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ABSTRACT

CubeSat Attitude Control Using Hard Disk Drives as Reaction Wheels

Reaction wheels play an essential role in the attitude control of small satellites; however,
the trade-off between cost and reliability of commercial and in-house manufactured reaction
wheels is a common pain point for small satellite developers. Hard disk drives (HDDs)
repurposed as reaction wheels (HDD-RWs) are a low-cost, commercial-off-the-shelf (COTS)
solution to the cost versus reliability trade-off for small satellite reaction wheels - they are one
to three orders of magnitude less expensive than commercial reaction wheels and demonstrate
competitive performance. HDD-RWs have the potential to dramatically lower barriers to
entry, allowing resource-constrained organizations to develop CubeSat missions with reliable
attitude control.

This thesis presents the research efforts to develop, test, and demonstrate the HDD-RW
technology. Lab testing of the HDD-RW was performed to identify a working hardware
configuration for the HDD-RWs and develop an actuator model. Preliminary environmental
testing was conducted to ensure the HDD-RW can survive vibration loads and a vacuum
environment. Single-axis ground testing of the attitude controller using the HDD-RWs was
performed to verify its performance. Demonstration of three-axis attitude control using the
HDD-RWs was performed through microgravity parabolic flight testing. Successful demon-
strations of stabilization and pointing of a HDD-RW CubeSat testbed in microgravity en-
vironment raised the Technology Readiness Level (TRL) of the HDD-RW technology from
TRL 4 to TRL 6. Data from parabolic flight testing is used to perform system identifica-
tion of the HDD-RWs and CubeSat system. Simulation results based on the system model
further demonstrates pointing control with the HDD-RWs for various target attitudes and
stabilization from various initial rotation rates. A guide for using HDD-RWs and developing
a controller is presented. Recommendations and lessons learned are provided, and next steps

for the HDD-RW technology are discussed.
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Chapter 1

Introduction

1.1 Overview

The work presented in this thesis is the product of the Zero-G HDD project at the
University of California, Davis (UC Davis) Center for Spaceflight Research (CSFR). The
objective of the Zero-G HDD project was to demonstrate the use of hard disk drives (HDDs)
as CubeSat reaction wheels through microgravity parabolic flight testing. This project was
selected by the NASA Flight Opportunities Program’s “TechFlights” solicitation, which
made parabolic flight testing possible. The Zero-G HDD project was led by two masters
students - Kylie Cooper and the author. The work and results from the Zero-G HDD
project is presented in two master theses - this thesis and Cooper’s thesis [1]. The work
presented within this thesis is the reflection of the combined efforts of both the author and
Cooper.

Chapter 1 discusses the motivation behind using hard disk drive reaction wheels (HDD-
RWs), the HDD-RW technology state of the art, and the parabolic flight experiment design.
Chapter 2 describes the hard disk drive technology, implementation of the hard disk drive
reaction wheel, preliminary environmental testing, and compatibility of HDD-RWs with the
space environment. Chapter 3 presents modeling of the HDD-RW, development of the HDD-
RW controller, results from parabolic flight, system identification, and results of simulation.
Chapter 4 describes the process of converting a HDD into a HDD-RW and presents a guide
on controlling the HDD-RW. Lastly, Chapter 5 concludes the thesis and discusses recom-

mendations, lessons learned, and future work.



1.2 Motivation
1.2.1 CubeSats

Satellites provide many essential services such as communications, weather monitoring,
Earth observations, and space science research. Building and launching a traditional full-
scale satellite can cost upwards of $200 million [2]. One of the main drivers behind the high
cost of a satellite is the required reliability to survive and operate in the hostile environment
of space without the need for repairs. The recent rise of small satellites, called CubeSats,
have revolutionized the space industry by demonstrating that small satellites are capable of
providing essential satellite services at a far lower cost [2] [3] [4].

A CubeSat is a class of small satellites that follow specific form factor standards [5].
CubeSats come in various sizes, quantified by their volume in “U’s”, or 10 cm cubes. Due
to their small and standard sizes, dozens of CubeSats can be simultaneously launched on a
single rocket, dramatically reducing the launch cost per satellite. Furthermore, the advent
of the cell-phone industry has significantly reduced the cost of integrated components (ICs)
and micro-electromechanical systems-based (MEMS) components. Consequently, CubeSats
have become relatively inexpensive as their risk-tolerant missions can leverage these low-cost
commercial-off-the-shelf (COTS) electronic components.

CubeSats currently perform many types of missions such as Earth observation, Earth
science, astronomy, and technology test and demonstration [2]. The relatively low cost of
developing and launching a CubeSat has enabled the participation of university students. As
low-cost and risk-tolerant missions, CubeSats play an important role in spacecraft technology

demonstration and training of engineering students in the aerospace field [6] [2].

1.2.2 Attitude Control

The attitude of a spacecraft, or its three-dimensional orientation with respect to another
frame of reference, is an important state for almost all spacecraft missions. For example, in
CubeSats, attitude control is important to be able to stabilize to take a photograph without
motion-blur or to point an antenna towards a ground station to relay data.

Attitude systems are often divided into two subsystems - attitude determination and atti-

tude control. Whereas the objective of the former is calculating the attitude of the spacecraft



with respect to a defined reference frame, the objective of the latter is to maneuver the space-
craft to a target state of attitude. The two primary elements of spacecraft attitude control
are stabilization and pointing [7]. Spacecraft stabilization consists of controlling the rotation
rate of the spacecraft, which typically has a target value of zero in the inertial reference
frame. Spacecraft pointing consists of reorienting the spacecraft to a desired attitude with
respect to a specified frame of reference.

Most attitude control systems utilize reaction wheels as actuators [8]. The operating
principle of the reaction wheel is conservation of angular momentum, shown in Equation
1.1. In a reaction wheel, the rotation rate of a wheel is precisely controlled by a motor.
By spinning its wheel, the reaction wheel transfers angular momentum from the CubeSat
bus to the wheel, allowing it to alter the inertial attitude of the spacecraft. Furthermore,
changing the rotational velocity of the wheel applies a torque, which can be used to reorient
the spacecraft. A minimum of three reaction wheels are required for a spacecraft to have
full three-axis attitude control. In some cases, four or more reaction wheels are used in a
non-orthogonal configuration to provide redundancy, in case a reaction wheel fails; however,

this is not common in CubeSats due to their constrained volumes.

Lror = Lcs + Lpw = Ioswes + Irwwrw (1.1)

1.2.3 Commercial CubeSat Reaction Wheels

Like most spacecraft, CubeSats primarily use reaction wheels for attitude control. Several
companies exist that sell CubeSat reaction wheels. A list of commercial CubeSat reaction
wheel specifications and prices found in 2023 is shown in Table 1.1. Note that the listed
prices are not fixed and are subject to change by their respective vendor. Prices were found
to range from 2700 to 35000 USD, with the RW25 by Serenum Space (2700 USD, 2023) being
the most inexpensive option. Thus, a three-axis control system using commercial reaction
wheels would cost, at a minimum, 8100 USD, excluding additional costs from taxes, customs
fees, and shipping fees. The total cost is further magnified if test units are desired, as is
typically the case for CubeSat developers. Consequently, the cost of commercial reaction
wheels are often prohibitively expensive for university CubeSat programs, leading them to

partially or fully forfeit attitude control, which severely limits mission capabilities. This



barrier is illustrated by the fact that of 483 nanosatellites launched between 2003 and 2016,
less than 60% had full three-axis attitude control [9].

Table 1.1: Commercial CubeSat Reaction Wheels (2023)

Dimen
-sions Max Max
Mass Lead Price
Company | Model (mm | Momentum | Torque
(g) Time | (USD)
X mm (mNms) (mNm)
X mm)
AAC 25
RW222
Clyde - %25 3 2 - 16200
(3 mNms)
Space x15
AAC 25
RW222
Clyde - x25 6 2 - -
(6 mNms)
Space x15
21
) RW1
Astrofein 25 x21 0.58 0.023 - 11850
Type A
x12
21
RW1
Astrofein 16 x21 0.1 0.004 - 11850
Type A
x12
50
Astrofein RW25 250 x50 30 2 - 12500
x25.5
Berlin 105.0
6
Space RW-05 1550 | x106.6 500 16 29750
months
Tech x109.5
48
6
Comat RW20 180 x48 20 2 16200
month
x28.2




Cube- 28
12
CubeSpace | Wheel 60 %28 1.77 0.23 5170
weeks
S x26.2
33.4
Cube- 12
CubeSpace 90 %33.4 3.6 2.3 6550
Wheel S+ weeks
x29.7
46
Cube- 12
CubeSpace 150 x46 10.8 1 7540
Wheel M weeks
x31.5
57
Cube-
CubeSpace 225 xh7 30.6 2.3 - -
Wheel L
x31.5
28
CubeSpace | CW0017 60 x28 2.36 0.23 - 5170
x26
35
CubeSpace | CW0057 115 x35 9.5 4 - 7220
x24
46
CubeSpace | CW0162 144 x46 27 12 - 8950
x24
67
CubeSpace | CW0500 400 x67 83.3 10 - 11450
x25
76
CubeSpace | CW1200 - xX76 200 15 - -

x30




88
CubeSpace | CW2500 - x88 417 20 - -
x40
100
CubeSpace | CW5000 - x100 417 30 - -
x40
33.5
Rocket
RW-0.003 50 x33.5 5 1 - 15000
Lab
x17
50
Rocket
RW-0.01 120 x50 18 1 - 20000
Lab
x30
50
Rocket
RW-0.03 185 x50 40 2 - 25000
Lab
x40
77
Rocket
RW-0.06 226 x65 180 20 - 35000
Lab
x38
25
Serenum 6
RW25 40 x25 0.6 0.2 2700
Space weeks
x25

1.2.4 In-House Developed Reaction Wheels

For university CubeSat missions that require attitude control, the price points of com-
mercial reaction wheels are prohibitively expensive and often drive these missions to design
and develop in-house reaction wheels. Examples of university students designing CubeSat
reaction wheels can be found in [10], [11], [12], [13], [14], [15], and [16]. Each of these sources
cite lowering cost as the motivation behind developing in-house reaction wheels. As of the

writing of this thesis, each of these designs have yet to be tested in space environment.



The most well-documented in-house development of a CubeSat reaction wheel is given
by Bonafede [10] and Lee [12]. This section will use Bonafede [10] and Lee [12] as a case
study for in-house developed reaction wheels for university CubeSats. Both Bonafede [10]
and Lee [12] are written by students from the California Polytechnic State University, San
Luis Obispo (Cal Poly SLO) - the birthplace of the first CubeSat and an institute with
world-class CubeSat knowledge, facilities, and connections. Bonafede [10] is a Masters thesis
in which the author designs and simulates a low-cost CubeSat reaction wheel and Lee [12]
is a senior design project where the authors manufacture and test the reaction wheel design
described in Bonafede [10].

Designing and manufacturing a reaction wheel is difficult for university students due
to their resource constraints in time, money, knowledge, and experience. Lee et al. [12]
successfully manufacture and perform benchmark testing of a single reaction wheel. Their
estimated total cost of manufacturing their three reaction wheels is 2,237 USD - a significantly
lower price when compared to commercial reaction wheel options. Lee et al.’s [12] report
provides details of the issues that they encountered, which highlights the difficulties that
university students face when developing a reaction wheel. Three of the main challenges
- manufacturing, mounting, and testing - are discussed along with how Lee et al. [12]
approached and resolved each of these challenges.

Manufacturing a reaction wheel is challenging due to the mechanical precision require-
ments of the wheel. The wheel of a reaction wheel must be precisely manufactured as
misalignment of the center of mass and inertia axis of the wheel with the axis of rotation
will cause undesired vibrations in the CubeSat. Most academic institutions do not have the
precision manufacturing equipment required to meet the precision tolerances of a reaction
wheel, as was the case for Lee et al. [12]. Using a Haas TL-1 CNC lathe, Haas VF3 mill,
and Haas Mini mill, Lee et al. [12] manufactured an initial out-of-tolerance wheel and out-
sourced balancing of the wheel to a local vendor who shaved mass from the initial wheel
manufactured in the university.

Another challenge in developing a reaction wheel is mounting the wheel to the shaft
of the motor. The security of the wheel mounting has demanding requirements as it must

withstand harsh launch and thermal loads. Initially, Lee et al. [12] designed the wheel to have



an interference fit with the motor shaft; however, this was changed to a large clearance fit due
to concerns regarding bending the shaft. The clearance fit design required the team to use a
shaft-locking adhesive. Adhesives can be difficult to work with as they can have inconsistent
results due to challenges in consistent application of the adhesive, as described by Lee et
al. [12] Additionally, adhesives require a curing process which can become fairly involved,
sometimes requiring a vacuum chamber. After having difficulties with RT48 adhesive, Lee et
al. [12] had success using 3M Scotch-Weld two-part Epoxy Adhesive for securing the wheel
to the motor shaft. Due to the relatively high cost of the motors (approximately 300 USD
each), it is expensive to test wheel fitting and adhering on flight units or engineering units;
thus, Lee et al. [12] used test disks and test shafts to validate their processes.

Once the wheel is manufactured, balanced, and adhered, the reaction wheel must go
through environmental testing to ensure that it would survive launch loads and be able to
operate in the vacuum and microgravity environment of space, while undergoing thermal
loads. The primary environmental tests performed for reaction wheels are vibration testing,
shock testing, vacuum testing, and thermal vacuum (TVAC) testing. Each of these tests
requires special in-house facilities and expertise which are not always available for students
and are expensive to outsource. Cal Poly SLO has facilities for vibration, vacuum, and
TVAC testing; however, Lee et al. [12] were not able to complete these tests due to time
constraints caused by setbacks in manufacturing and assembly, issues arising in adhesive
curing, and manufacturing of an attachment plate for vibration testing.

From this case study, it can be seen that in-house reaction wheel development is espe-
cially difficult for university students because it requires specialty equipment and knowledge
and is time-demanding. Balancing the wheel requires precise CNC machines and/or out-
sourcing; wheel mounting requires development and validation of an elaborate process; and
environmental testing requires special facilities and time to verify and validate processes.
Although in-house design and development of CubeSat reaction wheels is effective as a cost-
saving strategy, it is significantly expensive in time for university CubeSat programs, which
are characterized by limited expertise and high turnover rates.

Furthermore, in addition to programmatic risks to their development timelines, university

CubeSat missions that choose to develop in-house reaction wheels also incur significant



technical risks to their missions. Reaction wheels are notoriously prone to failure, even in
large class missions such as the Hubble Space Telescope. According to [17], “Guidance,
Navigation, and Control causes 28% of Civil satellite EOL failure and 24% of Military
spacecraft failure, with reaction wheels and gyros being a root cause for a large portion
of the failures.” Three studies conducted by Saleh and Caste [18], Tafazoli [19], and Sperber
[20] each conclude that the attitude control system is major driver of spacecraft failures and

unreliability, with reaction wheels being a significant failure source.

