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Abstract

This research endeavors to evaluate and characterize the performance of CubeSat
specific commercial-off-the-shelf (COTS) Attitude Determination and Control Systems
(ADACS) for Mission suitability.

To ensure COTS components are capable of meeting CubeSat mission
requirements, deliberate performance testing of critical CubeSat subsystems in flight-like
conditions is essential. This effort focuses on testing the MAI-401 ADACS subsystem as
configured to support the Grissom-1 CubeSat mission, as mounted to an air bearing,
residing within a 3-axis Helmholtz Cage, and subjected to a simulated magnetic
environment of various orbital parameters. A literature review of spacecraft components,
prior missions, operations, environmental simulators, and attitude determination and
control algorithms informs the tests and assessments described herein. A test plan
developed as part of this research exercises and characterizes the MAI-401 ADACS unit
for the Grissom-1 mission and serves as a comparative framework for testing additional
ADACS offerings such as the BCT XACT ADACS unit. Results include a baseline
characterization of COTS ADACS, discussion of currently available ADACS and

suitable Mission types, and suggestions for enhanced testing.
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CUBESAT ATTITUDE DETERMINATION AND CONTROL SYSTEM (ADACS)
CHARACTERIZATION AND TESTING FOR RENDEZVOUS AND PROXIMITY
OPERATIONS (RPO)

1. Introduction

Background

Orbital spacecraft have garnered much global interest since before the first purpose-built
satellite to remain on orbit for an extended period, Sputnik I, was launched in 1957.
Since 1957 the desire to field orbital craft for both manned and unmanned operations
have continually increased. From the early years filled with dreams of proving reliable
orbital flight to the current reliance on space for logistics, navigation, and
communications, the Industry as had to rely on continual advances in spacecraft
componentry to support the expanding Mission needs. Intertwined with the
miniaturization of electronic components, the past two decades have yielded a trend of
increasing launches of smaller spacecraft such as those based upon the CubeSat standard.
The popularity of the CubeSat standard is accompanied by the influx of commercial
CubeSat component suppliers which drive costs to programs down but requiring
additional effort to understand the performance and applicability of the new components.
Of the new components, the need for reliable and accurate Attitude Determination and
Control Systems (ADACS) to control spacecraft pointing has become a priority target for

assessment.



CubeSat

CubeSats come in a variety of configurations but the standardized test chassis chosen for
this research is commonly referred to as a “6U”. As the name implies, the chassis’
volume can be broken down to six 10cm x 10cm x 10cm units. The chassis is outfitted
with most of the components and subsystems required to provide a flight spacecraft,
though some are engineering units not qualified for space flight, and others are removed
for test setup logistics. Of the subsystems required to support testing of the ADACS are
the Electrical Power System (EPS) providing power, the Command & Data Handling
System (C&DH) providing the flight software, and the Telemetry, Tracking & Control
System (TT&C) through which the communications from the ground software are passed.
In addition, a laboratory workstation is required as both the hub of data accumulation for

the testbed as well as acting as the ground station for commanding the spacecraft.

ADACS

Discussion of ADACS is primarily split into the two separate but related functions they
perform, determination, and control. The determination function is commonly comprised
of sensors for understanding the space environment and an algorithm for applying the
collected data to deliver an attitude estimate. The control function ingests the attitude
estimate as the known as well as a desired pointing into the control algorithm to calculate
an attitude adjustment solution. The required commands and values are then passed to
the control actuators with and the process repeats in a feedback loop. The performance
characteristics of the ADACS while useful as a singular system are much more valuable

when combined with the required support systems, chassis, and payloads as the emergent



behaviors of a total system can vary widely from that of the component systems. It stems
from this idea the necessity to test ADACS performance in a flight-like configuration and

under flight-like conditions originates.

Problem Statement

The Air Force Institute of Technology’s (AFIT) Center for Space Research and
Assurance (CSRA) operates a CubeSat program intent on providing research
opportunities to the student and faculty population as well as expanding the
knowledgebase of the DoD with regards to small satellite development, operations, and
performance. Essential to the program is the ability to make design decisions based off
the expected performance of critical satellite components and their inherent operations in
variable configurations, procedures, and environments. Derived from current Mission
Statements are required performance points of which a selected ADACS must meet to
provide full capability. The belief that ADACS performance must be tested in flight-like
conditions is at the basis for accepting the test results. The central requirements that aid
in the characterization of the ADACS ability to perform operationally in a flight-like
simulation are.

1. Detumble: The ADACS must be able to reduce the rate of rotation in all three
primary axes after an induced external perturbation simulating ejection from the
dispenser.

2. Pointing Accuracy: The ADACS must be able to accurately calculate, transmit,

and hold the pointing of the chassis.



Beyond the requirements derived from the Mission Statements are generalities required
to support the test procedures.
1. The ADACS must be able to accept commands from an external wireless source
to simulate a ground-to-space data link.
2. The ADACS must be able to deliver telemetry data to aid in test analysis.
3. The ADACS must be able to perform within a magnetic environment estimated to

be representative of the magnetic field on orbit.

Research Focus

The ultimate goal of this research is two-fold. First the development a test plan capable
of assessing the performance metrics of any CubeSat-specific ADACS unit as mounted to
a standardized chassis and subjected to a flight-like test environment was required.
Secondarily, testing of an available ADACS unit to inform both the validity of the test
plan itself, as well as informing on the performance of the ADACS unit. Two self-
contained ADACS units are examined to inform the test plan, the Adcole Maryland
Aerospace, Inc MAI-401, and the Blue Canyon Technologies XACT-15. The MAI-401
was ultimately used as the test case for the initial assessment and subjected estimated
magnetic fields ranging from 450 to 600 KM orbital altitude at 50 degrees inclination.
The estimated magnetic fields were generated using Analytical Graphics Inc’s Systems
Tool Kit (STK) product as applied through AFIT’s in-house Helmholtz Cage. The results
of the test plan as well as the test itself shall provide not only data on the specific

ADACS, but a comparative basis for characterizing all future ADACS options as they



relate to performance and ability to complete Mission specific maneuvers. operations,

taskings, and in aiding on-orbit decision making processes.

Methodology

To fully test and characterize ADACS performance in a flight-like scenario a number or
apparatus are required to simulate the space environment on Earth. The magnetic field
emanating from the Earth grows weaker as the distance from the center of the Earth
increases, such that the magnetic field in space is much less than that on Earth.
Employing a 3-axis Helmholtz Cage allows for control of the measured magnetic field
within a limited space within the Helmholtz Coil structure enabling the tuning of the

magnetic field to that of a specified orbit.

Similar to the magnetic field, the gravitational force as produced by Earth also grows
weaker as the distance from the center of the Earth increases. An assumption made is
that though the ability to negate the gravitational force is absent, manipulation of the
effects of gravity acting on an object such as friction can be significantly decreased. By
mounting the test chassis onto an air bearing the force of gravity as applied through
friction can be determined as negligible allowing for the realization of a largely

unaffected rotational spacecraft.

Simulation of the Sun as required for data collection by the onboard Sun sensors is
delivered by an incandescent bulb mounted within the Helmholtz Cage. The assumed

energy from the Sun across all spectrums in space is approximately 1350 W/m?. The test



setup included a 200 W incandescent lamp set at 0.2 m from the test platform providing

enough light energy to indicate a solar track from the Sun sensors.

The test cases are then run at the varying pre-determined orbital parameters with data
captures collected from cage mounted magnetometers, telemetry from the ADACS unit,
and chassis motion as viewed from the PhaseSpace Motion Capture system. The test data
can then be analyzed for performance of the cage, test setup, ADACS, and saved as a

comparative for future ADACS units.

Preview

Chapter I delivers the background required to understand the importance of CubeSats and
their components to AFIT and the CSRA, leading to the realization of the required
testing of commercially available CubeSat components and the methodology on how to
accomplish the testing. Chapter II explores the intricacies of CubeSats, ADACS and
their constitutive components, algorithms, and operations, as well as a dive into the space
environment and how to provide a relative space environment on Earth. Chapter III
outlines the methodology used in developing the test plan to create the framework of
details, procedures, and standards required to repeatably test and characterize multiple
ADACS offerings. Chapter IV discusses the test data, performance of the test plan itself,
and results characterizing the ADACS performance, along with qualifications and
recommendations for the test plan and setup moving forward. Finally, Chapter V
describes the overall conclusion of the research with a view towards future work and the

benefits of continuing this research.



I1. Background
Chapter I introduced the growth in popularity as well as the increasing role that CubeSats
are taking in space exploration, research, and operations. Additionally, the evolving
demands imposed upon Attitude Determination and Control Systems (ADACS) of
CubeSat platforms are discussed, describing the need for expanded investigation into the
performance of ADACS across varied mission sets. This research with the Air Force
Institute of Technology (AFIT) and more specifically AFIT’s Center for Space Research
and Assurance (CSRA) centers on the creation of a plan to comparatively test and
characterize ADACS Commercial-Off-The-Shelf (COTS) capabilities for the benefit of
future mission component selection and solutions. The following chapter, Chapter II,
begins by providing highlights of CubeSat definitions, developments, properties, and
interactions in Section 2.1. Section 2.2 explores the Missions and complexities of
CubeSats and their increasing relevance in space. ADACS specific hardware, software,
and determination algorithms as well as the history of their advancement are found in
Section 2.3, and the space environment and test apparatus required to test and
characterize ADACS are available in Section 2.4. The four sections referenced in
Chapter II include the pertinent background information and contextual explanations of
what is required to form a broad and inclusive understanding of the complexities inherent

in test and characterization of Attitude Determination and Control Systems.

2.1 CubeSats
Developed jointly between Jordi Puig-Suari of California Polytechnic State University

and Bob Twiggs of Stanford University to satisfy the requirements for usage in the Poly-



Picosatellite Orbital Deployer (P-POD), the CubeSat standard was born [4]. CubeSat’s
are considered small satellites in generality, but are commonly delineated, as shown in

Table 1 [5] by mass.

Table 1 - First satellite classification [Sweeting, 1991] from [4]

Nanosatellite <10kg
Microsatellite 10-100 kg
Minisatellite 100-500kg
Small satellite 500-1000 kg
Large satellite =1000kg

Mass, as a simplified measurement for classification provides a reference to magnitude of
the spacecraft being developed, while CubeSat structure is the objective of the
standardization. A single 10cm x 10cm x 10cm cube weighing approximately 1 to 1.5 kg
is one standard unit, or “U” of a CubeSat. By combining “U’s” to generate larger chassis
shapes, a program can effectively build out standardized configurations. Figure 1 shows
the most popular configurations currently in use today , the 1U, 3U, and 6U form factors,
which have gained popularity due to several standardized and commercially available
CubeSat deployment systems. The P-POD mentioned above, and Planetary Systems
Corporation’s Canisterized Satellite Deployer are such systems. With the risk of
developing the method and mechanism of dispensing being transferred to another entity
with flight heritage, the spacecraft development team can focus on the satellite
development specifically, though confined by the bounds of the standardized dispenser

configuration.



