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Abstract

Autonomous formation flight has long been studigdhaneans to provide high resolution sensing from
multiple satellites equipped with lower resolutisensors. The Space Flight Laboratory (SFL) at the
University of Toronto Institute for Aerospace Sasd(UTIAS) is developing enabling technologies in
collaboration with the University of Calgary for ttwe precise formation flying missions. These
technologies will be validated on two nanosatedlitender development as part of SFL's Canadian
Advanced Nanospace eXperiment (CanX) program. Thasesatellites, named CanX-4 and CanX-5,
will be launched together to be among the firstiéononstrate autonomous formation flight in orbitthV/

a mass of only 7kg and size of 20x20x20 cm, tliesgi¢al satellites will achieve position determtina

to within a few centimeters, while controlling theslative position to an accuracy of less than ometer.
The short development cycle and low cost of naptigas make them an ideal platform for
demonstrating formation flight provided certain éliag technologies are made available. This paper
describes the enabling nanosatellite technologlest thave been developed at UTIAS/SFL for this
mission, including formation flying control algdnins, a low power intersatellite communication syste

a liquid-fuel cold-gas propulsion system, a thregsaattitude control system, and an intersatellite
separation system. CanX-4&5 will fly four individuormations during the mission at separation
distances ranging from 50m to 1000m. CanX-4&5 aneently targeting a 2009 launch.

Introduction

Currently under development at the University ofdrdgo Institute for Aerospace Studies Space Flight
Laboratory (UTIAS/SFL) are two identical nanosatedl called CanX-4 and CanX-5 (CanX-4&5). This

mission will demonstrate autonomous formation flywith nanosatellites weighing less than 7kg. GanX

4&5 will achieve relative position determination ¢me order of centimeters allowing for sub-meter
formation control. All formation maneuvers will laehieved autonomously with no operator intervention
required.

The short development time and low cost of nantigatemake them attractive candidates for a varodt
missions. Until now, autonomous satellite formatftying has only been attainable on larger and more
expensive spacecraft such as Orbital Expresshieving satellite formation flying at this levelf
precision on a nanosatellite platform requires sy enabling technologies. These technologids w
be flown, and their performance evaluated, on theent CanX-2 mission (shown in Figure 1). They
include: a propulsion system, a commercial GPSivecand a 3-axis attitude determination and cdntro
system. The CanX-2 nanosatellite will launch iniApO08.

The CanX Program

The Space Flight Laboratory (SFL) is a researchrkry with the objective of providing affordatded
low cost access to space for research and devehtpnsing nanosatellites. The Canadian Advanced
Nanospace eXperiment (CanX) was established inraamalevelop new state-of-the-art nanosatellite
technology and train graduate students through sxpoto real nanosatellite missions. Each CanX
nanosatellite is developed over a period of twayeéich coincides with the time it takes to conpla
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master’s degree. The team consists of studentshaitkgrounds in aerospace, mechanical, electaoal,
computer engineering under the close supervisiaexpérienced staff engineers. Students are exgosed
all aspects of a satellite development from missimmceptualization to on-orbit operations.

Figure 1: Integrated CanX-2 Nanosatellite

The CanX program follows a philosophy of low cosidarapid development along with aggressive
experimentation. CanX nanosatellites use Comme@fial’he Shelf (COTS) components in order to take
advantage of the latest technologies and to befrefih their significantly reduced cost compared to
radiation hardened components. To help mitigatedige to rapid development, CanX nanosatellitesause
staged approach where new technologies are devklapeé proven on current satellites which then
become the baseline for future nanosatellite misgio

In addition to the two CanX formation flying demdnagion missions, a third nanosatellite mission is
currently under development at SFL. CanX-3, alsovkmas the BRIght Target Explorer or BRITE, will
be a stellar photometry mission that will measine ascillations of stars on a timescale of minutes
months. To maximize coverage of a given targetifial constellation of up to four BRITE nanosatedit
will be used® In order to save recurring engineering costs ammdnnize development time, both BRITE
and CanX-4&5 will be implemented on the Generic d&atellite Bus (GNB). The GNB is a CanX
nanosatellite bus designed to support a variescigce and technology demonstration missions.