1.3 Hard Disk Drive Reaction Wheels

Hard disk drives repurposed as reaction wheels show promising potential as a cost-
effective and reliable solution for CubeSat attitude control. The uniform and well-balanced
disk, high speed motor, and low-cost of the HDD make it a strong candidate for CubeSat
reaction wheels. Figure 1.1 shows the angular momentum storage vs. price of commercial
CubeSat reaction wheels available in 2023. Commercial CubeSat reaction wheels for 1U to
6U sized CubeSats cost between 2700 and 35000 USD. HDD-RWs on the other hand cost
50 - 200 USD, reducing reaction wheel price by 1 to 3 orders of magnitude while having
comparable performance. HDD-RWs have the exciting potential of significantly lowering the
cost of entry for university students to learn to design, test, and fly CubeSats with attitude

control systems that can be afforded on university budgets.
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Figure 1.1: CubeSat Reaction Wheels Market



Furthermore, commercial reaction wheels have a typical lead time of 6 weeks to 6 months
— a significant amount of time for CubeSat missions, considering that a spacecraft’s atti-
tude control system is highly coupled with other spacecraft systems and often requires the
most time for integration and testing. HDD-RWs can be ready within 2 weeks, enabling
CubeSat budgets and timelines to be significantly reduced. Cost reductions can lower barri-
ers to entry, allowing resource-constrained organizations to develop CubeSat missions, while
shorter development times can allow CubeSat developers to focus their efforts on payload

development rather than reaction wheel development or procurement.

1.3.1 Literature Review

The idea of repurposing HDDs as CubeSat reaction wheels was first proposed in literature
in 2018 by Sahar et al. [21] from the Israel Institute of Technology. Later in 2018, a second
paper by the same group from the Israel Institute of Technology was published that described
Drivesat - a student CubeSat mission to demonstrate HDDs as reaction wheels, which has
not yet flown in space. Later in 2019, a conference paper published by Driedger et al. [22]
from the University of Manitoba described TSAT5 - a student CubeSat mission to utilize
HDDs as reaction wheels, which has also not yet flown in space. As of the writing of this
thesis, these three papers are the only existing literature that discuss repurposing a HDD as
a CubeSat reaction wheel and to this date, hard disk drive-based reaction wheels have yet

to be flown in space.

Figure 1.2: Institute of Isracl HDD-RW [21]
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1.3.2 UC Davis Development of HDD-RW
At the University of California, Davis, the student-led 2U CubeSat mission, REALOP,

encountered the trade-off between purchasing expensive commercial reaction wheels and
accepting mission and schedule risks to develop in-house designed reaction wheels. Upon
literature review, the student team encountered the previously mentioned paper by Sahar
et al. [21] on HDD reaction wheels. As the Attitude Determination and Control System
(ADCS) leads for the REALOP mission at the time, Kylie Cooper and the author chose to
adopt the idea for the REALOP mission in 2019. The REALOP mission aims to demonstrate
a single 1.8-inch HDD, aligned with the CubeSat’s longest axis, as a CubeSat reaction wheel.

Cooper and the author continued development of HDD-RWs as graduate students in
the Center for Spaceflight Research (CSFR) at the University of California, Davis. They
co-wrote the proposal to the NASA Flight Opportunities Program [23] to test the HDD-RW
technology in microgravity parabolic flight [24] and subsequently co-led the Zero-G HDD
project where they demonstrated the HDD-RWs.

(a) 1.8-inch HDD-RW (b) 2.5-inch HDD-RW (c) 3.5-inch HDD-RW
Figure 1.3: UC Davis HDD-RWs

Through the Zero-G HDD project, the HDD-RW technology has been developed and
tested in a lab setting and has been demonstrated to perform 3-DOF attitude stabilization
and pointing of a CubeSat testbed in microgravity parabolic flight. Design of the parabolic
flight experiment system is briefly discussed in Section 1.4; a detailed description of the
parabolic flight experiment is described in Cooper’s thesis [1]. Results from flight testing are

presented in Section 3.4.
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1.4 Microgravity Parabolic Flight Testing

Due to the dynamic nature of the reaction wheel’s function, demonstrating the HDD-
RWs performing their nominal operations of satellite stabilization and pointing requires
three degrees of rotational freedom. Although one rotational degree of freedom is achievable
through ground testing and each of the three rotation axes of a satellite could be tested
individually, it is insufficient for demonstration of three-axis attitude control due to the
coupled nature of rotational dynamics.

Short of operation in space, only a handful of methods exist by which three degrees
of rotational freedom can be achieved, each with its own limitations. The most common
type of three axis rotational is the spherical air bearing; however, most COTS spherical air
bearings offer less than 45 degrees of roll and pitch capability [25] and in-house spherical air
bearings, by design, can not exceed 90 degrees in roll and pitch. Microgravity parabolic flight
is the only method that provides full three degrees of rotational freedom with virtually zero
friction. The primary goal of this project is to perform three-axis stabilization and pointing
of a CubeSat testbed in microgravity parabolic flight using HDD-RWs to demonstrate their
function and performance as low-cost, reliable CubeSat reaction wheels. Demonstration
of the HDD-RWs in microgravity environment serves as a stepping stone between ground
testing and demonstration in space environment.

The HDD-RWs were tested in six microgravity parabolic flights during three flight cam-
paigns in December 2021, June 2022, and November 2022. Each flight campaign consisted of
two flights each on consecutive days. Each flight consisted of 30 parabolas that occurred in
sets of 5. The first set of 5 parabolas were used for acclimation and consisted of 2 martian-g
and 3 lunar-g parabolas; the remaining 25 parabolas were all zero-g. The parabola duration
and quality varied by air conditions and pilots. Typically, the parabolas had a duration of
10 to 20 seconds and the microgravity quality was on the order of 1072 to 1073 g’s. The
microgravity parabolic flights and technology development for the HDD-RWs was funded by
NASA Flight Opportunities program and the flights were provided by Zero-G Corp [26]. For
each flight, the flight experiment was operated by the author, Kylie Cooper, and supporting
researchers from the UC Davis CSFR. Further details on the parabolic flight experiment are

discussed in Cooper’s thesis [1].
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The objectives of the HDD-RW microgravity parabolic flight experiment were as follows:

1. Collect data of the transient response of the HDD-RW to develop an actuator model.

2. Demonstrate the ability of the HDD-RW and controller system to stabilize rotation

along an arbitrary 3D axis.

3. Demonstrate the ability of the HDD-RW and controller system to rotate to a pre-

specified 3D orientation.

(a) 1.8-inch HDD-RW CubeSat
without casing

(b) 2.5-inch HDD-RW CubeSat (¢) 3.5-inch HDD-RW CubeSat
with clear casing

Figure 1.4: HDD-RW CubeSats

To achieve these objectives, a CubeSat testbed platform, with a set of three HDD-RWs,
was utilized in the microgravity parabolic flight experiments. The CubeSat testbed freely
floated within the aircraft cabin during the microgravity period and was programmed to

perform attitude control maneuvers using the HDD-RWs. Three different CubeSat testbed
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designs were utilized for each of the three HDD-RW sizes. One 1.8-inch HDD-RW CubeSat,
one 2.5-inch HDD-RW CubeSat, and two 3.5-inch HDD-RW CubeSats were manufactured
in-house for the parabolic flight experiments.

Each CubeSat testbed is equipped with three orthogonally oriented HDD-RWs, ESCs
for each HDD-RW, a Raspberry Pi 3B+ microcomputer, an IMU, a power sensor, a buck-
boost voltage regulator, an interface display, 2 buttons, and a set of 18650 battery cells.
The IMU measured the CubeSat testbed’s rotation rate and appropriately commanded the
HDD-RWs such that the CubeSat testbed performed the desired attitude maneuver. With
the exception of one of the 3.5-inch HDD-RW CubeSats, each CubeSat face had a set of four
unique ArUco markers that were used as a second system for pose estimation. Figure 1.5
shows a photograph of the 2.5-inch HDD-RW CubeSat floating inside the Chamber during
parabolic flight. Figure 1.6 shows the electrical schematic for the 2.5-inch HDD-RW CubeSat.
The 3.5-inch HDD-RW CubeSat has a similar electrical schematic, with the only difference

being the HDDs used and their respective current draws.

-
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Figure 1.5: 2.5-inch HDD-RW CubeSat floating in Chamber
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Two experiment setups were utilized during the parabolic flights: the Chamber Experi-
ment and the External Experiment. During Flights 1 and 2, only the Chamber Experiment
was conducted; during Flights 3, 4, 5, and 6, both the Chamber Experiment and External
Experiment were conducted. The Chamber Experiment took place within an aluminum
frame structure, referred to as the “chamber”. The chamber enclosed the CubeSat of the
Chamber Experiment to ensure a safe working space. The chamber was constructed using
T-slotted 80-20 beams and had a width of 41.5 inches, length of 45 inches, and height of 51
inches. The chamber was mounted to the aircraft floor to allow for a fixed, rigid working
space. The main purpose of the chamber was to: 1) restrict the CubeSat from floating
away and potentially causing injury or damage, and 2) provide mounting for the computer
vision (CV) system. Each face of the chamber was lined with fabric straps that were spaced
such that the gap was narrow enough to prevent the Chamber Experiment CubeSat from
escaping the chamber and wide enough such that a researcher could reach into the chamber

and manipulate the CubeSat, as shown in Figure 1.10.
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Figure 1.10: Researcher reaching for CubeSat through chamber straps

-
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The External Experiment took place adjacent to the Chamber Experiment in a sectioned
off area instead of an enclosure. Performing an experiment outside the chamber removed two
constraints - the vertical height of the chamber that limited the vertical distance the CubeSat
can traverse before contacting the floor or chamber’s top straps and the longitudinal & lateral
lengths of the chamber that limited the distance the CubeSat could traverse before contacting
the chamber side straps. Elimination of these two constraints provided longer CubeSat
floating time. Conducting an experiment within the chamber was still necessary in the case
that the External Experiment became too dangerous due to unforeseen circumstances such
as more aggressive parabolas or multiple experiment operators not feeling well enough to
perform the External Experiment.

The computer vision (CV) system consisted of five camera assemblies mounted to the
corners of the chamber, as shown in Figure 1.8. Four cameras pointed towards the center
of the chamber and recorded the Chamber Experiment, while the fifth camera recorded
the External Experiment area. Each camera assembly consisted of an adjustable focus 12
MP camera, a Raspberry Pi 3B+ computer, and an IMU. The videos and IMU data were
post-processed to perform pose estimation of the CubeSat. The CV system and its data are

discussed in further detail in Cooper’s thesis [1].
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Over the course of the three flight campaigns, two types of attitude control tests were
performed in flight - stabilization and pointing - demonstrating crucial CubeSat attitude
control maneuvers. During the stabilization tests, the CubeSat testbed was manually given
a random initial rotational velocity along an arbitrary axis, which the CubeSat testbed
stabilized using all three of its HDD-RWs. During the pointing tests, the HDD-RWs re-
oriented the CubeSat testbed along a predetermined axis by a predetermined angle, requiring

all three HDD-RWs. Results from parabolic flight are presented in Section 3.4.

\
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Chapter 2

Hard Disk Drive Reaction Wheel
Hardware, Implementation, &

Compatibility in Space Environment

2.1 Introduction

As described in Section 1.2, the trade-off between the high costs of commercial reaction
wheels and risk of in-house manufactured reaction wheels is a pain point for many CubeSat
developers. The high cost of reaction wheels often leads small companies and universities
to manufacture their own reaction wheel systems. Due to the limited amount of resources
available to these CubeSat developers, the in-house manufacturing of reaction wheels has
proven to be a major root-cause for premature failures of small satellites [17].

This chapter will provide a background on HDD technology, describe the HDD-RW im-
plementation used for this project, present preliminary environmental testing results, and
discuss potential effects of the space environment on HDD-RWs. Section 2.2 introduces the
HDD technology and its major components. Section 2.3 describes the HDD-RW implemen-
tation for this project. Section 2.4 discusses the compatibility of HDD-RWs in the space

environment and presents results from preliminary environmental testing.

2.2 Hard Disk Drives as Memory Storage Devices

Before describing Hard Disk Drive Reaction Wheels, it is beneficial to understand the

HDD technology. This section will briefly describe the components that comprise a modern
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HDD; the following section will describe the implementation of the HDD-RW used. Most
of the information in this section is gathered from [27], which the reader is encouraged to

reference to find further information on HDD design, mechatronics, and controls.

2.2.1 Background on Hard Disk Drives

Hard disk drives (HDDs) are data storage devices that are mass-produced and available
as commercial-off-the-shelf (COTS) products. They play a critical role in data storage for
servers, data centers, and everyday desktop/laptop computer users. HDDs are relatively
inexpensive, costing approximately 50 to 300 USD. This low-cost has been driven by two
factors - their decades-long technology development and their mass-production which is
currently on the order of hundreds of millions per year, as of 2023 [28]. With the advent of
solid-state drive (SSD) memory devices, HDD production rates are declining; however, the
hundreds of millions production volume of hard drives [28] overshadows the CubeSat launch
rate which is on the order of thousands per year as of 2023 [29]. Furthermore, refurbished
HDDs may still be used as HDD-RWs, as demonstrated in this research.

The decades of technology development has evolved the HDD into a robust precision
instrument. HDDs have been described using the following analogy [27]:

“Imagine an airplane flying at 5M miles per hour but only 1/16 inch above the ground
on a highway with 100,000 lanes where the width of each lane is only fraction of an inch.
The challenge of the problem is further intensified by the fact that the airplane is expected
to switch lanes frequently and then follow the new lane with the same precision. A scaled
down version of this scenario is what one finds in the head positioning servomechanism of
an HDD.”

To meet customer demands in data speeds and reliability, the industry has made ad-
vancements in several disciplines such as motor and actuator design, mechanics, tribology,
material science, and manufacturing technology. HDDs are typically designed to operate
between 5 and 60 degrees Celsius and can withstand mechanical shock on the order of 10 to
100 G’s. HDDs are typically designed for a lifetime of 3 to 5 years.

HDD designs have been standardized such that they may fit in different desktop and
laptop models. The standard HDD sizes are known as form factors and refer primarily to

the external dimensions. Several HDD form factors have been developed; today, the most
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common HDD form factors used today are 3.5-inch and 2.5-inch HDDs.

2.2.2 Main Components of Hard Disk Drives

The main components of the HDD are the disk, spindle motor, and the actuator assembly.
The disk stores the data, the spindle motor spins the disk, and the actuator assembly posi-
tions the read/write arm above the disk to read and write data. Each of these components

are described in further detail below.

Top Cover

Head Slider

Connector

Figure 2.1: HDD Components [27]

Disk

HDDs digitally store data by magnetically encoding bits on the magnetic layer of a
disk, sometimes called a platter. Many HDD models are designed to store more data by
using multiple disks stacked together on a common spindle. The magnetic layer of the disk
consists of annular sectors that store data bits that are read by read and write heads. The
head actuator precisely controls the position of a slider holding the read and write heads
over the disk. The read and write heads operate in close proximity to the disk to read and
write the magnetized bits on the disk. Well characterized acrodynamic surfaces [30] on the
read and write heads as well as a uniformly smooth disk surface enables the read and write

heads to float approximately 5 nanometers above the disk surface on an air bearing. In order
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for the disk to be extremely smooth for the read and write heads and durable for consumer
use, the disk is precisely manufactured from an aluminum, glass, or ceramic substrate and
coated on both side with a thin layer of magnetic material by a vacuum deposition process.

