phase consists of a stator
resistance R, self-inductance L and a back-emf source in series. The circuit
equations for each of the windings can be expressed as shown in Equation
Z7

Vo = Riq + % (Lagia + Loaiy + Leaic) + €q

vy = Riy + % (Lavia + Lupiy + Levic) + ey (2.7)

Ve = Ric + g (Lacia + Luciy + Lecic) + ec

Here i,, 4, and i, are the currents of each phase. Assuming that the three

motor phases are symmetric it follows that the three self-inductances are
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2.4. MATHEMATICAL MODEL

S5 E' BL.DC model
R L e
[
g

Figure 2.4: The three-phase equivalent circuit connected to a three-
phase inverter.

51 53

52 S4

43
L

equal: Lyq = Lpp = Lee = L and the mutual inductance too: Ly = Lpy = Lac
= L¢y = Ly = Lype = M. Furthermore, according to Kirchoff’s current law
the following holds:

iq +ip+ic=0 (2.8)

With these relations, the voltage equations in Equation for the reaction

wheel motor can be simplified to:

Vo = Riq + (L — M)%e + ¢,
vy = Rip + (L — M) %2 4 ¢, (2.9)

Ve = Ric+ (L — M)%e + e,

The induced electromotive forces e,, €, and e. can be described as shown in
Equation [2.10] Here f,(6c), f5(fc) and fc(6e) represents the back-emf shape
of the motor as a function of the electrical angle #, and is limited between
-1 and +1. In this thesis, the back-emf is assumed to be sinusoidal which
was also confirmed through measurement. Further, K. denotes the back-emf

constant and w,, the mechanical rotation speed of the rotor.

€q = fa(ee)Kewm
€p = fb(ge)KeWm (210)
€c = fc(ee)Kewm

19



2 —ReacTioN WHEELS AND ELECTRIC MOTORS

Since the phases of the motor are 120 degrees apart, f; and f. can be written

as:

[ )

fb(HE) = fa(ee + ?ﬂ)
fc(ae) = fa(ee - ?ﬂ)

(2.11)

[o~]

Note that there is a difference between the electrical angular position 8. and
the mechanical angular position 6,,, which is the one that can be visualised
when spinning the rotor. The relation between the two is shown in Equation
where N denotes the number of pole pairs in the rotor. This relation
holds since the definition of electrical position is such that after 360 electrical
degrees the rotor is back in an identical magnetic orientation. This pattern
will repeat itself as many times as there are pole pairs in one mechanical

revolution [Hanselman, 2006].
6. = Nb,, (2.12)

Now that some of the equations for the electrical part of the reaction wheel
have been defined it is possible to look at the equations for the mechanical

part of the system. The equation of motion of the system will be:

d
T, =J wm+ Ty + i (2.13)

Here J is the total moment of inertia of the motor and flywheel, T is the
friction torque and 7} is the load and disturbance torque acting on the reac-
tion wheel. T, represents the electromagnetic torque and is given by Equation
where K; is the torque constant [John et al., [2011].

Te = Kt(fa(ee)ia + fb(ee)ib + fc(ee)ic) (214)

Friction Torque

The bearing friction torque of the RW400 reaction wheel has been measured
in a previous thesis project performed at Hyperion Technologies. The mea-
surement was not performed on the same reaction wheel like the one used
in this thesis, but the behaviour should be similar. This measured friction
torque can be seen in Figure 2.5 It shows a clear Stribeck effect which is

the behaviour that the friction torque decreases for increased velocity until
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2.4. MATHEMATICAL MODEL

the so-called Stribeck velocity is reached. The spike that can be seen in the
figure is due to this effect. A general description of the friction torque can be

described as follows:

f(v)a v#0
Ty =T, v=0A|T, < T4 (2.15)

Tssgn(T.), otherwise

Here T, is an external torque affecting the system, which in this case is the

%103 The reaction wheel friction torque

o
[$))
T
L

Friction torque [Nm]
S
6] o

15 . . . . .
-600 -400 -200 0 200 400 600

Velocity [rad/s]

Figure 2.5: The measured friction torque.

electromagnetic torque, and T is the static friction. The reaction wheel will
start rotating when the static friction is overcome. The function f(v) can be

described in several ways, but a common form is:

Iz 12

f(’l)) =T.+Tyw+ (Ts - Tc)e_ vs | (216)

where T, is called the Coulomb friction, T, viscous friction and v, the Stribeck
velocity [Virgala and Kelemen, |2013]. Looking at the plot in Figureit can,

however, be seen that it has a quadratic behaviour for higher velocities so the
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2 —ReacTioN WHEELS AND ELECTRIC MOTORS

quadratic term, T,v2, is added to the equation. Also, a hyperbolic tangent
term was added to avoid the decreasing quadratic behaviour for the higher
velocities. The division by 500 was found by trial and error. Further, to get
the symmetric behaviour on both half-planes, the signum function is added
to the even function parts. Therefore, the equation is chosen to be:
v

F(v) = sgn(v) (T + Tov? + (T, — To)e 15 1%) + Tyv + T, tanh( -0

) (2.17)

where T, and T}, are unknown coefficients. The final step is to fit this curve
to the data, and this is done with the linear least-squares method. In this
way a value for T¢, T, Ts, T, and T}, were found. The value for the Stribeck

velocity, vs, was found by trial and error. The result of the fitting is shown

in Figure [2.6]

151 0 The reaction wheel friction torque
Measured data
Estimated
1 |-
E 05
Z
(0]
=]
o
s o
o
Q
S
L -05F
-1+
_1 5 1 Il Il Il Il I
-600 -400 -200 0 200 400 600

Velocity [rad/s]

Figure 2.6: The measured friction torque and the fitting.

Disturbance Torque

The main source of disturbance torque is imbalance in the flywheel, which

causes vibrations. The disturbance is proportional to the wheel speed squared
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2.4. MATHEMATICAL MODEL

and can be divided into static imbalance and dynamic imbalance. These dis-
turbances can be visualised as shown in Figure 2.7 and are a result of the

production process and will differ between different reaction wheels.

Static imbalance Dynamic imbalance

Figure 2.7: Flywheel imbalance. Static imbalance to the left
and dynamic imbalance to the right.

The static imbalance is caused by the deviation of the centre of gravity of the

flywheel from the rotation axis. The radial force caused by this imbalance is:
F, = Am,Ruw? (2.18)

where Amg is the imbalance mass that causes the disturbance and R the
radius of the flywheel. If the distance from the centre of gravity is r the

disturbance torque caused by the static imbalance will be:
T, = AmgRrw? (2.19)

The dynamic imbalance is caused by the misalignment between the rotation

axis and the inertia direction. This disturbance torque is:
Ty = AmgRdw? (2.20)

where d is the width of the flywheel and Amg, the imbalance mass [Inamori
et al., |2013]. For simplicity, the disturbance torque will not be included in
the simulations for this thesis. If the wheel is well-balanced, there will not
be any disturbance torque caused by imbalance. Of course, it is not possible
in reality to have a perfectly balanced reaction wheel, but at least it can be

assumed that the imbalance should be small.
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2 —ReacTioN WHEELS AND ELECTRIC MOTORS

2.5 Mathematical Model in the dg-Frame

For the analysis of the system and for the control design, it is convenient to
have the electrical equations of the motor in the d/q-frame as well. Using
the Clarke transformation and the Park transformation, the voltages in the
d/g-frame can be obtained and will be as shown in Equation m

. di
vg = Rig + deftd +eq

o
vy = Rig + Lq% te, (2.21)

This looks just like the equations in the abc-frame, shown in Equation 2.9

The back-emf is, however, different in the d/q-frame. The back-emf can be
described as shown in Equation [2.22]

€q = —wELqiq
eq = wE(Ke + Ldid) (222)

The inductance in the d-axis and g-axis is the same in symmetric motors,
also called non-salient motors, which is the case in this thesis. Finally, the
electromagnetic torque can be expressed as:

3 . .

