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ABSTRACT

On July 12 2010 the first Generic Nanosatellite B@&B) spacecraft, AISSat-1, was launched
aboard a Polar Satellite Launch Vehicle rocket. Gemeric Nanosatellite Bus is a 6.5-kg satellite
platform which was designed, built and commissiolgdthe Space Flight Laboratory of the
University of Toronto. AlISSat-1's primary missionas to investigate the orbital reception of
maritime Automatic Identification System (AIS) mage traffic and demonstration of a high duty
cycle operational space-based AIS service capgbilit

The GNB is a flexible, high-performance nanosatelplatform designed to support multiple
missions with differing mission and payload regoiests with minimal modification. In this way,
mission cost, time from inception to flight, andkiis minimized by leveraging heritage from one
mission to the next. This modular design philosopsiyespecially embodied in the attitude
subassembly, which can meet the needs of a very vadety of missions, ranging from those only
requiring coarse determination and control througggnetic-field-tracking to high-performance
three-axis systems requiring arc-minute level aacyr

This paper will first summarize the GNB platformdathe AISSat-1 mission, but will focus
primarily on the GNB attitude subsystem. A reviefithe attitude sensors and actuators will be
given, as well as an overview of the attitude safew With the foundation and context presented, a
detailed treatment of the commissioning results thiedattitude performance within the operational
phase of the mission will round out the paper.

1 INTRODUCTION

In recent years, nanosatellite technology has redttm the point where it can now be used to
enable aggressive, timely, and relevant missionsué@rs whose only options previously were
larger, more expensive satellites, or a non-stebblution with much greater cost or lower
coverage and flexibility. The Space Flight Laborgt(SFL) at the University of Toronto Institute
for Aerospace Studies (UTIAS) has been a pioneaamosatellite technologies since the first 1-kg
CubeSat satellites were conceived, designed amdhad as part of the first CubeSat cluster launch
in 2003. Since then, three more nanosatelliteg h@en launched by SFL as summarized in Table
1.

Each mission has not only raised the bar in terhiteahnological maturity and performance, but
also in the aggressiveness and import of the nmssiarly nanosatellites, both from SFL and other
organizations around the world, were primarily tealbgy demonstrations. With AISSat-1, and the
first deployment of the Generic Nanosatellite BGINB) platform, pseudo-operational real-world
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problems have now been demonstrably tackled byagsadellite platform.

Satellite Launch Date Mission
CanXx-1 June 30, 2003 Technology Demo
CanXx-2 April 28, 2008 Technology Demo, AtmosphericeBce
NTS April 28, 2008 Space AIS Investigation
AISSat-1 July 12, 2010 Space AIS Investigation,

Operational Demo
Table 1: SFL Nanosatellite Launch History

Complete three-axis attitude control had traditiigpndbeen a challenge to implement at the
nanosatellite level. Due to recent advances inatunization of critical pieces of hardware, notably
reaction wheels, accurate three-axis control atgmall scale is now finally a reality. The atfiéu
subassembly of the generic nanosatellite bus, riticptar, is considered amongst the current state
of the art in terms of capability and accuracy.

This paper summarizes the GNB platform, with argréocus on the attitude subassembly, along
with an overview of the AlISSat-1 mission. In-orbdmmissioning and operations results of the
attitude subsystem are presented.

2 THE GENERIC NANOSATELLITE BUS

The Generic Nanosatellite Bus is an advanced négibtaplatform that was developed by SFL as
an evolution of the older CubeSat-based missidnsaddition to the satellite bus itself, the GNB
platform also includes a baseline supporting grosegiment implementation in order to provide a
reliable, complete end-to-end system.

Knowledge and flight experience gained from thdi@aprograms, along with important input from
users regarding what scope of platform would bdéuliser more demanding missions, was used to
define the next-generation nanosatellite platfoirthe GNB was originally co-designed by two SFL
programs with very different mission requirements:

* The Bright Target Explorer (BRITE). BRITE is a satellite optical space astronomy
constellation formed by an international collabmmatof Canadian, Austrian, and Polish
teams each building two complete satellites.

» The CanX-4 and CanX-5 dual-satellite mission, which an enabling technology
demonstration performing autonomous precision foiondlying.

As a result, the GNB platform can easily accommedatvide variety of payloads and operational
profiles with minimal modification to the core slite bus. AISSat-1 is a very good example of
this capability, as the mission was defined andlemgnted long after the GNB platform design
was complete.