Figure 1 — Standard 1U, 3U, and 6U CubeSat Configurations

With the standardization of the CubeSat structure initially set in 1999 and the release of
the CubeSat Design Specification currently on revision 13 [6], multiple commercial
entities began developing standardized components specifically intended for use within
CubeSats. By adhering to the standardization, a reduction in development effort and re-
work inefficiencies could be obtained, which when measured in cost savings can be
passed on to the satellite developers. Decreased costs lower the barrier for entry into
Space, providing access to a greater pool of organizations to begin developing Space
missions with CubeSats as the base platform. The first CubeSat launched in 2003, the
100" by 2012 [4], and as of April 2020 an estimated 1210 CubeSats have been launched

in total [7].

Prior CubeSat development efforts, as well as those currently in development, span a
wide range of owner organizations with a wide array of objectives. Commercial
companies such as Planet Labs have developed large constellations leveraging CubeSats
such as their PlanetScope constellation [8] for subscription-based services benefitting
from public and governmental contracts. Defense organizations such as the United States

Air Force’s Air Force Research Laboratory develops CubeSats such as the Very Low

9



Frequency Propagation Mapper (VPM) [9] for direct Space research enabling increased
warfighter support. The National Aeronautics and Space Administration (NASA)
leverages programs such as Educational Launch of Nanosatellites (ELaNa) [10] to
partner with educational institutions both at the high school and collegiate level to expose
and recruit students into Science, Technology, Engineering, and Math (STEM) futures,
by providing research topics and funding. CubeSats have become an established portion

of the Space portfolio, with a likelihood of increased proliferation.

Though small in physical size, the miniaturization of standardized components has
enabled CubeSats to retain many of the same capabilities as larger satellites, while the
growth in Commercially available Off the Shelf (COTS) components enabled by the
standardization of the CubeSat platform has continued to reduce acquisition costs. From
this, the increase in usage of CubeSats as well as an expansion of CubeSat mission sets

continues to grow and evolve.

2.2 Mission Sets and History

As space travel, exploration, and technologies become more accessible to the public at-
large, the expansion of the possibilities of what can be achieved both in Space as well as
from Space will continue to grow. Space-based Worldwide internet can bring
connectivity to populations across the globe and to areas where the cost of a terrestrial
based system is prohibitive. Space-based communications will allow for seamless
scheduling from ships to harbors without the need for repeaters in the loop providing for

a streamlining of logistics process. Space-based infra-red (IR) cameras can pinpoint

10



wildfire hotspots in rugged and mountainous terrain saving time and increasing the safety
of wildland firefighters. In each of these cases as well as any number of additional cases,
the need for a robust Space platform is increasing along with the potential for new and
novel missions. As mission requirements continue to grow more complex and
demanding, new space platform architectures with accompanying advancements in
subsystem components are the logical solution. However, with the advent of CubeSat
standards, these complex and demanding missions may be realized through existing
CubeSat architectures. This paper expands upon the knowledge of the current set of
offerings available from Commercial-Off-The-Shelf (COTS) Attitude Determination and
Control Systems (ADACS) for CubeSat Proximity Operations, and how they can provide

an expansion of Rendezvous and Proximity Operations mission capabilities.

To understand past and future missions, it is imperative to have a foundational set of
definitions to describe mission aspects. Reeseman and Rogers of The Aerospace
Corporation define the major mission operations applicable to this research succinctly in

their 2018 article, Table 2 [11].

Table 2 — Space Mission Definitions [11]

Mission Definition

Rendezvous (R) Matching the plane, altitude, and phasing of two (or more)
satellites.

Proximity Operations Two (or more) satellites in roughly the same orbit intentionally

(PO) perform maneuvers to affect their relative states.

Docking [A] subset of proximity operations, where one satellite
intentionally performs maneuvers to physically contact another
satellite.

Cooperative RPO Information (position, velocity, health/status, etc.) transfer is two-
way via crosslinks, ground contact, etc. Example: docking with the
ISS.

11




Non-cooperative RPO ‘ Information transfer between vehicles is one-way only.

From the beginnings of Space travel, the thought of a spacecraft rendezvous with a target
was on the minds of the developers. Beginning in World War II Germany, the German
V2 Ballistic Missile, the first craft ever to enter orbit did so in 1944 with the sole purpose
to rendezvous with a specified target on Earth. Once space flight was proven achievable
by humanity, the doors were blasted wide open, fueled by the Cold War and the Arms
Race, a transition to Space became a popular territory for proving National dominance,
culminating with the Space Race between Soviet Russia and the United States of
America. In 1961 Yuri Gagarin became the first human safely visit and return from
Space on the Russian Vostok 1 Mission. In 1962, John F. Kennedy proclaimed to the
world that the United States was going to take on the ultimate rendezvous mission of the
time, to have a manned spacecraft not only rendezvous with; but also land on the Moon.
This feat of engineering would come to fruition on July 20, 1969 when the Apollo 11

mission crewed by Neil Armstrong and Buzz Aldrin achieved their goal.

Along the way to the Moon landing there were multiple steps proving increased
capability from both key players. The US’s manned Gemini 6 successfully rendezvoused
with Gemini 7 as the first spacecraft-to-spacecraft rendezvous in 1965. While in 1966
Neil Armstrong operating Gemini 8 successfully rendezvoused and docked with an
Agena rocket body proving manned docking capabilities.

As these manned rendezvous and docking missions became more prevalent, so too did

the idea of unmanned or autonomous rendezvous and docking. Up until this point, all
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rendezvous missions required a human in the loop. In 1967, the Soviets became the first

Nation to achieve autonomous rendezvous and docking of two Cosmos Spacecraft.

Figure 2 — The Gemini VIII spacecraft approaches the Agena during rendezvous
maneuvers.
Credits: NASA/David Scott [12]

The current trend in spacecraft development is to harness the savings of moving to
smaller satellites capable of performing the same (or more advanced) missions that were
previously accomplished through large-scale and more expensive spacecraft
architectures. Many of the mission aspects will stay the same, but with the ability to
procure multiple small satellites for the same cost to orbit as one single large satellite,
there comes new potential of how to leverage an interaction between satellites. Planet
implemented a specific example of a Cooperative Rendezvous and Proximity Operations
mission (RPO). It is a constellation of 150+ satellites on multiple differing platforms,
including CubeSats, to capture images of the Earth, communicate data including

positioning, and cross-link data to larger more capable satellites in the constellation for

downlinking [8]. To perform these data linking tasks the componentry of the spacecraft
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needs to be extremely precise, and the communication between them must be of very

high quality.

Moving a step beyond Cooperative RPO is non-Cooperative RPO. While Cooperative
RPO is often performed by transmitting exact attitude, velocity, and rotation data
between spacecraft for the utmost in synchronization, non-Cooperative RPO is a one-
sided affair. Whether the target spacecraft to be rendezvoused with is defunct, not
programmed for rendezvous, or unknowingly being selected, the data flow between the
two 1s non-existent. In this case it is required of the mission spacecraft to not only
precisely understand its own orbit, attitude, and rate of motion, but to also be able to

assess that of the target spacecraft.

The focus of this paper will investigate non-Cooperative RPO but with a slight skew to
the concept. The rendezvous portion of the mission, though extremely important to
overall success, will be left out, while the proximity operations portion will be the focus.
The specific mission requirements and operational activities pertaining directly to this

research will be further discussed in Chapter III.

2.3 Attitude Determination and Control Systems

Attitude Determination and Control Systems are central to mission performance with
respect to the knowledge and accuracy of spacecraft pointing. Pointing knowledge is a
function of the determination side of the ADACS, with determination overview,

determination sensors, and determination algorithms explored in sections 2.3.1, 2.3.2, and
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2.3.3 respectively. Pointing accuracy is a function of the controls side of the ADACS

with the controls overview and controls sensors explored in sections 2.3.4 and 2.3.5.

Attitude determination and control require quantitative measurements and as such we
must first come to an understanding on a common frame of reference from which each
component can accurately synchronize. Spacecraft attitude can be described in six
variables for six degrees of freedom. Three variables describe the location of the
spacecraft within the orbit with respect to an external origin or fixed frame. Earth’s
approximate center is generally prescribed as the basis for these measurements with the Z
axis pointing through the true North Pole, and the X axis pointing through the
intersection of the Equator and the Prime Meridian, and Y axis orthogonal to both the Z
and X axis. The Y axis is positive in the direction of the right-hand rule for the cross
product of Z and X components, shown in Figure 3. This Earth central frame originating
from the approximate Earth’s core is referred to as Earth-Centered, Earth Fixed (ECEF),
where the three variables are measured in latitude, longitude, and distance from the origin
at the approximate Earth’s core. It is important to remember for future calculation that
the rotation of the ECEF frame is referenced to the celestial field and not to the sun,

resulting in the need to measurements of time in sidereal time and not solar time [13].
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Figure 3 — Earth Centered, Earth Fixed coordinate system.
The three remaining variables describe the spacecraft’s own designated body frame. The
body frame is developed during the production of the chassis, is generally anchored to a
physical part of the chassis and is the basis from which the onboard subsystems derive
their position. An example of subsystems utilizing the body frame would be the
knowledge that the solar panels are attached to the -Y face, and that aligning the -Y face
with the Sun pointing vector would promote optimal charging. From the body frame a
coordinate transform can then be applied transforming the orientation into the ECEF
coordinate system for relevance to the ground station. These variables are generally
referred to as Roll, Pitch, and Yaw (RPY) and the combination of values describe the
attitude in rotations about the three-primary axis of the spacecraft. Roll denotes the
angular rotation about the X axis, Pitch about the Y axis, and Yaw about the Z axis,

depicted in Figure 4.
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From the initial coordinate frames, additional transforms can then be applied for specific

usage such as ground station pointing which may choose a North, East, Down (NED)

system measured from any point on Earth, leveraging Earth’s magnetic field to align

North to polar North, East to polar East, and Down as pointing directly to Earth’s center,

Figure 5.

NED [NORTH]

ECEF [2]
4 A= Longitude

¢ = Latitude

NED [EAST]

NED [DOWN] » ECEF [Y]

Prime Meridian
0 Longitude

<+

17



Figure 5 — NED coordinate system overlaid on ECEF.
With the reference frames agreed upon, latitude, longitude, and altitude with respect to
the ECEF frame along with the body frame yaw, pitch, and roll transformed into ECFEF,
ADACS performance can be discussed. The two primary functions, determination of the
attitude of the spacecraft with respect to a specified frame and controlling the attitude or
pointing of the spacecraft are central to the discussion of performance. While both
functions are significant, attitude knowledge from determination is a required input to the

control function.

