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Abstract: A demonstration of autonomous rendezvous based on angles only navigation was per-
formed by CNES in October 2011 during the PRISMIA extended mission phase. Within a short
timeframe, a new on-board software was implemented in the chaser satellite to process meas-
urements from a long range camera and achieve optical navigation in a non cooper ative context.
An extensive phase of algorithm tuning and scenario validation followed to optimize the fuel us-
age and ensure a satisfactory system robustness. This effort was rewarded by the successful of
four rendezvous rehearsals from ranges up to 10 km and destinations down to 50 m. The paper
describes the system architecture, the guidance and navigation functionalities along with the ex-
periment design. Flight results obtained during this extended phase are presented along with an
analysis of the experiment and performance shortcomings. The demonstration confirms anyway
the potential of optical navigation for future rendezvous missions with non cooper ative objects.
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1. Introduction

Vision based navigation constitutes an attracte@hnique when rendezvous with potentially
non cooperative objects is to be achieved. Suablalgm was identified during the Mars Sample
Return studies when mission design came up witméleel to capture an orbiting sample in Mars
orbit. The capability to detect, track and approactompletely passive object would relax de-
sign constraints and increase the chances of missiocess. This technique was therefore the
object of considerable interest and work at tha tfrthe century. Today, new missions devoted
to either the lifetime prolongation of orbital atsser the removal from orbit of large and poten-
tially hazardous debris are being conceived by sdwgpace organisations [1]. For most of these
applications, the cooperativeness of the objedigapproached is not guaranteed if not defi-
nitely impossible. Using optical navigation congt#s therefore a valid approach that increases
the spacecraft rendezvous capabilities with fulpartial autonomy. This technique has also a
great potential since it does not rely on compled aophisticated instrumentation. The use of
light passive and possibly low cost optical camenathe visible or infrared domain simplifies
the equipment accommodation task and represerdfirative solution for missions with strin-
gent budget and reliability requirements.

The main challenge of vision based navigation condmsn to the ability to estimate the full
relative state relying on direction angles onlyhisTproblem has been addressed by numerous
studies in the past. More recently, some literahas shown some progress in different areas
such as the characterization of the conditionsghatide range observability [2], the representa-
tion of the relative dynamic motion throughout martuitive differential orbital parameters [3]



and the development of methods to capture theivel&ajectory characteristics when the size
remains unknown [4]. Vision based navigation isdmeitig a very promising technique but very
few flight experiments have been performed so dadeémonstrate its potential. This trend has
recently changed with the flight opportunities ofig by the PRISMA mission [5] and several
experiments have been performed by the differeasiom partners.

The work presented in this paper concerns the dstraiion of autonomous rendezvous with a
non cooperative object that was performed in theoar — November 2011 timeframe during
the PRISMA extended mission. The experiment besefitom the presence of two satellites that
played the roles of chaser for the active one amgkt for its passive companion. The chaser car-
ries several cameras from the Danish Technical étsity (DTU) and particularly a Vision
Based Sensor (VBS) that allows to implement fageaoptical navigation [6][7]. This sensor has
been previously used by OHB-Sweden in 2011 to conduMSR like experiment with object
detection, orbital parameters determination andeewous from a 30 km distance [8]. The work
performed by CNES benefited from the available MRBiBzation experience and the effort was
devoted to the autonomous rendezvous issues. ™ielfiallenge consisted in the development
of an algorithm package including guidance and getion capabilities that had to be integrated
in the PRISMA on-board software. The major diffigutame from the very tight schedule that
severely constrained the whole development / viididaactivity since three months elapsed be-
tween the project start and the software delivEéhe good knowledge of the complete PRISMA
system acquired during the primary mission fad#éitbthe development task that consisted in an
upgrade of the already delivered software [9]. didition, the use of a model based design ap-
proach and code generation technique was of treousnigelp. The angles only navigation func-
tion that is implemented does not feature any rigvélrelies on a representation of the relative
motion in Cartesian coordinates based on the YakaaAakersen state transition matrix [10].
An extended Kalman filter processes the VBS measengs to reduce progressively the relative
state uncertainty that is initialized in accordamdgth the standard TLE accuracy. Since filter
performance strongly depends on the manoeuvrelg@reafiparticular attention is drawn to the
design of the guidance strategy. This introduceshen challenge of this work that comes from
the limited delta-V budget allocated for the whelgeriment. The goal is to maximize the num-
ber of rendezvous rehearsals compatible with d batdget of 3 m/s while maintaining a suffi-
cient interest from the GNC point of view. The poepd program includes finally four rendez-
vous rehearsals with initial ranges up to 10 km getting as close as 50 m from the target. The
adopted solution consists in a guidance stratelygingeessentially on manoeuvres in the orbital
plane. A large amount of work concerned the trajgctlesign along with the tuning of the navi-
gation filter that represents a difficult exercise.order to privilege robustness, a conservative
approach was taken in the selection of the nawgagettings and this was rewarded by success
in all rendezvous trials. The work is pursued aftight operations by a thorough analysis of the
potential discrepancies between simulation andhtfligsults along with a characterization of the
VBS performance using Precise Orbit Determinati®®D) data based on GPS. In addition, the
capability to “replay” the experiment on the grouwnging flight telemetry is intensively used to
evaluate different navigation tunings and comparégomance with alternate algorithms.

