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ABSTRACT: Two nanosatellite missions that lay tleumpdwork for satellite formation flying are beirgplized at the
University of Toronto Institute for Aerospace SegliSpace Flight Laboratory (UTIAS/SFL). Such adentaking has
never before been attempted with satellites of gtzie (< 10 kg). These missions will establish ¢bee technologies
necessary for formation flying endeavours at a@esevhile capitalizing on the low-cost nature aapid design cycle
of nanosatellites. The key technologies being d@@esl for the nanosatellite missions are nanogatgdliopulsion,

centimeter-level position determination, and actileee-axis attitude control. The first missioran®-2, currently
nearing completion, will evaluate the core subsystdisted above. Its planned launch is scheduledriid-2006.

CanX-2 will be followed by a dual satellite missiddanX-4 and -5, to be launched in 2008, that liild upon the
experience gained from CanX-2 and demonstrateldotnaation flying. This paper describes the desganX-2 and
the practical lessons learned to date that capfleed to CanX-4 and -5. The objectives and prelany mission profile
for CanX-4 and -5 are also outlined.

INTRODUCTION accurate position determination and autonomous

Small satellite technology has advanced to the poinftormatIon maintenance.

that nanosatellites and microsatellites can now completganX Program Overview

missions that were previously only possible using larger . )
satellites, resulting in impressive cost savings. Thankghe Canadian Advanced Nanospace eXperiment

to their inexpensive nature, small satellites are nowrogram provides a framework for the rapid

making a new generation of sophisticated multiple-development and application of new technology in
satellite mission concepts feasible. The Space FlightPace. Missions involve nanosatellites (< 10 kg) — an
Laboratory (SFL) is currently preparing a formation €Merging class of next generation satellites that explon
flying mission in which two nanosatellites will perform commercial off-the-shelf, mass-produced technologies.
a formation flight, opening the door to subsequentcurre”“y’ nanosatellites demonstrate the level of

nanosatellite and larger satellite formation flying €@Pability seen in microsatellites a decade ago:
missions. rudimentary pointing technologies, and low data rate

transmitters. In the CanX program, the boundaries for
The Space Flight Laboratory at the University ofnanosatellites are rapidly expanding and capabilities are
Toronto Institute for Aerospace Studies (UTIAS) is agrowing. These spacecraft are developed over the
research laboratory with the objective of advancing the&ourse of a two-year design cycle by a multidisciplinary
state-of-the-art in nanosatellite and microsatelliteteam of Masters students. The team brings together
technology, working in close collaboration with their backgrounds in mechanical, electrical, computer,
industry, while providing hands-on education bycommunications, and systems engineering as the
directly involving graduate students. Past achievementstudents follow the microspace approach to satellite
by SFL include the design, construction, launch andievelopmerit under the supervision of experienced
operation of the Microvariability and Oscillation of satellite engineers. The microspace approach allows for
STars (MOST) and Canadian Advanced Nanospacereduced cost of satellite development, and the low mass
eXperiment 1 (CanX-%)satellites. The next mission in of nanosatellites results in cheaper launches (assuming
the CanX program is CanX-2: a nanosatellite designed suitable cost sharing arrangement with other
to flight test and prove technology needed to enabl@anosatellite developdjs However, balanced against
nanosatellite formation flying, including a three-axisthe microspace approach, the CanX program adds an
stabilized attitude control system and a cold gaslement of aggressive experimentation, similar to that
propulsion system. CanX-4 and CanX-5 will use theused by the U.S. Air Force in the development of X
technology proven aboard CanX-2 to actually perform gplanes in the 1950’s, to achieve high performance
formation flight, demonstrating centimeter-level
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Eanili CanX2  CanX3BRITE  Canx4&.5 The CanX-4 and -5 mission will lay the groundwork for
“ subsequent diverse formation flying missions; one
category of such missions is on-orbit servicing. A
nanosatellite flying in formation with a client’s satellite
could perform a thorough inspection of it on-orbit for
diagnostic or maintenance purposes. A satellite could
also dock, using formation flying techniques, with a
I T I I I I 1 failed or degraded spacecraft to provide rapid
2003 2004 2005 2006 2007 2008 . . .
electronics upgrade or repair. For example, a satellite
Figure 1. CanX Program Timeline. could rescue a spacecraft whose attitude determination
and control system has failed, by permanently docking
missions with an emphasis on innovation and quickvith the satellite and taking over those functions.
turnaround in exchange for moderate risks. Another mission category enabled by formation flying
. , , i _.is remote sensing. Satellites flying in formation can
To mitigate the risks associated with rapid create virtual instrumentation with unlimited aperture