The Canx-4 and Canx-5 Mission

The CanX-4&5 mission will demonstrate autonomousmfation flying with CanX nanosatellites.
Construction of CanX-4&5 will begin shortly with éhrecent completion of the critical design review.
CanX-4&5 are on-track for a launch in 2009. These tdentical nanosatellites will separate from the
launch vehicle in an attached configuration. Folfmwcommissioning of both satellites, they will aeqte
and the formation flying mission will begin. The2&4&5 mission patch is shown in Figure 2.

Many of the technologies used by CanX-4&5 will h@aned space heritage on the CanX-2 mission. As
formation flying is a complex and unforgiving endeg prior validation of these technologies in &
crucial for this mission. The CanX-2 nanosateli# demonstrate the technology required for: prcidg
formation flying control thrusts, accurate relatigatellite position determination and 3-axis atk#u
control.
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Figure 2: CanX-4 and CanX-5 Mission Patch
The CanX-4&5 mission objectives are as follows:

Demonstrate the autonomous achievement and manttercd several dual satellite formations.
Demonstrate carrier phase differential GPS tectesido perform relative position determination
measurements with accuracies of 10cm or less.

Demonstrate sub-meter position control.

Develop and validate fuel efficient formation flgimlgorithms.

Demonstrate an intersatellite communication system.

Performance Requirements

Precisely achieving and maintaining a satelliterfation requires precise relative position detertioma
and accurate thrusting. The toteV and relative position determination requiremeants driven by the
desired degree of precision for the satellite fdiomacontrol> The CanX-4&5 thrusters are located on one
face only. Therefore, attitude pointing requirenseaite placed on the attitude determination andralont
system for accurate thruster pointing. In additidwe, two satellites must communicate with eachratie
relay position, velocity and attitude informatiofhe intersatellite communication system must
accommodate the desired relative distance of ttedligss in each formation as well as the requidath
rates. Table 1 lists the parameters required ta theeformation flying requirements of the CanX-4&5
nanosatellites.
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Formation Flying

Table 1: CanX-4&5 Formation Flying Performance Riegments

Performance Requirement

Minimum
Requirement

Pasition Contr¢

Relative Position Determinati
Minimum Relative Distanc
Maximum RelativeDistanct
Attitude Determinatio
Attitude Contro
Intersatellite Link Ranc
Intersatellite Link Date Ra
Total AV

Specific Impuls

Thrus

Minimum Impulse Bi

Im
10cn
50mr
1000n
0.5¢

10

5km
10kbp:
14m/s
35¢
5mN
0.1mNs

Two different types of formation maneuvers will demonstrated by CanX-4&5: Along Track Orbit
(ATO) and Projected Circular Orbit (PCO) formatiohsthe ATO formation, both satellites will betime
same orbit but with the one satellite leading ttreepby a chosen time constant. Following the cetiuh

of this formation, one satellite will then perforanplane change in order to maneuver into the PCO
formation. In the PCO formation one satellite appda be orbiting the second as viewed from thahEar
as shown in Figure 3.

both spacecraft.

1

Figure 3: CanX-4&5 in Projected Circular Orbit

Each satellite will take on one of two roles, theet or the deputy. The deputy satellite will penfo
thrusting maneuvers to maintain the formation wiita uncontrolled chief satellite. At the same titihe
chief satellite will mimic the attitude of the dapatellite to ensure the same GPS satellitesisitge to
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Immediately after separation from the launch vehitle satellites will be in a connected configunati
After commissioning of both satellites is compldtes intersatellite separation system will impan\aof
approximately 2.6cm/s on each satellite in the @ltvack direction, causing them to separate in sjp@o
directions. Any excesaV will be absorbed by separating the satellitestigiéy in the orbit-normal
direction. This initialAV will be sufficient after 1 orbit to place the shites in their first ATO formation.

Over the course of the mission, two ATO and two Rfo@figurations will be flown with varied baseline
distances. These formations will be flown in thiéoiwing sequence: a 1000m ATO, a 500m ATO, a 50m
PCO, and a 100m PCO. Each formation configuratidinbe flown for approximately 50 orbits. A series
of impulsive maneuvers will be performed by the wgpsatellite to transition into each new formation
The transition maneuvers will be performed at aiipephase in each orbit.