2.3.1 Attitude Determination

With the movement towards expanded on orbit operations required to satisfy the
increasingly more complex mission sets described in section 2.2, systems and sub-
systems such as ADACS are pressed to evolve into more complex and capable
configurations of hardware and software in order to stay relevant. The push towards on-
orbit maneuverability in CubeSats requires that the spacecraft have precise knowledge of
orientation in Space, and as such the determination aspect of ADACS has continually

progressed.

Attitude determination itself is the mathematical process by which the orientation of the
spacecraft is described with respect to a specified reference frame and is often coupled

both in ideology and usage with attitude estimation, the estimate of the spacecraft attitude
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at a specified time step either at the current time or projected into the future. Though
determination and estimation both provide similar data values to the user, the method by
which the values are derived varies greatly along with the error and computational

difficulty or speed.

Determination algorithms typically ingest vectors delivered from determination sensors
to the determination controller. The determination controller then performs the
programmed mathematical operations, returning an attitude pointing vector to the to the
spacecraft Command and Data Handling system (C&DH) for further processing, usage,
or data transfer. Early determination methods such as Triaxial Attitude Determination
(TRIAD) required only two vectors; thus only two distinct sensors were required onboard
the spacecraft [14]. As computing performance advanced, the ability to expand
determination algorithms for both ground based and onboard determination also
advanced allowing for the inclusion of additional sensor inputs, known spacecraft
dynamics, prior attitude knowledge, as well as filtering to achieve best estimates. The
algorithms such as TRIAD and the more elaborate quaternion-based Quaternion
Estimation (QUEST) [15] method are explored in section 2.3.2, while the sensors feeding

the algorithms are discussed in section 2.3.3.

2.3.2 Attitude Determination Algorithms

Central to attitude determination is the chosen attitude determination algorithm, the
mathematical formulation for ingesting data from environmental and dynamic frame-
mounted sensors to produce the most accurate orientation with respect to a specified

frame. While there are numerous versions of algorithms that have been studied, they can
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be generally deconstructed into three categories, deterministic, optimization, and

stochastic solutions [16].

Deterministic solutions are the simplest form of determination which ingest direct sensor
observation data in vector form along with reference vectors, and through matrix
operations develop a solution to the spacecraft attitude. The earliest contemporary
determination algorithms were deterministic, with Harold Black developing the algebraic
method in 1964, which described a point to point transformation of attitude [13]. Asa
linear approximation of a of a dynamic system the algebraic method did not account for
errors present in sensor observations leading to increased error values of the attitude.
This algebraic method would be later referred to as Triaxial Attitude Determination
(TRIAD) by Malcolm Shuster [15], and is commonly used as a reference for attitude

checking of more complex solutions due to its simplicity and computational speed.

In 1965, Grace Wahba essentially kicked off the transition to optimal solutions for
spacecraft attitude when she introduced Problem 65-1 “A Least Squares Estimate of
Satellite Attitude” in the Society for Industrial and Applied Mathematics (SIAM) Review
[1]. Wahba posed that a least squares estimate minimizing the sum of the squares of the
residuals of the rotational matrix from satellite fixed frame to known frame, would
provide the best solution to satellite attitude while allowing for the inclusion of more than
two sensor inputs, thereby obtaining the best least squares estimate from the combined

group of inputs [1]. Though this problem introduced by Wahba garnered much attention,
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the solution required solving for the eigenvalue’s of the 4x4 matrix which was

impractical at the time due to the limitations of the computing technology available [13].

Given two sets of n points {vi, vz, ..., va}, and {vi* v2* ..., v,*}, where
n = 2, find the rotation Matrix M (i.e., the orthogonal matrix with
determinant +1) which brings the first set into the best least squared
coincidence with the second. That is, find M which minimizes; [1]

n 2

2. i =l ©
Malcolm Shuster realized the potential of further developing Wahba’s problem as it was
expanded by Paul Davenport with the inclusion of a quaternion based solution based on a
la Grange multiplier [17] simplifying the loss function into a direct eigenvalue equation.
From the eigenvalue equation, Shuster developed an approximation scheme named the
Quaternion Estimation (QUEST) algorithm [15], allowing for the calculation of the
optimal quaternion without needing to execute the entire set of eigenvalue equations.

The QUEST algorithm has shown itself to be of high accuracy and low computational

expense and has become a staple attitude determination algorithm for COTS ADACS.

With the continual advance in computing from the mid-1960’s through today, the on-
board computational power of satellites has grown exponentially along with drastic
reduction in size and mass of the flight computers themselves. This advance in
technology expanded the operational potential of onboard computing and data storage,
thus providing a unique opportunity to include both spacecraft dynamic modeling as well
as past attitude measurements combined through Kalman Filtering to achieve higher
fidelity spacecraft attitude estimates. The Kalman Filter is based upon a dynamic model

of the spacecraft, and with data sourced from both prior estimates of attitude as well as
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incoming data time-synced from onboard sensors, derives the next best estimate or
“propagated estimate” of spacecraft attitude at a specified time step [18]. Kalman
Filtering has been shown to be non-discretionary as to types of sensors providing data,
specifically mentioning sun sensors, magnetometers, star sensors, and gyroscopes, while

computing attitude accuracies as fine as the sensors themselves are capable of [19].

Table 3 — Attitude Determination Algorithm Quick Comparison

Algorithm Vector/Quaternion # Input Methodology
Values
Algebraic/TRIAD Vector 2 Deterministic
QUEST Quaternion > 2 Optimization
Kalman Filtering Quaternion >2 Stochastic

With the large pool of options in attitude sensors, attitude determination algorithms, and
the combination of the two, it behooves the developers of ADACS to provide multiple
options to the consumer as the performance requirement can vary greatly by mission.
Most commonly available COTS ADACS intended for use in CubeSat applications such
as the solutions offered by Adcole Maryland Aerospace (MAI) [20] and Blue Canyon
Technologies (BCT) [21] provide commanding to choose both sensor inputs modes as
well as determination algorithm modes allowing for configuration control based on
mission specifications. Ultimately, by leaving the choice to the consumer, the
operational performance can be tuned to suit the accuracy required for the sensors

chosen.

2.3.3 Determination Sensors
The accuracy of a spacecraft’s attitude solution is a by-product of both the fidelity of the

determination algorithm and the accuracy of the sensors that provide measurement data.
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As determination algorithms progressed in ability and complexity, covered in Section
2.3.2, so too did the ability to ingest more data in the form of additional sensor inputs.
The option of adding more sensors brought with it a growth in sensor development. The
proliferation and miniaturization of onboard computing permitted the development of
smaller and more complex attitude sensors, which when combined with the more robust
algorithms, allows the ADACS to increase the accuracy of the determination solution.

This section gives an overview of the most common ADACS determination sensors.

Sun Sensor

The Sun Sensors generally found on CubeSats are in most cases more precisely Coarse
Sun Sensors (CSS). Coarse Sun Sensors are essentially photoelectric cells, which
transform photon energy impingent on the sensor into electrical current, which is then be
measured and transformed into a digital signal. The digital signal from a single CSS is
mapped to the known spacecraft frame location where the sensor resides and transmits
the intensity of the incoming light sensed on that plane. By combining multiple CSS’s on
differing planes in the positive and negative X, Y, and Z axis, a 3-dimensional

measurement of the sun pointing vector can be established and fed into the ADACS.
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Figure 6 — Solar-Cell type Coarse Sun Sensor, top and bottom view

Magnetometer

Spacecraft magnetometers are sensing instruments designed to measure magnetic fields.
They are generally a simple series of wound coils that sense the change in current along
the coil due to the change in the ambient magnetic field. Magnetometers provide two
separate but linked types of data to an ADACS. The first being a general measurement of
the ambient magnetic field with respect to the magnetometer’s frame of reference. This
measurement plus the known values of Earth’s magnetic sphere as well as any known
magnetic fields attributed to the spacecraft itself can provide a pointing vector. In
addition to a pointing vector, the measurement of both the change in value of the field as
well as the rate of change of the field informs the ADACS on the degree of rotation and
rate of rotation of the spacecraft. Multiple axis magnetometers are available, but the

simplest ADACS systems use single unidirectional magnetometers on each primary axis.
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Figure 7 — Magnetometer Board

Gyroscopes

Spacecraft gyroscopes are a common and effective sensor for measuring angular rate of
change of a spacecraft. The method on which the gyroscope is based ranges from
physical spinning plates to optical sensing systems, and from single axis to multiple axes.
In each variation, the change in velocity of the spinning mass in a physical system or the
time of travel for a photon in a known path for the optical system, the change be
measured with respect to time to provide a rate of change of the of the spacecraft in that
axis of rotation. With a single axis gyroscope mounted on each primary axis, the total

rotation rate of the spacecraft can be determined.

Star Trackers
Star trackers or star cameras as they are occasionally referred to, are optical sensors that
provide both rate of change as well as a directional pointing vector to the ADACS. The

technological advances in the past few decades have paved the way for the current
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offerings in star trackers to be based off a-priori star fields loaded into the star tracker.
For a directional sensor, the star tracker collects imaging data from the celestial field onto
an imaging plane, and with a comparative algorithm computes the pointing vector with
respect to the known star field. As a rotational sensor, once an initial capture of the star
field has been observed, the star tracker can then begin to compute the rotation rate of its
body frame around the observed star field pattern. Star trackers are in most cases the

most precise input sensor providing data to the ADACS.

There are numerous other sensors available to the spacecraft developer such as Earth
Horizon Sensors (EHS) and Fine Sun Sensors (FSS), but the most commonly available
sensors for ease of use and capability are explained. One note for clarity, the precise
orientation and knowledge of orientation of the sensor is imperative to producing an
accurate determination solution. If the angular orientation of any sensor is off the

prescribed axis by any degree, the error of the attitude solution will suffer.

2.3.4 Attitude Control

The Control Function second primary function of the Attitude Determination and Control
System. Control generally refers to the ability to maneuver or re-orient the spacecraft to
a specified location within a specified reference frame. In the case of an ADACS at the
CubeSat level maneuvering can be omitted from the ADACS functionality while the
orienting portion remains. To fully orient a spacecraft there are specific variables that
need to be known to satisfy the force or torque equations. Current attitude knowledge
and rates of rotation of the spacecraft are required from the ADACS determination

function. The specific Spacecraft mass, Center of Gravity (COG), and Moment of Inertia
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(MOI) are typically stored value in the flight software, can updated as fuel is depleted,
and are required to perform the control force calculations about the spacecraft’s body
frame. Lastly, the frame of reference in which both the target attitude is being
commanded required is required in the case of needing to perform another coordinate

transform.