development, the CanX program employs a stagedize 4 the baseline between the satellites can be as
apprpach. as new innovative de§|gns are proven on €aflge or as small as desired, and their geometrical
mission, they become the baseline for the next Sate”'tedrrangement is flexible.

increasing the capabilities of each mission. Two CanX

missions are currently underway to develop formatiorMany military applications of formation flying
flying capabilities. In this context, formation flying i nanosatellites (or larger satellites) also exist. These
defined as two or more satellites controlling theirinclude RF sparse aperture imaging, precision
position and orientation with respect to one another tgeolocation, ground moving target indication, single-
achieve a predefined configuration necessary fopass digital terrain surveying, electronic protection, and
coordinated operations. In the formation, severakingle-pass interferometric synthetic aperture radar.
satellites act as a single mission spacecraft for ] o ]
coordinated observations, in situ measurements, dt group of small satellites flying in formation have
virtual instrumentation (e.g. interferometry, distributedSeveral advantages when performing the same mission
sensing). This emerging area of research is receivings @ Single, larger satellite. One advantage is higher
much attention internationally as such formations offereliability, as the loss of a single satellite does not
the capabilities of large spacecraft at the lower costerminate the mission. Furthermore, the ability of the

Launched

, S
>

\

®e

common to small satellites. satellites to reconfigure their formation provides an
inherent redundancy. Formation flying satellite systems
TECHNOLOGY BENEFITS & APPLICATIONS can be easily upgraded: individual, cheaper satellites,

Future nanosatellite missions benefit from the Can){:an be replaced in the formation over time, gradually

progra by having new technologies and deas to ralfP 010 11 Yer wih more sread out vestent
from that have been proven on a nanosatellite Scal?ﬁost im grtantgadvant% ’e isgthe cost _';:avin spmade
This in turn makes it possible to complete missions X 9 9

never before thought possible using nanosatellite OSSib.Ie by “mass produqing” the satellites used in.the
resulting in huge cost savings. Examples of suc ormation, thus spreading out the non-recurring
enabling technologies include a nanosatellite propulsioﬁ
system and momentum nanowheels. While som :

technology would need to be scaled up for Iargerre.duces the per—u_mt' cost qf the cqmponents compared
satellites, other systems can be used at the CanX scaY%',th the cost of building a single unit.

providing large mass and power reductions, whichcORMATION FLYING OBJECTIVES

naturally translates into significant cost savings and o ) ]
greater flexibility. Examples of technology not The |n|t|§1I step to prepare for operational formation
requiring scaling include an attitude determinationflying missions is to develop and demonstrate the
sensor suite of coarse and fine sun sensors arfditical technologies required for two satellites to
imagers, and a GPS-based position determinatiof’® CanX precursor missions are, therefore, the
system. Furthermore, algorithms for attitude control anglemonstration of formation flying and inspection
relative position control, taking into account collision C@pabilities in space, the demonstration of relative

maintenance, and autonomous formation change, a@ld use of nanosatellites for formation flying. Once a
useful at any scale. formation flight has been accomplished, the enabling

ngineering costs. Moreover, purchasing mass-
roduced off-the-shelf components for nanosatellites
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technologies can be applied to develop an operationals inter-satellite communications on a nanosatellite
cluster of nano- or microsatellites for any application. platform.