There is sufficient propulsion system fuel in thepdty satellite alone to satisfy the baseline roissi
requirements. The unused fuel in the chief sagelithich will change roles with the deputy satelkt the
end of the primary mission) will be used to perfadditional formation flying experiments. These Idou
include long duration formation flying (i.e. morhan 100 orbits in a single formation), inspection
maneuvers, ang-ivarient formations for extremely long duratiarrhation flying.

Experiment Verification

Two criteria will be used to determine the perfono@of CanX-4&5 over the course of the missionst-ir
the level of accuracy to which the satellites doke do control their relative position in each fation
configuration will be determined. Second, the #bilof the deputy satellite to minimize its fuel
consumption by correcting for secular perturbationghe orbit while ignoring any periodic changed w
be evaluated.

Each satellite will determine their absolute pasitand velocity using an onboard GPS receiver. daia
will be logged by the satellite and downloaded hg ground station. This data can then be analyzed t
accurately determine the relative distance of esathllite over time. In addition, orbital elemeifrtsm
NORAD will be used as a coarse means of verifyiaggrmance early in the mission.

Generic Nanosatellite Bus

The CanX-4&5 nanosatellite design is based on teeeBc Nanosatellite Bus (GNB) developed at SFL.
The GNB is a low cost spacecraft bus ideal forrgdie and technology demonstration missions. The
GNB has a 20cm cubic form factor with nearly 30%tsfmass and volume dedicated to mission specific
payloads. Power is generated by multiple stringbaafy mounted triple-junction solar cells with emer
storage in an on-board lithium-ion battery. The G&lBo comes equipped with a suite of 3-axis aitud
determination and control components to providd lgecision pointing. The following sections give a
overview of the subsystems and technologies usedeo@NB.

Structure

The GNB structure consists of two trays and sl panels. A dual tray structure was selected in
order to maximize the payload bay and provide eafséntegration. The trays and panels can be
manufactured from either aluminum or magnesiumyall@epending on the mass requirements of the
mission. The two trays contain all the necessamppmnents for a basic satellite mission, including
communications, attitude determination and congolyer and thermal/structural components.

The external layout of the satellite is malleabteorder to meet specific mission goals. The typical
external panel will contain 3 pairs of solar cellscoarse and a fine sun sensor, and area foromissi
specific components such as patch antennas, a @Bfha, or camera optics. External views of the GNB
structure configured for the CanX-4&5 mission arewn in Figure 4.
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The thermal controls are incorporated into thecstme of the satellite. In order to conserve powed
reduce complexity of operations, the GNB employsstigopassive thermal controls in the form of
coatings and structures. As the battery possessesnbst stringent thermal requirements, it requires
thermal isolation and a trim heater in order to naglarge variety of orbital scenarios.
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Figure 4: Opposing Views of the External CanX-4&NE5Structure
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On-Board Computers

The GNB is equipped with two on-board computers @QYBlus space for one additional mission specific
OBC. Each OBC features an ARM7 microcontroller, 2MBEDAC protected SRAM and 256MB of
flash memory. The Housekeeping computer is resptin$dor communications with the ground station
and collecting satellite telemetry. The Attitude nBol System (ACS) computer interfaces with the
attitude sensors and actuators and runs the &tttadtrol algorithms. On CanX-4&5, a mission specif
Formation Flying computer will be responsible foterfacing with the propulsion system and GPS
receiver and running the formation flying algorithnEach OBC runs a custom made multi-threaded
operating system (called the Canadian Advanced $mwe Operating Environment - CANOE) allowing
it to divide processing time between multiple taskparallel.

Power

Power is generated on the GNB with 36 body moutripte junction GalnBGaAs/Ge solar cells. These
cells have a beginning of life efficiency of 26.8%livering up to 967mW at their peak power point at
28°C. Energy is stored in two 5.3Ah lithium-ion teates allowing the satellite to operate in extehde
eclipse periods. The power system architecturepsak power tracking system which provides switched
power to the loads and power regulation where reduiFinally, over current protection is provided t
prevent damage to the payloads.