The GNB platform is a complete satellite systent tan be tailored as needed to mission needs.
The tailoring process is a combination of tailordiyission and tailor-by-modification approaches,
with an emphasis on keeping design modificationa tminimum. This reduces overall schedule
and cost, and minimizes the risks associated wathigth modifications to flight-qualified systems
while maintaining the flexibility to address diffeg mission requirements.
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The GNB is an advanced ~6 kg nanosatellite platfioria 20-cm cubic form factor. It is designed
such that the bulk of the bus electronics are genand their accommodation in the satellite does
not change from mission to mission. An examplénaf fully assembled GNB satellites, AISSat-1
and the first BRITE, is shown in Figure 1.

Figure 1: AISSat-1 (background) and BRITE (foregibun

The internal structural concept is shown in Figare The platform is designed around two
structural trays that house the majority of theelite electronics, including all of the genericsbu
systems, around which are attached panels housidigicmal functionality. In addition to bus
systems, additional space in these trays is avaifab payload support electronics (e.g. a dedetate
payload computer) as needed on a mission-by-midsi@ms. Only minimal modification of the
structure is typically necessary for different noss.

Launch Rails

Payload
Volume
(8x13x17¢cm)

The main payload area is located in the centrermelof the satellite. A large proportion of the
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satellite’s volume is available for use by the pag, and it is constrained only in a simple shape
and mounting method. This allows great flexibillyaccommodating different payloads. Locating
the payload in the centre of the satellite alswioles a very stable thermal environment, and access
to four different surfaces for payload elementg thast protrude through or have visibility beyond
the outer structure of the satellite, such as ax@sm@nd instrument apertures.

The platform contains all the elements necessarg feide variety of missions, including:

* Dual, redundant 5.2 A-hr batteries with independsairge/discharge regulation

* Body-mounted solar arrays providing power genenaiticall attitudes

* Dual parallel and interchangeable 60 MHz on-boanthputers, normally dedicated to
housekeeping and attitude control duties, respagtiv

» Customizable payload control and data processingpater, up to 1 GB of storage

e Omni directional 4 Kbps UHF command uplink

* Omni directional S-band telemetry and payload datanlink (up to 1 Mbps, commandable)

* Hemispherical coverage GPS receiver for positiomimg timing

* Full attitude determination and control system goiasn a customizable suite of sensors (sun
sensors, rate sensors, magnetometer, star tracked) actuators (reaction wheels,
magnetorquers). Multiple control modes are avéléb.g. inertial, orbit-frame-tracking).

Functionality that is not needed for a given misstan be omitted. For example, if a mission does
not require high precision attitude control the stacker may be omitted.

The GNB platform is designed to allow a high degoé®perations flexibility and autonomy. A
typical GNB mission will require much less than ofudl time operator to task, monitor, and
maintain the system. Payload operations are tijpisaheduled either by an on-board scheduling
mechanism or via time tagged scripts that are preeated by a ground tasking system and
uploaded to the satellite in advance. The on-bdiand-tagging system allows a high degree of
control and can support easy insertion of new contteat any time to allow emergency or limited-
opportunity activities on short notice.

Further details regarding other GNB-based missotamsbe found in [1] through [3].

3 THEATTITUDE SUBASSEMBLY

The key to a multi-mission design, such as is #me dor the broad intentions of the GNB class of
satellites, is the ability to easily tailor a cormmdea to a particular case, which reduces theciatsd
non-recurring engineering costs, project schedudenaission risk. In any given mission that requans
attitude assembly, there are three basic elentbetsensors that measure certain phenomena; softwar
that processes these measurements and calculatestice action; and actuators that implement the
calculated thrust and or torque commands. Tailavinthe hardware involves selection of appropriate
sensors and actuators that enable the fidelithefgiven case’s knowledge and control requirements.
The software, on the other hand, should be designesisentially be independent of which sensore hav
been chosen, save, perhaps, for minor implementapecifics. This is the basic design approach
adopted in developing the attitude subassembiy&GNB class.