CanX-2 CanX-4 and -5 will be largely based on CanX-2,
building upon the experience gained and incorporating

CanX-2 mission, currently nearing completion andlmprovements and upgrades suggested by the results of

planned for launch in 2006. It is a 3.5 kg nanosatellitethe CanX-2 mission. The mission will verify the

shown in Figures 3 and 4, and its primary objective ié)erformance of various hardware elements to a greater

the qualification, at the subsystem level, of nanosatellité - &Y and evaluate the complete formation flight

formation flying enabling technologies. CanX-2 will S)éigirr?étra;g_ecmca"y’ the  following  will - be
validate the SFL nanosatellite bus, the performance o ’

the propulsion system, and the accuracy of the attitude Achievement and maintenance of several
propuls Yy ! y controlled formations in orbit and evaluation of
determination and control system.

propellant usage required
- Demonstration of innovative carrier-phase
differential GPS techniques to obtain relative
position measurements accurate to less than 10 cm
- Verification of an inter-satellite communications
link using radio and/or optical communication
systems

The first step toward formation flying will be the

Many of the objectives of these formation flying

missions are similar to those in the TechSat21
program, underway at the U.S. Air Force Research
Labg. Yet, where they are exploring such capabilities
with 150 kg satellites, the CanX program will use

nanosatellites weighing no more than 5 kg.

Figure 2. CanX-2 Mission Patch.
CanX-3

The CanX-3 mission (BRIght-star Target Explorer o
BRITE) was conceived separately from the CanX-4 an
-5 mission and focuses on astronomical scigncel
Although not directly involved with formation flying
CanX-3/BRITE will feature an augmented bus desigf’] —
similar to the bus for CanX-4 and -5. Additionally, the|_L I
CanX-3/BRITE mission has pointing requirements fal
greater than previously required from a nanosatellitg
which will influence the development of the attitude
control system also used in CanX-4 and -5.

CanX-4 and CanX-5

process and are scheduled to fly in 2008. Launche
together, this pair of nanosatellites will demonstratg
actual formation control and inspection maneuvers. Th
focus is not on specific applications of formation flying
or servicing, but on demonstrating accurate relative
position and attitude determination and control, as well

Figure 3. Masters Student Assembling CanX-2.
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CANX-2 MISSION provided by 22 triple junction gallium-arsenide (GaAs)
solar cells using a direct energy transfer (DET) method.
'E)uring peak usage periods and eclipse conditions,
©anx-2 uses a 3.6 Ahr Lithium-lon battery connected
an unregulated satellite power bus operating
ominally between 3.6 and 4.2V. The relatively tight
operating temperature range for this battery (0 to 45°C)
requires that a battery heater be added to the otherwise
Spassive thermal control subsystem of CanX-2, which
makes use of external coatings, prudent selection of

Over the course of the one-year CanX-2 mission, th

nanosatellite bus will be validated, and the performanc

and accuracy of its innovative systems will be

evaluated. The technologies being tested on CanX-

include the following:

- Liquid-fuelled cold-gas propulsion system for
orbital maneuvers and station keeping

- Commercial high performance dual-band GP
receiver for centimeter-level position determmat'onmaterials, and cold straps to control satellite

) Nanosatelhte—s.lzed reactlon_/momen.tpm whegl fortemperatures. However, the battery heater may be
momentum bias three-axis stabilized attitude

control removed from the design once a launch and orbit for

. . I CanX-2 have been secured and worst-case thermal
- Custom-designed attitude determination system :

. : ! scenarios are narrowed.
using a suite of coarse and fine sun sensors and™a

three-axis magnetometer _ The CanX-2 on-board computers (main and payload)
- S-band transmitter for high-volume datawere developed at SFL and each uses an ARM7
transmission and range rate determination processor running at 15 MHz with 2 MB of SRAM

equipped with triple-voting error detection and
The form-factor for CanX-2 is a triple CubeSat correction (EDAC), 6 MB without EDAC protection,
(34 10 10 cm) designed to fit the Stanford/CalPoly for running spacecraft software. Each computer also
poly-picosatellite orbital deployer (P-POD) The  contains 16 MB of Flash for storage of telemetry,
aluminum 6061-T6 structure consists of six structurakcience data, images and pre-positioned code. When in
solar panels and a tray, to which most large internabrbit, CanX-2 will collect data from 58 on-board
components and payloads are mounted. Satellite poweglemetry points including temperatures, currents, bus
(2 to 6 W depending on orientation and orbit) is