Spindle Motor

A three-phase outrunner brushless DC (BLDC) motor spins the disks at precisely regu-
lated speeds to enable fast data reading and writing. A fixed disk speed ensures consistent
read and write rates which is critical to ensure that the data is being read from and written
to the correct location on the disk. Common spinning rates used in today’s HDDs are 7200,
10000, and 15000 RPM. The HDD motor spins the disk in a fixed direction during use - most
commonly counterclockwise (when viewed from above the disk). Most HDD motors utilize
wye-connected three-phase windings, as opposed to delta-connected, due to their lower cost.
Most HDD motors use 4 or 6 pole-pairs.

The rotating shaft in the HDD is supported by a bearing. Older HDD designs tended
to use ball bearings; however, modern HDD designs mostly use spindle motors with an
integrated fluid dynamic bearing (FDB). FDBs enable greater speed control which permits
higher track density and thus higher data storage. In an FDB, illustrated in Figure 2.2, the
rotating shaft is supported by dynamic pressure from rapidly moving lubricant. Grooves
around the circumference of the shaft as well as on its base facilitate the dynamic stiffness

of the FDB.

F.D.B. Motor Hub Shaft

Radial Bearing Sleeve
» Herringbone Groove N

> Ester Oil Stator

Thrust Bearing
> Spiral Groove
> Ester Oil

Cap

Figure 2.2: Fluid Dynamic Bearing (FDB) Diagram [31]

Actuator Assembly
The main components of the actuator assembly are the head actuator which dynamically
positions the read/write arm and the read and write heads that transfer data from and

to the disk. The head actuator uses a voice coil motor to precisely and quickly move the
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read/write arm to the appropriate memory sector of the disk. HDDs with multiple disks
have one actuator assembly per disk; some models have one arm for each side of the disk.
The end of each arm has a slider which provides fine position control of the read and write
heads above the disk. This allows the HDD to read from or write to different memory sectors
of the disk. The slider has an aerodynamic design that allows it to float above a cushion of

air between itself and the disk.

2.3 Description of Implementation of HDD-RW

2.3.1 Summary

This project tested HDD-RWs based on 1.8-inch, 2.5-inch, and 3.5-inch hard disk drive
models. Table 2.1 shows models that were selected. Each of the HDD-RW’s motors were
controlled by a COTS electronic speed controller (ESC). The ESC was powered by a set of
lithium cells in parallel. Details of the HDD-RW implementation are given in Sections 2.3.2,
2.3.3, 2.3.4, and 2.3.5. A guide detailing the process to convert a HDD into a HDD-RW is
given in Chapter 4.

Table 2.1: HDD models modified into HDD-RWs

Purchased Cost
HDD Form Factor | Manufacturer Model
(2020, USD)
1.8-inch Samsung HS030GB 14.00
2.5-inch HGST Travelstar Z7K500-500 23.00
3.5-inch Samsung Spinpoint HD161HJ 56.00

2.3.2 Selection of Hard Disk Drive Models

Several HDD form factors and models exist which can be repurposed as reaction wheels.
This project examined the 1.8-inch, 2.5-inch, and 3.5-inch hard drive form factors as they
are best suited to fit within the dimensional constraints of CubeSats. HDDs of the same
form factor are identical or similar in external dimensions, mounting points, disk mass and
dimensions, and disk rotational speeds; however, they differ in number of platters and power.
This project examined the HDD models that have the highest availability to allow future
HDD-RW users to use the same models. Table 2.1 shows models that were selected for this
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project along with their purchase costs.

2.3.2.1 1.8-inch HDD-RW Selection

The smallest HDD form factors that have been mass-produced are the 1.8-inch, 1.3-inch,
1-inch, and 0.85-inch HDDs, all of which have become obsolete due to the advances in flash
memory storage. Of the smallest HDD form factors, the 1.8-inch HDD is the most available
today due to the high number of sales of Apple’s iPod Classic. From Apple’s release of the
1st generation iPod Classic in 2011 until its discontinuation with the 6th and final generation
in 2014, each iPod Classic used a 1.8-inch HDD. Based on sales of iPods from 2001 to 2014,
it can be estimated that the number of iPod Classics sold is on the order of 10’s of millions.
Although they are no longer manufactured, thousands of iPod Classics and hundreds of
individual 1.8-inch hard drives can be found for sale online, while the smaller HDD form
factors are rare to find. The 1.8-inch HDD form factor is just 78.5mm along its longest edge,
making it a suitable option for CubeSats as small as 1U to 3U. Due to its high availability
and compact size, the 1.8-inch HDD was selected to be tested as a HDD-RW.

Figure 2.3: 1.8-inch HDD-RW

2.3.2.2 2.5-inch and 3.5-inch HDD Selection

The 2.5-inch and 3.5-inch HDD form factors are by far the most widely used and are

still manufactured (as of 2022). Over 200 different companies have manufactured HDDs, of
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which only three manufacturers still exist due to bankruptcies, mergers, and acquisitions -
Seagate, Toshiba, and Western Digital. Due to their wide availability, the HGST Travelstar
Z7K500-500 model HDD was selected for the 2.5-inch HDD-RW and the Samsung Spinpoint
HD161HJ model HDD was selected for the 3.5-inch HDD-RW. All HDD-RWs tested were
originally refurbished HDDs purchased from eBay or Amazon.

Figure 2.4: 2.5-inch HDD-RW

Figure 2.5: 3.5-inch HDD-RW
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2.3.3 Modifications of HDDs

For each of the three HDD form factors tested, the read and write arm was removed to
avoid contact between the arm and the disk, which would have caused undesired friction.
Although the read and write arm is designed to float above the disk and never make contact
with the disk, vibration and shock loading during rocket launch of the HDD-RW may have
caused head crash. Head crash is a well-known mechanical failure, shown in Figure 2.6,
of HDDs where an abrupt motion, such as impact with the ground after a fall, causes the

read-write arm to make contact with the disk and possibly causing permanent damage.

Figure 2.6: Hard Disk Drive Head Crash [32]

The 1.8-inch and 2.5-inch HDD-RWs were used within their casing with their cover
removed. The casing of the 3.5-inch HDD motor and disk was removed for the 3.5-inch
HDD-RW, which significantly reduces its mass and volume. Jumper wires were soldered to
the electrical pads on the 1.8-inch, 2.5-inch, and 3.5-inch to electrically connect the HDD-
RW motors and the ESC. Electrical connection options suitable for space environment are

discussed in Section 4.1.3.

2.3.4 Electronic Speed Controller

Brushless DC (BLDC) motors require a motor controller, often referred to as an electronic
speed controller (ESC). The ESC is a device that drives a BLDC motor to a commanded

speed by converting power from a DC supply into dynamic, coordinated voltage signals sent
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to each of the BLDC motor’s phases. The ESC is a critical component that has a large
influence on control, performance, and behavior of the BLDC motor.

The ESC of a HDD is integrated within the PCB of the HDD. Because the HDD’s
factory installed ESC is designed to spin the HDD at a constant speed and in a single
direction, it must be replaced for the HDD-RW. In this project, each of the HDD-RWs utilized
COTS ESCs to control the HDD motors. The 1.8-inch HDD-RWs were each controlled by a
Readytosky bidirectional 20A ESC [33]. The 2.5-inch and 3.5-inch HDD-RWs were controlled
by a iFlight SucceX-E F4 V2 4-in-1 ESC [34]. The iFlight ESC was used to independently
control the three HDD-RWs within the CubeSat testbed. The HDD-RWs may also be driven
using a custom ESC - this ESC solution is further discussed in Section 4.1.2.2.

2.3.5 Power Supply

The UC Davis HDD-RW ESCs were powered by standard 18650 lithium cells, which are
commonly used in CubeSats. The 1.8-inch HDD-RW ESCs used four Panasonic NCR18650B
cells in series while the 2.5-inch and 3.5-inch HDD-RWs used five Samsung 30Q cells in series.
The 2.5-inch and 3.5-inch HDD-RWs required higher power - thus they used the 30Q cells
which have a max current rating of 15A, instead of the NCR18650B cells which have a max
current rating of 4.87 A. The peak current draw measured from the 1.8-inch, 2.5-inch, and
3.5-inch HDD-RWs is 0.6 A, 0.6 A, and 1.0 A, respectively. The 1.8-inch HDD-RW used
only four cells due to the volume constraints of the 1.8-inch HDD-RW CubeSat.

The voltage from the series of cells were regulated to 12V for the 1.8-inch and 15V for
the 2.5-inch and 3.5-inch HDD-RWs. A COTS buck-boost converter, the DROK LM2596
[35], was used to regulate the voltage. The max current of the DROK LM2596 is 3.0 A. The

input capacitors of the ESCs dampen voltage fluctuations from the power supply.

Table 2.2: HDD-RW Power Supply

HDD Form Factor

Voltage (V)

Peak Current (A)

Peak Power (W)

1.8-inch 12.0 0.6 7.2
2.5-inch 15.0 0.6 9.0
3.5-inch 15.0 1.0 15.0
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2.3.6 Generality of Results

Due to the possible unavailability of the specific HDD models demonstrated as HDD-
RWs, it is important to consider the generality of results of specific HDD models tested being
extrapolated to other HDD models. The most critical hardware component in the HDD-RW
that may lead to variations in reliability across different models is the HDD spindle motor.
Since HDD manufacturers do not provide information on their HDD spindle motor suppliers,
it is not possible to guarantee that different HDD models use the same spindle motor model.
However, it is very likely that different spindle motors will behave similarly due to their
identical or near-identical design constraints and requirements.

Only a handful of companies manufacture the majority of HDD spindle motors. As of
2021, 85% of the HDD spindle motor market share is supplied by the Japanese company
Nidec [36]. The 3.5-inch HDD-RW tested in this study uses a Nidec spindle motor. The
manufacturers of the 1.8-inch and 2.5-inch HDD-RWs studied are unknown.

One of the most common failure points of BLDC motors is the bearing. For several years
prior to 2010, ball bearings were the most common type of bearing used in HDD spindle
motors. However, as HDD designs have continued to evolve to meet demands, they have
transitioned to the use of fluid dynamic bearings (FDBs) due to their better performance
in higher speeds, lower noise, and improved reliability [31]. Since 2010 HDD spindle motors
almost exclusively use FDBs. All of the HDD-RWs demonstrated in this study use FDBs.

2.4 Compatibility of Hard Disk Drive Reaction Wheels
in Space Environment

Ensuring that components operate in space as expected and do not exhibit failures and/or
limited performance due to launch loads or the space environment necessitates environmental
testing. The most critical space environmental factors include: microgravity, radiation,
vacuum, vibration & shock, and extreme thermal conditions. Demonstration of the HDD-
RWs in microgravity parabolic flight has shown that the HDD-RWs are capable of performing
CubeSat attitude maneuvers; the next step for the HDD-RWs is to perform environmental
testing and demonstration in space. Although environmental testing and demonstration in

space are outside of the scope of this project, the potential impacts of environmental factors
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on the HDD-RWs are discussed.

Reaction wheel failures due to environmental factors can be broadly classified in two
categories - early failures due to exceeding of a physical limitation and long-term failure due
to degradation. Since reaction wheels consist of moving elements, they degrade over time and
are oftentimes the limiting factor of a satellite’s lifetime [8]. Moreover, their dynamic nature
may cause a runaway effect of issues that initially had only been minor. For example, a small
radial displacement of a reaction wheel motor spindle due to rocket launch loads may cause
adverse motor vibrations due to imbalance, which may cause bearing wear, leading on to
further increase in motor vibrations. Therefore, for reaction wheel designs, it is important to
both assess whether the reaction wheel will survive the launch and space environment as well
as evaluate how long they will be able to perform their function in the space environment.

In this section, potential early failures of the HDD-RWs due to the critical space envi-
ronmental factors are first discussed and then followed by discussion of degradation of the
HDD-RW in space environment. Environmental effects on the HDD-RW lubricant will be
emphasized as motor degradation often occurs due to lubrication loss, which may be caused

by lubricant evaporation, degradation, and migration.

2.4.1 Microgravity

The microgravity environment of space poses a risk to motors as fluid surface tension
forces become more significant and may cause lubricant to migrate such that an insufficient
amount of lubricant within a region of the bearing causes metal-on-metal contact, resulting
in abrasion. In this project, the HDD-RWs have successfully functioned in microgravity
parabolic flight. Additionally, the International Space Station (ISS) as well as several ISS
experiments have successfully used HDDs as memory storage devices on orbit for extended
periods of time. The HDD-RW parabolic flight demonstrations along with the long-term use
of HDDs on the ISS indicates that the microgravity environment of space will likely not fail
due to microgravity environment.

It should be noted that HDDs on the ISS have failed and have been routinely swapped.
Although the causes of the HDD failures on the ISS have not been published, the failures
were likely due to either radiation-induced magnetic memory failures or mechanical wear-out

failures. While magnetic memory failures are not a concern for HDD-RWs as their purpose
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is not memory storage, mechanical wear-out failures are relevant to the HDD-RWs - this is
discussed in Section 2.4.6. It should also be noted that newer HDD models have a free fall
sensor that automatically stops rotation of the HDD disk if the HDD is detected to be in
free-fall. The free-fall feature is not an issue for HDD-RWs in microgravity as the original

HDD'’s circuit board is removed.

2.4.2 Radiation

Space radiation poses a risk to both mechanical and electrical components of a satellite.
Charging within the motor bearing caused by charged particle radiation may lead to acceler-
ated degradation. Particle radiation may also cause single event effects in the HDD-RW ESC
which could lead to consequences ranging in severity from a momentary error to permanent
failure.

The effects of radiation on HDDs have been studied in [37] and [38]. Both studies
observe HDD data failures caused by radiation; however, the failures do not occur in the
HDD motor. In [37], the HDD failure points are identified to be the interface circuit and
the read subsystem and in [38], the failure occurs in reading data and is resolved by power
cycling the HDD. Both of these studies indicate that space radiation likely has negligible
effects on the HDD-RW motor.

Similar to every electrical component of a satellite, the HDD-RW ESC is susceptible to
failure due to radiation. Single event effects may cause soft or hard errors in the ESC that
may result in a variety of possible failures. The failure may have no significant consequence,
such as a single event upset that causes the ESC to command an incorrect but valid speed,
or the failure may have severe consequence, such as a single event gate rupture in one of
the ESC’s MOSFETS causing permanent failure of the ESC. The likelihood of ESC failure
due to radiation is dependent on the ESC model used and is difficult to predict. University
CubeSat missions are relatively short in duration and generally have high risk tolerance, thus
effects of radiation on most CubeSat components, including reaction wheel ESCs, are often
considered to be acceptable risks. If higher radiation tolerance is desired, the ESC may be

placed within a shielded enclosure.
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2.4.3 Vacuum

The vacuum environment poses a risk to the HDD-RW motor lubricant as the lubricant
may offgas - resulting in accelerated degradation or possibly short-term failure of the HDD-
RW. At the UC Davis Center for Space Flight Research, the 2.5-inch HDD-RW were tested
in a low-vacuum environment with a pressure of 6.5 kPa. During the test, the HDD-RW was
commanded to a predetermined sequence where it sped up in the counter-clockwise direction,
slowed down to a stop, sped up in the clockwise direction, and finally slowed down to a stop.
The HDD-RW was observed to spin with no observed anomalies or damage. The current
draw of the HDD-RW had no significant difference before and after vacuum testing. During
vacuum testing, the current draw of the HDD-RW was observed to be approximately 30 - 40%
lower than in atmosphere in both the counter-clockwise and clockwise directions - this is an
expected result as there is no air resistance in vacuum, leading to less power required to run
the motor at the same speed. Although the vacuum testing was not conducted at standard
higher vacuum levels due to limited lab resources, the results provide more confidence in
the HDD-RW technology performance in the space environment. Longer duration vacuum
testing of the HDD-RWs at high-vacuum levels is necessary to confirm if offgasing of the

bearing lubricant may occur in space.