A Battery Charge and Discharge Regulator (BCDR)isnected in series with each battery. The BCDRs
provide the peak power tracking for the solar anyle regulating the charge and discharge of the
batteries. The solar array is connected to the npawer bus in a Direct Energy Transfer (DET)

configuration. Therefore, by regulating the mains beoltage the BCDRs can maximize the power
produced by the solar array when required for ogitinattery charging.

Radios

Three different radios are used on the GNB nanltisese a UHF receiver, an S-Band transmitter and a
VHF beacon. The UHF receiver is used for data upfrom the ground station and operates in the
amateur band with a data rate of 4000bps. The WdEiver uses four quad-canted monopole antennas
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which provide near omni-directional coverage. THBa®d transmitter will be used for data downlinklan
is capable of data rates between 32 and 256kbgsSTBand transmitter operates in the space sci&ices
Band and uses two patch antennas mounted on oppadits of the satellite. Finally the VHF beacoh wi
continually transmit satellite identification anddic telemetry in Morse code during the early stagfe
the mission to assist in commissioning the sagsfit

Attitude Determination and Control

A full 3-axis attitude determination and controk®m provides attitude stabilization and fine pamfor

the GNB. Attitude sensors consist of six coarse/Snn sensors, a magnetometer and three rate sensor
The combination of these sensors provides sub-ddgkes| attitude determination throughout the orbit
Three orthogonally mounted reaction wheels andethmagnetorquer coils provide the attitude actuation
for the nanosatellite. The magnetorquer coils aedfor detumbling and momentum dumping from the
reaction wheels while the reaction wheels provide &ttitude pointing capability.

Canx-4 and Canx-5 GNB Payloads

Both the CanX-4 and CanX-5 nanosatellite will bauipged with the same mission specific GNB
payloads required for formation flying. These pags include: an intersatellite separation system, a
propulsion system, a GPS receiver, and an intdlisatenk. The majority of these payloads wereeditly
derived from technologies developed for the CanKi&sion. The following sections give a detailed
description of the payloads equipped on the GNB.

Intersatellite Separation System

The Intersatellite Separation System (ISS) proeele a great opportunity for innovation. The saésl
are required to remain connected using no powersearate from the launch vehicle in a joined
configuration, operate to a maximum of six monthslevin the commissioning phase and then finally to
separate in order to begin formation flying. Furthere, the driving requirements for the designudeld
low mass, low power, small footprint, low complexind low cost.

The ISS consists of two identical halves (with theeption of the cup/cone interface) with one half
located on each of the two nanosatellites (seer&igu In order to meet the extensive requiremehts,
design employs an electrically de-bonding agene T35 works by effectively gluing the two satelite
together at the common cup/cone interface. Whersétellites are ready to separate, a low voltage is
applied to the mechanism and the glue weakens @é@ntu@llow the preloaded cup/cone interface to
separate. Additionally, knowing the strength of tmeload, the weight of the mechanism and the
characteristics of the system allow it to be taitbto provide a predetermined velocity to eachllgaté

Bonding Surface

Figure 5: The Intersatellite Separation System

GPS Receiver

An on-board NovAtel dual band GPS receiver and a&moAntenna dual-band GPS antenna provide
absolute position and velocity information to eadtellite. The GPS antenna is located on a face
perpendicular to the thrust axis to allow antenpaiating control about this axis during thrustifthis
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control will be used to keep the GPS antennae @aias close to Zenith as possible, maximizing the
viewable GPS satellites at any given time.

With single point GPS processing, each satellith e able to determine its absolute position and
velocity to an accuracy of 2-5m (RMS) and 5-10citi®81S) respectively. By combining the coarse
absolute position information from both satellitdse deputy satellite will be able to compute peci
relative position and velocity information usingecial algorithm developed at the University ofg@ay
Department of Geomatics Engineering. This algoritamploys carrier phase and doppler data with
differential techniques to determine the relatiwesifion and velocity of the satellites to within52m
(RMS) and 1-3cm/s (RMS) respectivélfhe algorithm requires that both nanosatellitestaa contact
with the same GPS satellites. Therefore, the caéllite will mirror the attitude of the deputytalsite
during the formation flying maneuvers.