With the above variables, and by adapting and applying Newton’s 2™ and 3™ Laws of
motion, the ability to compute the reactions necessary to physically re-orient the
spacecraft through the onboard control components is achievable. Newton’s 2™ Law:
Force is equal to the change in momentum per the change in time, or more commonly for
a constant mass, Force is equal to the mass multiplied by the acceleration, explains the
physical phenomena behind the mechanism of a thruster, Equation 2. Newton’s 3™ Law:
For every action (Force), there is an equal and opposite reaction (Force,) provides the
physical law behind the mechanism of Reaction Wheels and Magnetorquers, Equation 3.

The control components described are further discussed in Section 2.3.5.

F=m<—)=ma (2)

F,= —F (3)

Controlling the spacecraft attitude can quickly become very complex as there exist a
multitude of potential errors and coordinate transforms between components. Each
sensor and control component have an intrinsic reference frame. Variations in mounting

locations and orientation both within the ADACS unit or within the chassis require
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mapping to a known frame of reference. Perturbations in space pose another large error
value as each potential perturbation becomes additive. Such perturbations can include 3™
body gravitational pull, atmospheric drag in Low Earth Orbits (LEO), magnetic
deviations due to the precession of the Earth, Solar wind, and others. Small deviations in
pointing accuracy when compounded over the extreme distances covered in space
missions can lead to excessive deviations in physical distance, thereby providing a

critical need for development of precise and accurate componentry for spacecraft control.

2.3.5 Control Components

The control force or torque value computed in the control function provides the
quantitative value required to alter the spacecraft orientation. This quantitative value is
dependent both on the physical properties permissible by the control mechanisms, such as
the physical weight and maximum rate of rotation of the reaction wheels. The location of
the mechanism within the frame and with respect to the MOI are required for moment
arms and torque applications. In certain cases, such as thrusters, the physical pointing of

the mechanism is also factored.

These dependencies combined can influence the magnitude of Force of Torque value
required to alter the attitude of the spacecraft, leading to the topic of efficiencies. Though
not discussed in this research, the study of optimization of spacecraft control is a
burgeoning field feeding into the continual enhancement of ADACS performance. Novel
optimization methods currently under investigation range from in depth research on
machine learning [22] as well as continued research into applying stochastic optimization

algorithms to control problems [23]. Common control components utilized in

28



commercially available ADACS are reaction wheels and magnetorquers. While thrusters
are commonly used on larger spacecraft for attitude adjustments and station keeping, only
recently have they gained traction in the CubeSat form factor, and even so the minimal

amount of fuel capacity onboard makes them a poor choice for attitude control.

Reaction Wheels

Reaction wheels operate when electrical motors rotate a weighted wheel within the
spacecraft chassis creating a stored momentum value. When a brake is applied to the
wheel the momentum is transferred into the body of the spacecraft thus imparting a
torque to rotate the spacecraft. Common practice is to align a single reaction wheel on
each of the three primary axes thereby allowing for control in all three planes of motion.
Alternatively, if the spacecraft is rotating and needs to be slowed the wheel can be
commanded to spin in the opposite direction, and when the braking action is applied the
torque from the spacecraft body is negated by the opposing torque from the reaction
wheel slowing the rate of rotation of the spacecraft. The variation of the rate of rotation
of the reaction wheel up to a maximum value can be infinitely controllable, and as such
the level of applied torques from the wheels to the spacecraft can be finely tuned. A
weakness of reaction wheels is that they have an upper limit of rotation rate and can
become saturated requiring additional control componentry to support momentum

shedding or dumping maneuvers.
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Magnetorquers

Magnetorquers or magnetic torque rods operate on the principle of magnetic dipole
moments. The mechanism for control begins when a current is imparted through a
magnetic coil mounted to the spacecraft generating a magnetic field onboard the
spacecraft. When the generated magnetic field interacts with Earth’s ambient magnetic
field, a force is created acting about the spacecrafts COG, providing the torque necessary
to rotate the spacecraft. As with reaction wheels, magnetorquers shall be mounted in
each primary axis allowing for control of the spacecraft in three planes of motion. The
current applied to the coils can be varied to create differing strengths of generated
magnetic field, thus tuning the torque to required levels. By reversing the current flow
through the coils, the dipole of the generated field can be reversed, imparting torques in
both the positive and negative direction on the specified axis. Magnetorquers can be very
low power draw components but may take extended amounts of time to impart a

substantial torque on the spacecraft.

2.4 Space Environment and Test Apparatus

Testing the Attitude Determination and Control Systems is a crucial step to understanding
both the performance of the ADACS alone, as well as the overall performance of the
spacecraft during orbital flight and commanded control measures. Performance of
ADACS can be broken down into the investigation of the two essential functions inherent
in the ADACS, attitude determination and attitude control. Attitude determination relies
on the accuracy of pointing knowledge, knowing the exact orientation of the spacecraft

with respect to a known frame of reference. Attitude control relies on pointing
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knowledge for functionality, but control performance is specifically evaluated in pointing
accuracy, or how close to the commanded pointing location the spacecraft can be
oriented. To test both functions, the test setup needs to account for the differences in the
environment that will affect ADACS performance between Space where the spacecraft
will be required to perform, and Earth where the testing will need to occur. The
environment in Space differs from that on Earth in two main dimensions that will need to
be addressed, the first being the magnetic field, and the second being the gravitational
pull. Exploring the workings of Earth’s geomagnetic sphere and its impact on ADACS
system in section 2.4.1, Helmholtz Coils and Cages as the test apparatus required to
negate the impact of the geomagnetic field in section 2.4.2, and the implementation of an
air bearing to simulate Space’s micro-gravity environment on Earth in section 2.4.3 are

required to understand the bounds of the testing environment.

2.4.1 Earth’s Geomagnetic Sphere

Space provides a challenging environment in which to operate on many levels. One such
challenge is the ability to apply a force onto an object from a spacecraft to impart a
reaction force on the spacecraft itself. Terrestrially, by applying a force upon an
essentially stationary object such as the Earth, the resultant opposing force will in turn
affect the object. In Space, the availability of target objects on which a force may be
applied are very limited. One consistent object, or field in this case is Earth’s magnetic

field.

Earth’s core is comprised of a dense molten liquid separated from the less dense mantel

which rotate at differing velocities. This combined with conductive currents caused by
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heat transferring from the molten core and escaping outwards in what is referred to as the
Geo-dynamo create a magnetic field about the earth. Measurements of the magnetic
field are plentiful and the data of field strength at specified intervals published regularly.
Earth can be outwardly represented as a magnetic dipole with the South end of the
magnet facing Earth’s geographic North, and the North end of the magnet facing
geographic South. The magnetic dipole of the Earth is roughly eleven degrees off the
rotational axis of the Earth. As the distance from the Earth increases, the magnitude of
the magnetic field decreases such that the magnetic field can be useful to satellites in
Low Earth Orbit (LEO) but becomes much less effective as spacecraft altitudes increase

into the Medium Earth Orbit (MEO) regimes.

Rotational
Axis

Figure 8 - Earth’s Magnetic Field Represented as a Bar Magnet
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Earth’s geomagnetic field is not symmetrical due to two main factors, the first being the
inconsistency in the densities of the Earth, and the second and most influential factor is
solar wind. Charged particles released from the Sun interact with the magnetic field
creating a compressing effect of the field on the Sun facing side, and an elongation effect
on the side opposing the Sun. It is due to these two factors that the knowledge of the
spacecraft’s position within the orbit is required to accurately compute both attitude

determination and control values from magnetic measurements.

. “Interplanetary Magnetic Field Lines i

. BowsShock’

Figure 9 — Earth’s Magnetosphere with Solar Wind [24]

2.4.2 Helmholtz Coils and Cages

To effectively simulate the magnetic field strengths and vectors of an orbital position on
Earth, the electrical field on Earth at the testing location must be altered. By running a
current through a large coil, a magnetic field is generated. When placing two large coils

within a specified radius of each other, the mostly uniform magnetic field strength at the
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midpoint between the coils can be calculated. B is the field strength, N is the number of
wraps or wire, I is the current, and p is the permeability of free space (magnetic)

constant (1.25663706 x 10 m kg s A2 [2].

B=—— 4

X Axis Coil Pair Y Axis Coil Pair Z Axis Coil Pair
Figure 11 - X, Y and Z Coil Pairs with B-Field Vector
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By altering the current through the system of coils the strength of the field between the
coils will change. By reversing the flow of current the directionality of the field will
change. A single pair of Helmholtz coils when placed one radius apart will create a
measurable zone of uniformity between the coils in the direction of the generated
magnetic field vector. Combing three pairs of magnetic coils in three axes oriented
around a central point will create a box of uniform magnetic field known as a Helmholtz
Cage. From this magnetic box, each axis field can be precisely controlled to simulate the

space environment at the specified orbital location and time.

X Axis Coil Pair

Y Axis Coil Pair
Z Axis Coil Pair Z

X

B-Field Vectors

Y

Figure 12 — Square Coil Helmholtz Cage Composite of X, Y, Z Coil Pairs

The Helmholtz Cage at AFIT as developed by Brewer in her 2012 Thesis substiuted ring
coils for square coils, and as such the coil spacing and the formula for the uniform

magnetic field between the square coils is altered. The alteration requires that the square
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coils be spaced 0.5445 times the coil height apart as opposed to the rings’ one radius
spacing, and in the altered equation an additional variable of y is required. y is the ratio
of the height of the coil over the separation distance. This square coil design has been
used to develop Helmholtz cages at both Carthage College, Kenosh WI [2] and
Massachusetts Institute of Technology, Cambridge MA [25], though MIT chose to use

the Merritt 4-Coil Design to provide a more uniform magnetic field.
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2.4.3 Air Bearings

For a space system to be properly characterized on Earth it must be tested in a relative
environment to Space, specifically the environment on Earth needs to mimic the
microgravity and minimally torqued nature of Space. With the Helmholtz cage mostly
negating any induced magnetic torques, the remaining torques are largely friction
induced. A reduction of friction surfaces within the experimental setup will play a large
role in the fidelity of the test results as well as the ability to take precision measurements.
Methods to reduce the friction supplanted into the tests include magnetic levitation
systems, gravity offload systems, and air bearings [26]. Air Bearings create a very low
friction environment between two surfaces and can be developed in several shapes and
orientations allowing for large degrees of movement in both the planar and rotational
aspects. The downside to an air bearing is that it must be attached at some point to a test

apparatus and as such the bearing will be encumbered along some plane of motion.
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Generally, an air bearing will allow for full rotational freedom along one plane of

rotation, while the two remaining planes of rotation will be hindered the apparatus itself.