Figure 2.7: 2.5-inch HDD-RW Vacuum Testing
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2.4.4 Vibration & Shock

Vibration and shock loads during rocket launch pose a risk of mechanical damage to the
HDD-RW motor. HDDs are designed to withstand high vibration and shock loads. The
1.8-inch, 2.5-inch, and 3.5-inch HDD models used for HDD-RWs in this project are designed
to withstand 1500 G’s, 1000 G’s, and 350 G’s, respectively for 1 - 2 milliseconds. While
acceleration loads during launch last on the order of minutes, the high shock specifications
are a promising indicator that HDDs may survive the launch environment. HDDs have also
functioned successfully on the ISS after being launched on board the Space Shuttle and
Soyuz Rocket.

Preliminary vibration testing of the 2.5-inch HDD-RW was performed at the UC Davis
Center for Geotechnical Modeling. During the vibration test, a 2.5-inch HDD-RW was vi-
brated along each of its three orthogonal axes with the frequency profile adhering to the
NASA GEVS standards [39]. Before and after the vibration tests, the HDD-RW was com-
manded to a predetermined sequence where it sped up in the counter-clockwise direction,
slowed down to a stop, sped up in the clockwise direction, and finally slowed down to a stop.
The HDD-RW current draw shows no significant difference between testing before and after

vibration, as shown in Figure 2.9.

Figure 2.8: 2.5-inch HDD-RW Vibration Testing
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Figure 2.9: 2.5-inch HDD-RW Vibration Testing Results

The results from the preliminary vibration testing of the 2.5-inch HDD-RW suggest
that the HDD-RW would likely survive the launch environment. Shock testing as well as
further vibration testing is recommended for the HDD-RWs. In addition to the current
draw, it would be valuable to compare the HDD-RW speed before and after vibration &
shock loading. It is also recommended to verify that the electrical connection used between

the HDD and ESC survives vibration and shock loads.

2.4.5 Thermal

The extreme temperature ranges in space environment poses a risk to the HDD-RW motor
lubricant as the lubricant may undergo evaporation or gelation - resulting in accelerated
degradation or possibly immediate failure of the HDD-RW. Additionally, thermal gradients
may cause mechanical failure in the bearing due to thermal expansion or contraction. HDDs
are typically designed to operate in 5 to 60 degrees Celsius. Thermal-vacuum (TVAC)
testing of the HDD-RWs is critical to verify behavior of the lubricant under coupled effects

of vacuum and thermal extremes.

34



2.4.6 Degradation

Due to their degradation rate, reaction wheels are often the limiting factor of a space-
craft’s lifetime [8]; therefore, it is important to understand the expected lifetime of the
HDD-RWs and techniques to minimize degradation for the HDD-RWs. HDDs typically have
a design life of 2 to 5 years - this should be considered an upper limit to the lifetime of the
HDD-RW as variable rotational speeds and the space environment will likely hasten the rate
of degradation. If the HDD-RW has previously been used as an HDD for a long period of
time, then its expected lifetime as a HDD-RW should be expected to be shorter. To minimize
degradation of flight units, ground testing of the HDD-RWs should be performed with test
units. However, rather than using new or almost-new HDDs for flight, it is recommended for
the flight units to go through a wear-in process in both directions to ensure that they do not
exhibit early failure due to potential manufacturing defects. Additionally, it is recommended
for the attitude controller to utilize a torque limiting feature to minimize bearing wear of
the HDD-RW.

To quantify the lifetime and reliability over time of the HDD-RWs, their degradation
should be studied. Bearing lubrication is the principal life-limiting factor for reaction wheels
[8]. Accordingly, the HDD-RW component that is most likely vulnerable to launch loads
and the space environment is the bearing lubricant. Lubricant loss may occur by several
different mechanisms and heavily depends on the pressure and temperature of the lubricant.
Therefore, long-duration testing of the HDD-RWs in TVAC or space environment is impor-
tant to quantify their performance over time. Such testing has not been performed during

this research, but recommended for future development studies and implementation.
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Chapter 3

Attitude Control with Hard Disk
Drive Reaction Wheels

3.1 Introduction

The goal of this project was to raise the TRL of the HDD-RWs from TRL 4 to TRL
6 [40]. This was achieved by demonstrating attitude control in microgravity environment
induced by parabolic flights. This chapter discusses modeling of the HDD-RW, development
of the controller, results from parabolic flight, system-identification from flight results, and
simulation. In Section 3.2, the process of developing the 2.5-inch and 3.5-inch HDD-RW
actuator models is discussed. In Section 3.3, the stabilization and pointing controllers are
described along with a keep-out-zone algorithm for the HDD-RWs and results from ground
testing are presented. In Section 3.4, flight results of the 2.5-inch and 3.5-inch HDD-RWs
are presented and discussed. And lastly, in Section 3.5, the process of system identification

from flight data is presented and results from simulation of the system model are presented.

3.2 HDD-RW Actuator Modeling

To perform attitude control, an actuator model of the HDD-RWs was developed from
ground testing. The HDD-RW actuator was composed of an ESC that converts ESC com-
mands to current and the HDD motor that converts current to torque, as shown in Figure
3.1. Individually modeling the ESC and HDD motor would require a complex model of
the ESC commutation and electromotive torque in the HDD motor. Instead, the HDD-RW
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actuator model used, was a lumped model of the ESC and HDD motor, as shown in Figure
3.2. This lumped HDD-RW actuator model was shown to accurately model the ESC and
HDD-RW system and eliminated the need for sophisticated models or intensive testing of the
individual HDD-RW and ESC units. The HDD-RW actuator model is composed of an ESC
mapping that converts ESC commands to RPM commands, a first order transfer function
that converts RPM commands to motor RPM, gains that convert motor speed from RPM
to rad/s and motor speed to HDD-RW angular momentum, and finally a derivative transfer

function that converts HDD-RW angular momentum to HDD-RW torque.

HDD-RW

ESC Current HDD-RW

Command ESC HDD Motor Torque

Figure 3.1: HDD-RW System Block Diagram

HDD-RW Model
HDD-RW

RPM Angular
Command 1 Motor RPM RPM to Motor rad/s Momentum HDD-RW
— X MOlIypp s -
s+ 1 rad/s Torque

ESC to RPM
—* Quadratic
Mapping

ESC
Command

Figure 3.2: HDD-RW Model Block Diagram

Modeling of the HDD-RWs was performed by conducting a step response test, during
which a series of increasing step ESC inputs were commanded and the resulting HDD-RW
speed was measured. The step response test was conducted for the 2.5-inch and 3.5-inch
HDD-RWs in both directions. The resulting transfer function from the step response test
is specific to the ESC and HDD-RW hardware used. The step response test or an similar
system identification test, such as variable frequency input [41], should be performed for
each ESC and HDD-RW system, as the transfer functions will differ by HDD hardware,
ESC hardware, and voltage and current supplied. Note that while this research developed a
hand-crafted system model and system identification methodology, several existing system
identification software tools such as System Identification Toolbox by MATLAB [42] and

Comprehensive Identification from FrEquency Responses (CIFER) [43] exist which provide
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additional benefits such as uncertainty quantification.

The goal of the step response test was to quantify the relationship between the ESC input
and the output HDD-RW speed. A schematic of the step response test is shown in Figure
3.3. A Raspberry Pi 3B+ was used to provide a PWM signal to the iFlight SucceX-E V1
ESC which drove the HDD-RW. The ESC was powered by a buck converter which outputted
either 12.0 V for the 2.5-inch HDD-RW or 15.0 V for the 3.5-inch HDD-RW. A series of step
inputs were commanded to the ESC such that the HDD-RW increased in speed and reached
steady state before the next step input was commanded. The HDD-RW speed was measured
by a Hobbywing RPM sensor, a low-cost RPM sensor typically used for UAV BLDC motors.
The RPM measurements were collected by an Arduino Uno. The step response test was

performed for the HDD-RW in both the clockwise and counterclockwise direction.

Raspberry ESC Input Three Phase Current
Pi 3B+ ESC

HDD ——> RPM

Measured Arduino
—_—
RPM Uno

RPM Sensor
Voltage Signal Back EMF

Figure 3.3: Step Response Test Schematic

3.2.1 ESC Input

The ESC takes a pulse width modulation (PWM) signal as an input from the Raspberry
Pi 3B+. The input PWM signal has a frequency of 50 Hz and a duty cycle ranging from
5.0% to 10.0%, which corresponds to pulse widths of 1000us to 20000us. Since the value of
the PWM signal pulse width was inputted into the program commanding the ESC on the
Raspberry Pi, the pulse width value will be referenced rather than the duty cycle. A pulse
width input of 1000us corresponds to the max motor speed in the reverse spin direction, a
value of 2000us corresponds to the max motor speed in the forward spin direction, and a
value of 1500us corresponds to zero spin. The direction is determined by the permutation

of the three ESC leads and three HDD-RW phase leads.
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3.2.2 2.5-inch HDD-RW Actuator Modeling

The step response test began with an ESC input of 1500us, which corresponds to zero
motor speed. For the 2.5-inch HDD-RW clockwise (CW) direction test, the ESC input was
incremented by 20us from 1500us to a final value of 2000us; each step was held for 10
seconds. The 2.5-inch HDD-RW counter-clockwise (CCW) direction test ESC input was
incremented by 50us from 1500us to a final value of 1000us; each step was held for 10
seconds. A relatively small step size was chosen as a CubeSat attitude stabilization or
pointing controller would typically slowly increment the reaction wheel speed. The step

response test ESC input for the 2.5-inch HDD-RW is shown in Figure 3.4.
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Figure 3.4: Step Response Test ESC Input - 2.5-inch HDD-RW

The RPM sensor used measured the HDD-RW speed by counting the number of voltage
pulses caused by back-EMF of the motor within a fixed window of time. The RPM sensor
had a resolution of 50 RPM. The equation for the RPM sensor measurement is given in
Equation 3.1:

d
n/p « goleconds

60 (3.1)

RPM =
T minute
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where RPM is the revolutions-per-minute of the HDD-RW, T is the sampling period in
seconds, n is the number of motor back-EMF' signals detected within the sampling period,
and p is the number of poles of the motor. The 2.5-inch HDD-RW model used has 12 poles.

Due to the low back-EMF of the 2.5-inch HDD-RW, the RPM sensor was prone to
measurement dropout, resulting in an underestimated motor speed and frequent outliers.
Since the HDD-RW was commanded to a monotonically increasing speed, the RPM sensor
data was filtered by excluding data points that were less than the previous measurement, as

shown in Figure 3.5.

RPM Sensor Data - Raw vs Filtered - 2.5-inch HDD-RW
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Figure 3.5: RPM Sensor Filtering

The measured and modeled HDD-RW speed vs. ESC input for both the CW and CCW
direction are shown in Figures 3.6 and 3.7. The HDD-RW was observed to reach a steady
state speed for each command step. The relationship between the ESC input and the HDD-
RW command was determined using the steady state speeds. A quadratic fit, shown in
Figure 3.8, was found to best describe the relation between the HDD-RW steady state
speeds and ESC input. In Figure 3.8, the x-axis is dESC which is defined as the absolute
difference between the ESC input and the neutral ESC input (15004s), as shown in Equation
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3.2. Plotting the steady state speeds with dESC input for both the CW and CCW transfer

functions indicates higher speed in the CCW direction, as expected due to less friction.
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Figure 3.6: 2.5-inch HDD-RW CW Step Response RPM vs Input
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Figure 3.7: 2.5-inch HDD-RW CCW Step Response RPM vs Input
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Figure 3.8: 2.5-inch HDD-RW Steady State RPM to ESC Command Fit

The coefficients for the polynomials describing the relationship between the steady state
HDD-RW speed and ESC input is given for the clockwise (CW) and counter-clockwise
(CCW) directions in Equations 3.3 and 3.4. The polynomials describe the ESC transfer
function, which relates the ESC input to the RPM command. Note that the equation uses
the dESC variable defined in Equation 3.2 in units of us and the RPM calculated is an

absolute value that does not indicate direction.

dESC = |ESC — ESCreutral (3.2)

2.5-inch HDD-RW CW: RPM = —0.037065(dESC)? + 76.350(dESC) — 3076.2  (3.3)

2.5-inch HDD-RW CCW: RPM = —0.030390(dESC)? + 70.195(dESC) — 126.19  (3.4)

The transfer function of the HDD, which relates RPM command to motor RPM, was
found by fitting a transfer function to the HDD-RW RPM data. A first order transfer
function was found to fit the data. The time constant for the 2.5-inch HDD-RWs was found
to be 1.3 seconds for both the CW and CCW directions. The step response modeled RPM

vs. measured RPM is shown in Figures 3.6 and 3.7.
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3.2.3 3.5-inch HDD-RW Actuator Modeling

The 3.5-inch HDD-RW actuator model was developed using the same process as the
2.5-inch HDD-RW. The step response test measured vs. modeled RPM values are shown in
Figures 3.9 and 3.10. The ESC to RPM quadratic mapping equations are shown in Equations
3.5 and 3.6. The time constant for the 3.5-inch HDD-RWs were found to be 1.4 seconds and
1.9 seconds in the CW and CCW directions, respectively.

3.5-inch HDD-RW Step Reponse Test
Direction: CW, Step Size: 10, Step Duration: 2s
T T

RPM

ESC Command

)
Time (sec)

Figure 3.9: 3.5-inch HDD-RW CW Step Response RPM vs Input
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Figure 3.10: 3.5-inch HDD-RW CCW Step Response RPM vs Input
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3.5-inch HDD-RW CW: RPM = —0.0065(dESC)? + 40.8(dESC) — 70.0 (3.5)

3.5-inch HDD-RW CCW: RPM = —0.0065(dESC)? + 49.0(dESC) — —79.0  (3.6)

3.3 Controller Implementation

To perform the attitude control demonstrations, a classical feedback control system was
implemented. A high level block diagram of the control system is shown in Figure 3.11.

The plant, state determination, and controller blocks are each described in the following

subsections.
Controller Plant CubeSat
HDD HDD DD-RW Rotation
Torque T Torque sc ESC HDD-RW Rate &
PD Command orque | -ommand EsC Command Current Torque | CubeSat attitude
1 Controller Saturation Saturation ESC HDD Motor Dynamics
& Scaling and KOz v
State Determination
Filtered
Quaternion Estimate, CubeSat ) MU CubeSat
Filtered CubeSat Rotation Rate Quaternion | Rotation Rate Ro;a'tclon Measurement MU Rotation Rate
) ate
Propagation Filtering

Figure 3.11: HDD-RW System Control Diagram

3.3.1 Plant

The plant consists of the ESC, HDD, and CubeSat. The ESC receives ESC commands
from the controller and outputs current to the coils of the HDD motor. The HDD motor
converts the electrical current to mechanical torque which rotates the HDD disk. By the
action-reaction principle, torquing of the HDD disk results in a counter-torque of the Cube-
Sat. In microgravity environment, the CubeSat has complete rotational freedom, thus its
motion is governed by pure rotational dynamics in the inertial reference frame.