Intersatellite Link

The Intersatellite Link (ISL) is an S-Band radiartsceiver carried by each satellite that permimtio
share their absolute position, velocity and atBtudformation. A data rate of 10kbps can be achiextea
maximum separation distance of 5km between thesatellites. Omni-directional coverage is provided
by two identical patch antennas mounted on oppsaies of the satellité’s.

Propulsion System

The deputy satellite will use its on-board propatssystem to perform the thrusting maneuvers requir
for formation flying. This propulsion system is leal the Canadian Nanosatellite Advanced Propulsion
System (CNAPS). CNAPS uses liquefied sulfur hexaitle (Sk) as a propellant and will be able to
achieve a specific impulse of at least &5s.

The thrust is produced by four independently cdietdothrusters, all of which are located on the sam
face. Each thruster produces a constant thrust itogignof 5mN. The four thruster system helps miaani
unwanted torques during thrusting as the thrusatour of each thruster can be individually calibdat

A total of 300cc of fuel will be carried by the CIR& on each satellite. This quantity of fuel is isight
to produce a totahV of 14m/s’° Each satellite has enouglV to achieve the full base-line mission goals
on its own. Therefore, in the nominal situatiore thel remaining in the chief satellite can thenused
for extended mission goals. A solid model of thigyfintegrated propulsion system is shown in Figére

Figure 6: CNAPS Cold-Gas Propulsion System
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Formation Flying Algorithm

Both nanosatellites will be equipped with a dedidatomputer to run the formation flying control
algorithm, FIONA (Formation flying Integrated OnlydaNanosatellite Algorithm). The principle
objective of FIONA is to control the trajectory thfe deputy satellite to an accuracy of better tharfor
minimum fuel consumption. To achieve this, FIONAukarly determines the tracking error of the deputy
satellite and computes an optimal thrust to miggttis error. For each thrust FIONA will pass the
pointing target to the ACS computer and the thruste time to the propulsion system. Since the
nanosatellites will suffer a differential orbitagégurbation due to the gravitational harmonic (an effect
caused by the oblate shape of the Earth), thiseactintrol is necessary to keep the formation tweyet
over extended periods of time.

Reference Trajectories

The Hill reference frame, a rotating body-fixed ahpate frame centered on the chief satellite,sisdu
extensively in formation flying calculations. Fortiaa flying is primarily concerned with producing
periodic relative motion of the deputy with resptxthe chief satellite in the Hill frame. Howevéhnge
relative dynamics of the deputy are non-linear magberiodic solutions to the equations have beando
A good approximation is the Hill's equations, a sklinearized ordinary differential equations obtion
with periodic solutiond! The Hill's equations are useful for controller iggs and the solutions to the
equations provide circular reference trajectorgggtie controller to track in the Hill Frame.

The circular reference trajectories, however, mevonly a very simple approximation to the natural
perturbed motion of the deputy in the Hill frametle presence of the éffect. If either the eccentricity

of the nanosatellites’ orbit about the Earth insema or if the separation distance between the
nanosatellites increases (resulting in a linearreimee in the differential , Jeffect), the circular
approximation breaks down and the tracking erracs/V/ requirements rise substantially. In these cases,
a better alternative are Lawden’s elliptical equedi of motion, whose periodic solutions form eitipt
reference trajectori¢$.Both circular and elliptical reference trajectsriean be readily adapted to PCO
and ATO formations. Since the PCO orbits will befpened at low separation distances and the ATO
orbits at high separation distances, the contrallitrack circular trajectories in the PCO fornmats, and
elliptical trajectories in the ATO formations.

Linear State- Feedback Control

The CanX-4&5 mission utilizes a linear state-feetdtbsolution to the control problem. The relativdl Hi
dynamics are used in conjunction with predefif@@andR weighting matrices (representing state and
input costs respectively) in a linear quadratiaufatpr (LQR) method to determine an optimal corérol
gain matrixK. Q andR can be adjusted to alter the performance of tinéralter towards tighter tracking
at the expense of greatal, or vice versa. Prior to each thrust, a trackamgpr term—the difference
between the actual relative state of the deputy thed reference trajectories—is determined, and
multiplied by K to yield the control accelerations necessary ttigate the tracking error. This
information is used to compute the pointing targattor for the ADC computer, and a thruster on tiore
the propulsion system.