The paper presents in the next section the mairactaistics of the PRISMA system while the

add-on GNC functionalities are described in thedtisection. The design of the experiment plan
with a special focus on the preparatory steps esertbed in the fourth section. The presentation
of the flight results with a discussion on the gation performance and some analysis of the



VBS camera behaviour is given in the fifth sectibmally, the conclusion summarizes the dif-
ferent experiment achievements and opens perspsdty future work.

2. Overview of the PRISMA system

PRISMA is a demonstration mission for formationily and on-orbit-servicing critical tech-

nologies that involves two spacecraft launcheawn Earth orbit in June 2010 and still in opera-
tion. Funded by the Swedish National Space BoaRISMA mission has been developed by
OHB Sweden with important contributions from ther@an Aerospace Center (DLR/GSOC),
the French Space Agency (CNES), and the Technieaidisity of Denmark (DTU).

The PRISMA space segment consists of a small gatélango (150 kg), and a microsatellite
Tango (40 kg). Mango has full 3-dimensional attguddependent orbit control capability and is
3-axis attitude stabilized using star trackers agattion wheels. Tango does not have any atti-
tude control capability and is equipped with a salagnetic attitude control system still provid-
ing 3-axis stabilization. The nominal propulsiostgyn on Mango is based on six 1-N hydrazine
thrusters directed through the spacecraft centemasfs and the overall delta-V capability is ap-
proximately 120 m/s. Several novel metrology tedbgies are accommodated to conduct vari-
ous rendezvous and formation flying experimentsefni autonomous Formation Flying Radio
Frequency (FFRF) metrology system [11] is distoubn the satellites and is used during dedi-
cated CNES experiments. Both satellites are alsgppgd with Phoenix GPS receivers from
DLR and Mango hosts a GPS relative navigation tbattitutes the backbone of the formation
safety system. GPS data is further processed ogrthed by DLR to deliver Precise Orbit De-
termination (POD) files that are essential in thflene characterization of sensor and system per-
formance. Mango embarks also two Vision Based SerMBS) from DTU that are further de-
scribed later in the section. This work is actudlased one of these instruments to implement
optical navigation. Finally, Mango is equipped wilgcelerometers that give quite accurate
measurements during the application of thruststhisdconstitute a valuable feature to achieve
angles only navigation.

The PRISMA satellites are operated from Swedenguaiground antenna located in Kiruna and
a Mission Control Centre (MCC) in Solna. The odwmnhfiguration and the single antenna result
in late afternoon and night-time passages withafQ passages per day. Experiments run by
partners typically require the Pls presence inMi&C even for autonomous activities and criti-
cal operations such as the terminal optical renolezwere scheduled within the visibility pe-
riod.

The camera used for the experiment belongs to afstetur Camera Head Units (CHU) em-
barked on Mango and based on the microASC stabseéesign. Two cameras are actually used
as standard star trackers to offer the minimumlle¥’eedundancy required in rendezvous opera-
tions. The two remaining CHUs correspond to the \iBsSruments that have been specifically
tailored to achieve different and complementaryigetion purposes. The Close Range VBS de-
signed to work in cooperative mode is capable tonese the relative attitude and position of
Tango satellite through the extraction of Light Emg Diodes patterns — to achieve this goal, it
carries an optical filter as well as iris and alecic shutters. The Far Range VBS also equipped
with an electronic shutter is capable to detect madk a moving target from several tens of
kilometres to a few decametres. It constitutesefoee the adequate instrument to perform vision
based rendezvous with a non cooperative object.