Chassis Mounting
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Figure 13 - Air Bearing general operation.
Air bearings, such as the apparatus at AFIT are commonly a cup and ball style.
Compressed air is fed through the cup portion, while a finely machined ball or half sphere
sits into the cup. The air being forced through the cup creates an air cushion so that the
ball is essentially floating. The test article, or spacecraft in this case is attached to the
ball and balanced as precisely as possible. Ifthe machining of the cup, air nozzles, and
ball are precise enough the system will be in equilibrium. Ifthe machining is not perfect
there will be additional torques produced that will affect the performance of the system
and introduce bias into the measurements. Though not a perfect representation of the
space environment, the performance aspects of the air bearing system does provide a

solid understanding and test scenario for ADACS performance.
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Figure 14 - AFIT Air Bearing

III. Methodology
The benefits of characterizing and understanding the currently available COTS ADACS
offerings provide clarity to the component selection process and aid in streamlining the
required design effort for current and future CubeSat missions. Armed with a broad and
inclusive understanding of the fundamental components and functionality of ADACS
systems achieved through the literature review in Chapter II, the methodology of the
characterization process can be developed. Chapter III outlines the effort to produce a
standardized characterization method to which ADACS offerings may be subjected,
through a deliberate set of test procedures. The focus on standardization provides a fair
evaluation procedure allowing the capability of each platform to be quantified against
other units. Additionally, specific mission requirements can be tested to classify

suitability of each offering to specific mission sets.
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The addition of specific Mission knowledge enhances performance assessment metrics by
providing an additional tool with which the design team can leverage to reduce resource
demand for component selection. Reduced resource demand allows for increased focus
on development of command, telemetry, and mission build-out for the chosen hardware.
The Mission focus, justification for characterization, and available ADACS solutions for
this research are discussed in Section 3.1. Details of the performance evaluation criteria
as well as performance metrics and figures of merit are discussed in Section 3.2. The
experimental setup including limitations are discussed in Section 3.3. Data collection and
data analysis are discussed in Section 3.4. The methodology outlined in Chapter III shall
deliver a standardized assessment to increase the understanding of current COTS
ADACS offerings, and by extension, shall provide the means for characterization of any
new potential offerings on the market in the future with a platform to baseline capabilities

against.

3.1 Mission, Justification, and Available Solutions

With the increased accessibility of Space brought forth by the standardization of CubeSat
form factors, the expansion of who has access to Space and the breadth of mission
objective has continued to increase. Of the many beneficiaries, academia has perhaps
seen the greatest advantage. Academic institutions have gained access to low-cost
spacecraft components which excite potential STEM students and can bring in additional
research funding for specific research areas. With this arrangement, the institution itself,

the research partners, and the STEM students in both the undergraduate and graduate
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level programs can all benefit and progress in their respective fields. The institution
gains funding, research focus, and visibility to outside organizations for further funding,
as well as an increase in both the reputation and quality of the educational program which
attracts potential students. Research partners benefit from a favorable cost to
performance ratio, leveraging the institution’s collective knowledge base, research
equipment, and low cost of labor from faculty, staff, and students to undertake research
across a broad range of topics within a specified domain. Students benefit tremendously
with potential knowledge gain in a multitude of space research areas from a hands-on

environment of design, engineering, and research performed on and with the spacecraft.

The Air Force Institute of Technology (AFIT), an academic institution falling under the
Department of Defense (DoD), is one of the institutions that has continued to benefit
from the rise of CubeSat missions. AFIT’s Center for Space Research and Assurance
(CSRA) is an extra-Departmental entity with a broad scope of activities centering within
the space domain, providing support to, and leveraging output from the AFIT students
and staff. CSRA is the program owner for the AFIT CubeSat Program. Under the
CubeSat Program lies a handful of CubeSat Projects all based on the various standardized
CubeSat form factors. Specific Missions fall under each Project, and these Missions
comprise the level where the bulk of the work takes place. Creating this structure where
the Mission is owned by a non-Departmental entity allows for the CSRA to support and
harness input from students and faculty across multiple departments in space related

research endeavors.
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Figure 15 - AFIT CSRA’s CubeSat Program Breakdown

CSRA is inherently tied to the Department of Aeronautics and Astronautics with common
focus and shared staff where students often perform space-specialty research such as
orbital determination optimization and spacecraft design. The non-Space Departments
also provide a wealth of knowledge base, focus, and direction to the CSRA Missions.
The Department of Electrical and Computer Engineering often supports CSRA Missions
with guidance, hardware, and software solutions to a multitude of issues, while providing
a requirement for space access for flight-testing of sensors and payloads. The
Department of Engineering Physics and more specifically the research areas of Remote
Sensing and Space Weather often provide requirements to CSRA for on-orbit access for a
multitude of sensors and payloads spanning a variety of topics sourced either in-house, or
from their own respective partners. Students from the Department of Systems
Engineering and Management are often integrated into each Mission and provide support
in Systems Engineering and Program Management roles including developing modeling
solutions and simulations for each Mission. It is this inclusive structure that both allows

for the integration of aspects from the full complement of AFIT Departments, while also
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providing the requirement for continued operation, research, and support to the CubeSat

program.

3.1.1 Mission

Understanding the over-arching goals and priorities of the institution, departments, and
the flow of funding and decision-making of each Mission is beneficial to forming
baseline assumptions that will inform research decisions. In the case of this research and
the CubeSat form factors that CSRA are developing, the highest priority and demand falls
on that of the Grissom Project. The Grissom Project is based on a highly configurable
6U CubeSat chassis referred to as the “Grissom Bus.” The Grissom Bus while
conforming to the standardized 6U form factor utilizes a modular design permitting a
large variation of mission profiles, objectives, and operational characteristics as well as
delivering a platform to host the addition of payloads. The Grissom-1 project will be the
basis of this research, but the knowledge gained in both the operational characteristics if
the ADACS within the flight-like configuration as well as the performance of the test

plan shall be applicable to all related and future AFIT CubeSat missions.

Grissom-1

Grissom-1 is the first in the line of AFIT CubeSats based off the Grissom Bus. The
objective of the mission is two-fold, first to gain flight heritage for the bus, flight
software, and development team, and secondarily to support the added payloads.
Grissom-1 is considered a basic 6U offering, developed with only the subsystems
necessary to perform a simple mission. The subsystems included with the chassis

structure are the Electrical Power System (EPS), Command & Data Handling (C&DH),
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Tracking, Telemetry & Control (TT&C), Attitude Determination and Control (ADACYS),
and Thermal Control (Thermal) which collectively occupy about 3U worth of spacecraft
volume. The remaining volume provides the volume necessary for the addition of
payloads, which for Grissom-1 are the Extremely Low-Resource Optical Identifier
(ELROI) payload provided by Los Alamos National Labs, and the NanoSatellite

Tracking Experiment (NTE) developed by the Naval Intelligence Warfare Center.

ELROI delivers with it a list of spacecraft requirements one of which is pertinent to this
research. ELROI requires that the spacecraft shall provide Nadir pointing of the payload
over a specified latitude and longitude for operational testing. Similar to ELROI, NTE
includes the requirement for Nadir pointing over a specified range of latitude and
longitude values to complete its mission. The objective and threshold values of the
Nadir pointing requirement are not implicitly defined in either case, driving the need for
data in the relative sense. Thus, if the spacecraft is commanded to a specific pointing,

what is the accuracy or error in pointing that the ADACS can deliver in each axis.

While the objective and threshold values are not known at the current time, it is
reasonably assumed that the beam pattern of the payload in either mission mode or while
downlinking data is likely driving the requirement. It can also be reasonably assumed
that ADACS with increased accuracy can support payloads with finer pointing
requirements. From these assumptions, the requirement for ADACS Pointing Accuracy

can be derived and will assist in defining the total performance of the ADACS.
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Future Missions

With AFIT operating as a research hub of new and novel concepts and pushing the
bounds of current practices, the assumption that more complex mission profiles will
eventually be the norm for the work within the CSRA is valid. Flight heritage for the
chassis, components, and development team open the possibilities of new funding and
new research opportunities. Currently, research into CubeSat specific propulsion systems
has been investigated along with the potential missions that the addition of propulsion
could support. With respect to ADACS, current COTS propulsion units are rarely
outfitted with steerable nozzles leaving the ADACS to alter attitude to provide the proper
alignment with the required thrust vector. Definitive objective and threshold values for
pointing accuracy for thruster operation have not yet been specified, though as the
attitude angles diverge from the required pointing vector, the efficiency of the thruster
will decline. On a CubeSat the volume of propellant is extremely limited and thruster

efficiency will be heavily weighted for design decision making.

In Grissom-1 and with future CSRA CubeSat missions, the spacecraft will likely be
ejected from a CubeSat canister mounted to the host vehicle as the method in which
orbital access is provided. The standardized ejection canisters often impart relatively
small external torques to the spacecraft at time of release due to the launch mechanism
friction, which may also be combined with tip-off rated imparted from the host
spacecraft. These external torques leave the spacecraft in an uncontrolled and potentially
unstable motion described as a tumble. The first step in spacecraft control once the

onboard Command and Data Handling system is booted and initialization has occurred is
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the ADACS will be required to perform a detumble process to retake control of
spacecraft. Detumble is most often linked directly with a Safe Mode where the
spacecraft will autonomously compensate for the external torques imparted on the
spacecraft. In most cases, the rotation will be damped down to a threshold limit where
the next series of autonomous steps can take place. Once satisfactorily detumbled, the
spacecraft can then begin the process of sun searching and finally altering attitude to
position the solar panels in the sun pointing direction for charging. An uncontrolled
spacecraft is both unproductive to the Mission as well as a danger to any co-orbital

spacecraft, thus the detumble is deemed a significant requirement.

The total set of requirements both explicit and derived from the bus, hardware, mission
objectives, payloads, and physical phenomena are then transferred to the Grissom Bus as

operational and performance requirements.

3.1.2 Justification

AFIT is a research institution with challenging requirements. Not only must AFIT satisfy
the requirements and standards set forth by academic regulatory and accreditation
agencies, but also adhere to regulations passed down through military guidance and
objectives. Where private or state-run institutions have the luxury to adjust to their own
vision at their own pace, AFIT must conform to the standards and time scales implored
by the Major Command (MAJCOM) as well as the funding agencies. This hurdle forces

AFIT to look towards research focus areas that are not just relevant today, but those
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which the DoD assess will provide increased capabilities to the warfighter in the future.
It is safe to say that Space is now a higher priority than ever before in the DoD, and that
AFIT and the CSRA understand the complexities and trends of the space acquisitions and

are steering student programs as well as expending resources on space topics.

Getting out in front of the curve with research focus areas such as those specific to
CubeSats, AFIT has positioned itself as a leader in the space-related education theme and
as a support system to the greater DoD. In addition to providing programs of study,
investments into CubeSat development processes as well as laboratory and testing
facilities enable both students and operational missions. The combination of access to
spacecraft components, lab space, and testing equipment attracts students to take on
challenging research topics, ushering a growth of knowledge across the space domain for
the students and the community in which they will then be employed. AFIT programs
and research topics have benefits reaching beyond the institutional walls, with the goal of
supporting critical decision points in future operational DoD Missions. Research topics
such as CubeSat ADACS performance are examples of this type of research that support

current and future needs.