PWM Thrusting

Since the thruster on CanX-4&5 can only thrust abastant 5mN, it is necessary to use a pulse width
modulation (PWM) technique, whereby the thrustdklttonstant but the on time is varied. As longhas
time between thrusts (i.e. the PWM period) is smalinpared to the rate of the dynamics, the PWM
technique accurate approximates a continuous thmethod. The CanX-4&5 controller has a PWM
period of 65 seconds.
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Using a PWM technique on an actual spacecraft besoproblematic, however, when attitude
determination and control is taken into consideratilf the thrust were performed as soon as the new
pointing vector is calculated, it allows no time the spacecraft to actually slew to this new pomt
vector. Alternatively, if the pointing vector is tdemined at the beginning of the PWM period
(immediately after the preceding thrust), and thpully slews to that target and thrusts at the éndeo
PWM period, then by the time the deputy has reathedarget it will have drifted and that targetlwb
longer be valid. The solution to this problem isegin the PWM period by propagating the statehef t
spacecraft forward in time top,=50s, predicting the required pointing vector foatttime, and then
passing this target to the ADC computer afJ=0s. The deputy slews to that target over the BOst
and then uses real-time GPS measurements to adjugtitude slightly every 5 seconds until it figa
performs the thrust atsf\~65s.

GPS Measurements

One of the key elements of the CanX-4&5 formatibnng mission is the use of GPS satellites to
determine the absolute and relative position anbbcity of each CanX satellite. Under normal
circumstances, the real-time GPS data can be fedtlyi into the formation flying computer where the
University of Calgary’s (U of C) algorithm deterrem the relative state of the deputy to a very high
accuracy’. However, in the cases where either the chiefdémuty or both satellites fail to see 4 or more
GPS satellites, a GPS blackout situation will ocand the U of C algorithm will have insufficient
information to operate. Although the blackout pdsi@re predicted to last no longer than 15 minuttés,
necessary to continue the formation flying misstbroughout the blackout. As a result, an orbital
simulator will be included in FIONA to predict thp®sition and velocity of both satellites. An extedd
Kalman filter (EKF) will be used to combine the silator data with the real-time GPS dé&talhe
resulting “best estimate” is both more accurate tthee lower-fidelity simulator data and less nailsgn
the GPS measurements.

The 3 possible modes of GPS data acquisition are:

1) Full Coverage Here both the chief and deputy can receive data*4 GPS satellites. This is the
nominal mode of operation. The GPS data is usetbtopute the relative data via the U of C
algorithm; the EKF output is passed back to theuktor.

2) Insufficient DeputylIn this case the chief can se¢ or more GPS satellites, but the deputy sees
<4. The chief's absolute state is still availabhel & used to update the EKF, but the relative data
is produced from the output of the EKF.

3) Insufficient Chief/No Data LinKThis case occurs if either the chief receives dadm <4 GPS
satellites or the chief and deputy have lost cdntiacthe intersatellite radio. In this case FIONA
runs entirely on the last output of the EKF, cydieeugh the simulator.

EKF-Assisted Control

As noted previously, using the raw GPS measurenierte U of C algorithm will produce noisy relaiv
measurements of the deputy. The linear state-fedtiantroller is robust to sensor noise on thetirela
position measurements, but suffers an unacceptaphyAV and tracking error penalty for virtually any
noise on the relative velocity measurements. Tauoivent this problem, the controller uses the G&8& d

to produce the relative position measurements bes the latest estimate from the EKF to produce the
relative velocity measuremeritsSince the EKF output has been smoothed by theesfi@s simulator
measurements and kept up-to-date by the GPS Hatagsulting relative velocity measurements aré bot
noise-free and accurate yielding excellent results.