T. = §N()\zq + (Lg — Lg)iaiq) (2.23)
where A is the magnetic flux linkage of the permanent magnet. Since it is
assumed that Ly and L, are the same, the equation of the electromagnetic
torque can be simplified. Further, the torque constant K; is defined as N A
so Equation [2:23] can be written as:

3
T, = S Ky (2.24)

2.6 State Estimation

To control the reaction wheel properly, the position and the speed of the
rotor have to be known. This can be done either sensorless or with sensors.
Sensorless control is convenient since you avoid extra hardware on the sys-
tem. The accuracy, however, is not as good as with sensors. One common

sensor for motor control is Hall effect sensors. The motors in the reaction
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2.7. THREE-PHASE INVERTER

wheels at Hyperion Technologies make use of these sensors, placed 120 de-

grees apart from each other on the stator.

When an electric current in a conductor is placed in a magnetic field, a
voltage difference called the Hall voltage can be measured perpendicular to
the current. This is what is known as the Hall effect, and it is this effect that
Hall sensors are based upon [Pepka, [2007]. The Hall effect sensor consists of
a thin rectangular piece of a p-type semiconductor material, DC amplifiers,
voltage regulators and logic switching circuits. The semiconductor can detect
a magnetic field through the movement of the charge carriers in the material,
creating a voltage difference. The Hall voltage is directly proportional to the
strength of the magnetic field in which the semiconductor passes. [Electronics
Tutorials, 2018|

The Hall effect sensor can be either linear (analogue) or digital. For lin-
ear Hall sensors, the output is obtained directly from the Hall voltage.
Therefore, a continuous signal is given. The Hall sensors used in the motors
at Hyperion Technologies are, however, of digital type. These kinds of Hall
sensors have a Schmitt-trigger that provides hysteresis connected to the
operational amplifier. With a pre-set value the output of the Hall sensor
switches between its "off” state to its “on” state when the magnetic flux
through the sensor exceeds this value. The benefit of this is that oscillation
of the output signal is eliminated. The electrical position of the rotor is
obtained by combining the binary signals from the three Hall sensors on
the motor. The resolution of the position will be 60° [Electronics Tutorials,
2018.

2.7 Three-Phase Inverter

Since the BLDC motor is a three-phase system, a three-phase inverter is
required to produce the three-phase AC voltages from a DC voltage. This is
part of the hardware on the reaction wheel electronic control unit. The left
part of Figure 2.4 shows the typical schematics of a three-phase inverter and
how it is connected to the motor. It consists of six MOSFETs, denoted by S1
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2 —ReacTioN WHEELS AND ELECTRIC MOTORS

- S6, with two on each leg. The three-phase inverter is, however, not included
in the simulation but just mentioned here to give a full understanding of
the system. Getting an accurate simulation model is not the main focus of

this thesis so to simplify the simulations, the three-phase inverter is excluded.

The output of the control algorithm driving the motor is a reference for
the three-phase voltages. To generate these reference voltages through the
inverter, the transistors have to know when to be "on” and when to be "off”.
This is done through modulation of the voltage references, which is then
translated to transistor signals. There are different modulation methods, but
a common one used with field-oriented control is space vector pulse width
modulation (SVPWM) which will be explained in the next chapter.

On each leg, either the top transistor is closed and the bottom transis-
tor open or the other way around. They should never be both open or both
closed since that would result in a short circuit situation. This means that
there are eight different output states, also called space vectors. These can be
plotted in a hexagonal star diagram, as shown in Figure [2.8] The subscript
of each vector V denotes which transistor on each leg that is open. Space
vector Vigp means that the upper transistor on the first leg is open and
on the other two they are closed and so on. The vectors V111 and Vg are
called the zero state vectors since they don’t supply any voltage. The phase
voltages for different switching states can be seen in Table [Igbal et al.,
2006].
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2.8. COMMUTATION

Voo T praxds Vo

Voii

Vooo Vi o-axis

Vooi Vior

Figure 2.8: The eight space vectors in the complex
plane and the voltage reference vector Vi.s.

Table 2.1: Phase voltages for different switching states.

Switching state f;ine to neli:cbral voltagj
000 0 0 0
100 (2/3)Vdc ('1/3)Vdc ('I/B)Vdc
10 (1/3)Vae | (1/3)Vae | (2/3)Vac
010 (_1/3)\/(10 (2/3)Vdc ('1/3)Vdc
011 ('2/3>Vdc (1/3)Vdc (1/3)Vdc
001 (_1/3)\/(10 (_1/3)Vd(' (2/3)\/(10
101 (1/3)Vdc ('2/3)Vdc (1/3)Vdc
111 0 0 0

2.8 Commutation

Commutation is the process of switching which motor phases are energised

in order to generate a rotating motion of the rotor. There are different

commutation methods for control of electric motors. In brushed motors,

the commutation is done with brushes. In brushless motors, this is instead
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2 —ReacTioN WHEELS AND ELECTRIC MOTORS

done with electronics. Common electronic commutation methods are siz-step

commutation, sinusoidal commutation and field-oriented control.

Six-step commutation, also known as block commutation or trapezoidal
commutation, is the simplest of the mentioned methods. This is the method
that is currently used in the reaction wheels at Hyperion Technologies. The
drawback of this method is that it generates torque ripple because of its
nonlinear commutation scheme where only two phases are activated at each
time instant. This results in a staircase looking current waveform. Sinusoidal
commutation attempts to solve this by providing each of the phases with
sinusoidal currents shifted 120 degrees apart. Sinusoidal commutation is,
however, inefficient at high speeds since the controller has to track higher
frequency sinusoidal signals. Consequently, less torque will be produced by

a given amount of current [Copley Controls, n.d.|

The weakness with sinusoidal commutation is that it attempts to control the
currents in a time-varying three-phase reference frame. Field-oriented control
solves this by controlling the currents in the d/qg-frame, where the current
space vector is static, instead. Field-oriented control is therefore not limited
by high frequencies since the controller is isolated from the time-varying
phase currents and voltages [Copley Controls, n.d.| Six-step commutation
will be briefly explained here, and field-oriented control will be explained

more thoroughly in the next chapter.