Figure 1.1: Mango satellite Cameras and Figure 1.2: Tango satellite:it is covered with

FFRF antennas (yellow cylinders) are located orzthePatterns of LEDs on all faces but the solar panel
face of the spacecraft. for close proximity navigation (CRVBS)

The Far Range camera behavior relies upon a dedisaftware in the Data Processing Unit that
runs in different modes depending on the lightingditions. At long range, the software has the
capability to detect the luminous objects that db lvelong to the star catalogue. These objects
can be robustly spotted as potential orbital targdter a few acquisition cycles given their ap-
parent motion and the brightest is usually seleaetethe most likely candidate. In this far range
mode, stars are also visible in the field of vievd &he camera will be capable to deliver an atti-
tude quaternion which helps to get rid of the caraignment biases. When range gets smaller,
the target becomes brighter and the activationhef dlectronic shutter is necessary to avoid
blooming effects. In this mode (Intermediate randgle¢ capability to estimate inertial attitude
starts being impacted and the conversion of the dihsight in the inertial frame relies on star
tracker measurements. At short range, the targeirbes a large object in the field of view and
the camera processor uses some image processarghatgto extract characteristic satellite fea-
ture and estimate the direction of its center ofsn&iven the stringent lighting conditions, the
robustness of this process is potentially weak dinettion biases are likely to be observed. Fi-
nally, the Far range camera is working in a stalosdeamode and this constitutes a limitation
since it cannot benefit from the navigation functimowledge.

Table 1: FRVBS main parameters
ltem Value Unit

Half field of view | [9.15 6.85] deg
Camera resolution| [752 580] pixel
Pixel size [8.6 8.3].10 | m
Focal length 20187.10 m




Given the camera characteristics indicated in Taptbe camera angular resolution is 80 arcsecs
which corresponds to about 4 meters in lateraltposat 10 km range. Conversely, this position
resolution gets down to 4 cm for a distance of &0But the object image is 25 pixels wide as-
suming no blooming effect.

3 — Description of the dedicated rendezvous system
3.1 - System Architecture

The new rendezvous system benefited from the agisin-board software that was developed
for the PRISMA primary mission and devoted to th&RF sensor utilization [9]. This software,
built with a model based approach and code gewoeraiols (Matlab/Simulink" environment),
allows to take over the whole satellite controlidgrdedicated rendezvous or formation flying
experiments. The provided GNC modules include anB¥gation function, several guidance
algorithms to cover the different tasks from renaess to proximity operations, a dedicated con-
trol function to achieve accurate forced positigniithe function activation / transition is man-
aged by a mode handler that monitors the systeraviimlr and performs FDIR action for a lim-
ited set of functional anomalies (the processinghefcritical ones is handed over to the higher
FDIR level that can also interrupt the current tésiecessary). The provided GNC software fo-
cuses on relative positioning and relies on théqla attitude estimation / guidance and thruster
command services.
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Figure 2: Rendezvous architecture



The design approach for the additional experimemisisted in upgrading this software while
maximizing the re-use of existing functionalitiésrst, interfaces had to be updated to benefit
from the cameras inputs. For the vision based REyMeBment, a new navigation functionality
based on angles only was added to the softwarevefsgly, rendezvous guidance relied on
some already available manoeuvre computation algorthat was modified to cope with the
relative position uncertainty magnitude [12]. As foe mode handler, it remained untouched but
with a different parameterization. The experimemisvimplemented under high pressure since
the project started in May 2011. The use of Ma8anulink™ tools allowed to deliver the soft-
ware to OHB-Sweden in August 2011 for validatiomgmses and it was finally uploaded on Oc-
tober 1" for the beginning of the operations. The systemoisipleted by a series of ground
tools for flight telemetry offline analysis thaties on the POD files for performance evaluation.
A “replay” tool based on the same navigation fumatallows to check the on-board behaviour
and diagnose potential discrepancies. Further figaggn can be performed by using alternate
tunings and navigation algorithms.

Limitation: The design of the rendezvous experiment is basea major assumption concerning
the knowledge of the target orbital position. Ie tleneral problem of rendezvous with a non co-
operative target that is affected by a large uaga on some orbital parameters (ex: an orbiting
sample on a Mars orbit), the first estimation stepsists in narrowing the uncertainty by collect-
ing observations of the target line of sight whiking the chaser orbit as reference. This initial
estimation process can be performed on the groomnthé most part to take advantage of com-
plex and accurate dynamic models. Here, this exai focuses on the terminal phase when the
autonomous relative navigation gets possible amefiits from reasonably good initial guesses
of the target position and chaser relative stateh& situation is actually representative of a ren
dezvous in LEO with a debris which estimated oflgtssition is available as TLE bulletins.