Figure 4. CanX-2 Layout.
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voltage, and software outputs, which will be used tosun sensing elements. This system of sun sensors is
monitor satellite health from the ground. Primarysupplemented by a SFL-developed three-axis
communication to and from the satellite is achievednagnetometer that uses Honeywell solid-state analog
using a SFL-designed half-duplex UHF transceiversensing integrated circuits and is deployed
operating in the amateur satellite band with a maximunapproximately 20 cm from the satellite on the end of a
data rate of 4000 bps. The UHF antenna arrangementlmom. Three-axis attitude control is achieved on
a quad-canted monopole configuration that is deploye€anX-2 using a momentum bias system with three
(passively) upon ejection from the P-POD and provide®rthogonal vacuum-core magnetic torquer coils and a
near omni-directional coverage. The downlink of largermomentum wheel. The nanowheel, shown in Figure 6,
data volumes will be achieved using a SFL-developedvhich is being developed by Dynacon Inc., generates a
variable data rate S-band transmitter operating betweeanaximum torque of 0.3 mN-m and has a maximum
32 and 256 kbps which is being flight proven onmomentum storage of 10 mN-m-s and will be flight
CanX-2. The nominal configuration for command andtested for the first time on CanX-2. The attitude control
control is full-duplex communication with the UHF system will achieve a pointing accuracy of £10° and
uplink and S-band downlink. Also present on themaintain a pointing stability of +1° Additional
satellite is a continuous-wave beacon, operating in theerification of the ADCS will be made through images
VHF amateur satellite band, which broadcasts basitaken of the Earth, the Moon, and the stars by the on-
satellite telemetry on a continual basis to aid in satellitdboard CMOS imagers.

identification, tracking and debugging, particularly in _ .

the days following launch. Command and control ofScience Payloads

CanX-2 is accomplished through the ground station atanx-2 also has a secondary mission, which is
SFL. comprised of four science and technology experiments

The nanosatellite propulsion system (NANOPS) is adeveloped by researchers from across Canada,

liquid-fuelled cold gas system (see Figure 5) usindnC|Ud'ng' . .
sulfur hexafluoride (S§f as a propellant. The nozzle is egrrlfa%?\?élrc;itspectrometry, Brendan Quine,
oriented such that thrusting induces a major-axis spin GPS Occultati)c/)n Susan Skone

on CanX-2. Through a series of experiments, several University of Cal’ar '
performance characteristics of NANOPS will be MaterialsyTesting J;cob Kleiman

inferred from this motion combined with pressure, University of Torgc;nto ’

flow, and temperature readifgsThe satellite angular . Ad-Hoc Nyetwork Communications Protocol
rates achieved by NANOPS will be measured using the Michel Barbeau, Cariton University '
on-board attitude determination subsystem. Attitude ’

determination with an accuracy of £1° is achieved usinq_

a suite of six SFL-developed sun sensors (one on ea € aymospherlc spectrometer being developed by
satellite face), each of which contains fine and coars uine is designed to detect airborne greenhouse gases

Ih support of the Kyoto Protocol. The spectrometer
operates in the near infrared and has a surface
resolution of approximately 1 k.

Figure 6. Dynacon Momentum NanoWeel.
(3.5” Disk Shown For Scale.)

Figure 5. Nanosatellite Propulsion System.
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The GPS occultation experiment developed by Skonef the power system. However, it was discovered that
uses signals from GPS satellites occulted by the Earthhoosing the DET method made analyses involving
atmosphere to generate tropospheric water vapor amqmbwer (i.e. power budgeting, thermal analysis,

atmospheric electron density profi&sThe dual-band operations design, etc.) more complicated and
OEM4-G2L GPS receiver provided by NovAtel that assumption-laden, due to the difficulty of modeling

will be used for position determination will also be usedbattery charge level. The result is that there is less
for this experiment. In large part because of itsconfidence in the predictions resulting from these
advanced ADCS subsystem, CanX-2 will be the firstanalyses, which can lead to an overly conservative
nanosatellite capable of performing the type ofdesign.

experiments being developed by Quine and Skone.
P g ped by Q Early in the design of the software architecture, é€os