Six-step commutation

In this method, two phases at a time are energised while the third one is
electrically disconnected. This is done in a predetermined six-step sequence,
as stated in Table[2.:2] As the motor turns, information about the rotor angle
is used to know when the switching between the phases should be done. The
two phases that are energised are equal in magnitude, while the third one
is zero. This results in six different possible directions of the current space
vector. Therefore, the current waveform will be of a staircase type [Copley
Controls, n.d.| These non-linearities in the commutation scheme results in a

significant amount of torque ripple. This, in turn, generates noise and vibra-
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tions. Further, the performance is limited from the fact that the controller
has to be slow enough to not react to transients in the commutation from
one phase to another [Lee and Lemley, |[2009]. How the commutation pattern

is related to the back-emf and rotor angle can be seen in Figure [2.9]
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Figure 2.9: The back-emf (here trapezoidal) and the current
for the three phases depending on the rotor position.

In summary, the commutation pattern will be as shown in Table 2.2] Both
clockwise and counter-clockwise rotation of the reaction wheel is presented.
In the interval 0 to 60°, phase a and b will be active while phase ¢ will be

disconnected and so on.

Table 2.2: The commutation scheme for clockwise
and counter-clockwise rotation depending on the ro-
tor angle. a, b and c denotes the three phases.

Clockwise Countefr-
Rotor . clockwise
rotation .
angle rotation
a b c a b c
0° - 60° + - | off | - + | off
60° - 120° + | off | - - |off | +
120° - 180° | off | + - | off | - +
180° - 240° - + | off | + - | off
240° - 300° - |off | + | + |off | -
300° - 360° | off | - + | off | + -
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2.9 Torque Ripple

One problem with the BLDC motor is the undesired torque ripple that creates
noise and mechanical vibrations which, in turn, affects the smooth perfor-
mance. This is especially a problem in space applications where high accuracy
is needed. Therefore, it is crucial to reduce torque ripple to improve the per-
formance. Torque ripple is defined as periodic variations in the torque and
is often presented as a percentage of the torque variations compared to the

average value:

Tmaw - Tmln
Tripple = —"—""" - 100 (2.25)
avg

Torque ripple is caused by many different factors in the motor construction
and the control strategy. Reducing torque ripple is a popular topic, and many
studies have been performed focusing on this problem. One way to reduce
the torque ripple is to optimise the motor structure. This would, however,
increase the complexity of the design and be more expensive. The other way
to reduce the torque ripple is to use more advanced motor control methods
[Yuan et al., [2012|, which is what this thesis is about.

Cogging torque is one cause for torque ripple. It is due to the interaction
between the stator slots and the magnetic field of the permanent magnet of
the rotor. This causes variations in the reluctance when the rotor changes
position. This can be felt when spinning the motor by hand without any
current flowing through it. Cogging torque can be avoided by using an iron-
less stator in the motor. Then there will be no magnetic interaction with
the rotor until the controller purposely energises the windings. This kind of

motor is what is used in the RW400 reaction wheel.

Another source for torque ripple is the mismatch between the waveform
of back-emf and phase currents. The waveform of the phase currents is, as
mentioned previously, determined by the commutation method. It can be
concluded from Equation that a bad interaction of back-emf and phase
currents will result in ripples in the torque. For example, using FOC, where

the currents are sinusoidal, on a motor with trapezoidal back-emf would lead
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2.9. TorQUE RIPPLE

to torque ripple. Components of higher harmonics in the back-emf also result
in torque ripple. Further, the theory behind six-step commutation assumes
that the currents switch immediately, which in reality isn’t the case. The
current in the active phase will decay, and the current in the coming active
phase will increase. This results in deformation in the current waveform,

which consequently leads to torque ripple [Sumega et al., |2019].
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Field-Oriented Control

With the technological improvements of semiconductors, new electronic mi-
croprocessors and digital signal processors with increased computational
speed have been made possible. This has, in turn, enabled the develop-
ment of effective vector control of electrical drives. Vector control is a high-
performance control method that takes advantage of that the three-phase
currents of the stator can be transformed into two orthogonal components
visualised as a vector. Field-oriented control (FOC) is one of the best vector
control methods and will be explained further in this chapter [John et al.,
2011].

3.1 Fundamentals of FOC

Field-oriented control is a powerful control strategy that operates smoothly
over the full speed range with less torque ripple compared to other methods.
The idea behind field-oriented control is to manipulate the motor currents
and voltages in the dq rotor reference frame. Consequently, the measured
phase currents must be mathematically transformed to this rotating frame
from the three-phase stationary reference frame. This is done with the Clarke
and Park transformations that were explained in Section[2.3] The use of these
transformations generally requires fast computational power. The current
in the d (direct) axis is said to be the magnetic flux producing component
and the current in the q (quadrature) axis the torque producing component.
This means that the control of torque and flux are decoupled and can be

done separately. This is usually done with PI controllers. Controlling the
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current space vector in the dq frame avoids the problem with sinusoidal
commutation where the current space vector is controlled in a time-variant
reference frame causing limitations in the control [John et al., 2011] [Texas
Instruments, [1998].

After the two currents have been processed by the controllers, a refer-
ence for the voltage has been obtained. This then has to be transformed to
the three-phase reference frame with the use of the inverse Clarke and Park
transform. This results in three-phase voltage signals that can be used for
the pulse width modulation (PWM). A common modulation technique used
with FOC is space vector pulse width modulation (SVPWM) which will be
explained more in detail in Section [John et al., 2011].

To control the speed of the motor, an outer control loop has to be imple-
mented. This control loop provides the reference for the quadrature current,
in other words, the torque reference. In summary, there is an inner loop
with two current controllers and an outer loop with a speed controller. This
means that the control structure is cascaded. The scheme for field-oriented
control can be seen in Figure Since SVPWM use the voltage reference in
the «/f-frame the inverse Clarke transform is not really needed before the

modulation and it is, therefore, not included in the figure.
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Figure 3.1: Field-oriented control scheme.
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3.2 PI Controller

In this thesis, both the speed controller and the current controllers will use a
PI controller. The PI controller is a common controller used in industry and is
an acronym for Proportional and Integral. It can be described by Equation
where e is the difference between the reference signal and the process
output. K, is the proportional gain and K; the integral gain. The first term
of the equation is therefore referred to as the P-part while the second term
is referred to as the I-part [Astrém and Wittenmark, [2011].

u(t) = Kpe(t) + Ki/ e(s)ds (3.1)

In the Laplace domain, the PI controller can be described as in Equation [3.2]
where U(s) and E(s) denotes the Laplace transforms of u and e. The transfer

function for the PI controller is shown in Equation (3.3

U(s) = K,E(s) + %E(s) (3.2)
Gpy(s) = 222 (3.3)

To implement a digital controller this equation has to be discretised. There
are different discretisation methods, but the forward difference is most com-
monly used for approximating the I-part. The P-part is purely static and
thus does not require an approximation. The discretised P-part and I-part
are shown in Equation [3:4] where h denotes the sampling interval and kh the

sampling instance.

P(kh) = Kpe(kh) (3.4)
I(kh + h) = I(kh) + K;he(kh)

In physical systems, actuators can be saturated, meaning that they have

reached the limit of their performance. When using integral action in the

controller, the undesirable effect integrator windup will happen when the

actuator saturates. When the control error is so large that the integrator

causes the actuator to saturate, the integral part may accumulate to large
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values. When the error is finally reduced, the integral part may be so large
that it takes time for the integrator to reach a normal value again. This will

give a poor response of the system.