The multi-mission-design architecture for the GNf8uwale subassembly is shown in Figure 3, where the
On-Orbit Attitude Subsystem Software (OASYS), whishcomprised of an extended Kalman filter
(EKF), and a set of control laws is constant foergvmission. All control laws fly for all missions,
however, which ones are actually available and wsgmbnds on the particular mission needs and
hardware complement. Which sensors and actua®mm@rporated depends on the mission. Specific
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components can be added or subtracted with minmtedfacing effort, giving both the software and
hardware significant modularity.

coarse sun sensors
fine sun sensors

magnetometers
magnetorquers

rate sensors OASYS
* L * reaction wheels
star trackers (running on the ADCC)

thrusters
earth sensors

GPS estimates

accelerometers

Extended Kalman
Filter

Figure 3: Basic Flow Diagram for the Multi-MissiolNB ADCS Architecture

OASYS (On-board Attitude SYstem Software) is thghtl software that performs all the necessary
computations for attitude determination and impletsieattitude-control laws to achieve a desired
attitude state (attitude quaternion, and anguléwcitg in the body frame of reference). It is inrppa
comprised of a satellite-position propagator, arsgphemeris and an IGRF-11, magnetic-field, mofiel
the Earth. These models are used in conjunctidnsersors to estimate the satellite’s attitude égna

of an Extended Kalman Filter (EKF). The control $aare then implemented based on the estimated
state. The attitude software is run at a fixeddmrifigurable frequency of 0.5Hz on a dedicated
Attitude Determination and Control Computer (ADCEpnch 2 s frame has a series of events, the
order of which does not change: read sensors, ABY® and command the actuators.

As illustrated in Figure 3, the ADCS of the GNB csupport a wide range of attitude hardware.
Much of this hardware is developed in-house by SHxamples of SFL-built hardware include
digital sun sensors, three-axis magnetometersexes rate sensors, cold-gas thrusters, vacuum-
core magnetorquer coils, and on-orbit attitude oatems. SFL, in partnership with Sinclair
Interplanetary have also developed a range oficeaetheels. In another partnership, SFL, Sinclair
Interplanetary, and Ryerson University’'s SAIL ladory developed a low-cost high performance
star tracker, which the first will fly on a SFL GNdatellite in Q4 2012.

The SFL-built sun sensors are a combined coarssofpinsistor based) and fine (digital-pixel array
based) sun-sensor circuit is used to measure¢hedon vector. The primary function of the coase
sensors is to select a fine sun sensor to usdtifada determination, which is desirable becaeselout
times for the fine sun sensors are appreciabgjwelto an attitude cycle. The fine sun sensbased on

a CMOS area sensor that outputs two one-dimengioofiles. The output profiles show intensity along
the sensor’s 1 and 2 directions. Centroid algostinmOASYS then determine the estimated location of
the sun spot on the 2D array.

The GNB magnetometer is a three-axis, boom-moust@tsor that provides measurement of the local
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magnetic field for comparison with an on-board IGRFmagnetic-field model. The magnetometer
relies on three orthogonal magneto-inductive sen3drese sensors are designed to alter their anatect

in the presence of magnetic fields. SFL's GNB sdnasors employ micro-electro-mechanical-system
(MEMS) rate sensor heads, which rely on the Carigffect. In these sensors, a proof-mass is ateill
along one axis creating a periodic velocity. Antation about a perpendicular axis will create Qisrio
acceleration in an axis that is perpendicular tth kibe rotation and the driving vibration. The
displacement due to the Coriolis acceleration terdgned through capacitance measurement.

Reaction wheels are the primary means of actudtiorihe GNB. A wide range of wheels were
developed in partnership between SFL and Sinclerplanetary, with momentum capacities from
7mNms to INms. The GNB nominally employs three Rém wheels arranged orthogonal to each
other, producing a nominal torque of 2mNm per akmsorder to trim momentum levels in the wheels,
and to damp spacecraft body-rates, the GNB emploge orthogonal vacuum-core, electromagnetic
coils, commonly referred to as magnetorquers. Tweepsupplied to the GNB magnetorquers is current-
controlled, removing underlying compensation catohs that are otherwise necessary for resistance
(which changes with temperature).

A host of control laws have been designed withinS¥& to enable a very wide range of missions,
however a fundamental suite of three are predortynaised. This includes the B-dot magnetic
controller that requires only knowledge of the ratechange of the local magnetic field in the body
frame, to null body-rates. Second, in order to @névthe saturation of the reaction wheels, thrabgh
action of secular disturbance torques, a magnatiméntum management controller, of the form of a
simple proportional controller acting on the enrelative to a reference momentum is used. Third, in
order to actually point the GNB, a three-axis aalfgr in the form of a linear quaternion and linbady-
rate feedback PID controller is used. This neatirmum-time eigen-axis rotation controller is capatfle
holding to an inertially-fixed target, or given et ®f roll, pitch and yaw angles, tracking a fixacget
relative to the moving classical orbit frame.

