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On September 30, 2016, the European Space Agency’s (ESA’s) Rosetta spacecraft ended its 12-year mission when it landed on the

surface of comet 67P/Churyumov-Gerasimenko (CG). For the preceding 26 months, the spacecraft had characterized the environment

of CG in unprecedented detail from a series of orbits and other nearby trajectories. Throughout the mission, the primary navigation

responsibility for the mission was handled by ESA’s Flight Dynamics team at the European Space Operations Center (ESOC-FD) in

Darmstadt, Germany. In order to maximize the probability of a successful landing, ESOC-FD invited a team from the Jet Propulsion

Laboratory (JPL) in Pasadena, California to provide independent orbit determination solutions during the last two months of the

mission. This paper describes the experiences and results from this JPL “shadow navigation” team.
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1. Introduction

The European Space Agency’s (ESA’s) Rosetta mission ex-
plored the comet 67P/Churyumov-Gerasimenko (CG) in un-
precedented detail from its arrival the summer of 2014 through
the touchdown and end of mission on Sep. 30, 2016."3 This
mission achieved many mission-operations firsts: the first to
rendezvous with a comet, the first to place a lander on the sur-
face of a comet, the first to follow a comet through perihelion,
the first to land the main spacecraft bus on a comet, and others.
The resulting science yield from the mission has been tremen-
dous.

The Flight Dynamics group at the European Space Oper-
ations Center (ESOC-FD) had the responsibility for navigat-
ing the Rosetta spacecraft throughout the mission.*” The Jet
Propulsion Laboratory (JPL) Mission Design and Navigation
section had the good fortune to be invited to participate in the
navigation of Rosetta both during the lead-up to the Philae lan-
der release in Nov. 2014%% and during the lead-up to the land-
ing of the spacecraft bus that ended the mission. While ESOC-
FD retained full responsibility for the spacecraft navigation, the
JPL “shadow navigation” team provided an independent orbit
determination (OD) solution for the consideration of ESOC-FD.

This paper describes the experiences, results, and lessons
learned by the JPL OD team during the 2016 Rosetta mission
support. As the ESOC-FD team was so generous with JPL as
to invite us to come back and learn more about comet naviga-
tion with them, the discussion in this paper shares some of the
lessons we learned from the process with the broader navigation
community.

(©2017 California Institute of Technology. Government sponsorship
acknowledged.
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Fig. 1. This operations template was followed for each 3-day orbit be-
tween Aug. 10 and Sep. 26, 2016. Not to scale. OCM: Orbit control
maneuver, WOL: Reaction wheel offload maneuver.

2. Mission Description

For the 2016 support, the JPL team made their first OD deliv-
ery on Aug. 1 and continued providing independent solutions
about twice a week through the landing on Sep. 30. Detailed
context for this period of the mission is available in Accomazzo
etal®

At the start of the JPL support, the Rosetta spacecraft was in a
terminator orbit with a semi-major axis of roughly 10 km and a
periapsis range of about 8.2 km. On Aug. 10, the spacecraft or-
bit was tilted by 20 deg off of the terminator plane and the orbit
period was moved to 3 days. From Aug. 10 through Sep. 26,
the 3-day orbit period and orbit plane orientation were main-
tained and the activities in the orbit followed a regular pattern
(Fig. 1).

As time passed in this 3-day orbit, the orbit eccentricity was
steadily increased. This had the effect that (almost) each peri-
apsis was lower than the last, which steadily increased the influ-
ence of the irregular mass distribution of CG on the spacecraft
dynamics. The spacecraft range to the comet as a function time
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Fig. 2. Distance between Rosetta and the CG center-of-mass during the

JPL support. CG has a maximum radius of about 2.0 km.

is shown in Fig. 2. This sequence of orbits allowed the navi-
gation team the opportunity to steadily improve the estimate of
the harmonic gravity coefficients up through 5th order.

On Sep. 26, Rosetta executed a maneuver to depart from the
3-day orbit in order to prepare for landing. The orbit period
was increased, and the plane was oriented such that the space-
craft would move farther to the Sun-side of the comet. Rosetta
was set on a collision course with the comet from about 20 km
altitude in a manner very similar to that of Philae in 2014.%3
The chosen landing site was on the north side of the smaller lobe
of CG. The Rosetta spacecraft successfully landed on the comet
surface at a vertical velocity around 86 cm/sec at 10:39:34 UTC
on Sep. 30, 2016.%

3. JPL Navigation Approach

The JPL navigation team was invited to provide only OD
support for the Rosetta mission*. As such, the JPL team had
two primary subteams: Optical Navigation and Orbit Determi-
nation. The Optical Navigation (OpNav) team was responsible
for creating and maintaining a model of the CG surface and for
identifying landmarks from that surface in imagery downlinked
from the spacecraft. The Orbit Determination (OD) team was
responsible for solving for the spacecraft location relative to
CG, estimating parameters of the spacecraft’s dynamical envi-
ronment (e.g., CG gravity field, etc.), and predicting the future
path of the spacecraft using all available measurements.

The discussion here primarily focuses on the challenges and
results associated with the OD activity. The complexities asso-
ciated with the OpNav team’s effort not documented here were
significant. Some understanding of similar OpNav processes
can be found in the papers covering the previous Rosetta sup-
port” and the Dawn mission efforts.!?)