There are different ways to avoid integrator windup. In this thesis, the
method called back-calculation will be used as the anti-windup method. In
this method, an extra feedback path is introduced with an output from an
actuator model. The difference between the output from the actuator model
and the controller output forms an error signal es. This is then fed back to
the integrator through a gain Kj. When the actuator is not in the saturated
region, the error signal will be zero and when the actuator is saturated,
this error signal will be used to reset the integrator. With this anti-windup
method, the I-part will then be as shown in Equation [Astrt')m and
Wittenmark, |2011].

I(kh+ h) = I(kh) + K;he(kh) + Kyhes(kh) (3.5)

3.3 Current Controllers

The controller for the quadrature current needs a torque reference, and
the controller for the direct current needs a flux reference. To maximise
the produced torque, the direct current reference is set to zero since it is
only the quadrature current that produces useful torque. Setting the direct
current reference to zero will drive the current space vector to be solely in
the quadrature direction [John et al., 2011]. Sometimes the direct current
reference is set different from zero in a process called field weakening. This is
necessary when the motor is intended to operate at speeds higher than the
nominal speed. Since the induced voltage is dependent on rotation speed,
it might exceed the maximum allowed output voltage when the speed gets
high, and that would affect the performance. Field weakening will prevent
this from happening [Alakiila et al.,[2019]. This will not be necessary for this

thesis since the back-emf will not be a limiting factor in the reaction wheel.

Using the equations for the motor model in the dg-frame described in Sec-

tion [2.5] a simplified transfer function of the plant from voltage to current
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can be derived. This transfer function is shown in Equation Here it is
assumed that the back-emf is constant. This is a reasonable assumption since
it usually changes very slowly with respect to the current as it is dependent
on the speed of the motor. A simplified version of the inner control loop can
be seen in Figure It is also important to note that the inner control loop
is much faster than the outer control loop, since it handles the electrical part

of the motor, and can therefore be tuned first.

1
Gi(s) = ———— (3.6)
Lq/dS + R
icl/q,rcf Vd/q 1 1.d/q
—> — | PI controller . 4R -
S :

A

Figure 3.2: Block diagram of the inner control loop.

Using the transfer function of the PI controller presented in Equation [3.3
the closed-loop system will be:

. Kps+ K

o L82+(R+KP)S+K]

Gal(s) (3.7)

One way to tune the controller is described by Wilson (2015). Here the poles
are chosen to be real and the zero introduced by the PI controller cancelled.
This is also the method that is used for the automatic tuning in the VESC-
Tool, that will be used for the evaluation of FOC on the real reaction wheel.
The VESC and the VESC-Tool will be introduced in Chapter[d] The resulting

gains for the PI-controller are:
Kp = L - bandwidth
K1 = R -bandwidth

(3.8)
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To compensate for the back-emf induced in the motor, a feedforward path
can be introduced to the controller to improve the performance. This is done
in the dg-frame. Therefore, the back-emf presented in Equation [2.22]is used

for the compensation.

3.4 Speed Controller

The speed controller needs a speed reference as an input. A simplified version

of the outer control loop can be seen in Figure |3.3

Wref I iq K w
PI controlle
g Js+B

Y
\j

Figure 3.3: Block diagram of the outer control loop.

A simplified transfer function of the motor dynamics can be obtained by
assuming that the friction only consists of a viscous term and that there is
no imbalance in the reaction wheel. Using Equation and Equation
the transfer function will be as in Equation
K
- Jiots + B
With the PI controller presented in equation the closed loop system will
be as seen in Equation

Gm(s) (3.9)

KpKtS —+ K[Kt

Gu(s) =
l(S) JtotSQ + (B + KpKt)S + K]Kt

(3.10)

3.5 Space Vector Pulse Width Modulation

Space Vector Pulse Width Modulation (SVPWM) is a modulation technique

used for control of the voltage source inverter to generate the desired voltages
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to the three phases of the motor. This is the final step in the field-oriented
control scheme. SVPWM provides a lower harmonic distortion and more
efficient use of the supply voltage compared to other common modulation
methods [John et al., [2011]. This will not be included in the simulation but
it is, however, used in the VESC firmware and will therefore be explained

here.

The idea is to use the eight space vectors explained in Section [2.7] to re-
build the reference voltage vector, here denoted by V,.r. The reference
voltage vector is constructed from the voltage references in the «/S-frame,
obtained from the two current controllers. Depending on the location of
Vres in the star diagram, the desired voltage is constructed from the two
adjacent space vectors and one zero vector. The length of one space vector
is dependent on time. Therefore, V;.; is constructed by letting one active
vector remain for some time, 77, followed by the next active vector during
the time, T5. The time that remains, T, of one switching period, Ty, is used
for the zero vectors, half of the time for V5 and half of the time for V% [John
et al., 2011]. These time durations can be calculated using Equation
where v is the angle of the voltage reference vector and n the value of the
sector that V,..s is currently in [Djup and Allar, 2015|, see Figure

3| Vier| .
Tl = 7\/7 ‘s/(lic ef|szn(%n — ’Y)
T
T2 _ \/g 3|Vref|57,’l’b(’}/ _ z(n _ 1)) (311)
Ve 3

To =T, — Ty — 15

The recreated version of the voltage vector can then be expressed as in Equa-
tion[3.12] Here V, is one of the 6 active space vectors and V100 the adjacent

space vector.

T T T
V;"e recreated =~ 7Va: 7V:1: ° — V V 312
7, ted & 7 + T, Va0 + Ts( 0 or V7) (3.12)

The conventional SVPWM method requires large computational power due
to all the complex calculations. A simplified version of the SVPWM is pro-
posed by Srikanth and Dutt (2012). Their method avoids all the complex
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trigonometric calculations and instead consists of logical variables and oper-
ations, making it suitable for digital implementation. Their method will now

be presented.

The first step is to convert the reference voltages v,, vy, v. to the amplitude
invariant «/f3-frame, using the inverse Clarke transformation presented in
equation [2.3] in order to identify in which sector the reference vector lies.
The following algorithm can be used to determine the sector where vys1,
Uref2, Urefs are intermediate variables. A, B, C are logical variables which
are either 0 or 1 depending on the condition stated in Equation With
these logical variables, the variable N can be determined, which is used to

map to the sector P.

Uref1 = Up
Uref2 = ?va - %’U,B (313)
Uref3 = _éva - %Uﬁ
If vper1 >0 A=1 else A=0
If Vpepo >0 B=1 else B=0 (3.14)
If Vpepz >0 C=1 else C=0
N=A+2B+4C (3.15)

The variable N can be mapped into the sector P where the reference vector
lies using Table However, note that in the further calculations, the vari-
able N will be used and not P.

Table 3.1: The mapping of variable N to sector P.

P|1|2|3]4|5]|6
N|3|[1|5]|4]|6]|2

The next step is to calculate the action times, 77 and T3, of the two basic
vectors in the sector. Instead of using space angles and trigonometry to calcu-
late these values as presented in Equation they are calculated using v,,
and vg. First, the intermediate variables X, Y and Z, as defined in Equation
are calculated. These can then be mapped to the action times, 77 and
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T5, using Table

X = V3vsT,/Vye
Y = T;(3va + V3vs)/(2Vac) (3.16)
Z = To(—3va + V305) / (2Vac)

Table 3.2: The mapping of X, Y, Z to action times T, and T5.