3.3.1.1 HDD-RW Model

The HDD-RW is comprised of the ESC and the HDD. The input of the HDD-RW is the
ESC command and the output is the torque of the HDD. The HDD-RW actuator model is

described in detail in Section 3.2.
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3.3.1.2 CubeSat Dynamics

The rotational motion of a rigid body in free-space can be generally described by Euler’s

rotational equation, shown in Equation 3.7:

GB1 = (J5) (LG —wB' x (J5wEN)] (3.7

where the BI superscript denotes the body frame with respect to the inertial frame, C'
denotes the body frame centered at the center of mass, wB! is the rate of change of the
body rotational rates with respect to the inertial frame, J§ is the inertia matrix of the body
with respect to the center of mass, L% is the torque applied to the body in the body frame
(centered at its center of mass), and w5’ is the rotational rates of body in body frame with
respect to the inertial frame.

For a CubeSat with reaction wheels in microgravity environment, Euler’s rotational equa-

tion can be written as shown in Equation 3.8:

wg' = (J5) " [L5 — L —wg' x (Jwg' + Hy)] (3.8)

where L% is the reaction wheel torque applied to the body in the body frame (centered
at its center of mass), Hp is the angular momentum of the reaction wheels along their spin
axes in the body frame (centered at its center of mass), and all other terms are the same as
described earlier in Equation 3.7.

It is important to know the moment of inertia of the CubeSat as well as the HDD-RW.
The moment of inertia of each CubeSat was estimated using a CAD model developed in
SolidWorks. The CubeSat CAD model included each component of the CubeSat with the
exception of the wire harnessing, which was considered to have negligible mass in comparison
to the other components. The CAD-derived CubeSat moment of inertia values are shown in
Table 3.1. The off-diagonal terms of the inertia matrix were considered negligible and set to
zero in the flight software as they were estimated to be 2 orders of magnitude less than the
diagonal terms. The moment of inertia of the revolving components of the HDD-RW - the
disk and the spindle - was also found numerically by creating a CAD model. The disk was
weighed and the mass was uniformly applied to the disk of the HDD-RW CAD model. The
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density of the spindle was assumed to be uniform and to have the density of aluminum. Due
to the spindle mass distribution being close to the center of mass of the disk and spindle,
the spindle was found to have negligible moment of inertia. The moment of inertia values
for each of the HDD-RWs is shown below in Table 3.1.

Table 3.1: CAD-based MOI values of HDD-RWs and HDD-RW CubeSats

Parameter Value
1.8-inch HDD-RW MOI 8.031 gem?
2.5-inch HDD-RW MOI 49.0562 gem?
3.5-inch HDD-RW MOI 902.78 gcm?

992.9 0 0
1.8-inch HDD-RW CubeSat Inertia Matrix 0 9931 0 | gcm?
0 0 999.6

45613.39 39.12 —76.59
2.5-inch HDD-RW CubeSat Inertia Matrix 39.12  47155.66 —24.75 | gem?

—76.59  —24.75 49825.17

59325.93 —-982.28 —119.33
3.5-inch HDD-RW CubeSat Inertia Matrix —082.28 62010.87 1782.17 gcm2

—119.33  782.17 67481.00

3.3.2 State Determination

The state determination block computes the CubeSat’s rotation rates and attitude which
is subsequently used in the controller to determine what torque to output to stabilize or point
the CubeSat. The rotation rate is measured by the CubeSat’s gyroscope. After the gyroscope
bias is removed and the raw measurement is filtered, the measurement is used to propagate
the CubeSat’s attitude. The filtered rotation rate along with the CubeSat’s quaternion error
is then passed on to the controller.

3.3.2.1 Gyroscope and Filtering

The gyroscope bias and noise were estimated using a static calibration test during which
the gyroscope data was recorded while it was stationary. Static calibration tests of each of

the CubeSat’s gyroscopes was performed for periods of 90 minutes. The gyroscope bias was
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found by taking the average of the gyroscope measurements over the period of the static

calibration test. The flight software subtracted the bias from the raw gyroscope value to

obtain the unbiased gyroscope value. The unbiased gyroscope values were filtered using a

discrete first-order low-pass filter where the smoothing factor was o = 0.8 (7 = 0.075s).

3.3.2.2 Quaternion Propagation

The CubeSat’s current quaternion was computed by propagating the previous quaternion

with the CubeSat’s current body rotation rate. The initial CubeSat quaternion was defined

to be the unit quaternion, as shown in Equation 3.9. Note that the scalar last quaternion

convention is used here. The propagation equation is shown in Equations 3.10, 3.11, and

3.12:

+q4
+43
—q2
—q1

—d3
+q4
+q1

—q2

+q2
—q1
+q4

—qs3

The quaternion error is calculated using equation 3.13:

a +Qs4 +Q3
G|  |—W@s +Q
qs +0Q2 —Q1
4 | Q1 Qs

—Q>
+Q1
+Q4
+Q@s3

—Q1
—Q2
—Q3
+Q4

0
a2
as
’z

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

where ¢° is the error quaternion, () is the desired quaternion attitude, and ¢ is the

currently estimated quaternion attitude. The quaternions shown follow the scalar-last con-

vention. () and g must be with respect to the same inertial reference frame. For the parabolic
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flight experiment, the reference frame for a given trial is taken to be the CubeSat’s attitude

at the beginning of the trial, and 7 is the iteration index.

3.3.3 Controller
3.3.3.1 PD Controller

For both the stabilization and pointing demonstrations in microgravity parabolic flight,
the CubeSat testbeds utilized a PD controller. The simplicity of the PD controller allows
the HDD-RW controller to be more easily replicated in future implementations and avoids
complex behavior that may convolute performance of the HDD-RWs. A quaternion controller
was used for the pointing controller to avoid angular singularities or discontinuities in the
controller.

The stabilization controller follows the control law shown in Equation 3.14:

Stabilization Controller: 7' = — [Kpw + Kpw] (3.14)

where T'is the desired stabilization torque, Kp is the proportional stabilization gain, Kp
is the derivative stabilization gain, w is the CubeSat body rotation rate, and w is the time
derivative of the CubeSat body rotation rate.

w was estimated using a backwards difference derivative, shown in Equation 3.15:

Wi — Wil
g = ———— 1
W Y (3.15)

where w’ is the current body rotation rate measurement, w®~! is the previous body rota-
tion rate measurement, and At is the time step.
The pointing controller followed the quaternion control law found in [44] and shown in

Equation 3.16:

Pointing Controller: T, = — [sign(q3) Kpq;, + Kpw,| ,u = x,y, 2 (3.16)

where u denotes the axis (x, y, or z), T is the desired pointing torque about axis u, ¢°
is the quaternion error, Kp is the proportional pointing gain, Kp is the derivative pointing
gain, and w is the CubeSat body rotation rate. The quaternion shown follows the scalar-last

convention.
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3.3.3.2 Torque Scaling
A rapid change in rate of ESC command to the HDD-RWs may have led to the ESC

commutation becoming out of phase with the motor position, resulting in the motor stopping
or causing permanent damage. To avoid such a scenario, the ESC command rate of change
was limited by implementing a torque limit. The maximum allowable torque was defined for
the HDD-RW by mapping the maximum allowable ESC command change over a controller
loop duration to change in angular momentum over a controller loop duration. Due to the
coupled nature of rotational motion, it is important to preserve the direction of the desired
torque; this was done by scaling the torque vector. If the absolute value of any of the torque
vector elements exceeded the maximum allowable torque, torque scaling was performed, as

defined in Equation 3.17:

deﬂ?

ma:zc( |Tp7‘e—scal6d | )

(3.17)

Tscaled - Tpre—scaled

where Tyeqieq is the scaled torque, max (|7 e—scateal) is the element of maximum absolute
value in the pre-scaled torque vector, T}, e—scaleqd 1 the torque value prior to torque scaling,
and T},.. is the maximum allowable torque.

3.3.3.3 ESC Saturation and Keep-Out-Zone

The torque command was converted to an ESC command with a linear mapping that

was found from the HDD-RW step response test, shown in Equation 3.18:

ESC' = ESC™ + kT (3.18)

where ESC" is the current ESC command, £SC* ! is the previous ESC command, k is
the linear mapping from torque to change in ESC command found from the step response
test, and T is the desired torque.

The outputted ESC command was allowed to range from 1000us to 2000us. If any
element of the computed ESC command was less than the minimum allowable ESC value,
that element was set to the minimum allowable ESC value before being sent to the ESC.
Similarly, if the ESC command was greater than the maximum allowable ESC value, that

element was set to the maximum allowable ESC value before being sent to the ESC. It is
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worth noting that this ESC saturation feature would change the command torque direction
from the torque direction computed by the PD controller; however, if the computed ESC
command exceeded its allowable range, stabilization would not have been possible as the
HDD-RW would have been saturated.

BLDC motors, which are used in hard disk drives, are generally not well-suited for spin-
ning at low speeds - this makes motor start-up, low-speed operation, and direction-switching
challenging. When the BLDC motor is stationary, if the rate of change of the ESC commands
is not sufficiently fast, the ESC will not provide sufficient current to overcome the motor’s
static friction. On the other hand, at low speeds, if the rate of change of the ESC com-
mands is not sufficiently slow and smooth, the ESC commutation will become out of phase
with motor position and the motor will stop spinning. Direction-switching combines these
two challenges since the motor will need to transition through a low-speed in one direction,
coming to a complete stop, and start-up in the other direction.

The motor start-up problem was addressed for the HDD-RW controller by defining a
standard start-up sequence for each direction that was always used when commanding the
HDD-RW from zero speed to a non-zero speed. The low-speed and direction-switching
problems were addressed by implementing a “keep-out-zone” - a range of ESC command
values centered around zero that were not permitted, preventing the HDD-RW from spinning
at low-speeds or stopping. If the torque command mapped to an ESC value that was
within the keep-out-zone (KOZ), the ESC was instead commanded to either the upper or
lower bound of the keep-out-zone, depending on whether the controller was attempting
to command a lower speed in the same direction or a speed in the opposite direction. A
“desired ESC command” state was tracked to differentiate between the controller attempting
to command a lower speed in the same direction or a speed in the opposite direction. The
ESC command algorithm is shown in Algorithm 1 and an example is shown in Figure 3.12

and explained below:
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Algorithm 1 ESC Command Algorithm

1+ 0
while Controller = on do
ESC_des[i] <-ESC_cmd[i-1] + KkT[i]
if ESC_des[i] > KOZ_upper_bound or ESC_des[i] < KOZ_lower_bound then
ESC_cmd[i] < ESC_des[i]
else if ESC_des[i] > ESC_neutral and ESC_des[i] < KOZ_upper_bound then
ESC_des[i] < ESC_des[i-1] + kT[i]
if ESC_des[i] < KO0Z_lower_bound then
ESC_cmd[i] < KOZ_lower_bound
else
ESC_cmd[i] < KOZ_upper_bound
end if
else if ESC_des[i] < ESC_neutral and ESC_des[i] > KO0Z_lower_bound then
ESC_des[i] < ESC_des[i-1] + kT[i]
if ESC_des[i] > KOZ_upper_bound then
ESC_cmd[i] < KOZ_upper_bound
else
ESC_cmd[i] < KOZ_lower_bound
end if
end if
1 1+1

end while
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Figure 3.12: Keep-out-zone examples

In Case 1, the previous ESC commanded is above the KOZ upper bound and the next
desired ESC command is in the KOZ. An updated desired ESC command is calculated based
on the previously desired ESC command, which happens to be the same as the previous
ESC command. Since the updated desired ESC command is still in the KOZ, the outputted
ESC command is set to the KOZ upper bound. In Case 2, the previous ESC command
and previous desired ESC command are the same as Case 1, but the current desired ESC
command is below the neutral point. An updated desired ESC command is again computed,
which is still in the KOZ, thus the outputted ESC command is again the KOZ upper bound.
In Case 3, the previous ESC command and previous desired ESC command are again the
same as Case 1 and 2, but the current desired ESC command and updated desired ESC
command are on the other side of the KOZ. Thus, the outputted ESC command is set to
the KOZ lower bound - this allows the motor to transition from one direction to another. In
Case 4, the previous ESC command is the KOZ upper bound but the previous desired ESC
command is in the opposite direction. The current ESC desired is within the KOZ, leading
to calculation of the updated ESC desired which is below the KOZ lower bound. Since
the updated desired ESC command is on the other side of the KOZ, the outputted ESC

52



command is the KOZ lower bound which allows the motor to transition from one direction
to another.

Note that the use of saturation along with the PD controller may lead to issues such as
wind-up. Such issues can be resolved with controller techniques such as anti-windup terms

or by use of more advanced controllers such as model predictive control (MPC).

3.3.4 Fishing Line Testing

Testing and tuning of the controller was performed on the ground with fishing line testing
where the CubeSat was suspended by a fishing line, allowing for a single degree of rotational
freedom about the gravitational axis. Fishing line testing is a common low-cost method used
to test CubeSat attitude control. Fishing line testing can be used to test three-axis attitude
control by suspending the CubeSat from a corner, requiring engagement of all reaction wheels
- this technique was predominantly used during ground testing of the HDD-RWs. In this
research, the fishing line torsional dynamics, spring dynamics, and pendulum dynamics were
not modeled; however, it is recommended to model these dynamics and create a simulation
to be able to evaluate the HDD-RW performance through ground testing with a higher level

of accuracy.

(a) 1.8-inch HDD-RW (b) 3.5-inch HDD-RW (c) Fishing line testing before
fishing line testing fishing line testing flight campaign 2 using ladder

Figure 3.13: Fishing line testing

For fishing line testing, a longer and thinner fishing line is desirable to reduce the torsional

stiffness and damping of the line, which has a stabilizing effect. Accordingly, a 30 1b fishing
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line was used to suspend the HDD-RW CubeSat from a corner from a height of 1 - 2 meters.
A key ring was tied to the suspended fishing line and a loop of fishing line was attached to
the corner of the CubeSat. The key ring allowed for quick fastening and unfastening of the
CubeSat on the fishing line. Foam was placed directly below the CubeSat as a precaution
in case the fishing line or knot failed.

Similar to flight testing, during fishing line testing of the stabilization controller, the
CubeSat was given an initial rotation. During testing of the pointing controller, the CubeSat
was either left stationary or given an initial rotation. Rotation of the CubeSat was performed
manually with two hands on each side of the CubeSat to minimize the net lateral and vertical
forces thereby mitigating undesirable pendulum and spring motion.

Selected results from fishing line testing of the pointing controller of the 3.5-inch HDD-
RWs are shown in Figures 3.14, 3.15, and 3.16. In each of these tests, the controller was
observed to oscillate about its target attitude or approach its target with some oscillation
- this is by design as the controller was intended to reach its pointing target within ap-
proximately 5-10 seconds, even if it did not stabilize. The CubeSat angular momentum
was observed to significantly decrease, showing that the HDD-RWs stabilize the CubeSat.
An oscillation of approximately 3.5 Hz frequency was observed in the body rotation rate.
Using the pendulum natural frequency equation, shown in Equation 3.19 where f is the
pendulum frequency, ¢ is gravity, and L represents the pendulum length, showed that the
3.5 Hz frequency corresponded to a pendulum length of approximately 2.0 cm which was the

approximate diameter of the key ring used.