The material testing experiment designed by Kleimarwas selected as the operating system for the custom
will use a photon detector to test a new atomic oxygenARM-based on-board computers (OBC). However, it

resistant surface treatment. The surface treatment isas estimated that the effort and time required to port
evaluated by comparing light transmission througheCos to the OBC would be greater than that required to
treated and untreated translucent samples throughoateate a custom multi-threaded operating system
the CanX-2 mission. (dubbed the Canadian Advanced Nanospace Operating

o i . Environment — CANOE) with a scheduler for thread
The communication protocol ~experiment beingpangling and an  inter-thread communications

developed by Barbeau will test a satellite networkingmechanism. Because CANOE only  contains
protocol that includes a network layer and a tramporﬂmctionality required for CanX-2, the code size was
layer. In a self-organizing network approach, thesignificantly reduced. This is an important
protocol allows low Earth orbit (LEO) satellites t0 -onsideration since such code is stored in EDAC-

make_ use dynamically_ of ground stz_ations or Otherprotected memory which is limited to 2 MB.
satellites to reach a given target. This protocol also

addresses data transport errors that occur specifically in

LEO satellite links™!
CAaNX-4 AND CANX-5 MISSION

CanX-2 Experience Taking advantage of the key enabling technologies

At the time of writing, the construction phase of demonstrated by CanX-2, the CanX-4 and -5 mission
CanX-2 is nearing completion and system level testingvill focus on actually flying in formation. The purpose
is about to begin. Even though CanX-2 has not yet beeof the mission will not only be to refine the technology
launched, many lessons have been learned that can &ed techniques involved, but also to prove that it can be
applied to the designs of CanX-4 and -5 and to futurelone with nanosatellites at comparatively low cost and
nanosatellite missions. over a short development time.

As mentioned earlier, the form factor of CanX-2 is aRequirements Summary
triple CubeSat, hence it is 3.4 times longer than it i
wide. More importantly, the minimum effective area
that the satellite can present to the sun (small face onl
is approximately five times less than the maximum
effective area. This means that for any given orbit th

%\/Iaintaining satellites in a formation requires that their
ositions and attitudes be accurately known and
ontrolled in order to allow precise thrusting
aneuvers. The desired precision of the formation

thermal state of the satellite is highly dependent on th rives the requir'e.d accuracy of the satelli'ges' position
nowledge, position control and propulsion system

satellite attitude. As a result, worst-case hot and col o i
conditions are so widely separated that a single passi\peerf_qrmance. Fgrthermore, as the satell|tgs relative
thermal design cannot meet the thermal requiremenl'%os'?o?)S andblatn;udes atr_e autolnomously aquu?tedt,hth_ey
for all orbits (often a CubeSat requirement in and o hus e Ia et C(c)jn Inuously communr:caﬁ _Ie_;]r
itself). Because of the difficulty experienced with the €NaNGING ocations and orientations to each other. The
CanX-2 form factor, CanX-4 and -5 will have more needed accuracy and efficiency of the adjustment

cubic form factors and will depart from the CalPoly gﬂﬁt\ﬁgt?xﬁﬁn::dfhoeth:feed at which they must
CubeSat standard. '

direct energy transfer (DET) rather than a peak POWET \ant mission re uiremgnts '
tracking (PPT) method would be used to transmit q '

energy from the solar cells to the battery and bus. The
DET method was chosen mainly to simplify the design
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Table 1. Performance Requirements for
CanX-4 and CanX-5

Performance Indicator

Target

Position Determination

<10 cm (< 5 cm stretch jod

Position Control

<1m (<10 cm stretch goal)

Closest Relative Distance]

<100 m (< 50 m stretud)g

flight proven aboard CanX-2, they will include a full
complement of three wheels, orthogonally mounted
along with three magnetic torquers, providing three-
axis control.