N|3]|]1]5 4 6 2

|22 | X |-X|-Y|Y

T, | X |Y|-Y| Z |-Z|-X

If Ty + T» is bigger than the time of one switching period, T, the action
times are adjusted according to Equation

Ty =TT,/(Th + T>)

(3.17)
Ty =TT, /(Th + 1)

With the action times known it is now time to determine Ty, T, and T, which
corresponds to the time comparison values of each phase. First the intermedi-
ate variables Tyon, Thon and T,,, are calculated according to Equation [3.18
These values can then be mapped to Ty, T} and T, with Table

Toon = (TS_ZI_T2)

Tbon = Taon + % (318)

T
Teon = Thon + 72

Table 3.3: The mapping of Taon, Tvon and Teon to T,, Ty and Ty.

N 3 1 5 4 6 2

Ta Taon Tbon Tcon Tcon Tbon Taon
Tb Tbon Ta(m Taon Tbon Tcon Tcon
Tc Tcon Tcon Tbon Taon Taon Tbon
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The final step is to generate the PWM signals. This is done by comparing 7,,
T, and T, with an isosceles triangle carrier wave with magnitude T/2 and
period 2T5. A typical view of how these signals look can be seen in Figure
[3:4] 1f T}, is bigger than the carrier wave the upper transistor gate denoted S1
in Figure 2.4 will be activated, and if T}, is smaller than the carrier wave the
lower transistor (S2) on that phase leg will be activated. In the same way,
Ty and T, are compared to the carrier wave and the corresponding transistor

signals are then obtained.

0.000029 A
0.000028 -
0.000027 1
0.000026
0.000025 1
0.000024
0.000023 4
0.000022
N

0.000021 4

Time comparison value [s]

T T T
8.56 8.58 8.60 8.62
Time [s]

Figure 3.4: Space vector modulated waveforms.
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Implementation

To evaluate the performance of the reaction wheel driven by FOC this has to
be implemented on the real system. To save time, an already made electronic
speed controller (ESC) with FOC was used. The ESC used was the so-called
VESC which will be explained in this chapter together with the procedure
to get a working reaction wheel driven with this ESC.

4.1 Introduction to VESC

Vedder’s electronic speed controller (VESC) is an open-source motor con-
troller introduced by the Swedish engineer Benjamin Vedder. It was orig-
inally developed for handmade electric skateboards but has been used in
other projects as well. Both the hardware and the firmware are open-source,
which makes it easy to modify as desired by the user. The VESC supports
both field-oriented control and six-step commutation [Vedder, 2016].

The VESC is easy to use as there is a powerful GUI, called the VESC-
Tool, where the settings can easily be modified, and the firmware can be
updated. Also, the current, speed and position can be tracked with real-time
graphs in the GUIL. With a USB cable, the VESC can be connected to the
computer, and the VESC-Tool can be used to set up the motor controller.
There are tests in the VESC-Tool that can be used to find the motor settings.
Figure shows the initial page of the VESC-Tool [Vedder, |2020].
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Figure 4.1: Start page of the VESC Tool.

The VESC used in this thesis is the Flipsky mini FSESC4.20. This hardware,
together with any other VESC, is as mentioned intended for electric skate-
boards that usually use a lot more current than a small satellite reaction
wheel. To get an accurate measurement of the currents, the shunt resistors,
that are a part of the current sensing, were changed from 1mf2 to 10m2. The
front and back of the ESC can be seen in Figure [£.2]

Shunt
resistors

(a) The front of the VESC'  (b) The front of the VESC  (c) The back of the VESC
with shunt resistors of with shunt resistors of 10 with the sit MOSFETs.
1mf2. m§2

Figure 4.2: The VESC used in this thesis.
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4.2 Running the Reaction Wheel with VESC

To run everything the VESC is connected to a power supply, and the reaction
wheel is connected to the VESC. Further, the VESC is connected to the
laptop with a USB cable. Figure [£.3] and Figure [£.4] show the setup with the
VESC, reaction wheel, power supply and laptop. The VESC needs at least
8V to operate, however, the reaction wheel should not have more voltage
than 7V. This is solved by altering the maximum duty cycle in the VESC-
Tool. The power supply was set to 10V, and the maximum duty cycle set to
70%. In this way, the reaction wheel voltage will be limited to 7V.

Figure 4.3: The setup showing the laptop, VESC, reac-
tion wheel and power supply.

Power supply
[ 1]

Laptop

VESC RW

Figure 4.4: A diagram of the setup.
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4.3 Hall Sensor Table

For the controller to know the speed of the motor and the position of the
rotor, the placement of the Hall sensors has to be known. The settings
for this can be altered in the FOC tab in the VESC-Tool. Here the elec-
trical rotation speed, given in rotations per minute (rpm), for when the
controller should switch to sensorless mode instead of using hall sensors for
state estimation can also be set. This value is set to be above the operating

speed since the Hall sensors should be used in the full speed range in this case.

The Hall table can be determined automatically using the VESC-Tool.
The result is shown in Table The values correspond to the rotor angle
but with one revolution being 200° instead of 360°.

Table 4.1: The Hall table used in

the VESC.
Hall entry | Hall table
1 133
2 67
3 100
4 200
5 167
6 33

4.4 Current Controller Tuning

The next step was to tune the controllers. For the current controllers, the
VESC-Tool tunes them automatically with the known motor resistance and
inductance. This is done as explained in Section With the bandwidth set
to 1000 Hz, the PI gains resulted in a very noisy behaviour in the reaction
wheel. Changing the bandwidth to 100 Hz gave a better result, however, the
current tracking was not as fast. Therefore, the PI gains were tweaked and
the final values chosen were:
K, =0.01

K,; =500
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4.5 Alterations in the Firmware

Before proceeding with proper tuning of the speed controller, the anti-windup
method in the VESC firmware was changed. The original method only con-
sisted of a truncation of the I-term between -1 and 1, which did not give a
satisfactorily result. The speed step response gave a typical integral windup
overshoot with this method as can be seen in Figure Therefore, it was
altered to the method back-calculation explained in Section [3.2}

1200 -

. / Speed
/ \\\ Speed reference
1000 —
/
/
800 - /
g_ J
- 600 [~ /
$ /
Q
@ /
400 - /
200 - /
0 I I I I I I I I I ]
0 1 2 3 4 5 6 7 8 9 10

Time [s]

Figure 4.5: Integral windup in the speed step response.

Further, the gains in the speed controller in the firmware were divided

by 20. This was removed as it didn’t really have any purpose here.

4.6 Speed Controller Tuning

Lastly, the speed controller had to be tuned. To find a good starting point
for the tuning, the Ziegler-Nichols tuning rule was used. The Ziegler-Nichols
tuning rule consists of setting the integral gain to zero and then change
the proportional gain until the system starts to oscillate with stable and
consistent oscillations. The gain where this happens is called the ultimate

gain and higher gains than the ultimate gain will give diverging oscillations.
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The ultimate gain K, and the oscillation period T,, are used to determine the
PI gains. The rules for the gains are presented in Equation [Higglund,

2000].