3.1.3 ADACS Solutions

The key driver for this thesis is the Attitude Determination and Control System
performance of the Grissom bus for the Grissom-1 mission, as well as accounting for
provisions for future CubeSat missions. The assumption is that all known missions are
built upon the Grissom bus, and the configuration of each mission impacts a variety of

ADACS performance parameters. The Missions themselves may require differing on-
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orbit activities, which lead to the inclusion of a thruster system and investigation into the
performance with increased complexity of maneuvers. The potential of adding thrusters
and the increased complexity which follows led to the decision of obtaining an alternate
ADACS than the model chosen for Grissom-1. The assumption of the thruster system
being statically positioned requires a central location within the chassis to limit rotational
torques occurring when the thrusters are activated and not aligned with the Center of
Gravity (COG). This leads to the decision of mounting the thruster system in the middle
cube of the 3U volume on one side of the chassis. The combination of the thruster system
and a generic payload would likely add a significant amount of mass to the chassis. The
added masses coupled with their specific location within the chassis leads to a center of
gravity (COG) and Moment of Inertia (MOI) that can be effectively much different as
each mission evolves. In each case, the ADACS solution chosen along with the full
mission loading must be carefully understood before a true flight test and comparison can

be performed.

MAI-401

The ADACS solution chosen to support the Grissom-1 Mission is an Adcole Maryland
Aerospace, LLC (MAI) MAI-401 Mini ADACS [20]. The MAI-401 is a self-contained
ADACS solution configured and marketed towards the Nanosat and more specifically
CubeSat market. The MAI-401 requires less than a full “U” in volume and provides both
determination and control in three axes. Attitude determination is supported by six
Coarse Sun Sensors (CSS) inputs, a 3-axis accelerometer, a 3-axis magnetometer, and a

star tracker. Attitude control relies on three reaction wheels and three electromagnets
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each supporting 1 rotational axis. The attitude sensors along with the control
components are enabled by the ADACS computer. Communicating with and receiving
telemetry from the ADACS computer is performed through the Command & Data

Handling System (C&DH) linked to the ground station software.

Figure 16 - Adcole Maryland Aerospace’s MAI-401
Operationally there are a multitude of commands, modes, and settings that can be applied
to the MAI-401, all of which alter its performance. To reduce complexity and biasing
towards specific tests, the operation structure will be simplified to performing the
nominal tasks and actions associated with general on-orbit operation. General on-orbit
operation begins with the CubeSat deployment from the canister, release of the stowed
solar panels, and initializing the power-up sequence. With power initially removed from
the ADACS during launch, the Electrical Power System (EPS) will initialize the ADACS
through the power-up sequence. The MAI-401 is preset to initialize in Acquisition
Mode, which is one of thirteen ACS modes available to the ADACS. Acquisition mode
is also known as the rate null mode within MAI documentation, in which the ADACS

attempts to reduce the spacecraft rotational rate to 0 deg/second in each axis as measured
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by the magnetometer. This rate nulling process is referred to as a detumble process or

action for this research.

A consideration worth mentioning is that though the rate nulling process will decrease the
initial spacecraft momentum post-ejection, the separation of autonomous acts built into
the ADACS software is not readily apparent. It is possible that without the inclusion of a
sun simulator in the testbed, that the ADACS will detumble and then continue attempting
to find the sun in the sun acquisition process. Without a sun to find, as possible in an
eclipse scenario, the ADACS will follow a constant motion process until the sun is found.
The pre-set rate of rotation maintained within Acquisition Mode is roughly two times the
orbit rate (average inertial rate of magnetic field) [20]. With this knowledge there is
potential that the ADACS will detumble to a momentary stable state and then begin

rotating again at a controlled state.

BCT XACT-15

The increased complexity inherent with the addition of a thruster system drove the CSRA
CubeSat development team to obtain a Blue Canyon Technology’s (BCT) XACT-15
ADACS [21] for their research efforts. The XACT-15 is like the MAI-401 in that itis a
self-contained spacecraft attitude determination and control system marketed towards
small satellites and is touted as a “0.5U micro-package,” leading one to believe that it is
intended for use in CubeSat configurations. Attitude determination input arrives from a
star tracker, an inertial measurement unit (IMU), a magnetometer, and a Coarse Sun

Sensor assembly. The verbiage of an IMU does not necessarily denote what sensors are
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housed within the unit, but since magnetometers are specifically referenced outside, the
internal components are likely accelerometers or gyroscopes. Three-axis attitude control
is driven by reaction wheels and torque rods. Commanding the ADACS and retrieving

telemetry is handled through the C&DH interface, which translates commands from the

ground station software.
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Figure 17 - Blue Canyon Technology’s XACT-15 Attitude Control
System

Operationally the XACT-15 User Guide describes behavior much like the MAI-401
referenced above. The XACT-15 will be unpowered during launch and will be initialized
post-ejection from the canister when the separation switch and solar panel deployment
switches have been released. Once the EPS has initialized the C&DH and sent power to
the XACT-15, the XACT will boot into Sun Point Mode. Sun Point mode is the base
level mode for the XACT and serves as both a place-holder state as well as a safe-state
mode for the ADACS. Sun Point Mode autonomously begins to shed momentum
induced from both ejection and tip-off which is the Detumble process for this ADACS.
To alleviate momentum, magnetic torque rods are employed with the reaction wheels

locked out by the ADACS software. Once a pre-set floor threshold of momentum is
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reached, detumble is considered complete. With detumble complete the XACT-15
autonomously begins its sun search in attempt to begin sun pointing. As with the MAI-
401, though the ability to detumble is not specifically affected by the CSS’s, due to the
autonomous nature of the sun search following detumble it is required that a sun

simulator be provided in the setup to reach a steady state after detumble.

3.2 Performance Evaluation

From an overview standpoint the MAI-401 and the BCT XACT-15 are similar in many
aspects from component makeup, performance specifications, and operational ability.
When investigating deeper into the User Manual for each unit, it becomes evident that the
offerings begin to differ in several areas including sensor utilization and attitude
determination algorithms. While the design and internal operation of the ADACS
becomes difficult to gather information on (proprietary information) as well as test, the
external performance of the ADACS becomes the key to the performance evaluation.
With the knowledge of requirements from the Mission, Bus, and available hardware, the
ability to derive the bounds and processes of the testing procedure became more evident.
The known ADACS offerings allow for the simplification of operation into a finite
number of states and modes that can be considered similar enough to warrant a
comparative. To create a narrative reporting performance of the ADACS within the
available test setup it is critical to provide a clear understanding of how the evaluation of
the performance will be undertaken. Section 3.2.1 outlines the preference of testing

control performance over attitude determination, while Section 3.2.2 describes the
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performance metrics and figures of merit for the comparison that can be compiled from

the test procedure.

3.2.1 Attitude Determination vs. Control Performance

The development of a test plan for the comparison of opposing products intended to
return the same result creates a set of difficulties that can rarely be fully solved without
performing the testing within representative environmental conditions. Testing of
ADACS falls within this set of products. The differences in ADACS can be vast among
each critical function, both determination and control. Determination can differ in
number, type, and quality of sensors delivering data, as well as a wide swath of
applicable determination algorithms described in Section 2.3.2 that ingest sensor data and
provide determination solutions. In addition, the determination algorithm can have the
ability to assess a-priori data such as that in a Kalman filter application and weighting
past solutions. Control is complicated with its own set of potential differences. Control
actuators vary by size, type, and performance, while acting upon a spacecraft that can
vary in total mass, center of gravity (COG) and moment of inertia (MOI). Furthermore,
control ingests the determination solutions into the control algorithm driving increased

divergence in system operation.

Though each component of the ADACS system can be tested separately for accuracy,
precision, and behavioral characteristics, it is the performance and function of the system

as a whole that is the focus of this work. The idea of emergent properties emanating from
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a buildup of a total system gives the system it’s final usable characteristics, in both
positive and negative aspects. In the case of the ADACS, the nature of the control
function, requiring input of the attitude solution as well as the control solution for
computation, allows for the operational characteristics of the ADACS system as a whole
to be tested solely while testing control performance. By focusing the test scenarios on
the control performance, the full complement of attitude determination and control

performance can be accurately established.

3.2.2 Performance Metrics and Figures of Merit

The attitude of a spacecraft as referenced in Section 2.3 can be described as rotations
about the X, Y, and Z axes with respect to a known reference frame. Attitude will be
derived from two distinct sources linked by common reference frames, including the raw
telemetry as measured from the ADACS, and the chassis motion data as measured from
the PhaseSpace Motion Capture camera system. Direct measurements from the separate
sources with respect to each axis within the known frame can be used to understand the
accuracy and precision of the control function. Both data sets require coordinate
transforms to reach a common reference frame, and both require data manipulation to
allow for comparative data analysis. Performance of the ADACS overall satisfying the

pointing accuracy requirements can thus be made.

From the direct measurements of each source, a time derivative of the data can also be
achieved, resulting in the time-rate of change value with respect to each variable in each
primary axis. From the time derivative an assessment on the rate of change of the system

can be made, providing insight into the rotational rate of change of the test platform.
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With the understanding of the motion of the test setup is limited to axial rotation about
the X, Y, and Z (also referenced as yaw, pitch, roll), or any combination of the three in
both the positive and negative directions when referenced with the right-hand rule, an
assessment of the performance of the ADACS with respect to the detumble requirement
may be made. In both cases, that of raw measured data as well as time-derivative data,
plots of the resultant data series will be beneficial in understanding not only trend of each

data set, but the quality of the test setup and test plan as well.

3.2.3 Data Collection
From the test setup the three important data sets can be obtained.

(1) Telemetry data from the ADACS

(2) Helmholtz Cage Data from the MATLAB script operating the Helmholtz

Cage.

(3) Rotational Data from the PhaseSpace Cameras System
Data is easily mined from the laboratory desktop workstation that operates the
simulations, allowing for ease of access to all data and continued visibility of the both the
physical test as well as the data output flow. The data files are saved to the appropriate
test folders for future analysis. While the ability to immediately analyze the data would
be beneficial for understanding any anomalies or unexpected trends in the data output
while testing, the decision to progress through all test scenarios while the test
configuration was set and performing properly is the preferred course of action. The
potential for changes to the system with regards to the positioning of the truth
magnetometer or the balance of the spacecraft on the air bearing due to raising and

lowering the air bearing setup has the potential to alter visible trends in the small number
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of tests. Once all test scenarios are run, the data is then compiled to be analyzed.
Analysis of the test data is performed within MATLAB, using the ability to draw on

multiple data types, specifically .txt and .csv files for analysis in one location.