3.2 Optical navigation

The rendezvous experiment relies actually ondifferent algorithms located respectively in the
flight software and in the ground toolbox.

The algorithm used in flight was developed throughaarne R&D activities with an industrial
partner (Thales Alenia Space) that were on-goingnmine decision to perform the experiment
was taken. For computing efficiency, it is basedadull decoupling of position and attitude es-
timation. Attitude estimated states are providedh® PRISMA services whereas optical algo-
rithm focuses on the estimation of the satellitesigion. This algorithm relies on a dynamic
model of the relative motion that is expressed amt€sian coordinates. The model is based on
the Yamanaka Ankersen state transition matrix ke fato account orbit eccentricity. The filter
state carries a 6 state vector that contains thsechrelative position and velocity expressed in
the predicted target Local Orbital Frame

Given the camera capability to measure the ineatitbide along with the target line of sight, the
introduction of two measurement biases in therfdtate vector has been a low priority and was
finally not considered. The navigation functionais extended Kalman Filter that processes the
two angular measurements provided by the camenae, lfee observation equation involves the
conversion of the estimated relative position ith® camera frame and this requires an adequate
knowledge of the Local Orbital Frame attitude. sThititude is therefore provided by an on-



board propagator implemented by an add-on functibith is initialized with some “a priori”
absolute state. Since this propagator is not iatedrin the filter, it does not benefit from any
state update and the attitude is therefore sutgesime drift.

The state noise covariance (Q) is configured amth@eently updated to take into account sev-
eral uncompensated perturbations: (1) non lineanpimena due to the simplified dynamic

model and particularly the Earth oblateness Jceffeat is proportional to range according to

Table 2, (2) orbit curvature which effect is alsmge dependent, (3) knowledge error on the tar-
get orbital parameters that produce inaccuraciéisanransfer matrix computation and a varying

bias in the Local Orbital frame attitude, (4) mamae execution error that is considered de-

pendent on the manoeuvre magnitude according tte Bab

Table 2: J2 contribution error for a 10 km range

axis ax ay az

uncertainty m.s-2 4.4 10 4110 5.8 10"
Table 3: manoeuvre execution error model

dV magnitude a<2mm/g 2 mm/s<a<2cm/s a>2cmys

Relative uncertainty 20% 6% 2%

Another multiplicative coefficient which value iange dependent according to a tabulated law
has been introduced to amplify the overall stateenancertainty and capture non linear effects
which impact is not strictly proportional to range.

The measurement noise covariance (R) is supposeshiey the uncertainty affecting the cam-
era azimuth / elevation measurements and the typidar of magnitude is the pixel size (400
prad). However, the tuning of this matrix needbéaupdated to include error contributing terms
that are not correctly represented in the prediotedsurement uncertainty. Kalman filter theory
assumes that the function used to predict the mexasint and its Jacobian are perfectly known
but this assumption is not rigorous since the ldrsris strongly dependent from the relative dis-
tance. A corrective coefficient (Ry) that is range dependent is therefore introduoeddrease
the uncertainty. Attitude uncertainty representsdditional term that will affect the accuracy of
the predicted measurement and it must be adde@labefore applying the corrective factor. In
addition, the initial values of the R and Q matsiege tuned such that the range uncertainty re-
mains constant before the application of manoeuvres

The second algorithm represents an adaptationeohilfteady existing navigation function that
processes the radio-frequency sensor measurenigjtsthis filter focuses on the relative dy-
namic motion and carries a 8-state vector thatatnstthe same set as the previous filter and two
additional states for direction biases. The retagtate is propagated differently with respect to
the previous one: it is obtained by difference l# satellite absolute states that are integrated
independently with a dynamic model including thegd@vity term and perturbations such as at-
mospheric drag. Conversely, the state covarianopagation still relies on a simpler dynamic
model based on the Yamanaka Ankersen formulationen\the relative state is updated, the
chaser absolute state is recomputed using thettabgelute state as reference. In addition, the
function that produces the predicted measuremenbrpes first a curvilinear correction of the
relative position to account for the orbit curvatun this algorithm, the target absolute state is



integrated in open loop which causes some possiote in the attitude of the Local Orbital
Frame. The dominant error comes from the estimatfdhe target true anomaly which produces
a direction offset in the orbital plane. The fipsas state is used to cancel this offset whereas th
second bias state takes care of potential azimutin @=igure X). The filter tuning principle is
similar to the previous one with some exceptiohg: magnitude of the state noise covariance
can be reduced due to a more accurate modellinigeofelative dynamics. This algorithm has
been implemented in the last phase of the projedtcauld not be included in the final software
for lack of validation. However, it is available ithe ground processing toolbox to perform com-
parisons of navigation algorithm behaviour usidgrtestry data.