K
Kp=15,
o n (@1
1 Tu

With this method, the ultimate gain became K, = 0.004395 and the oscilla-
tion period approximately T, = 0.398. A plot of this is shown in Figure

Through the tuning rules in Equation the PI gains area K, = 0.002 and
K, = 0.00602.
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Figure 4.6: Plot showing the consistent oscillations.

This gave more overshoot in the step response than what was desired, as
shown in Figure [£.7] so the gains were tweaked to get a satisfactory response.
The final values used were K, = 0.0013 and K; = 0.00113, and the back-
calculation coefficient was set to 10. These gains did, however, only give the
desired response when using a step size of 1000 rpm. For higher steps, there
was still some overshoot. Therefore, gain scheduling is necessary to get a
consistent response in the full speed range. Not much time was spent on this,
so the quick solution to this was to tweak the integral gain for different steps

47



4 —IMPLEMENTATION

by trial-and-error. This was then fitted to a quadratic function using the

fitting tool in MATLAB and then implemented on the VESC.

1200 — Step response, 1000 rpm

Speed
Speed reference

1000 —

Speed [rpm]
(2] 5]
o o
o o
T T

N

o

oS
T

200 - /

0 1 1 1 1 1 |
0 1 2 3 4 5 6
Time [s]

Figure 4.7: Step response using the PI gains obtained through the
Ziegler-Nichols tuning rule.
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5

Experiments and Results

In this chapter, the results from the simulations and the implementation
on the reaction wheel will be presented. Results both from using six-step
commutation and from using field-oriented control will be shown. In the first
section, the results from the Python simulations are presented and in the
second section, the results from the hardware implementation are presented
in terms of step responses. In the final section, the results from the micro-

vibration measurements are presented.

5.1 Results from the Python Simulation

To evaluate the performance of the two control methods, a few step responses
were performed. These step responses were chosen to be 1000 rpm, 3000 rpm
and 5000 rpm. Since the satellite weighs more than the reaction wheel itself,
the reaction wheel will have to spin much faster than the speed needed for
the satellite to adjust its attitude. In the extreme case, the reaction wheel
would have to go from a low to a high speed and therefore the step of 5000
rpm is one of the chosen step sizes, where 5000 rpm is considered high for
this reaction wheel. The other two step responses were chosen to be able to

compare the performance for a few different speeds.

Field-Oriented Control

The step response for a step of 1000 rpm, 3000 rpm and 5000 rpm together
with the corresponding net torque are presented in Figure[5.1] Figure[5.2]and
Figure respectively. The step response plot is shown to the left, and the
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torque is shown to the right. When speaking of rpm, it will be the mechanical
rpm that is being referred to and not the electrical rpm.

Step response, 1000 rpm
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Figure 5.1: The plot to the left shows the step response with a step size of 1000

mechanical rpm, and the plot to the right shows the torque and a magnified
view of it when using field-oriented control.

Step response, 3000 rpm
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Figure 5.2: The plot to the left shows the step response with a step size of

3000 mechanical rpm, and the plot to the right shows the torque when using
field-oriented control.

50



Speed [rpm]

5.1. RESULTS FROM THE PYTHON SIMULATION
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Figure 5.3: The plot to the left shows the step response with a step size of

5000 mechanical rpm, and the plot to the right shows the torque when using
field-oriented control.

The time it takes for the response to rise from 10% to 90% of the steady-
state value (rise time), the time it takes for the error to fall within 2% of the
final value (settling time) and the percentage of overshoot for the three step
responses is presented in Table The torque ripple is also presented here

and is obtained through Equation The maximum current in the three
cases was 0.99A.

Table 5.1: Step response characteristics and the torque ripple when
using field-oriented control.

1000 rpm | 3000 rpm | 5000 rpm
Rise time [s] 1.30 4.07 7.02
Settling time [s] 1.94 5.06 8.55
Overshoot |%)] 0 0 0
Torque ripple [%] 0 0 0

To evaluate the performance of the inner control loop, a plot of the di-
rect current and the quadrature current is shown in Figure In this case,
the speed step is set to 3000 rpm. The upper plot shows the direct current

control and the lower plot shows the quadrature current control.
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5 x107 Direct current control
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Figure 5.4: The response of the current controllers in the field-
oriented control scheme. The plot on the top shows the direct cur-
rent control and the plot on the bottom shows the quadrature cur-
rent control.

Six-step commutation

Simulations were also performed using six-step commutation. The step re-
sponse for a step of 1000 rpm, 3000 rpm and 5000 rpm together with the
corresponding torque are presented in Figure [5.5] Figure [5.6] and Figure [5.7]

respectively.

As with FOC, the step response characteristics are calculated. The rise
time, the settling time and the percentage of overshoot for the three step
responses are presented in Table The torque ripple is also presented

here. The maximum current in the three cases was approximately 1.16A.

Table 5.2: Step response characteristics and the torque ripple when
using six-step commutation.

1000 rpm | 3000 rpm | 5000 rpm
Rise time [s] 1.16 3.99 8.60
Settling time |s] 1.93 6.74 11.33
Overshoot |%] 0 0 0
Torque ripple [%] 8.04 47.58 52.65
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Figure 5.5: The plot to the left shows the step response with a step size of 1000
mechanical rpm, and the plot to the right shows the torque and a magnified
view of it when using siz-step commutation. Here the torque ripple is visible
and has approximately the frequency 200Hz.
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Figure 5.6: The plot to the left shows the step response with a step size of 3000
mechanical Tpm, and the plot to the right shows the torque and a magnified
view of it when using siz-step commutation. Here the torque ripple is visible
and has approximately the frequency 600Hz.
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Step response, 5000 rpm Torque plot
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Figure 5.7: The plot to the left shows the step response with a step size of 5000
mechanical rpm, and the plot to the right shows the torque and a magnified
view of it when using siz-step commutation. Here the torque ripple is visible
and has approximately the frequency 1000Hz.

5.2 Results from the Hardware Implementation

In this section, the results from the real reaction wheel are presented. The
experiments were performed with the current reaction wheel controller at
Hyperion Technologies, henceforth referred to as the HT controller, and
using the VESC implementation. The step responses that were performed in

the simulations were also performed here.

Another thing that was evaluated was the performance of the reaction
wheel when crossing zero rpm. Reaction wheels tend to have a poor perfor-
mance when passing through zero speed. This can be explained by the static
friction that has to be overcome before the motor starts spinning. During
large slew manoeuvres of the satellite, zero-crossings are important [Magner,
. Therefore, this is an interesting region to look into. The step response
sequence that was chosen was to set the speed reference from 0 rpm to 3000

rpm and then to -3000 rpm and finally back to 0 rpm.
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VESC with Field-Oriented Control

The step response of a step of 1000 rpm, 3000 rpm and 5000 rpm together
with the corresponding control signal are presented in Figure[5.8] Figure[5.9]

and Figure respectively.