Experiment Plan

Attitude Determination <0.5° (<0.1° stretda In order to verify their position determination accuracy,
Attitude Control <1° CanX-4 and -5 will individually compute their absolute
Intersatellite Link Data Between 32 kbps and positions, using information obtained from their on-
Rate 256 kbps board GPS receivers and relay these positions to the

Imaging Resolution at [50
m, 100 m, 500 m, 900 km

[2.5, 5, 25, 45000] cm/pixel | ground. The computed positions will be compared with

each other and with information available on the

?a:e:”ts’/ Mass (each) >3<55 k/g ground. Orbital elements will be obtained from
o mys NORAD, and although this will be far less accurate
Specific Impulse gp) 50-100 s . . - o
Thrust 50-100 MmN than the nanosatellite-based GPS information, it will
Minimum Impulse Bit <01 mN provide a coarse method of determining whether the

receivers are functioning correctly. More accurate
tracking information, used for comparison, will also be
obtained on the ground by computing range rate
CanX-4 and -5 will be identical nanosatellites in orderinformation using the nanosatellites’ S-band
to keep the cost of the mission low and to make theransmitters.

formation flying experiments symmetrical. The - ) .

satellites will be maintained in proximity to each other The ability of CanX-4 and -5 to fly in formation witle
during the commissioning period of the mission’tested_m stages: The first tes'g W|II_ involve a S|mpl_e
possibly using a rigid coupling or tether, in order toformation of having both satellites in the same orbit,

prevent them from drifting too great a distance apart. With one leading the other by a chosen time constant.
Once the nanosatellites have successfully completed

Much of the CanX-4 and -5 bus technology will bethis simple formation, one satellite will be maneuvered
flight-proven, taken from the CanX-2 mission. Theinto a halo orbit around the other, as shown in Figure 7,
imagers, on-board computers and GPS receiver angy performing an orbital plane change. The satellites’
antenna that will be flown on CanX-4 and -5 will be ability to autonomously cancel out secular variations in
similar or identical to those flown on CanX-2. The hightheir orbits, while ignoring periodic variations in orde
data rate S-band transmitter to be flown aboard CanX-& save fuel, will be evaluated. Finally, CanX-4 and -5
will be a precursor to the S-band transceiver, which willmay also use their imaging systems to create stereo
provide the full-duplex link and possibly the images of the Earth, demonstrating an effective use of
intersatellite link for CanX-4 and -5. Like the CanX-2 formation flying.

mission, CanX-4 and -5 will communicate through the

existing ground station at UTIAS, suitably modified for

a simultaneous link with both spacecraft. This allows

full use of every pass to communicate with both

satellites.

Design Overview

The attitude determination and control hardware
verified on CanX-2, namely coarse and fine sun
sensors, three-axis magnetometer, magnetic torquer
coils and momentum nanowheels, will be used on
CanX-4 and -5. They will also fly a propulsion system
of the same design as NANOPS (flown aboard CanX-2)
but with a greater amount of propellant and electrical
heaters added to warm the exhaust gas, increasing the

Isp

The structural design of CanX-4 and -5 will be a
rectangular prism measuring 17 x 17 x 25 cm. The solar
cells will be body-mounted, avoiding extra deployable
mechanisms and their associated risks. Although
CanX-4 and -5 will fly the same nanowheel design

Figure 7. CanX-5 in a Halo Orbit
Around CanX-4
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CONCLUSION

Formation flying missions represent incredible potentiaLI.
for the future of space science and technology. By usin
nanosatellites to develop and verify the technologie
required to successfully perform formation flying
missions, the cost and risk of such missions can b
significantly reduced.

In addition, the following organizations have made
valuable donations to the program: AeroAntenna
echnology Inc. — Agilent Technologies — Altera —
Alstom — Altium — Analytical Graphics Inc. — Ansoft —
ARC International — ATl — Autodesk — @lliance
Technologies — Cadence — CMC Electronics — EDS —
E. Jordan Brookes — Emcore — Encad — Honeywell —
Micrografx — National Instruments — Natural Resources

The CanX-2 nanosatellite, developed at the University-anada — NovAtel Inc. — Raymond EMC — Rogers
of Toronto Institute for Aerospace Studies, Space FlighEorporation — Stanford University — Texas Instruments
Laboratory, will be used to demonstrate and flight— The MathWorks — Wind River.

prove the key technologies required to perform AL EFERENCES

actual formation flying mission embodied by CanX-4
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can be made a reality.
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