Orr 10



Reconfiguration Maneuvers

CanX-4&5 will be attached during the launch and oussioning phases of the mission. At the start of
formation flying, the ISS will separate the sate8i imparting a smallV (~2.6cm/s) to each in the along
track direction. Since the precise value of theassjon impulse will not be known, FIONA has been
designed to accommodate any separatignThe algorithm will determine on the fly how maasbits it
needs to drift and what impulsive thrust is reqiiite halt the drift. If the satellites miss the®QDm
separation target, FIONA will decide whether it gsldouse the controller to bring itself back to ttapet,

or just use its current position as the new target.

Once the separation maneuver is concluded, thetylepil commence station-keeping, reconfiguring its
formation after 50 orbits in each of the ATO and@P@rmations. Since each reference trajectory
describes either a circle or an ellipse for theuthefo track in the Hill frame, it is very importathat each
reconfiguration maneuver begin at an approprialative phase angle. The ATQATO and the
ATO—PCO maneuvers must begin at an angle of 90° (qwnekng to 0.25 of an orbit) and the
PCO—-PCO must begin at a phase of 180°.

Simulation Results

FIONA was developed as flight code written in Ct lembedded within a Simulink environment to
reproduce the GPS measurements, thruster erratsTiee formation flying simulation results for each
configuration (on a per orbit basis) and each regaration maneuver are presented in Table 2.

Table 2: CanX-4&5 Formation Flying Simulation Resul

Metric AV (M/s) Tracking/Over shoot

Error (m)
1000m ATO 0.059 0.23
ATO—ATO 0.088 67.0
500m ATO 0.029 0.12
ATO—PCC 0.16 37.2
50m PCO 0.013 0.11
PCC—PCC 0.072 2.57
100m PCO 0.027 0.17

The overallAV requirement for the baseline CanX-4&5 missioarigicipated to be approximately 7.5m/s,
well beneath the 14m/sV available onboard the deputy satellite.

Formation Flying Applications

The technology developed for the CanX-4&5 will opwe doors to numerous future formation flying
missions. Nanosatellites could one day be usecetmnn on-orbit servicing to larger, more expensive
satellites’ The nanosatellite could fly in formation with tisient satellite and image the satellite for
diagnostic purposes. The nanosatellite could atsk avith the client satellite and replace damaged o
degraded parts such as batteries or on-board cemspufs satellite complexity and cost continueige,
on-orbit servicing and repair of damaged satellitasld be a viable option when compared to the abat
replacement.

Another important application of formation flying remote sensing. High-resolution images can be
produced by combining images from multiple satedlitach equipped with lower resolution sensors.
Satellites in formation can provide virtual instremtation with an unlimited aperture size as theslzes
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between satellites can be varied as desired. Arctioamation flying techniques are important foisth
application as the quality of the composite imagenf multiple satellites is directly proportional tioe
accuracy to which their relative distance can bterddned and maintained. Several remote sensing
applications include: interferometric sensing, Bamaging and ground moving target indication.

Finally, a constellation of multiple low-cost naatallites or microsatellites flying in formationud be
used in place of a single larger satellite. Mudétiglatellites working together maximizes flexibiléyd
provides the potential for increased coverageiveldd a single satellite. If a satellite in thenstellation
fails, the other satellites can reorganize thegifms to compensate for the lost satellite withogs of

the mission. Then, as the as satellites become gizanar obsolete they can be seamlessly replacéd wit
new satellites over time. Therefore, formation rityitechnology is an important stepping stone to the
increased utilization of small satellites in futunéssions.

Conclusion

The success of the CanX-4 and CanX-5 mission wlr@sent a major milestone in demonstrating the
viability of precise formation flying with small,nexpensive satellites. CanX-4&5 will also help
demonstrate the versatility of the Generic NandigateBus which is capable of supporting multiple
missions. Several key enabling technologies reduive formation flying, such as centimeter-level &P
relative position determination, formation flyindgarithms, a propulsion system, and an intersgaelli
communication system, will be space proven onrhigsion. The majority of these technologies cowdd b
scaled to larger satellites, such as microsatgllttefurther broaden the possible scope of folnatying
missions. These future missions could include renmaging and on-orbit servicing.
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