3.3 Rendezvous guidance

On-board guidance relies on a semi-autonomous appnehich has proven its efficiency during
the previous FFRF based rendezvous experiments Thé] trajectory is not elaborated by the
on-board system but predefined on the ground & afl waypoints which spacing is properly
chosen considering the expected range uncertainfijep In addition, the chaser is told when to
apply the different manoeuvres that will be compud& board using the navigation solution.
The chaser will aim at the waypoints without tryitogachieve precisely the full state (position,
velocity) at the corresponding date. The waypoarts actually used as attractors to bend pro-
gressively the real trajectory to the desired dktdeast one manoeuvre is usually computed to
reach the waypoirXy at the specified datg but in some cases the application of mid coarse co
rection manoeuvres may be requested to improveracgu The manoeuvre computation is
based on the Yamanaka-Ankersen state transitionxm@then datey has expired, guidance ig-
nores the current waypoint and starts aiming anthé one. This “fixed” approach remains sat-
isfactory as long as the navigation uncertaintyas subject to unexpected large variations such
that the relative distance could suddenly appeachmulioser and force the chaser to go back-
wards to reach the next waypoint. Efficiency cambially achieved by allowing the guidance
algorithm to skip a waypoint in case of some larggation of the estimated range.

4. Experiment description
4.1. Experiment plan

The goal is to maximize the number of rendezvolasstcompatible with a total budget of 3 m/s
while maintaining a sufficient interest from the GIgoint of view. The vision based rendezvous
experiment includes four different trials which chaeristics are summarized on Table 1. The
first trial is dedicated to the commissioning oé thavigation function and is performed in open
loop to avoid any negative interaction with guidankere, the desired rendezvous profile start-
ing from a 4 km range is followed with an OHB-Swedguidance functionality that relies on
GPS on-board navigation. Assuming a successful tiila, the subsequent tests are designed
with the navigation function coupled to the CNESdguce algorithm. The first closed loop test
is initiated also at 4 km range to allow some panance comparison with the open loop com-
missioning test whereas the next ones start froknl0Two destination ranges are selected: 100
m for tests #1,#2,#3 and 50 m range for the lagt(t&) since navigation at close range is con-
sidered more risky. Experiment durations are dribgndelta-V considerations which lead to
stretch the rendezvous duration. they go from 1BQdours with a maximum 1 m/s allocation
for the longest one.



Table 4: Rendezvous characteristics

1 | 2011/10/13 4000 100 O/L 16.2 7
2 | 2011/10/21 4000 100 C/L 16.2 7
3 | 2011/10/27 10000 100 C/L 18.5 9
4 | 2011/11/03 10000 50 C/L 19.5 9

During all rendezvous, the attitude guidance mad& arget pointing” which aligns a particular
body axis (parallel to the camera bore sight) hign estimated target direction. To simplify the
on-board software interfaces, the target direasasctually coming from GPS navigation instead
of the CNES vision based navigation function. Giviea expected performance of the naviga-
tion, this adaptation does not constitute a singalifon of the problem and this will be con-
firmed by flight results.

In all tests, the initial uncertainty was 10% fange, 100 m for radial / cross track components
and up to 5 cm/s for velocity coordinates. For esteacy, Mango initial relative state was cho-
sen on the envelope of the uncertainty domain edrdn the a priori relative location.

4.2 Trajectory design

The design of the rendezvous profile is drivenwy tontradictory requirements: (1) ensuring a
sufficient range observability, (2) minimizing theel usage. This issue was first analyzed using
the Woffinden [2] criterion that allows to evaludtes efficiency of manoeuvres from the range
observability viewpoint. Range becomes observalblenna manoeuvre causes some angular de-
viation with respect to the natural motion. Thegtarthe angular deviatid® better is the reduc-
tion of uncertaintydp and the limiting factor is the angular resolutoof the camera. This ob-
servability index is given by Equation 1, assumangerfect knowledge of the manoeuvre and no
uncertainty on the others states.
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With such a criterion, cross-track and radial mavoes appear equivalent whereas the along-
track manoeuvre provides a better range obsertsabilithe long run. When considering a gen-

eralization of the Woffinden criterion that takedga account both manoeuvre error and initial

relative state uncertainty, the balance is defyite favour of the croos track manoeuvre since it
is much less affected by the along track rate uairgy.