_ 1 g
f_% z (3.19)

Selected results from fishing line testing of the pointing controller of the 2.5-inch HDD-
RWs are shown in Figures 3.17, 3.18, and 3.19. In each of these tests, the controller reached
its target attitude with minimal oscillation and also stabilized the CubeSat. The final body
rotation rates for each of the trials were below 1 deg/s and the final angular errors were

0.15°, 1.24°, and 0.27° for Trials 1, 2, and 3, respectively.
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Figure 3.14: 3.5-inch HDD-RW CubeSat Fishing Line Testing Pointing Trial 1

3.5-inch HDD-RW CubeSat Fishing Line Testing - Pointing Trial 2
Target Axis: [1 -1 1], Target Angle: 45
Kp =0.00045, Kd = 0.0007315
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Figure 3.15: 3.5-inch HDD-RW CubeSat Fishing Line Testing Pointing Trial 2
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3.5-inch HDD-RW CubeSat Fishing Line Testing - Pointing Trial 4
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Figure 3.16: 3.5-inch HDD-RW CubeSat Fishing Line Testing Pointing Trial 4
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Figure 3.17: 2.5-inch HDD-RW CubeSat Fishing Line Testing Pointing Trial 1
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2.5-inch HDD-RW CubeSat Fishing Line Testing - Pointing Trial 2
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Figure 3.18: 2.5-inch HDD-RW CubeSat Fishing Line Testing Pointing Trial 2

2.5-inch HDD-RW CubeSat Fishing Line Testing - Pointing Trial 3
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Figure 3.19: 2.5-inch HDD-RW CubeSat Fishing Line Testing Pointing Trial 3
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3.4 HDD-RW Flight Testing Results

Microgravity parabolic flight testing of the HDD-RWs took place over the course of six
parabolic flights. During Flights 1 and 2, the functionality of the flight experiment hard-
ware and operations were tested. The 1.8-inch HDD-RW and 2.5-inch HDD-RW CubeSats
executed a pre-programmed sequence of ESC commands. In the first two flights, the data
saving rate was not fast enough to draw conclusions on the HDD-RW performance. During
Flights 3 and 4, stabilization after an initial attitude disturbance was demonstrated using
the 3.5-inch HDD-RWs. And during Flights 5 and 6, pointing to a predefined attitude was
demonstrated using the 2.5-inch HDD-RWs. Results from Flights 3 through 6 are discussed

in the following subsections.

3.4.1 Stabilization with 3.5-inch HDD-RWs

During Flights 3 and 4, two different 3.5-inch HDD-RWs performed several demonstra-
tions of CubeSat stabilization. The two CubeSats were tested simultaneously during each
flight - the “Chamber CubeSat” was tested inside the chamber, while the “External Cube-
Sat” was tested outside the chamber. The addition of the External CubeSat demonstration
provided the intended outcome of longer float duration times as well as twice the amount of
flight data. During the flight, prior to the beginning of the microgravity period, the operator
would press a button on the CubeSat that would initiate a 3 second countdown; by the end
of the countdown the microgravity period would begin and the operator would release the
CubeSat with an arbitrary rotation, after which the CubeSat would activate its stabilization
controller and begin recording data.

Figures 3.20 and 3.21 show the angular momentum vs time of the External CubeSat
and the Chamber CubeSat trials during Flight 3. The initial spike in angular momentum
corresponds to the initial rotation imparted by the operator; release occurred at the peak
angular momentum value, after which the HDD-RWs mitigated the CubeSat’s angular mo-
mentum. Most trials were terminated by capture or contact with the floor or chamber before
the controller settles; however, the three-axis stabilization controller clearly demonstrated
consistent three-axis mitigation of initial rotation.

Figure 3.22 shows Trial 8 of the Chamber Experiment from Flight 3. The CubeSat
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began with an angular momentum of approximately 32.8 mNms which the 3.5-inch HDD-
RWs reduced to 9.2 mNms by the end of the trial 4.6 seconds later. The CubeSat body
rotation rate at release and end of trial were [-128.2, -275.3, -251.7] deg/s and [4.8, -69.1,
-62.0] deg/s, respectively.

Figure 3.23 shows Trial 10 from the External Experiment from Flight 3. The CubeSat
began with an angular momentum of approximately 49.2 mNms which the 3.5-inch HDD-
RWs reduced to 16.4 mNms by the end of the trial 6.5 seconds later. The CubeSat body
rotation rate at release and end of trial were [-330.2, 495.0, 90.3] deg/s and [-205.1, 20.1,
-27.9] deg/s, respectively.

Both Chamber Experiment Trial 8 and External Experiment Trial 10 from Flight 3
exhibited oscillation in the CubeSat angular momentum. This oscillatory behavior was
observed in most trials of Flight 3 and was determined to be due to two factors - latency
in the controller loop and the stabilization controller gains tuned to be too high. Although
the flight software could not be changed between Flights 3 and 4, the stabilization controller
gains were updated to address the controller instability. The proportional gain was reduced

from 0.35 to 0.05 and the derivative gain was reduced from 0.35 to 0.1.
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Figure 3.20: Flight 3 Chamber Experiment Stabilization Trials
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Figure 3.23: Flight 3 External Experiment Stabilization Trial 10

Figures 3.24 and 3.25 show the angular momentum vs time of the External CubeSat and
the Chamber CubeSat trials during Flight 4. Although some oscillation was still present in
the CubeSat angular momentum, retuning of the stabilization controller gains led to a clear
improvement in the controller stability.

Figure 3.26 shows Trial 15 of the Chamber Experiment from Flight 4. The CubeSat
began with an angular momentum of approximately 21.2 mNms which the 3.5-inch HDD-
RWs reduced to 1.0 mNms by the end of the trial 1.8 seconds later. The CubeSat body
rotation rate at release and end of trial were [184.2, -186.8, -7.4] deg/s and [2.1, -12.2, 1.§]
deg/s, respectively. Figure 3.27 shows Trial 10 from the External Experiment from Flight
4. The CubeSat began with an angular momentum of approximately 31.8 mNms which the
3.5-inch HDD-RWs reduced to 1.3 mNms by the end of the trial 2.4 seconds later. The
CubeSat body rotation rate at release and end of trial were [-74.5, 353.4, -129.0] deg/s and
[-10.4, -5.7, -10.3] deg/s, respectively.

The change in angular momentum for each of these trials was 95.2% and 95.9%, respec-
tively. It is clear that if the CubeSat remained in microgravity, the HDD-RWs would further

reduce the CubeSat angular momentum.
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«10° Flight 4 Chamber CubeSat Angular Momentum vs Time
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Figure 3.24: Flight 4 Chamber Experiment Stabilization Trials
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Figure 3.25: Flight 4 External Experiment Stabilization Trials
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Flight 4 Chamber CubeSat Trial 15
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Figure 3.26: Flight 4 Chamber Experiment Stabilization Trial 15

Flight 4 External CubeSat Trial 10
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Figure 3.27: Flight 4 External Experiment Stabilization Trial 10

Through Flights 3 and 4, the 3.5-inch HDD-RWs demonstrated angular momentum stor-

age of 45.0 mNms per HDD-RW in parabolic flight, a value comparable to larger commercial
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CubeSat reaction wheels. Tuning of the stabilization controller for operation in space, where
a CubeSat would have minutes to stabilize, would allow the CubeSat to stabilize to much
lower rotation rates. Furthermore, increasing the controller loop frequency would likely

significantly improve controller performance.

3.4.2 Pointing with 2.5-inch HDD-RWs

In Flights 5 and 6, the 2.5-inch and 3.5-inch HDD-RW CubeSats performed pointing tests.
During the flight, prior to the beginning of the microgravity period, the operator pressed a
button on the CubeSat that initiated a 3 second countdown; by the end of the countdown
the microgravity period began and the operator released the CubeSat with minimal rotation,
after which the CubeSat activated its pointing controller and began reorienting itself with
respect to its initial orientation. The controller loop was improved from Flights 3 and 4 by
increasing the controller loop frequency from 5 Hz to 10 Hz.

In both Flights 5 and 6, the 2.5-inch and 3.5-inch HDD-RW CubeSats decreased the
angular error but were not able to stabilize the CubeSat by the end of the brief (3 - 5
second) microgravity period. Figures 3.28 and 3.29 show two sample pointing trials of the
3.5-inch HDD-RW. In Trial 5, the pointing controller reduced the angular error from 30°
to approximately 7°. In Trial 17, the pointing controller reduced the error from 30° to
approximately 5°, overshooting the target angle. In this case, the CubeSat almost reached
its target but needed to reduce the rotation rates to remain pointing towards its target.
Similar results were observed with the 2.5-inch HDD-RW pointing controller, as shown in
Figure 3.30. The CubeSat’s attitude trended towards its target but was not able to reach
its target or stabilize within the time it had.

In each of these sample trials, the pointing controller was able to bring the CubeSat closer
to the target. The oscillatory behavior in the CubeSat’s angular position was expected and
was due to the CubeSat’s rotation and short stabilization window (3 - 5 seconds). Over an
extended microgravity period, the amplitude of the oscillation and overshoot would decrease
to zero. The pointing controller required a longer time to point in these trials because the
controller needed time to first mitigate the relatively high initial angular velocity before the
angular error could be brought to zero. Higher pointing controller gains would allow the

CubeSat to more quickly stabilize the CubeSat, but would lead to higher overshoot in angle.

64



3.5-inch HDD-RW CubeSat Flight 6 Pointing Trial 5
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Figure 3.28: 3.5-inch HDD-RW CubeSat Flight 6 Pointing Trial 5
3.5-inch HDD-RW CubeSat Flight 6 Pointing Trial 17
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Figure 3.29: 3.5-inch HDD-RW CubeSat Flight 6 Pointing Trial 17
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2.5-inch HDD-RW CubeSat Flight 6 Pointing Trial 29
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Figure 3.30: 2.5-inch HDD-RW CubeSat Flight 6 Pointing Trial 29

Overall, the pointing controller of the 2.5-inch HDD-RW CubeSat performed better than
that of the 3.5-inch HDD-RW CubeSat. Figure 3.31 shows an example of pointing with the
2.5-inch HDD-RWs where the CubeSat testbed had a target angle of 15 degrees about axis
[+1, -1, +1]. An overshoot of +2.29 degrees was observed, which was expected since the
pointing controller was required to be aggressive due to the short floating duration per trial.
The CubeSat testbed reached a final angle error of 0.86 degrees before the CubeSat testbed
was caught by a researcher, as indicated by the spike in gyroscope and accelerometer data.

Figure 3.32 shows another example pointing trial with the 2.5-inch HDD-RWs, where the
target angle is 30 degrees about axis [+1, -1, +1]. Oscillations about the 30 degree target
were observed where the final oscillation peak had an angle error of 4.2 degrees. As expected
from the controller, the oscillations were observed to decay over time. The target angle is

expected to have been reached within tens of seconds given longer microgravity duration.
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CubeSat B, Flight 6, Pointing Experiment 27
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3.4.3 Summary of Results

Parabolic flight testing of the HDD-RWs have demonstrated that they can be used as
CubeSat reaction wheels. In stabilization and pointing demonstrations, the HDD-RWs suc-
cessfully stabilized and reoriented the CubeSat testbed. The 2.5-inch HDD-RW and 3.5-inch
HDD-RW demonstrated momentum storage of 7.4 mNms and 45.0 mNms - values that are
comparable to commercial reaction wheels. The 2.5-inch HDD-RW demonstrated pointing
with an angular error less than 1°. The constraint of 3 - 7 seconds of free-floating time per
trial proved to be challenging and required an over-aggressive controller. Although the sta-
bilization and pointing tests were not able to bring the CubeSat rotation rates and angular
error to zero due to the short duration of microgravity period in flight, the tests demonstrate
promising capability. When designing the controller for space, where CubeSats typically
have on the order of minutes to perform attitude maneuvers, it is recommended to reduce

the gain values from what is used in this project.

3.5 Simulation
3.5.1 Simulation Based System Identification

Data from parabolic flight testing was used to develop a model and simulation of the
HDD-RWs, controller, and CubeSat dynamics. The simulation model was used to: 1) per-
form system identification of the HDD-RWs and CubeSat system, and 2) simulate results for
different controller parameters. 18 system parameters, listed in Table 3.2, were estimated
using gradient descent optimization.

The optimization cost function was defined as the mean absolute error of the body rota-
tion rate between the model and the flight data, as shown in Equation 3.20. Training data
from flight testing had a sampling rate of approximately 30 Hz. The simulation time rate
was set to 200 Hz. For calculation of the cost function, the simulated body rotation rate was

resampled at the timestep of the training data by linearly interpolating the training data.

J(0) = % 3 Jugm — wite (3.20)
=1
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The gradient at each iteration was numerically found by individually perturbing each
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J(0y,..0; +db;, ..00) — J(01,..0;, ...

Om)

do;

J

0

92+1 = 95 - aj_'J(e)

06}

(3.22)

parameter by a small fraction and re-evaluating the cost function with the perturbed pa-
rameter - the equation for gradient was then found using Equation 3.21. The update step is
shown in equation 3.22, where 6 is the parameter, j is the parameter index, 7 is the iteration
index, and « is the step size. The initial guesses for the HDD time constants were found
from the HDD-RW step response test described in Section 3.3.1.1. The initial guess for the
system time delay was based on an estimate based on typical values. The initial guesses for
the CubeSat inertia matrix and the HDD-RW moment of inertia were based on CAD models.
The initial guesses for the ESC command to RPM mapping were found from the HDD-RW
step response test. The step size for each parameter was manually tuned; parameters that

the cost function was found to be more sensitive to were given a smaller step size.

Table 3.2: 2.5-inch HDD-RW system identification optimization parameters

Optimization-Based

Parameter Initial Value Percent Change
Value

CCW Time

1.3 1.28 -1.85%
Constant (sec)
CW Time

1.3 1.24 -4.95%
Constant (sec)
CCW Braking

1.2 2.89 140.60%
Time Constant (sec)
CW Braking

1.2 3.16 163.60%
Time Constant (sec)
Controller Time

0.01 0.045 357.09%

Delay (sec)

69

(3.21)




MOI HDD-RW

491E+01 4.71E+01 -3.98%
(g cm”2)
MOI CubeSat

4.56E+04 4.62E-+04 1.32%
X (g cm"2)
MOI CubeSat

4.72E+04 4.80E+04 1.76%
Y (g cm”2)
MOI CubeSat

4.98E+04 4.43E+04 -11.02%
Z (g cm”"2)
MOI CubeSat

3.91E+01 -1.81E+03 -4729.711%
XY (g cm™2)
MOI CubeSat

-7.66E-+01 -1.54E+03 1909.53%
XZ (g cm™2)
MOI CubeSat

-2.48E+01 -6.18E-+02 2395.25%
YZ (g cm™2)
CW Coeff. c2 -0.03706 -0.04784 29.10%
CW Coeff. cl 76.3503 75.3043 -1.37%
CW Coeff. c0 -3.0762 -2730.77 88671.00%
CCW Coeft. c2 -0.03039 -0.02742 -9.77%
CCW Coeff. c1 70.1948 65.2811 -7.00%
CCW Coefl. c0 -1.2619 680.53 -54029.20%
Mean Absolute

0.1452 0.029 -80.03%

Error (deg/s)

The flight data was randomly split into two sets: a training set and a test set. Opti-
mization of the system parameters was performed on the training data while the test set
was reserved for cross-validation to ensure that the optimal values were not over-fitting to
the training data. The parameter values found from the optimization are shown in Table
3.2. The cost function values for the initial guess were 0.1452 deg/s and 0.1148 deg/s for the

training and test data sets, respectively. Optimization of the parameters reduced the cost
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function value to 0.0290 deg/s and 0.0320 deg/s for the training and test data sets, respec-
tively. The optimized parameters reduced the cost function value by 80.0% and 72.13% for
the training and test data sets, respectively. For the optimized parameters, the cost function
for the test data set was 10.34% greater than that of the trained data, indicating that there
was not significant overfitting in the optimization, thus validating the optimization results.