Step response, 1000 rpm and control signal
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Figure 5.8: The step response with a step size of 1000 mechan-
ical rpm and the corresponding control signal when using the
VESC with field-oriented control.
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Figure 5.9: The step response with a step size of 3000 mechan-
ical rpm and the corresponding control signal when using the
VESC with field-oriented control.
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Step response, 5000 rpm and control signal
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Figure 5.10: The step response with a step size of 5000 me-
chanical rpm and the corresponding control signal when using

the VESC with field-oriented control.

The rise time, settling time and percentage of overshoot for the three different

step responses are presented in Table

Table 5.3: The step response characteristics when using the VESC

with field-oriented control.

1000 rpm | 3000 rpm | 5000 rpm
Rise time [s] 1.27 5.11 12.79
Settling time s 1.6 6.28 16.66
Overshoot [%] 0.05 0.017 0.03

Lastly, a step response sequence was performed where a zero-crossing was

included. The speed reference went from 0 rpm to 3000 rpm to -3000 rpm

and finally back to 0 rpm. The response, together with the corresponding

control signal, is shown in Figure [5.11]
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Step response and control signal
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Figure 5.11: Step response sequence with zero speed crossing and the
corresponding control signal when using the VESC with field-oriented

control.

The HT Controller with Six-Step Commutation

The step response of a step of 1000 rpm, 3000 rpm and 5000 rpm together

with the corresponding control signals are presented in Figure [5.12 Figure
[£-13] and Figure [5.14] respectively.

1200

1000

800

600

Speed [rpm]

400

200

Step response, 1000 rpm and control signal

— 2500

Speed
~ — — — Speed reference
Motor current

—2000

=1 1500

=1 1000

Time [s]

Figure 5.12: The step response with a step size of 1000 mechan-
ical rpm and the corresponding control signal when using the
Hyperion Technologies controller with siz-step commutation.
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Step response, 3000 rpm and control signal
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Figure 5.13: The step response with a step size of 3000 mechan-
ical rpm and the corresponding control signal when using the
Hyperion Technologies controller with siz-step commutation.
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Figure 5.14: The step response with a step size of 5000 mechan-
ical rpm and the corresponding control signal when using the
Hyperion Technologies controller with siz-step commutation.
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The rise time, settling time and percentage of overshoot for the three different

step responses are presented in Table [5.4]
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Table 5.4: The step response characteristics when using the Hype-

rion Technologies controller with siz-step commutation.

1000 rpm | 3000 rpm | 5000 rpm
Rise time [s] 1.38 5.02 13.11
Settling time [s] 2.66 6.84 17.42
Overshoot [%] 0.5 0.17 0.08

The same step response sequence that was performed with VESC was per-

formed with the HT controller. The result is shown in Figure [5.15
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Figure 5.15: Step response sequence with zero speed crossing and the corre-
sponding control signal when using the Hyperion Technologies controller with

six-step commutation.

5.3 Vibration Testing

The final experiment performed was a vibration test. This was done using a

Kistler multi-component dynamometer type 9129AA where both forces and

torques can be measured in all three axes. The reaction wheel was mounted
on the dynamometer, as shown in Figure The data was sampled at

700 Hz. Before running the reaction wheel, a background measurement was

performed with the reaction wheel mounted on the dynamometer and one
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without the reaction wheel on the plate. Some of the resonance modes in
the vibration tests will come from the surroundings and not from the re-
action wheel itself. Therefore, to distinguish these modes, the background

measurement is needed.

Figure 5.16: The reaction wheel mounted on the
Kistler dynamometer and connected to the VESC.

Initially, the idea was to generate so-called waterfall plots to visualise the
vibrations by accelerating the reaction wheel to full speed but to do this
a higher sampling frequency is required, which was not possible with the
available acquisition system. Data was instead being recorded for about 4
minutes at a few different rpm levels. This was done with the VESC controller
and the HT controller. The data was then used to generate power spectral

density (psd) plots to visualise the difference between the two controllers.

The result when spinning the reaction wheel at a few constant rpm lev-
els can be seen in Figure[5.17 The plots show the moment in the z-axis since
this is where the motor commutation torque ripple will be visible. From
the plots, it can observed that the background measurement is quite large,
making it difficult to distinguish the background data from the reaction
wheel data. One problem with the setup of the Kistler table is that it is in

a workshop where heavy machines are operating and interfering with the
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vibrations of the reaction wheel. Ideally, you would want a vibration free

surrounding.
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Figure 5.17: Power Spectral Density plots from running the reaction wheel
at 500, 700, 1000 and 3000 mechanical rpm. The blue plot corresponds
to using the VESC controller, the red plot corresponds to the current
Hyperion Technologies controller and the yellow plot is the background

data.

A background measurement was also performed later in the evening when

people had gone home so that fewer machines would be operating at the time

of the measurement. A measurement with the reaction wheel spinning on the

Kistler plate was also performed to see if it would be possible to distinguish

this new background data from the reaction wheel data. A plot of the results
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from the evening measurement can be seen in Figure [5.18] The plot shows
the previous background measurement, the new background measurement

and the result when the reaction wheel was spinning at 1000 rpm.
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Figure 5.18: Comparison of background data performed at two dif-
ferent times during the day. The blue plot is the background data
seen in Figure [5.17, the red plot is the new background data and
the yellow plot is the reaction wheel data at 1000 rpm. The new
background data i smaller at low frequencies, however, the reaction
wheel data can still not be distinguished from the background.
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6

Discussion

This chapter begins with a discussion of the results presented in the previous
chapter. First, a discussion of the performance of the two different controllers
will be presented, followed by a discussion of the vibrations. Finally, the

chapter ends with some suggestions for future work.

6.1 Controller Performance

Starting with the Python simulations, it can be observed from Table [5.]]
and Table [5.2] as well as in the step response plots in Figure [5.1} Figure [5.7]
that the performance of the two controllers is quite similar for low speed but
differ more for higher speeds. The step response is slightly faster with FOC.
Further, it can be seen in Figure [5.4] that the current controllers perform
well. The quadrature current follows the reference nicely with only a very
small offset. The same applies to the direct current. The spike that occurs
after almost 5 seconds is because of the sudden change in the quadrature
current, but it is still very close to zero when compared to the quadrature
current. This behaviour can also be observed in the results from the real
reaction wheel. The reason that this is happening is that the control signal
from the speed control is saturated at first, and when the control error is
getting smaller the control signal will leave the saturated region. This results
in this abrupt change in quadrature current and is also the reason why the
speed control has a sudden change in behaviour as in Figure at around
11s. Another thing to note is that the controller with six-step commutation

uses more current than the controller with FOC. Since current and torque are
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proportional, this also leads to six-step commutation producing more torque.