In addition, manoeuvres in the cross track directiwovide some angular deviation without

changing the relative motion in the orbital plame &his constitutes a valid advantage from the
safety point of view. However, this approach implte apply pairs of manoeuvres in opposite
directions to cancel the cross-track motion and thidefinitely not cost effective. Fuel effi-

ciency being the priority, it has been decideddsign a rendezvous trajectory that does not rely
on cross-track manoeuvres for range observab8ityne cross-track motion is however imposed
from the start with some variations at the endthig scheme introduces only small corrective



thrusts. The profile for rendezvous #3 (10 km alitiange) includes 9 waypoints and is illus-
trated on Figures 3.1 and 3.2 for a typical simakatun.
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4.3 Preparation

The scenarios have been validated and tuned thraugtensive Monte Carlo campaign. In this
analysis, the first objective was to guaranteerémelezvous success while ensuring the lowest
possible fuel usage. The reduction of dispersioas tverefore the key driver in this exercise and
this led to the selection of conservative navigasettings. In particular, range observability was
voluntarily neglected since the observed impacthm trajectory and budget dispersions was
rather positive. Series of Monte Carlo simulatiovith the following varying parameters were
considered:

- initial target true anomaly (0.3 deg)

- chaser relative statéq: 40 m, &e: 40 m, &i: 40 m)

- camera imperfections (1 pixel noise)]t no bias — 3% data loss)
- manoeuvre execution error 5% and accelerometer 290

Variations of the chaser initial state (except #h@ng track separation that was chosen fixed)

served to tune the rendezvous starting point froendelta-V dispersion point of view and ac-
count for some realization error in the initialipat phase. As far the navigation is concerned, the

10



considered initial uncertainty was 12% and 10%rémoge (respectively 4 km and 10 km rendez-
vous), 100 m for radial and cross track componants10 cm/s for position rates.

5. Flight Results
5.1. Result overview

All tests have been completed successfully withiltesummarized on Table 5. In all cases, tar-
get detection is achieved within a few secondsthadolution validity is confirmed by the filter.

In far and intermediate range regimes, VBS funaidmehaviour is satisfactory and shows a
good robustness in presence of bright celestiaatbjor other satellites crossing periodically the
field of view. Optical navigation convergence iswér than expected but acceptable and does
not interfere with the execution of the guidancefipg. Another satisfaction is the respect of the
deltaV budget that stays close to the expectedevaihd confirms the relevance of the scenarios
validation approach.

Table 5: Summary of rendezvous results

RdV from 4 km to 100 m (OL 16.2 1.8% N/A N/A
RdV from 4 km to 100 m (CL) 16.2 2% 54 42.6
RdV from 4 km to 100 m (CL) 18.5 3% 98.5 86.8
RdV from 4 km to 50 m (CL) 19.5 5.5% 74 73.6
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The typical relative range profile during rendezyasishown on Figure 4.1 with a comparison of
true and estimated data. The range uncertaintiowslys reduced when approaching the target
and reach the metric level at a few tens of metdfes.benefit from two complementary and fa-
vourable factors: (1) the absolute error is prdpagl to range and is reduced accordingly when
Mango gets closer to the target, (2) the rangergbbdity improves at shorter distance when
manoeuvres are applied. The contribution of theosgdactor becomes observable in flight
above 2 km and this is consistent with the simarfatiesults given the error assumptions and the
specific filter tuning. However, the range uncertgiat destination is higher than the targeted
1% value (it is typically in the 2-3% range).
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Figure 5.1: Relative position profile dur-| Figure 5.2: Relative range uncertainty dur-
ing RDV #4 (range from 10 km to 50 m) | ing RDV #4 (range from 10 km to 50 m)

Even though the trajectory remains within the 3r&igenvelope (Figure 4.1 and 5.1), the range
relative error is increasing during the first osbitom 10% to 18% whereas this phenomenon is
not observable in the range covariance that rens@sly before the filter starts benefiting from
the manoeuvres. This shows clearly that the s@atarance does not capture properly the mag-
nitude of uncertainties and this could be due tgdaaccelerometer errors, VBS degraded per-
formance or larger error on the attitude of thedld@rbital Frame. Accelerometer responsibility
is quickly discarded since the on-board GPS nanigatonfirms an accuracy in the 1% range.