The parameters that had the most significant difference between the optimization-based
estimated values and initial estimated values were the braking time constants, controller time
delay, MOI off-diagonal terms, and ESC to RPM mapping c0 coefficients. The optimization-
based braking time constant estimates were found to be approximately 50% higher than the
accelerating time constants - this significant difference indicates that the HDD-RW actuator
model should differentiate between when the disk is accelerating or braking. The time delay
was underestimated by a factor of approximately 4.5x or 0.035 seconds. Although the percent
difference between the initial estimate and optimization-based estimate is significant, this
time delay likely did not have a significant effect as the controller loop cycle time is 0.1
seconds which is an order of magnitude higher than the controller time delay.

The CubeSat MOI off-diagonal terms were each found to be approximately an order of
magnitude higher than estimated from the CAD - this is likely due to the wire harnessing that
was previously considered negligible in the CubeSat CAD. The underestimated significance
of the MOI off-diagonal terms likely led to non-ideal performance in the controller. The ESC
to RPM mapping c0 coefficients represent the bias value of the RPM mapping. Since the
RPM value is on the order of 10® to 10* and the RPM mapping is more sensitive to the ¢2
and cl coefficient values, the large percent deviation between the initial estimates and the
optimization-based estimates are considered to be reasonable.

Figures 3.33, 3.34, and 3.35 show the simulated CubeSat body rotation rates and time
derivatives of CubeSat body rotation of three sample trials from the trained data set. Figures
3.36, 3.37, and 3.38 show the simulated CubeSat body rotation rates and time derivatives

of CubeSat body rotation of three sample trials from the test data set.
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Figure 3.33: 2.5-inch HDD-RW CubeSat Model Comparison Trial 8
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Figure 3.34: 2.5-inch HDD-RW CubeSat Model Comparison Trial 17
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Optimization Training Trial 44
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Figure 3.35: 2.5-inch HDD-RW CubeSat Model Comparison Trial 44
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Figure 3.36: 2.5-inch HDD-RW CubeSat Model Comparison Trial 24
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Optimization Testing Trial 27
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Figure 3.37: 2.5-inch HDD-RW CubeSat Model Comparison Trial 27
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Figure 3.38: 2.5-inch HDD-RW CubeSat Model Comparison Trial 38
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3.5.2 Re-tuned Controller Simulation

The model of the HDD-RW and CubeSat system found from system identification was
used to simulate the CubeSat’s behavior with re-tuned controller parameters. The modeled
system included speed saturation of the HDD-RWs as well as time delay. In the flight
software simulator, only the controller gains were changed. Each of the 2.5-inch HDD-
RW trials previously shown in Section 3.5.1 were simulated with updated controller gains
in Figures 3.39, 3.40, 3.41, 3.42, 3.43, and 3.44. The simulated CubeSat’s initial angular
velocity and target attitude values were identical to those from flight data. For each of
the trials, the simulated CubeSat stabilized within 1 deg/s per axis and pointed within 0.5
degrees of its target. In Trials 8, 44, 17, 27, and 28, the CubeSat stabilized at its target
attitude within 1.5 to 2 minutes and in trial 24, the CubeSat stabilized at its target attitude

in 10 minutes due to a high initial angular velocity of 42.9 deg/s about the z-axis.

2.5-inch HDD-RW CubeSat Simulated Trial 8
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Figure 3.39: 2.5-inch HDD-RW CubeSat Simulation Trial 8
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2.5-inch HDD-RW CubeSat Simulated Trial 44
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Figure 3.40: 2.5-inch HDD-RW CubeSat Simulation Trial 44
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Figure 3.41: 2.5-inch HDD-RW CubeSat Simulation Trial 17
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Figure 3.42: 2.5-inch HDD-RW CubeSat Simulation Trial 24
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Figure 3.44: 2.5-inch HDD-RW CubeSat Simulation Trial 38

Each of the simulated flight trials had a target angle of 30° along an arbitrary axis. To
test a wider range of cases, the controller was also verified for varying target angles and
initial velocities. The CubeSat was simulated for target angles of 5°, 45°, 90°, and 180°, as
shown in Figures 3.45, 3.46, 3.47, and 3.48. The initial rotation rates were set to a random
value between -20 and +20 deg/s and the target axis was a random 3D vector. For each of
the cases, the simulated CubeSat stabilized within 0.5 deg/s and pointed within 0.5 degrees

of its target within 3 minutes.
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Figure 3.45: 2.5-inch HDD-RW CubeSat Simulation - 5
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Figure 3.47: 2.5-inch HDD-RW CubeSat Simulation - 90
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Figure 3.48: 2.5-inch HDD-RW CubeSat Simulation - 180°
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3.6 Summary

Through ground testing, an actuator model and controller has been developed for the
HDD-RWs. The HDD-RWs and controllers were demonstrated in microgravity parabolic
flight testing. The 3.5-inch HDD-RWs demonstrated CubeSat stabilization and the 2.5-inch
HDD-RWs demonstrated CubeSat pointing. Although the CubeSat had not stabilized at its
target within the very brief microgravity period, the HDD-RWs mitigated the majority of
the CubeSat’s angular momentum and flight results indicate that the CubeSat would reach
its target state within minutes, which is an appropriate time-frame for orbital flight.

The parabolic flight data was used to measure the momentum storage and torque of the
2.5-inch and and 3.5-inch HDD-RWs, which demonstrated to be comparable to commercial
CubeSat reaction wheels. The flight data was also used to perform system identification
and fine-tune the 2.5-inch HDD-RW actuator model. The system model was verified with
flight data in a cross-validation study. Simulation results based on system identification also
indicate that the 2.5-inch HDD-RWs and a re-tuned PD controller can point a CubeSat for
various target attitudes and initial rotation rates.

A summary table of the HDD-RW performance specifications is shown in Table 3.3.

Table 3.3: HDD-RW performance specifications

Specification 2.5-inch HDD-RW 3.4-inch HDD-RW
HDD Model HGST Travelstar Z7K500-500 | Samsung Spinpoint HD161HJ
Mass 455 g 89.3 g
Volume 99.0mm x 69.8mm x 5.8mm | 95.0mm x 95.0mm x 17.5mm
Disk + Spindle MOI 2.8E-6 kg m"2 1.9E-5 kg m"2
Max RPM CCW 25350 RPM 12975 RPM
Max RPM CW 25000 RPM 12750 RPM
Max Momentum CCW 7.5 mNms 45.0 mNms
Max Momentum CW 7.4 mNms 45.0 mNms
Max Torque CCW 1.6 mNm 6.0 mNm
Max Torque CW 1.3 mNm 6.0 mNm
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Chapter 4

Guide for Using Hard Disk Drive
Reaction Wheels

4.1 Converting a Hard Disk Drive to a Hard Disk Drive
Reaction Wheel

The process of converting a HDD into a HDD-RW can be completed within a few hours.
The conversion process does not require costly equipment and is similar for all HDD models
with minor variations. The mechanical and electrical modifications are described in the

following sections.

4.1.1 Mechanical Modifications

The mechanical modifications required for the HDD-RWs can be summarized as removing
the HDD PCB, opening the HDD, removing the read and write arm, and closing the HDD.
For the 3.5-inch HDD form factor, the motor may also be removed from its casing, as shown in
Figures 4.1 and 4.2. These modifications can be completed with a standard computer repair
tool kit. It is recommended to safely stow screws through the opening process as some of
them will be required for the closing process. It is also recommended to take photographs

after each step of the modification process for documentation purposes.
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Figure 4.1: 3.5-inch HDD with casing

Figure 4.2: 3.5-inch HDD out of casing

Removing the read and write arm requires opening the casing of the HDD, which breaks
its seal. Although the flight HDD-RWs tested in parabolic flight were not opened and handled
in a clean environment, it is recommended that spaceflight units of HDD-RWs are handled
with gloves and in a cleanroom-like environment to avoid foreign object debris (FOD). For
the 1.8-inch and 2.5-inch HDD form factors, once the read and write arm is removed, the
HDD casing may be reattached. For the 3.5-inch HDD form factor, the HDD-RW may be
used in its casing; however, due to the high mass and volume of the metallic casing it is
favorable to remove the HDD motor from its casing.

To remove the 3.5-inch HDD motor, the clamp must first be unscrewed. In order to
prevent the disk from spinning while removing the screws fastening the top cap, the spindle
may be carefully held along its circumference. Holding the disk by its face while removing

the clamp is not recommended as doing so may apply too much pressure on the disk.
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After taking the clamp off, the disk can be carefully removed. This will reveal the 3.5-
inch HDD motor which is mounted by three screws equally spaced around its circumference.
These three screws may be removed to extract the HDD motor from its casing. This is a
good point to measure the individual masses of each of the components, if desired.

HDDs are designed to be mounted within laptops and computers using threaded holes
within their casings. Conveniently, the same threaded holes can be used to mount the HDD-
RWs. The standard screw sizes for the 1.8-inch, 2.5-inch, and 3.5-inch HDDs are M 1.4, M3,
and # 6-32 UNC, respectively. If the 3.5-inch HDD is used without its casing, the 3.5-
inch HDD-RW can be mounted by using the three circumferential through holes around the
motor. For integration purposes, it is important to note that the motor must be mounted
without the disk and once the motor is mounted, the disk may be attached with the spindle

hub. Additionally, it is important to note that the disk will not be inside a protective casing.

4.1.2 Electrical Speed Controller
4.1.2.1 COTS ESC

The rising popularity of unmanned aerial vehicles (UAVs) and remote control (RC) boats
has led to an increasing number of available COTS ESCs on the market. The COTS ESCs
that run the BLDC motors propelling UAVs and RC boats can be repurposed to run the
BLDC motors of HDDs. This section will describe the types of COTS ESCs successfully
used and recommendations.

When selecting a COTS ESC for HDD-RWs; it is important to select a bidirectional ESC
to allow control of the HDD’s rotation in both directions. Many UAV ESCs are designed for
single direction as most UAVs only require their propellers to provide upwards thrust. COTS
bidirectional ESCs are widely available and low-cost. Additionally, it is important to select
an ESC with a “throttle” feature for the HDD-RWs as some ESCs, such as those for HDDs
or computer fans, are limited to driving BLDC motors to discrete speeds. COTS ESCs are
most often commanded using a pulse width modulation (PWM) signal. To command the
HDD-RWs, the CubeSat flight computer must be capable of outputting a PWM signal for
each HDD-RW.

Some UAV ESCs are also designed in a “4-in-1" form factor which consolidates 4 individ-

ual ESCs into a single board, as shown in Figure 4.3. This design significantly reduces the
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ESC mass and volume. 4-in-1 ESCs also provide the benefit of easy mechanical integration

as most have 4 mounting holes.

Figure 4.3: iFlight SucceX-E F4 V2 4-in-1 ESC [34]

It is also important to select an ESC that can supply sufficient power to the HDD-RWs.
Based on lab testing, the recommended voltages for the 1.8-inch and 2.5-inch HDD-RWs is
12V while the recommended voltage for the 3.5-inch HDD-RW is 15V. The maximum (peak)
current drawn from the 1.8-inch, 2.5-inch, and 3.5-inch HDD-RWs is 0.6 A, 0.6 A, and 1.0
A, respectively. COTS ESCs are often rated to 4S, meaning they support bus voltages of 4
standard lithium cells (4.2V max each) in series (16.8V max total). The current ratings for
COTS ESCs are often on the order of 30A and higher than required for the HDD-RWs. It is
also important to consider the current limits of the cells and any other components between
the cells and HDD-RWs, such as battery management systems and voltage converters.

Reaction wheels are often one of the most high-power components within a CubeSat.
Resistive heating occurs not only in the HDD-RW, but also in the ESC. Thus, it is important
to take thermal effects into consideration for the ESC. If a 4-in-1 form factor ESC is used, it
is also important to consider the effects of the heat loading being localized in a small area.

Lastly, COTS ESCs often have a capacitor in parallel to the input voltage to mitigate
effects of input voltage fluctuations. Most often, this capacitor is an electrolytic type capac-
itor - it is important to replace this type of capacitor with one that has space heritage as

electrolytic type capacitors have been observed to fail in space environment.
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4.1.2.2 Custom ESC

While COTS ESCs provide the benefit of a ready-made solution, the custom ESC provides
the benefits of design flexibility and custom tuning. CubeSats often need to consolidate
various electrical subsystems on just a few PCBs. The custom ESC consists of a in-house
designed PCB with a commercial motor driver IC chip - this can be consolidated with other
electrical subsystems of the CubeSat for a more compact design.

The Texas Instruments (TI) DRV10983 BLDC motor driver was identified as a motor
driver with appropriate specifications to drive the 2.5-inch and 3.5-inch HDD-RWs. Sahar
et al. [21] used a similar motor driver, the DRV10975, to drive a 3.5-inch HDD-RW. The
DRV10983 was successfully tuned to start up the 2.5-inch HDD-RW, but requires further
tuning to transition from startup to ESC closed loop control. TI has provided a helpful
tuning guide to identify tuning parameters for the DRV10983 with any given BLDC motor.

4.1.3 Electrical Connections

For all HDD form factors, most HDDs utilize a wye-connected motor and have four pads
on the bottom of the HDD motor that connect to the original HDD ESC via four spring
finger contacts on the PCB. For a wye-connected motor, of the four leads, three of the leads
are motor leads while the fourth is the neutral point, as shown in Figure 4.4. To identify the
neutral point, measure the resistances between each pair combination. The motor neutral-
phase resistance will be approximately half of the phase-phase resistance. To run the HDD
with the custom or COTS ESC, the three ESC phase leads must be connected to the three
HDD phase leads.

a. Y-Connection

Figure 4.4: BLDC Motor Wye Connection [27]
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(a) 2.5-inch HDD Motor Pads (b) 2.5-inch HDD Motor Pads with
soldered wires

Figure 4.5: 2.5-inch HDD Motor Pads before and after soldering wires

For test units of HDD-RWs, the ESC can be connected to the HDD by soldering wires to
the pads on the motor which are connected to the ESC via direct soldering or a breadboard.
When soldering wires to the HDD pads, the soldering iron should not stay in contact with
the pad for over 15 seconds as excessive heat may cause degradation of adhesive between
the pad and casing. For this reason, resoldering of the wires to the pads should be avoided,
if possible. Due to the proximity of the pads, it is recommended to ensure the pads are
not shorted. This can be done by checking that the resistance between the leads does not
significantly decrease from the original resistance values before soldering.