When comparing the results from the real reaction wheel presented in Table
(.3 and Table [5.4]it can be observed that the controller with FOC is slightly
faster than the controller with six-step commutation. Also, the overshoot is
slightly lower with the VESC controller, but this is probably more due to
the implementation of the speed control and not the commutation method
itself. Looking at the plots presented in Figures [5.8] [5.9] [5.10] (.12} [5.13] and
[5.14] one can observe the difference in the control signal. First of all, it can
be observed that FOC needs much less current to have similar and even
better performance than six-step commutation. Secondly, it is clear here
that FOC has a much smoother performance at lower speeds. The control
signal with the Hyperion Technologies controller at a step of 1000 rpm is
much more uneven compared to the same case but with the VESC. This
also leads to the speed looking rough at the step of 1000 rpm with the HT
controller. At higher speeds, this is not the case. This agrees well with theory
which says that six-step commutation is deficient at low speeds while FOC
performs well in the full speed range. The main reason that FOC has a more
efficient use of current, faster step response and smoother behaviour in the
full speed range is that FOC can produce any voltage input vector. This
means that the maximum torque can always be produced theoretically. Six-
step commutation, on the other hand, can only produce six different voltage
input vectors, meaning that torque is only maximised six times per electrical
revolution. Therefore, the current is not used as efficiently as with FOC, and
this could also be the reason that the uneven behaviour at the step response
of 1000 rpm can be seen. This is also the reason why more torque ripple is
produced with six-step commutation, as can be seen in the results from the
simulation. The uneven behaviour at a step of 1000 rpm with the HT con-

troller could also be explained by some filtering issue in their implementation.

It’s also interesting to look at the performance when crossing zero rpm.
Looking at Figure and Figure [5.15] it is clear that the controller with
FOC is much smoother when going from positive to negative rpm. Looking

at the corresponding control signal, it can be seen that the HT controller has
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a sudden spike to negative current just before the zero speed crossing. This
would explain the uneven behaviour in the step response. The reason that
this current spike is happening is probably that the controller loses control
when the speed estimation gets less and less accurate when approaching zero
speed. It quickly catches up, however, but with the consequence that the
speed response is less smooth. The small jump at about 32 seconds in Figure
5.15| could also be explained with the speed tracking not being very accurate

at low speeds.

Finally, the noisy control signal with the VESC, that can be seen espe-
cially in Figure [5.3] and Figure [5.11] needs to be addressed. Close to zero
speed, the control signal is very noisy. This is not the case with HT con-
troller. This could perhaps be improved by changing the shunt resistors on
the VESC. Before changing the shunt resistors in the initial stage of the
implementation, the current was even noisier. Another thing that could ex-
plain this behaviour is the inaccuracy in the speed estimate at low speeds.
The controller will then have trouble around zero rpm, resulting in the noisy
current. Unfortunately, since the current is this noisy, it should also result

in more torque ripple since these two are proportional.

6.2 Vibrations

When looking at the Python simulations and comparing the result from
field-oriented control and six-step commutation, presented in Table and
Table as well as in the plots presented in Figure - Figure and
Figure [5.5] - Figure [5.7] it is clear that FOC results in far less torque ripple
than six-step commutation. The torque ripple in the FOC case is 0% which
in reality wouldn’t happen. The reason that the torque is looking perfect
in this case is that the back-emf in the simulation is set to be perfectly
sinusoidal. When producing perfectly sinusoidal currents, there will not be
any torque ripple. If the back-emf would deviate from a perfect sinusoid,
there would be torque ripple, and this is the case in reality. In the case with
six-step commutation, there is instead a lot of torque ripple which is a result

of having staircase looking current waveforms with sinusoidal back-emf. Even
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if the back-emf would be more of a trapezoidal type, there would still be
torque ripple. The torque ripple due to commutation will be zero only when
the back-emf and current waveforms match. Torque ripple can also be caused
by the motor construction but since no imbalance or other disturbances were

included in the simulations, this is not seen in the plots.

Unfortunately, the results from the simulation can not be confirmed by
real measurements since the measurement setup was not ideal for micro-
vibration measurements. The background noise that could be seen in Figure
.17 could come from the ventilation system or other machines operating
continuously. The problem with the measurement could also be due to some
kind of internal problem in the measurement equipment. This equipment
is probably meant for measurements of higher forces where the background
noise is considered small relative to the measured signal. Even when per-
forming the measurement later in the evening when fewer machines were
operating, there was a problem distinguishing the reaction wheel data from
the background data, as seen in Figure It is, therefore, clear that it is
difficult to get a proper measurement of the vibrations. If one were to per-
form the measurement properly, however, the result should be as predicted
in theory with reduced torque ripple and therefore reduced micro-vibrations
when using FOC. Comparing Figure with Figure it, however, looks
like the torque ripple at low speeds in the FOC case should be greater
than with six-step commutation since the current is quite noisy around zero
speed. When the speed has reached its desired value, the current looks much
smoother and doesn’t really give any hints of high torque ripple. As already
mentioned, the noisy current could be due to the speed estimation or due to
a hardware problem. Either way, it’s difficult to draw any conclusions of the

torque ripple in the real implementation without proper measurements.

6.3 Future Work

The first thing that should be done is to measure the micro-vibrations and
compare the two controllers based on that. It is unfortunate that it was not

possible to perform the measurement in this thesis. Getting data on this
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would be really interesting and should be the first step in continuing this
work. Before doing this, though, it could be a good idea to look into why the
current in the VESC is noisy at low speeds. Otherwise, this could interfere
with the vibration measurements, suggesting that FOC leads to more vibra-
tions when the noisy current isn’t necessarily caused by the commutation
method.

The FOC controller as it is now is far from being a finished product.
The VESC is way too large to be put on a CubeSat class reaction wheel.
The next step would be to investigate how to incorporate FOC on the re-
action wheel. Also, the gain scheduling in the speed control needs to be
given some more focus before implementing this on a real product. FOC
could also advantage from a more accurate position sensor. Clearly, the
Hall sensors worked well but to achieve better results at low speeds an
encoder could be used. Implementing an encoder in the reaction wheel is

already being worked on by another thesis student at Hyperion Technologies.

To get a better understanding of the system, the simulation could be evolved
by adding the influence of the Hall sensors, the three-phase inverter and
modulation as well as the imbalance of the wheel. This is not the most im-
portant thing to focus on as the simulation as it is already tells a lot about

the performance of FOC, but perhaps it could be interesting for other work.

Another suggestion for future work is to implement Iterative Learning
Control to reduce the torque ripple further. This is done by Jayabaskaran
et al. (2013) where the torque ripple was reduced by a big amount using this
method. Although FOC alone already reduces the ripples a lot, in theory,
this could be a further improvement.
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Conclusions

The aim of this thesis was to evaluate whether field-oriented control would
improve the performance and reduce the vibrations of the Hyperion Tech-
nologies RW400 reaction wheel that currently uses six-step commutation.
First, the two different control methods were simulated in Python. From the
results of the simulations, it can be concluded that using FOC will improve
the performance and result in less torque ripple, and therefore less micro-

vibrations, when compared to six-step commutation.

Further, the control method was also tested on the real reaction wheel.
The Hyperion Technologies reaction wheel controller was compared to the
open-source VESC with FOC through step responses and vibration measure-
ments. The results here also suggests that FOC is the better alternative as
the control is faster and smoother through zero speed and since the current
is used more efficiently. Since the vibration measurement was not successful,
no conclusion can be made from this in the real implementation but, theo-

retically, there should be less torque ripple.

In summary, it can be concluded that it would be an improvement for
Hyperion Technologies to implement field-oriented control in their reaction
wheels. At least when it comes to the control performance and efficiency,
and it will most likely also reduce the vibrations due to torque ripple. The
computational power would, however, be greater and the implementation

more difficult but if that is not a limitation, FOC is a great choice.
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