3.3 Experimental Setup

From the early stages of forming the base level questions of this research topic through
the literary review summarized in Chapter II and expanding through the development of
the methodology and test plan outlined earlier in Chapter III, the formulation of how to
test an ADACS in a flight-like environment was the focus. The result of a decision made
at the cross-roads of what is ideal and what is available led to a compromise of the test
setup and test operation. Though not the ideal solution, the accepted test plan provides a
reasonable resolution to testing an ADACS unit purpose-built for space operation in a
terrestrial setting. While each component of a spacecraft must undergo rigorous testing
proving flightworthiness in areas such as thermal cycling and vibratory resonance testing,
flightworthiness was purposely left out of the test plan to allow for complete focus on the
performance aspects of the ADACS systems alone. Trust-but-verify is the status-quo
when characterizing flightworthiness, that verification should be left to the Mission team

assembling a Mission-specific spacecraft to their inherent qualification levels.

A foundational understanding of the bounds in which to test the ADACS unit specifically
focusing on the performance aspects provided the guidance necessary to procure the test
setup. Available to students studying space related topics within AFIT, is access to

several laboratory spaces, hardware solutions, software development areas, and staff
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supported by the CSRA. Of'the items available for this testing was the opportunity to
build a generic 6U CubeSat test unit specifically for testing ADACS operations for this
research. The CSRA Mechanical Laboratory at AFIT possesses a Helmholtz Cage
originally developed in 2012 [3], which has been maintained and updated over the years
supporting occasional internal program testing and spacecraft development projects.
Access to the cage allows for the variation of the magnetic field within the bounds of the
cage providing a method to simulate the magnetic field estimated on-orbit. Additionally,
within the cage rests and air bearing with a mounting platform purpose-built to receive a
CubeSat chassis. The air bearing will allow for an extremely low friction rotational
assembly representing the microgravity environment of space. Mounted around the cage
are the six motion detection cameras of the PhaseSpace Motion Capture system, which
provide the opportunity to measure and visualize the motion of the spacecraft during the
test procedures. Beyond the large items that makeup the test suite are numerous lab
workstations, software applications, tools, configuration items, cabling, power sources,
and most importantly access to subject matter experts in every possible field related to

this testing. The below subsections provide greater detail of the more critical test items.

Helmholtz Cage

The AFIT Helmholtz Cage lies at the center of the ability to complete this research as
described when referring to “flight-like” conditions. The cage provides the magnetic
environment needed to test ADACS performance on Earth but as effected in Space.
Specifically, the cage allows for the ability to vary the magnetic field within a small zone

of influence, thus demonstrating the estimated magnetic field at a proposed orbital
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altitude and inclination. The AFIT cage is built using three sets of square Helmholtz Coil
pairs, aligned in the three primary axes of X, Y, and Z, of which more in-depth
description can be found in Section 2.4.2 Helmholtz Coils and Cages. The large sizing
of the coils, though requiring a larger amperage draw, delivers a larger area of uniform
magnetic field in which the test chassis is mounted. The coils are controlled by the
MATLAB script which has been updated by the CSRA staff since its initial
commissioning in 2012 [3]. The truth magnetometer within the homogeneous zone
performs as a feedback sensor thus allowing the cage to continually regulate current to
each coil separately to ensure the least possible variation from the desired values. The
desired values are estimated through a simulation run on Analytical Graphics Inc’s (AGI)
Systems Tool Kit (STK) Space Environment Effects Tool (SEET). The values are
ingested into the script and driven by pre-specified time steps. Output from the
MATLAB script return both desired values as well as measured values as registered by

the truth magnetometer for analysis.

Air Bearing

The available air bearing setup within the Helmholtz Cage at AFIT is of the cup and ball
design. The chassis is mounted to the carrier plate which sits atop the ball. The ball rests
within the socket where compressed air is pumped through miniature orifices allowing
the ball/plate/chassis structure to hover in a very low friction environment. The cup and
ball design allows for uninterrupted rotation about the Z axis (within the XY plane) but is
limited to (+/-) 25 degrees above and below the XY plane. Critical to the setup of the test

is the ability to balance the ball/plate/chassis structure on the air bearing. If the balance is
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incorrect the air bearing will reach its equilibrium point below the available rotational
limit, thus impacting or resting on the air bearing structure and rendering the test invalid.
In addition to the potential of an unbalanced test, the potential for induced forces or
rotations due to the flow of air around the cup and ball socket it always a potential,

though proper cleaning and maintenance should provide for minimal impact.

PhaseSpace Motion Capture System

Relying solely on the telemetry of the ADACS to verify its own performance is not the
ideal solution when working towards a comparative analysis. As a secondary measure to
have the performance of the ADACS verified by an external source, the implementation
and usage of the PhaseSpace Motion Capture camera system was applied. The
PhaseSpace system is a series of motion detecting cameras, six cameras for this
experiment, physically mounted to the Helmholtz Cage approximately 1 meter above the
mounting plate of the air bearing. The cameras are connected to the PhaseSpace server
through an ethernet connection and controlled with the OWL Master Client software.
Mounted to the chassis are a series of light emitting diodes (LED’s) to which the cameras
are tuned to sense. The Master Client software provides the ability to measure the initial
positioning of the LED’s and create a virtual rigid body from the positioning. The rigid
body is then mapped to a reference coordinate system, in this case using the chassis frame
of reference. The OWL Master Client then retrieves the measurements from each
respective camera, analyzes the data, and outputs a solution for the motion of the rigid
body in heading, physical positioning, and rotational quaternions. As an extra measure to

package the timing, data capture, and output files a script in Python was developed by the
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CSRA staff to streamline the PhaseSpace process. The data obtained from the
PhaseSpace camera system will be used as a tool to satisfy the verification of the

measured ADACS motion for all test objectives.

Generic Test Chassis

The basis of which this set of tests falls is on the ability of an ADACS unit to perform
determination and control functions on a 6U CubeSat chassis. To support this basis a
generic chassis was sourced along with the minimally required components to operate
within the laboratory confines. Within the chassis were various subsystems required for
operation. A MAI-401 ADACS unit and supporting processor board and magnetometer
add-on, with five Coarse Sun Sensors (the sixth would be obscured by the air bearing
plate) supporting the ADACS. A Wi-Fi dongle acting as the Telemetry, Tracking &
Command link. A Command & Data Handling System running AFIT’s core Flight
Software (cFS) for relaying commands to the ADACS as well as returning telemetry
through the Wi-Fi link. An Electrical Power System with battery pack for powering the
test unit, with a charge cable for keeping the battery pack supported when not testing. Of
note were the lack of thermal control system deemed unnecessary for testing in the
ambient indoor temperatures, the lack of solar panels which would interfere with the
mounting of the chassis on the air bearing platform, and the addition of a mass model
located opposite the solar panel face simulating the addition of a payload while also

providing much needed counterweighting for the balancing process.
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Commanding of the spacecraft was relayed from a lab workstation using the COSMOS
software over a Wi-Fi connection to the C&DH, which then delivered the proper
sequence of commands to the required subsystems. The COSMOS software also
provided the ability to watch livestream telemetry data from the connected subsystems

through 2-way communication.

Computer Modeling for magnetic field

The Helmholtz cage provides the opportunity to vary the magnetic environment within
the cage to an almost unlimited number of combinations. Potential variations include
setting the drivers to a zero current application to be affected only by Earth’s magnetic
field on location at AFIT, nulling Earth’s field such that the cage truth measurements are
at [0, 0, 0] milli-gauss in the respective [X, Y, Z] vectors, and simulating the space
environment at any estimated orbital parameters. Discussions of current and planned
Missions with members of the CSRA staff produced the request to study the operational
performance of the ADACS at three specific simulated orbital altitudes, 450, 500, and
600 kilometers while at an orbital inclination of 50 degrees. These orbital parameters
align with the bounds used by multiple other research projects run in conjunction with the
CRSA. Analytical Graphics Inc’s (AGI) Systems Tool Kit (STK) Space Environment
Effects Tool (SEET) was used to produce the estimation of Earth’s representative

magnetic as felt on orbit at the above orbital parameters.
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Setup of the SEET tool was completed using reference guides produced by STK for each
separate orbit, with the main field set to use the International Geomagnetic Reference
Field model (IGRF), and with no external model added as suggested by the SEET
reference guide due to the low orbital altitudes required. The SEET tool requested the
time steps in which to update the estimated magnetic field which was set to 1-minute
intervals to save on both computing time for the simulation as well as allowing for
enough time for the Helmholtz cage to equalize at each specified value. Each simulation
was run for a period of 100 minutes under the assumption that 100 minutes would cover
1 full orbital period for the requested orbital altitudes in this test. The magnetic field data
as then delivered in a .txt report with each time steps and respective magnetic intensity
measured in nano-Tesla for the North, East, and Down reference frame. The report is
imported into MATLAB, delimited, transformed into a more usable coordinate frame,

and finally ingested into the Helmholtz Cage script driving the cage parameters.

3.3.1 Component Frames of Reference

Complications can arise from a test setup running multiple stage tests on a complex
system measuring the motion of a rotating test subject. The complications from
component frames of reference and common nomenclature are potentially the most
common and easiest to make. By simplifying each test component down to the base level
frames, the entirety of the reference frame picture can be laid out allowing for smooth
transformations when troubleshooting or analyzing data. Deciding on a common frame
as the base frame as well as a naming and coloring convention eases the ability to assess
each component and to visualize proper orientation. Understanding that the performance

of the tested ADACS will be anchored to a relative but stationary pointing reference and
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not tuned to Earth’s NED configuration, the common frame can be chosen. For this test
setup the common frame will follow that of the Helmholtz Cage with the three primary
axes as shown in Figure 18. Additionally, the coordinate axes of X, Y, and Z will be

color coded to Red, Green, Blue respectively for each component.

The chassis frame being developed as its own separate project has been described with its
own individual coordinate frame. While operationally in space the attitude of the chassis
and internal components with respect to the Earth is variable, but when installing parts

and operating the unit within the effects of gravity on Earth the standard configuration of

operation and carry is shown in Figure 18.

The orientation of the ADACS unit will likely vary by manufacturer and should be
provided in the operations and reference material. Understanding the reference frame
and coordinate system of the ADACS is required, but it is also critical to understand how
the ADACS itself was mounted to within the chassis, thus making the first double

coordinate transform of the process.