5.2 VBS behaviour

At long range, VBS instrument behaviour is examibgdusing the following criteria: (1) the
measurements validity ratio (measurements rejeloyethe instrument itself), (2) the measure-
ment difference with respect to an external refege(the “reference” measurement is recon-
structed using relative position from POD and adi& estimation data), (3) the number of erro-
neous measurements (the measurement is flaggeiddut it is related to a wrong target), (4)
the availability ratio of VBS attitude measurements
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Table 6: VBS behaviour and filter robustness

Scenario] Measurement| Angles difference Attitude Wrong
Id validity ratio (std dev) availability ratio| measurements
(%) (%)
#1 61.2 (3.7e-4 — 4.5e-4) 15.4 1
#2 95.9 (7.2e-4 — 8.1.e-4 10.9 6
#3 98.5 (2.6e-4 —3.7e-4 58.4 4
#4 96.4 (5.3e-4 — 3.4e-4) 39.9 46

The angle difference cannot be regarded as a memsat error since the reference measure-
ment is corrupted by two types of errors: (1) atté estimation error when the VBS instrument
does not deliver any attitude, (2) data time syoization. An illustration of this signal is given
on Figures 7.1 and 7.2; Even though this infornmatiannot be used to characterize the VBS ac-
curacy, it represents an adequate means to checkl¢lasurement consistency. In all scenarii,
the difference standard deviation remains clostaéoVBS pixel size (4.26 10rad) which con-
firms the assumptions made during the design pHasaddition, the VBS erroneous measure-
ments are rejected by the filter and do not affieetnavigation performance. The VBS has there-
fore no responsibility in the relative range unaenty profile.
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Figure 7.1 Difference between true and predicteffigure 7.2 Display of true (blue) and predicted
measurements (POD) over a 6 hours period during |seeasurements (red) over a time period with manpeu-
nario #3. Larger amplitudes appear when manoelanes vre application. Both signals remain consistentrayu
applied and produce some sudden attitude variaiitmst | the manoeuvre but some slight phase shift is \@gibl
of this error is due to the time synchronisationboth | which cause an increase of the signal difference.
signals.

Navigation performance degradation at short ramgebe easily explained when considering the
direction measurement principle implemented witthie Close Range VBS. At short range,
Tango satellite occupies a significant area infitle of view (up to 50 pixels at 50 m range as
shown on Figure 6.2) and direction biases can pea®d due to the difficulty to perform an ac-
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curate extraction of the blob barycentre and adatermination of the satellite centre of mass.
Quick bias variations may also occur if the serggoes a particular weight to bright target areas
such as the RF antennas (perfectly visible on biokks of the satellite). Figure 9.1 illustrates thi
impact by comparing the VBS measured direction wlith “true direction” reconstructed with
POD (this comparison is only relevant at short easonce attitude estimation errors affect the
reconstructed reference). Error variations up°tarid 0.4° can be observed respectively on the
azimuth and elevation axes when range approaches. &ven partially filtered out, the effect
on navigation accuracy is with errors reachinga@ tn cross track (10% of the cross track mo-
tion amplitude).
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+ FromVBS
+ FromDLR-POD

L L
04-00 04-01 04-02

Elevation (mrad)

1 . 1
04-00 04-01 04-02
UTC = 2011/11/dd-HH

Figure 6.1: Difference between direction angles frm Figure 6.2: Target appearance at 50 m rang&Zoom
VBS and reconstructed from POD dataThissignal is on a Far range VBS image taken on November 4th
a valid representation of VBS measurement error at 2011. Bright objects on both sides correspond to FFRF
short range (beyond 04-00) antennas.

This expected performance limitation shows the neagly on additional image processing ca-
pabilities with some model based oriented techrsgaed preferably implemented in the on
board computer for higher design flexibility. Hovegygetting safely into the 10-15 meters range
constitutes a significant challenge since this megua high level of robustness and most proba-
bly lighting control capabilities. Until proven atwise, the use of an alternate metrology system
like a Lidar still represents the most reasonaplga for close range navigation.

5.3. Post flight analysis

A detailed analysis has been performed to fullyassthnd the level of performance. Using flight
data and ground replay tools, results have beewdaped and allowed to confirm that the rela-
tive range increase was caused by an initial efrabout 0.4° on the Local orbital frame attitude
(replay with a perfect attitude cancelled quasaltgtthis phenomenon). The same tool was used
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to check the navigation robustness in presencargéf initial uncertainties and convergence was
still ensured with range errors up to 20%.