For flight units of HDD-RWs, solder joints are not recommended as they may fail under
launch vibration and shock loading. An interfacing PCB may be designed to mechanically
attach to the HDD-RW and make electrical contact with the HDD-RW motor. The contact
can be made via spring finger contacts, shown in Figure 4.7, or via spring loaded pogo pins,
shown in Figure 4.8, on the interfacing PCB. If a custom ESC is used, the interfacing PCB
can be consolidated with the custom ESC PCB. If a COTS ESC is used, its leads can be
connected to the interfacing PCB or directly mounted to the interfacing PCB, as shown in

Figure 4.6
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(a) ESC Board Top View (b) ESC Board Bottom View
Figure 4.6: ESC directly mounted on PCB

<t g

Figure 4.7: Spring Finger Contact [45] Figure 4.8: Spring Loaded Pogo Pin [46]

4.2 Motor Control of HDD-RW

The process of developing control of a HDD-RW is summarized in the following steps:
1. Select configuration.

2. Find reliable startup sequences.

3. Perform input-response test to develop HDD-RW actuator model.

4. Determine keep-out-zone.

5. Design and test reliable direction switching algorithm.

6. Design, test, and tune HDD-RW attitude controller.

This process is not specific to the HDD motor and can be applied to develop bidirectional

motor control of any BLDC motor.

88



Motor control requires tuning of several parameters. In general, the recommended prac-
tice is to begin with the most favorable parameters and then tune the parameters to fit the
design constraints rather than constraining the testing parameters to fit within the design
constraints. For example, it is recommended to begin HDD-RW motor control development
with a COTS ESC, even if the final implementation will use a custom ESC, as they require
less tuning and have proven reliability. Experience of testing the HDD-RW motor control
with a COTS ESC provides valuable information for control with a custom ESC. Similarly,
it is also recommended to begin motor control development at higher supply voltages and
current limits, even if they are not within the design constraints, as the higher power allows
the HDD-RW to more easily overcome static friction.

ESC selection is discussed in Section 4.1.2. It is recommended to begin testing with the
iFlight SucceX-E ESC or a similar 4-in-1 ESC. It is also recommended to power the ESC
with a DC power supply unit to test various input voltages and eliminate current supply
limitations as a potential issue.

Once an ESC is selected, a reliable start-up sequence should be found. A reliable start-up
sequence will consistently begin spinning the HDD-RW motor and transition from below 100
RPM to above 1000 RPM. A start-up sequence that consistently spins the HDD-RW after up
to two failed start-up attempts may be considered reliable if the start-up is relatively quick.
As discussed in Section 3.3.3.3, BLDC motors are not well-suited for spinning at low speeds,
making motor start-up a challenge. A reliable start-up sequence can be found by testing
various step input sequences, such as the sequences shown in 3.4. The step size and step
duration should be varied. A step size that is too small or a step duration that is too long
will not allow command sufficient torque to overcome static friction. A step size that is too
large or a step duration that is too short will result in the ESC becoming out of phase with
the motor. Most COTS ESCs have a fail-safe feature that will stop providing current to the
motor if it detects that the ESC is out of phase with the motor. A step size of approximately
2% to 10% of the ESC throttle range in one direction and a step duration of approximately 1
to 10 second is suggested as a starting point. Once a reliable start-up sequence is found for a
given configuration (input voltage and current limit), the configuration and start-up sequence

can be iterated until a reliable start-up sequence is found for the desired configuration.
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If a multimeter or oscilloscope is used to probe the HDD motor leads, it is important
to be mindful of the device’s impedance as it may interfere with the back-EMF which the
ESC uses as feedback to perform motor commutation. Additionally, it is important to be
aware of any current limitations from power supplies or voltage regulators, especially since
insufficient current would prevent the motor from overcoming static friction.

Once a reliable start-up sequence is found for the desired configuration, an input-response
test should be conducted to develop an actuator model of the HDD-RW. One such input-
response test may be the step response test described in Section 3.2. If a set of different
start-up sequences are identified, each one of the sequences can be tested. For the step
response test, a longer step duration is preferable as it allows sufficient time for the HDD-
RW to reach steady state speeds. Larger step sizes will allow for better estimation of the
HDD-RW time constants, while smaller step sizes will for allow higher resolution mapping
of the ESC command to HDD-RW RPM. Other input sequences can be used for actuator
modeling, such as variable frequency input, as described in [41]. The HDD-RW actuator
model can be verified by measuring the HDD-RW RPM to the modeled RPM values for a
given ESC command sequence. Note that several system identification software tools such
as System Identification Toolbox [42] by MATLAB and Comprehensive Identification from
FrEquency Responses (CIFER) [43] exist which can be used for modeling of the HDD-RW,
identification of parameters, and estimation of parameter uncertainties.

Once an actuator model is developed for the HDD-RW, the keep-out-zone should be
found to allow for reliable direction switching. The KOZ can be found by spinning the
HDD-RW to a steady rotation rate and incrementally reducing the ESC command until the
HDD-RW rotation becomes unstable and/or stops. The KOZ should be found for both the
CW and CCW directions. Once the KOZ is determined, an algorithm should be designed
to reliably pass through the KOZ for bidirectional control. One such algorithm is presented
in 1 and discussed in Section 3.3.3.3. The implemented KOZ algorithm should be tested to
tune the KOZ bounds and algorithm behavior.

Finally, the attitude controller using the HDD-RWs should be designed and tested. This
can be done using a fishing line setup, as described in Section 3.3.4. Alternatively, an

air-bearing testbed may also be used for ground testing. It is recommended to develop
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attitude control in the following order: single-axis stabilization, single-axis pointing, three-
axis stabilization, three-axis pointing. A PD controller such as the one described in Section
3.3 may be implemented. Advanced control techniques, such as model predictive control
(MPC) are recommended for the final implementation; however, it is recommended to begin
development with a simple PD controller to establish baseline performance before utilizing
more advanced control techniques.

It is recommended to develop a system model of the testbed used in ground testing in
order to isolate the performance of the HDD-RW and controller. For example, for fishing line
testing, a model of the fishing line may be developed that includes torsional stiffness, pendu-
lum motion, and spring motion. For air-bearing testing, a model of the bearing friction as a
function of pressure, position, orientation, velocity, and angular velocity may be developed.
The level of fidelity of such models should ideally be able to capture external torques that
are at least above or at the same order of magnitude as the torque of the HDD-RW.

System identification of the HDD-RW and CubeSat system may be performed using the
optimization-based system identification technique described in Section 3.5.1. This method
can also be used to perform system identification of the testbed. It is also recommended to
utilize existing system identification software tools, as previously mentioned.

Once a system and testbed model has been developed and validated, simulation may be
utilized to design and tune a controller for space application. Such simulations may include
effects such as external torques due to atmospheric drag and solar radiation. A Monte Carlo
simulation approach may be applied to quantify the performance of the HDD-RWs and the

controller for varying scenarios.
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Chapter 5

Conclusions

5.1 Summary

The research work presented herein has matured the HDD-RW technology from a lab
prototype to a working reaction wheel. The mechanical and electrical modifications to con-
vert HDDs into HDD-RWs have been defined and documented. Commercial-off-the-shelf
(COTS) electronic speed controller (ESC) models and input voltage values which provide
stable driving of the HDD-RW have been identified. A methodology of developing an actua-
tor model of a HDD-RW is described. A technical guide to produce HDD-RWs and develop
attitude control capabilities with them has been documented. A methodology to create an
actuator model and controller for the HDD-RWs has been established.

Attitude control using the HDD-RWs has been demonstrated through microgravity parabolic
flight testing. The HDD-RWs are shown to be capable of performing three-axis attitude sta-
bilization and pointing of a CubeSat testbed in microgravity environment. Performance
metrics of the HDD-RWs have been measured. A methodology for system identification,
which allows future users to develop and tune HDD-RW controllers, has been verified via
results from parabolic flight testing. Simulation of the CubeSat system model has shown
that the HDD-RWs and controller are robust to various initial rotation rates and target
attitudes. In summary, the process to engineer a HDD-RW has been defined and improved
through a combination of lab testing and parabolic flight testing. And by demonstrating
reaction wheel functions in microgravity environment, the technology readiness level of the

HDD-RWs has been raised from TRL 4 to TRL 6.
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5.2 Recommendations

When beginning to use a HDD-RW, it is recommended to drive the motor using a COTS
ESC, even if a custom ESC design is the intended final design. The initial parameters of
a custom ESC may not be able to start up the HDD motor and provide little feedback on
tuning of the parameters; whereas a COTS ESC will likely begin working with little tun-
ing and provide a stable platform to understand effects of each parameter on performance.
This knowledge and experience can later be used during tuning of a custom ESC. When
starting the motor, it is important to be mindful of current limits of the power supply and
any components between the power supply and the HDD motor such as voltage regulators.
Without sufficient current, the motor can not overcome static friction. Probing of the HDD
motor leads with an oscilloscope may interfere with the back-EMF signal used by the ESC,
which may lead to degraded performance. It is recommended to first test the ESC without
an oscilloscope to evaluate its performance and to be mindful of the impedance of the oscil-
loscope when using one. When purchasing HDDs, it is recommended to purchase them in
batches such that there are sufficient units of the same model available for flight, and ground-
testing. Additionally, it is recommended to track and log usage of each unit such that its
history can be referenced to resolve potential performance discrepancies between different
units. Incorporating speed sensing capability, either through the ESC, a back-EMF sensor
or an encoder, is recommended to be able to directly determine the motor speed rather than
relying on ESC to RPM mapping or back-calculation from CubeSat rotation rates.

When developing an actuator model of the HDD-RWs, the presented model and method
may be used as a baseline. It is recommended to also utilize existing system identification
software tools such as System Identification Toolbox by MATLAB [42] and Comprehensive
Identification from FrEquency Responses (CIFER) [43]. Such system identification software
tools are also recommended when modeling the CubeSat system. It is recommended to
develop a model relating HDD-RW speed to power consumption - such a model would be
incredibly useful for health-monitoring of the HDD-RWs. Additionally, it is recommended to
develop different models for the HDD-RW for when its disk is accelerating and decelerating,
in both clockwise and counter-clockwise directions - as the motor dynamics depends on the

direction of velocity and acceleration. A more sophisticated model may also be developed
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where the motor dynamics also takes motor speed and temperature into account. When
designing a controller for the HDD-RWs; it is recommended to begin with a PD controller to
establish baseline performance and then later develop and utilize more advanced techniques
such as model predictive control (MPC). When performing ground-testing of the HDD-RWs,
either with fishing line testing or air-bearing testing, it is recommended to model and develop
a simulation of the dynamics of the fishing line or air bearing. This allows the dynamics of
the testbed to be taken into account in order to isolate the performance of the HDD-RWs

and the controller.

5.3 Lessons Learned

In a complex engineering project, it is important to define and re-evaluate priorities -
this facilitates making sound decisions when evaluating trade-offs and risks. Initially, this
project had aimed to perform parabolic flight demonstration of the HDD-RWs with a custom
ESC - this was because our team saw a custom ESC as an important element of the final
implementation of HDD-RWs in CubeSats. However, while developing a custom ESC, our
team realized that it would take a significant amount of time to develop a working solution.
Upon re-evaluating the technology being demonstrated, we determined that the HDD-RW
was the priority and that although the custom ESC solution was preferable, its development
timeline would detract from development of the HDD-RW and the flight experiment. We
re-scoped the flight project to demonstrate the HDD-RWs with a COTS ESC. In retrospect,
had we continued pursuing the custom ESC, we would have incurred significant timeline and
technical risk to the project.

A step-wise approach of incrementally developing capabilities lends itself towards suc-
cessfully navigating the inherent unknowns of technology development. This philosophy was
embodied through this project in several ways. Firstly, the milestone of driving the HDD-
RWs with a custom ESC, a more advanced capability, was placed after driving the HDD-RWs
with a COTS ESC. Beginning with the easier problem allowed us to reach a working solution
earlier. Furthermore, it provided more experience with the HDD-RW which was very infor-
mative when tuning parameters of the custom ESC and reduced overall development time.

Generally, this approach of beginning with a simple working solution or solving a simplified

94



problem, gaining experience and knowledge of the system, and then developing more complex
solutions or solving more complex problems worked well for our team. Secondly, developing
incremental capabilities for each set of parabolic flights - control of HDD-RWs, stabilization
with HDD-RWs, and pointing with HDD-RWs - provided feasible scope and allowed for in-
tegration of knowledge and experience from past set of flights to the next set of flights. The
first parabolic flight campaign was designed to have a single contained experiment. Expe-
rience from this flight campaign informed our team of the need for longer floating duration
and the ability to push the envelope of our experiment with the inclusion of an external
experiment. Lastly, performing parabolic flight demonstration provided a wealth of testing
data that greatly informs the controller design for orbital flight demonstration. Without
parabolic flight demonstration, an orbital flight demonstration of the HDD-RWs may have
not been designed to resolve challenges such as spinning at low speeds or, alternatively, may

have been designed to meet overly-conservative requirements.

5.4 Future Work

Microgravity parabolic flight testing has served as a key stepping stone for the HDD-
RWs between lab testing and demonstration in space. The next steps for the HDD-RWs are
environmental testing and demonstration in space environment. Other future work for the
HDD-RWs also includes degradation testing and development of a custom ESC.

The UC Davis Center for Spaceflight Research (CSFR) is currently aiming to perform
environmental testing of the HDD-RWs. The UC Davis CSFR is also developing a single-axis
HDD-RW demonstration mission in partnership with NASA Johnson Space Center (JSC).
A single 2.5-inch HDD-RW will fly on-board a NASA JSC 6U CubeSat as a secondary
payload aiming to demonstrate the HDD-RW technology performing attitude change in
space environment. Initial hardware and software integration tests were performed with the
HDD-RW and the NASA JSC CubeSat in May 2022, and the hardware was officially sent to
NASA JSC for final testing and integration in July 2023. The mission will provide valuable
data on the performance of the HDD-RWs in space environment. A successful demonstration

will raise the TRL of the HDD-RW technology to TRL 8.
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Figure 5.1: UC Davis / NASA JSC CubeSat HDD-RW PCB attached to back of HDD -
Flight Unit and Engineering Unit

Degradation testing of the HDD-RWs will provide valuable insight into their expected
performance and lifetime in space. It is recommended for degradation testing to be in-
corporated in future environmental testing and in-space demonstration/operation of the
HDD-RWs. Development of a degradation model can be used for active health-monitoring
of HDD-RWs used in CubeSats.

Development of a custom ESC will enable future HDD-RW users to more easily integrate
the ESC with other PCBs within the CubeSat, which are most often also designed in-house.
The design flexibility of the custom ESC also allows for more efficient thermal management
of heat generated by the HDD-RW motor. It is recommended that custom ESC designs
developed in the future are made open-source such that other HDD-RWs users may adapt
the design for their use-cases.

Following the single-axis HDD-RW demonstration mission, the next step for the HDD-
RW technology is to perform three-axis CubeSat attitude control in space. Successful demon-
stration would provide valuable in-space performance data and raise the technology readiness
level of the HDD-RW technology to TRL 9. The significant cost-reductions enabled by the
HDD-RW technology will lower the barriers to entry, allowing resource-constrained organi-

zations and many students to develop low-cost, rapid, and reliable CubeSat missions.
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