4 AISSAT-1

AISSat-1 is a Norwegian nanosatellite, funded eyNorwegian Space Centre and managed by the
Norwegian Defence Research Establishment (Forsvaferskningsinstitutt, FFIl). FFI also
maintains the Mission Control Centre (MCC) for saellite and performs all mission operations.
The satellite bus was designed and manufactureg8Hky and all satellite assembly, launch, and
commissioning activities were conducted by SFL wsitipport from FFI for payload activities. The
payload electronics module was designed and byidngsberg Seatex in Norway.

AISSat-1's mission is to investigate the ability afsatellite platform to receive data from the
maritime Automatic Identification System (AIS) artd demonstrate how this data can be
disseminated and used by end-users in an operbgsi@m. The primary area of interest is the
Norwegian coastal waters and areas of the HighhNamtler Norwegian authority. These are large
areas of open-ocean, much of which was previoustyaatively monitored on a regular basis.

AlSSat-1 was designed with a full complement of GNlBdware and software in addition to its
payload elements, with the exception of a starkemavhich was not required. Therefore, the
attitude system hardware was comprised of six @ligitin sensors, one boom-mounted three-axis
magnetometer, and one three-axis rate sensor tdrout the determination suite. For control
AISSat-1 employs three miniature reaction wheetsthree vacuum-core magnetorquer coils.
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Wheels

Figure 4: AISSat-1 ADCS Configuration

Demonstrating the advantages of the GNB designoagpes, AlSSat-1 was completed in a
truncated satellite development program with thedirinary design phase omitted and the critical
design phase highly accelerated.

Further details on AlSSat-1's mission and payloaad loe found in [4] and [5].

5 LAUNCH AND EARLY OPERATIONS

AISSat-1 was launched on the Indian Polar Satdlitench Vehicle, as part of SFL’s Nanosatellite
Launch Service 6 (NLS-6) cluster, on July 12, 2018ISSat-1 and its separation system were
accommodated on the PSLV'’s upper stage equipmehktateshown in Figure 5.
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The target orbit, a 635 km sun-synchronous orbihai descending node of 10:00, was achieved
precisely. The satellite was deployed over thettsoa Indian Ocean, not far from the coast of
Antarctica.

Due to the locations of AISSat-1's Earth statiangial acquisition occurred only a short time late
Initial telemetry indicated a fully successful ahdalthy delivery into orbit. The satellite was
commandable and responsive. The power system veaiatomg as expected, with expected levels of
power generation observed. The thermal state ofsgaEecraft was in line with thermal model
expectations. The main housekeeping computer wasdthlge storing telemetry and handling
command requests properly, and ready to suppdnehigvels of operations

Owing to the excellent early operations results, llSSat-1 payload was activated in its real-time
mode for the first time less than 12 hours aftérahacquisition and the system was able to rezeiv

and disseminate live AIS message traffic from thghHNorth immediately. Thus in a very short

time the mission was able to complete a numberitoi€al mission milestones and demonstrate high
confidence in the larger mission.

6 ATTITUDE SUBSYSTEM COMMISSIONING

The attitude determination and control subsystemD(GA&) was commissioned in three main phases.
The first was a verification of the determinatiamdacontrol hardware, followed by a checkout of

the attitude solution, and finally an evaluationeafch control algorithm. These activities were

performed largely in parallel with other commissi@nactivities.

6.1 ADCSHardware Checkout

The checkout of the determination hardware wasessfal with the hardware operating within
expectations. The sun sensor dark noise metrics wighin expected limits and solar response and
field of view was affirmed. Magnetometer noise was and in line with expectations, at ®er

axis (1-sigma). The measured magnetic field madeitvas in line with accurate ephemerides, thus
indicating that the measurement of the boom-mountexjnetometer was not impinged by
spacecraft residual or dynamic dipoles. The ratesar noise was acceptably low and matched pre-
launch statistics, at less than 0.06°/s (1-sigit@e measurement of the rate sensor was well
correlated against those inferred from finding tperiod of harmonic oscillation of the
magnetometer.