In the case of the MAI-401 test setup the magnetometers delivering measured magnetic
field data to the determination function were provided on a separate board allowing for
optional mounting positions throughout the chassis. As with the orientation of the
ADACS with respect to the chassis, the orientation of the magnetometer board with

respect to the ADACS is also a critically important task.
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Figure 18 - Test Component Coordinate Frame
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From the base level coordinate frames referenced in Figure 18 the remaining coordinate
frames of the test setup can be managed. The MATLAB code running the Helmholtz
Coils is inherently in the Cage frame but ingests the chassis frame to complete a
coordinate transform such that the data delivered from the tests including that of the truth
magnetometer can be obtained in the rotated frame for ease of analysis. The PhaseSpace
camera system links its virtual rigid body to the chassis frame such that any rotation of

the chassis is qualified and married to that of the rigid body.

In all cases it is beneficial to understand a common frame of reference to aid in the
analysis of the data from each separate component. It is imperative to verify reference

frames in all cases, but specifically for those that require coordinate transforms into other




reference frames. Additionally, it is beneficial to verify that for each reference frame and

each transformation that the norm of the right-hand-rule is never violated.

3.4 Limitations

Testing of space systems prior to launch and on-orbit operations is a significant
requirement for the fact that the ability to re-contact a spacecraft for maintenance, repair,
or modification is extremely difficult, costly, and rare. Subsequently, the effort and
resources devoted to pre-launch testing is required to be high. With the increase in
quantity of spacecraft on orbit coupled with an increase in capability-per-kilogram and
interest in the exploitation of space resources, the knowledge base of the space
environment is growing. An increase in knowledge of the environment in which a
spacecraft will operate leads to more specific test scenarios. Ultimately the goal would
be to test every operational characteristic of the spacecraft in a flight configuration and
within a simulated space environment, though the cost and time required becomes
prohibitive. From this realization it makes sense to test general operational
characteristics in terrestrial environments which mimic space as close as possible and
within the confines of what is reasonably available to the test team. For operations and
test cases outside the norm or deemed unreasonable a simulated environment shall be an
acceptable approach. The limitations that impacted this research were varied, as were the

effects on the test procedures and results.
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Star Tracker

A primary component commonly used within an ADACS is that of a star tracker camera.
A star tracker can be utilized in two ways, with one significantly more complex. The first
type operates with no a-priori information, such that the star tracker cyclically views
captured images of the sky, tracking bright stars, and calculating rotational movement
and rates from the imagery within the internal ADACS software. The second type is
loaded with a star catalog such that the captured imagery can then be internally verified
against the star catalog, providing not only rotational movement and rates, but estimated
pointing vectors to assist the determination algorithm. Of the available ADACS units
surveyed, the star trackers were heavily relied upon for internal data calls enhancing
pointing accuracy and precision when in the more complex operational and command

modes.

Testing of the star trackers requires either a real star field, or a simulated field. Testing in
flight configuration on the real star field would require either an outdoors test, a roof
opening, or positioning very near a large bank of windows, all of which become
unreasonable when operating within the Helmholtz Cage. The other solution would be a
simulated star field on a monitor placed directly in front of the star tracker camera. This
becomes problematic when testing any motion of the spacecraft as the monitor would
also be required to move with respect to the motion of the star tracker as to always keep it
in frame. With the ability to test the star tracker limited within reasonable bounds, the

ability to test the total performance of the ADACS system is also limited specifically with
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respect to the pointing accuracy test which would rely heavily on the operational modes

supported by the star tracker.

Sun Simulator

Coarse Sun Sensors (CSS) are integral sensors providing data to the determination
algorithms within the ADACS. Ofthe ADACS units surveyed, the CSS’s were relied
upon universally for detumble process, and occasionally in other commanded
determination modes. Testing of the ADACS ability to detumble is then critically reliant
upon the performance of the CSS’s which are then reliant upon the test setup to provide a
solar simulator as close as possible to the on-orbit environment. Energy from the Sun at
the outer reaches of Earth’s atmosphere is approximately 1350 (Watts/meter”2), a value
that is like what a spacecraft would encounter on orbit. In addition, the Sun’s energy in

space is spread across the entire electro-magnetic spectrum.

To simulate the Sun’s energy on the CSS’s a 200W incandescent lamp was place
approximately 20 cm from face of the rotating spacecraft to illuminate the CSS’s to
register the minimum photo-electric power required to simulate the spacecraft not in an
eclipse period. Due to the proximity of the lamp to the face of the spacecraft, for each
rotation as the lamp’s influence left that of the closest CSS, the ADACS would err to an
eclipsed condition before regaining enough energy to again become non-eclipsed at the
next CSS. For this Sun simulator to work properly it is suggested to develop a

collimated light source large enough to illuminate the entire chassis during a test period
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and delivering enough light to satisfactorily trigger the ADACS into the illuminated state

to not be limited by the constant flux between illuminated and eclipsed states.

IV. Analysis
With a suitable methodology laid out in Chapter III, coinciding with the development of a
test plan sufficient to function as the framework for assessment between multiple
ADACS units, the process of testing the on-hand MAI-401 ADACS unit was undertaken.
From the beginning of the test period, it become apparent that the ability to command the
spacecraft into the planned modes of operation through the flight-like Ground System —
to C&DH —to ADACS pathway was not fully functional at the time of testing. Whether
the issues arose from connectivity, the developed flight software, ground system
software, commanding sequences, or a combination of the aforementioned, the ADACS
unit did not respond as required. After much deliberation and consultation, it was agreed
that though not all test objectives would be met, critical early testing was still beneficial

and required for the program to succeed.

With the root cause of the commanding issue undetermined, the ultimate impediment for
completion of the test sequence was identified as the inability to transition the ADACS
from the initial boot mode known as Acquisition Mode, into any available mission mode
where commands for attitude adjustments are accepted. Acquisition Mode, though
unfortunate in the fact that pointing knowledge and slew rate would not be permitted to
be explored, is the mode in which the detumble operation occurs, and as such will allow
for one of the test objectives to be met. Performance analysis of the data obtained from

the MAI-401 detumble along with the PhaseSpace camera system will not only permit a
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deeper understanding of the detumble operation and performance but can also be
extended to the operation of the ADACS in other modes. The sharing of sensors across
modes allows the detumble analysis to benefit to the performance and effectiveness of the

whole system.

The detumble tests followed directly from the test plan to comply with the baseline
assumption that for any future comparative analysis to be performed, a strict adherence to
a standardized test plan is required to be followed. The testing was performed, and aside
from a small number of intermittent connectivity issues due to loss of wireless connection
from the representative ground system to the C&DH leading to a loss of data and a
necessary restart of the test, the tests progressed as expected. Each test scenario was
completed, and data stored. The data files obtained from the tests were as expected,
telemetry output from the ADACS by way of C&DH, Helmholtz Cage data from the
MATLAB script, and motion data provided by the PhaseSpace camera system. Of the
numerous data points to analyze, the most beneficial for analysis was derived from the
telemetry taken with respect to the magnetic field. Additionally, the data from the

PhaseSpace Motion Capture camera system provides a reliable supporting set.

4.1 Magnetic Field Data Analysis

The magnetic field data may be the most important point of analysis for this research for
the reasoning that it is being measured both by the truth magnetometer within the cage
and from the onboard magnetometers, as well as having the data point of what the

intended magnetic field of the cage should be. The duplication of sensors provides the
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ability for comparative analysis of one sensor against another in a common referenced
frame. The first look at this data will be a comparison of three variables in the three
major axes. The variables are:

(1) Desired Helmholtz Cage magnetic field.

(2) Helmholtz Cage magnetic field as measured by the truth magnetometers.

(3) Helmholtz Cage magnetic field as measured by the ADACS magnetometers.
To view the values on a combined plot it is imperative to convert them all to a common
frame of reference, and in this case it will be the “Cage” frame. The desired values and
truth magnetometer measured values are provided in the chassis frame as is built into the
MATLAB code, and thus need a rotation of 90 degrees about the X, followed by a 180-
degree rotation about the Y. It is assumed that the coordinate transforms or rotations all
share a similar baseline, in which each axis will only be varied by multiples of 90
degrees. In this case the rotation matrices are all simplified from trigonometric functions

to combinations of 1, -1, and 0.

1 0 0 1 0 01X X
0 Cos(8) —-Sin(@®)|=[o o -—1||v|= |-Z (6)
0 Sin(8) Cos(0) 0 1 o01llz Y

Inserting the resultant coordinate frame vector into the next rotation to receive the total

rotational transformation of the desired cage field and truth magnetometer.

Cos(8) 0 Sin(6) -1 0 01X X
0 1 0 ]=[o 1 ol||l-zl=|-Z (7)
—Sin(6) 0 Cos(0) o o —-1lly -Y

In a similar fashion, the onboard magnetometer is required to go through a series of

rotations to reach the common “cage” frame, in this case specifically due to multiple
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components being mounted to and working with each other in different relations. The
magnetometer is mounted onto the ADACS with a specified NED orientation, while this
should clarify the relationship, the NED label was only specified with a single arrow,
leading to an ambiguous understanding of the true relationship. To understand the true
relationship, the cage was set to X, Y, Z values of [0, 0, 0] respectively, and then each
axis was increased to 1000 milligauss. This process allowed for the known cage axes to
be traced to the unknown spacecraft magnetometer axes as described in the ADACS axes

empirically.

The magnetometer data is passed to the ADACS which has a known orientation per
manufacturers specifications, which then outputs the telemetry in the ADACS frame to
the C&DH where it can be read out. Since the ADACS works as an intermediary in this
process, the addition of the ADACS frame rotation is also a necessary piece. The
ADACS frame is transformed into the cage frame with a single -90-degree rotation about
the X axis, this is the expected value of the onboard magnetometer if aligned with the

ADACS.

1 0 0 1 0 011X X
0 Cos(8) -Sin(8)|= 0o 1||v|=|-z €)
0 Sin(8) Cos(8) 0 —1 ollz Y

The measured values of the onboard magnetometers resulted in the following matrix with
respect to the cage frame, though given in the ADACS frame.
=Y

Z
—X

9)
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With the known experimental values as well as the expected resultant, the rotation matrix

from the magnetometer frame to the ADACS frame can be solved for.

X -Y] [0 0 -1
—-Z|=0lx3|Z =0 -1 0 (10)
Y -xI -1 0 o0

From which the ADACS frame to Cage frame rotation of -90 degrees about X can then

take place, proving the combination of rotations does is in-fact net the originally driven

[X,Y, Z].
1 0 0 1 0 O0O1rx X
0 Cos(@) -=Sin(@)|=|0 o0 1||-z|=]|Y (11)
0 Sin(8) Cos(8) 0 -1 olly Z

With the specified rotations performed upon the requisite data sets, the data is then
plotted for analysis. It is important to note that of the three orbital scenarios completed
only one will be followed in this analysis, the detumble scenario at an orbital altitude of
500 kilometers and an inclination of 50 degrees. The results of the remaining simulations

will not be deeply explored as the results are all in agreement and follow similar trending.
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Figure 19 — Magnetic Field Measured Data for simulated 450 KM Orbital Altitude at 5