Further investigations were performed to asses@pact of periodic optical data loss with ra-
tios up to 40% per orbit like in eclipses. FiguBeshow a superimposition of results with and
without data loss: a 20% data loss has a negligipact on the real and estimated errors when
using the same navigation settings (Figure 8.1hvErsely, the 40% ratio has a significant im-
pact on the range covariance and range error: qpeaface shown on Figure 8.2 looks actually
better since it is obtained with a minor modificatiof the algorithm (addition of a curvilinear
transformation before computing the predicted meament). The robustness of the algorithm
and its applicability to more realistic flight s@eii is therefore suggested.

RDV #4 with 20% VBS data loss RDV #4 with 40% VBS data loss

Eror0% | | | e Error 0%
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Figure 8.1: Replay simulation with 20% data| Figure 8.2: Replay simulation with 40%
loss per orbit (short eclipse) data loss per orbit (long eclipse)

The benefit of the curvilinear correction is bldtam Figure 8.2 and further improvement has
been achieved through the use of the alternategaton algorithm including the Earth oblate-
ness J2 effect along with the estimation of thedl@rbital frame attitude bias. The filter tuning
becomes globally easier but not trivial since tege dependency of the covariance coefficients
is still required. The comparison of the differextvigation methods with the flight telemetry is
still underway and will be published in a next pagéis work is showing anyway the potential
of the flight collected data and the ground assessrtools that allow to perform exhaustive
analyses and qualify new algorithms.

6. Conclusion

This flight experiment presented in this paper bemught additional evidence that vision based
navigation rendezvous in Low Earth Orbit represntalid technique to perform rendezvous
with non cooperative objects. Within a short tiragfie, a new on-board software including an-
gles-only navigation and guidance functionalitiesswdeveloped and exercised successfully dur-
ing four consecutive rehearsals performed withisgalconditions of uncertainty. Collected re-
sults were analyzed with accurate GPS navigatidornmation which allowed to evaluate the
performance of the main components and particuldréy navigation algorithm. In addition,
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complementary runs in replay mode showed the rolgstof the technique and its potential of
improvement through some limited adaptation.

This work allowed to identify several issues thdt mneed some further consolidation for future
applications. The first remark concerns of courgeihstrument which capabilities drive the per-
formance of the whole navigation system. Througtthatvarious rehearsals, the VBS camera
performance proved to be quite in line with expeecte in the far and intermediate range re-
gimes and the conservative assumption of one pigeliracy (80 arcsecs) was never infirmed.
Conversely and not surprisingly, entering the 108nma below regime proved to be too challeng-
ing for this instrument given the stringent liglginonditions and robustness requirements for the
image processing functionalities. Improvement cdaddanyway achieved at all ranges through a
better data interaction of the camera with the geation system.

The second issue is linked to the fuel minimizatonstraint which impacted the navigation per-
formance through a selection of a non optimal guteéaprofile and conservative navigation set-
tings. The improvement of range observability tlylowhe application of manoeuvres could not
be observed in flight above a few kilometres ramtpereas simulation showed that it could be
achieved early on with less fuel efficient trajegtprofile and settings. The uncertainty profile
was acceptable for an experiment but would definigé@pear too risky in the scope of a real
mission. In this context, the waypoint guidancerapph proved anyway its efficiency and did
not produce a substantial delta-V overhead duawigation-guidance coupling effects.

The third remark concerns the tuning of the extdnidalman Filter that appeared to be a diffi-
cult and time consuming task given the range deperydof the uncompensated non linear per-
turbations and the need to adapt the covariancaaestin a non intuitive fashion. This effort
was definitely augmented by the selection of a fmelative dynamic model that did not cap-
ture some significant effects like the Earth oblates and the orbit curvature. Runs in replay
mode have shown the level of improvement that eaadhieved when adding these features in
the relative dynamic model both from the perforneaand filter tuning points of view.

Nevertheless, ground analysis showed that the atwig function implemented on-board and
based on the Yamanaka Ankersen relative dynamicehmuzlld still perform satisfactorily in
situations where permanent visibility cannot bei@gtd (eclipses). This preliminary assessment
clearly indicates the potential of this techniqaedn utilization on any type of orbit.

Vision based rendezvous in a non cooperative mioakentay be required in future orbital debris
removal activities or Mars Sample Return missios been demonstrated several times up to 10
km. The achieved performance at metrology / nawdgalevels give a better understanding of
the current limitations and also improvement padbsds that appear quite promising. In addi-
tion, this experiment has proven the high poterdfahe VBS cameras developed by DTU and
derived from already well known star trackers. Rerimore, this flawless experiment that was
developed in a very short time frame has clearipalestrated the great capability and flexibility
of the PRISMA test bed environment as well as thbeatable efficiency of code generation
techniques.
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