Prior to running attitude estimation algorithmstwoard, much of the attitude state was inferred by
the rate sensors and magnetometers. In particulags possible to determine the initial kick-off
tumble rate was ~6°/s.

The control hardware checkout was conducted inllparith the attitude determination algorithm
evaluation. The performance of the vacuum core mi@agquer coils was investigated by comparing
the actual measured body-rate profile versus th¢aed given the magnetic field measurements,
and measured torque current. This comparisonadetdstrong correlation, thus indicating that the
torquers were performing well, and were impartirigraue on the order of PONm at the AlSSat-1
orbit altitude.

The reaction wheel checkout involved spinning tHee&ls up to 300rad/s and allowing them to
coast back to zero. From this data, the wheel usaamping coefficient, attitude rate estimation
performance, and the moment of inertia of AlSSatere investigated. Measuring the viscous
damping coefficient is one of the most meaninghdicators on how well the wheel bearing
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survived launch, where a large change would indisatne mechanical impact. On-orbit spin-down
testing confirmed that the coefficients for eacheelhwere nearly identical to the pre-launch
measurements. The spin-down tests also providstanate of the satellite inertias, which matched
the results of coarse pre-launch testing.

6.2 Attitude Solution Verification

The attitude determination algorithm of the on ldoattitude software, OASYS, is comprised of
three main parts: first, a set of ephemerides lcutzte the expected measurement vectors, second,
sensor processing to take the raw measured readimsonstruct an actual measured vector, and
third an EKF that compares the two sets of vectors yields a state estimate. In addition, the
software is equipped with a host of error reportamgays that indicate issues encountered in any
particular control frame.

The on-board SGP4 position, IGRF magnetic and G&dr ephemerides were found to be well
correlated when compared against more accurateesoat the recorded time stamps. A review of
sensor processing confirmed the accuracy of sekeyasensor calibration values. For example, the
magnetometer bias and scale factor were verifiepldiying each axis of the magnetometer relative
to another during the wheel spin tests. These pfoisn a well calibrated magnetometer, should
result in an ellipse with an origin and eccentyiciear zero. A plot of the magnetometer Z versus
X-axis during a wheel spin up is shown in Figure 6.

A0 MAG X vs Y Measurement: Y Wheel

Z-axis magnetometer measurement (nT)

X-axis magnetometer measurement (nT) w107

Figure 6: Magnetometer Z-axis versus X-axis duthrggY-wheel spin up test

The attitude solution estimated by the EKF was stigated by comparing the quaternion estimate
against that from the TRIAD algorithm [6]. TRIAD & deterministic quaternion solution that
utilizes the sensor measured body-frame vectorsthadephemerides calculated inertial-frame
vectors. It is important to note that this analysmply affirms that, given the sensor measurements
the estimate generated by the EKF of OASYS is metsle. Unfortunately, a true checkout of the
state estimate performance on AlISSat-1 cannot bdumbed due to a lack of an absolute truth
model. Such evaluations of filter performance @raracterized in simulation only where the filter
estimate, which is based upon corrupted sensorureraents, is checked against a simulated truth.
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Figure 7 shows the angular difference between th8Y5 and TRIAD estimates. The correlation
is quite good, indicating that the filtered estiengt valid. The angular difference between theisvo
typically less than 5° with a root mean square (RifSess than 2°, except for occasional instances
of poor sun sensor readings where the solar ceteouis used to generate a coarse sun vector
estimate instead. In some instances the use aftdireasurements in the TRIAD solution causes
sharp shifts in the angular difference, particylaa$ the sun enters the field of view of one sun
sensor and leaves the other. Each sun sensor lggeucalibration values and unique error
properties as a result. The EKF, being a low-fiiss, will correctly filter this whereas the TRIA
solution will suffer. Largely, the angular differee between the TRIAD and OASYS quaternion
solution is due to the EKF minimizing the estimaggtbr covariance, whereas the TRIAD solution
uses the corrupted sensor measurements directly.

The filter can also be assessed by surveying the#afiltering performance indicators. The first
is an investigation of the statistics of the senssiduals. A residual is defined as the difference
between the projected state estimate (actual neasmt) and the expected measurement
(ephemeris calculated result, rotated by the ialett-body rotation matrix). The extended Kalman
filter is built on the principle that these errase zero-mean and Gaussian. The means of the
magnetometer, rate sensor and sun sensor residwgs computed, and were found to be
essentially zero. Further, it can be shown thatsénsor residual must always be within the 68% of
the expected value. The residual expected valpeojsortional to the root of the sensor error noise
covariance, the process noise covariance, andstiteated state covariance [7]. A plot of actual
and expected value of the magnetometer and ratoisegsiduals is shown in Figure 8 and Figure
9. In all plots, the residual is below the expectedich is the desired result, indicating that filker

is working and tuned fairly well.

Euler-axis angle between the TRIAD and EKF quatemion
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Figure 7: Angular difference (euler-axis anglemzsn the TRIAD generated and OASYS estimated quatern
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Figure 8: Actual and expected value of the resgldaling the magnetometer update step of the EKF
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Figure 9: Actual and expected value of the resildating the rate sensor update step of the EKF

6.3 ADCS Control Algorithm Performance

The attitude software, OASYS, is equipped with atlad control algorithms applicable to a variety
of mission; however, the AlSSat-1 mission only lieggithe regular use of a subset. The B-dot rate
damping controller is used to minimize body-ratésthree-axis quaternion feedback controller is
used to either align the spacecraft frame in aentation fixed in the inertial frame (inertial-
pointing), or an orientation fixed in the movingbirframe (orbit-tracking). Wheel momentum
management is continuous and is a sub-mode optuesraft three-axis controller.

The B-dot body-rate damping controller, which opesaon the rate of change of the measured
magnetic field measurements alone, was demonstgateckssfully to reduce rates to nearly the
theoretical limit of approximately two rotationsrperbit, or 0.18/s. Figure 10 illustrates an
example when the B-dot controller was used to deatgs from approximately 4/3 to nearly this
limit in 1500 OASYS cycles, or 3000 seconds. AlSSdas since used its B-dot controller to
damp rates of 2% in less than an orbit.

Three-axis inertial-pointing performance of AlSSatwas investigated by commanding four
sequential quaternion targets, each separatedspgraof 600 seconds. These targets were designed
to initially place AISSat-1 in an attitude with gntwo body-faces illuminated, with one at a’30
angle of incidence to the sun and the other 8t Bfbm that initial attitude, the spacecraft was
commanded to first rotate ®@bout the +Z-axis, then +9@bout the +Y-axis and then +0@bout
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the +X-axis. Figure 11 shows the satellite tragkiime sequence of commanded targets, including
the slews. The time taken to reach the 2% settan for these three 96lews were 85 seconds
on average. An example of the body-rate profilerduone of the slews is shown in Figure 12.

Due to a lack of a truth model, absolute accurafcthe AlSSat-1 attitude controller cannot be
precisely determined. Accuracy, though, can coprded affirmed by analysing the sensor
measurements at each target. First, using theesiwsosand magnetometer measurements as well as
the corresponding ephemerides-generated vect@d,RIMAD algorithm can again be employed to
generate the inertial-to-body-frame quaternion.is,Teensor-measurement based quaternion can
then be compared against the commanded state. Ulbedxis angle between these two frames was
computed for each of the four targets, where tlalte for target two are plotted in Figure 13, and
the results for all four targets are summarizetiable 2.

The root mean square errors are less than 2.4fthdfua comparison between the expected solar
and magnetic field measurements and the actuabsemsasurements was conducted for each of
the four targets. The results of this analysis tateulated in Table 3 and Table 4. The results
indicate that the apparent root mean square sisosand magnetometer error is less thefi @ntl

1.6° respectively. This error includes all error sosroé each sensor, that is, noise, misalignment,
and accuracy; however, this error measurementwittorrupted by sensor bias.

Root Sum Square of OASYS Estimated Body-Rates (degfsec)
T T T T

45

Body-Rate (RSS)

body-rate (degfsec)

" | | \ | |
0 1000 2000 3000 4000 5000 6000

time since log start {sec)

Figure 10: Body-rate profile during the action o tB-dot rate damping controller
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Figure 11: OASYS estimated quaternions during lineg-axis inertial pointing checkout
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OASYS3 Estimated Body-Rates (deg/s)
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Figure 12: Estimated body-rate profile during Yraxis slew
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Figure 13: Euler-axis angle between the OASYS aRtAD quaternion
Target 0 c RMS
(degrees) (degrees) (degrees)
1 1.29 0.56 141
2 1.00 0.53 1.13
3 2.35 0.48 2.39
4 1.72 0.88 1.92
Table 2: Root mean square of Euler-axis angle betv@@&SYS and TRIAD generated quaternion for inenpiaiating targets 1
through 4
Target u c RMS
(degrees) (degrees) (degrees)
1 1.12 0.63 1.29
2 0.57 0.33 0.66
3 2.03 0.42 2.08
4 0.86 0.32 0.92

Table 3: Root mean square of angle between expaagtdheasured solar vectors for inertial pointimgets 1 through 4
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Target u o RMS
(degrees) (degrees) (degrees)

1 1.34 0.58 1.46
2 0.73 0.41 0.84
3 141 0.74 1.59
4 1.11 0.54 1.23

Table 4: Root mean square angle between expectesh@aslired magnetic field vectors for inertial-pioigtargets 1 through 4

AISSat-1 normally employs the orbit-tracking modetlwe ADCS, which was verified after the
inertial pointing mode. The operational desireisrient the payload antenna in a fixed orientatio
relative to the orbit frame. The orbit-trackingyalithm was verified by comparing the measured
solar and magnetic field vectors against the exgoedResults indicated that the root mean square
difference of the expected and measured sun sansamagnetometer measurements wertahé

1.5° respectively. Further, he angle between the erpequaternion and the TRIAD-generated
quaternion was 2°2 Note, the angular difference between the EKFyestttd quaternion and the
expected quaternion was obviously much smaller l{d§naations of a degree), as this is the metric
which is being minimized by the three-axis quatemrfieedback controller, and thus cannot be used
for a performance metric.

Finally, the momentum management controller for 2481 is designed to maintain the wheel rate
to a reference rate of 50 rad/s in the body-fraAsethe plot in Figure 14 indicates, the wheel
speed is bounded over time and therefore the mamentanagement controller is working well in
maintaining a reference angular momentum.

100 Wheel Speed During Inertial Pointing
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Figure 14: Wheel speed while holding an inertiaj¢d over a span of 9 hours

7 CONCLUSION

AlISSat-1 and GNB platform commissioning was forpabncluded on November 26, 2010 in a
handover ceremony where Norwegian authorities tad full operational responsibility for the
mission.

With the successful implementation of the AISSami$sion, the GNB platform has been verified
and the broader utility of capable nanosatellitatfptms in solving operationally-relevant real-
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world problems has been demonstrated. The AlSSaisdion has demonstrated that a high degree
of operational reliability can be obtained in a lowst, high-performance nanosatellite platform. As
of the time of writing, the satellite continuespimvide mission data to its end users and openates
a pseudo-operational fashion. A second sateAit8Sat-2, is now under construction to provide
additional system uptime at a fraction of the afsd larger satellite or ground-based system.

The attitude subsystem of the SFL's Generic Namtlgat Bus can support a wide range of
missions, as well as a range of platforms, as tN8 Gubsystem was recently extrapolated for use
for SFL’s third generation nanosatellite bus, thEMND-class bus, which is a 15-kg nanosatellite,
and ComDevVv’s AlM-class 70-kg microsatellite busheTGNB ADCS is now flight proven with
currently nearly 2-years experience on the AlSSatisision, and significant aspects of the attitude
system have over four years of flight heritage &ih’'S CanX-2 technology demonstration mission
[8]. A series of GNB satellites are now fully furtdand expected to launch within the next 2 years
as summarized in Table 5. AlSSat-1 has providgudifstant assurance in the platform that forms
the basis for all of these missions. The presef@estar tracker on the BRITE series of satellites
will allow even further evaluation and verificati@f the performance of the GNB ADCS, with
pointing demonstrated at the arc-minute level, iasussed in [9]. Further, CanX-4/-5 formation
flying satellites will demonstrate rapid & agilergat tracking performance, by continuously
slewing large angles in very short time-scales.

Satellite Launch Mission
Date

UniBRITE Q4 2012 Stellar photometry
BRITE-Austria Q4 2012 Stellar photometry
BRITE-Poland 1 Q4 2012 Stellar photometry

CanX-4/-5 2013 Formation flying

AlSSat-2 2013 Space AIS monitoring

BRITE-Canada-1/-2 2013 Stellar photometry

BRITE-Poland 2 TBC Stellar photometry

Table 5: Forthcoming GNB Launches
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