3.1. Dynamical Model

For the purposes of OD, the dynamical model used to inte-
grate the spacecraft motion and partial derivatives included the
following forces:

e CG spherical-harmonic gravity model A 12th-order
model was used for propagation. The initial values of the

* The trajectory and maneuver design components of a complete navi-
gation effort were not included.
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Fig. 3. Magnitudes of the various modeled accelerations acting on the
spacecraft over time.

coefficients were derived assuming constant density'" and
using a shape model published by ESOC-FD.!?

¢ Pointmass gravity Included for the Sun, eight planets, the
Moon, and Pluto.

o Solar-radiation pressure A 6-panel bus model with 2 ar-
ticulated solar panels were used, each with their own area
and specular/diffuse coefficients. Bus and panel orienta-
tions were provided by ESOC-FD.

¢ CG coma-drag model Coma drag estimates were based
on ROSINA instrument data'® when that data was avail-
able; otherwise, a coma density and velocity model derived
from previous flight data was used'® in concert with the
modeled spacecraft shape and orientation.

o Impulsive AV maneuvers Planned spacecraft maneuvers
were small enough that the impulsive assumption was rea-
sonable.

e Impulsive reaction-wheel off-load (WOL) maneuvers
These maneuvers nominally had zero magnitude due to
Rosetta’s balanced thruster configuration.

e Stochastic accelerations Short interval ("1 hr) accelera-
tion batches were applied to help fit poorly modeled dy-
namics (such as those during low periapses or during pe-
riods of strong comet outgassing) toward the end of our
support.

The relative magnitudes of these forces are shown in Fig. 3.
It can be seen that the pointmass gravity of CG is overwhelm-
ingly the dominant force on the spacecraft. As the periapsis
altitudes became lower and lower, the higher-order harmonic
gravity accelerations (“oblateness”), became increasingly im-
portant. In fact, the oblateness was the most important factor
because its uncertainty was much larger than the uncertainty
in the comet mass. Due to its close proximity to the termina-
tor, Rosetta’s drag force was a relatively small effect; the coma
density is lower at the terminator and the solar panels are ori-
ented edge-on to the outgassing velocity. Finally, solar pressure
(SRP) is a relatively small effect. Generally, we did not esti-
mate a scale factor on SRP since the expected error was on the
order of 1 x 102 km/sec?.
3.2. OD Filter Setup

During the 2016 JPL support, there were 2-way Doppler, 2-
way Range, and on-board imagery from Rosetta’s NAVCAM'
available for OD. As with all current JPL missions, the MONTE
software suite!® was used for all aspects of OD and analysis.



The 2014 support of the Philae landing® and the follow-on
post-processing work provided a good starting point for the fil-
ter setup. That said, the filter strategy continued to evolve as
the periapsis altitudes became lower and as the existing setup
proved wanting in one way or another. Table 1 describes the
parameters that were estimated or considered at one time or an-
other. Note that not all parameters were solved for regularly and
the a priori sigma values used were not always the same.

Table 1. OD Filter Parameters.

Typical a priori 1-c
10 km per axis

1 m/s per axis

Parameter
CG-relative position (EME2000)
CG-relative velocity (EME2000)

CG gravitational parameter 0.2%

CG gravity harmonics 0.2

SRP scale factor 5%

Prime Meridian 5 deg
Rotation rate 1 deg/day
Rotation acceleration 1 deg/day”
RA /DEC of the CG spin pole 0.2 deg
Per-picture pointing error 0.005 deg
Radial landmark scale factor 0.33%

CoM-CoF offset 20 m along spin
axis, 5 m otherwise

10x the formal
17)

Ephemeris SetlIl parameters
covariance
5% magnitude
per component
Impulse burn time 2 sec

Wheel offload AV 0.3 mm/s

Impulse burn AV

Throughout our support, we would consider several different
filter setups and several data arc lengths for each OD delivery.
In August, we were typically delivering solutions with a data
arc of about 2 weeks, which was a good balance between the
dynamical parameter accuracy achieved with a longer arc and
the better terminal state accuracy achieved with a short arc. In
September, however, it eventually became impossible to con-
verge an arc longer than 2 orbits (or 6 days) due to extreme
trajectory sensitivity (more on this later). Also, as the effect
of gravity harmonics became more pronounced, we limited the
number of parameters estimated to avoid overfitting the mea-
surements. Aside from these challenges, our filter setup was
always successful in generating a fit with flat and zero-mean
residuals.

3.3. Optical Navigation Approach

The JPL OpNav team was able to use the navigation shape
model they generated in 2014 as the initial basis for the 2016
effort. In the spring and summer of 2016, the 2014 shape model
was updated based on Rosetta NAVCAM images'> obtained in
early 2016. The update proved to be more challenging than
expected because the rotation rate for CG was not constant due
to comet outgassing activity'® and because the fine detail of
the comet surface had been changed by the outgassing activity
during perihelion.

During the operational period, the OpNav team had two im-
portant roles in the OD process. The first was to maintain and
improve the comet navigation shape model. As in previous
missions,” !9 this was done using the stereo-photoclinometry

(SPC) technique.!? In short, this technique estimates a best-fit
topography and albedo model for a collection of surface patches
(“landmarks”) based on all available imagery of those loca-
tions (with boundary conditions enforced to ensure a continu-
ous global shape model). The resulting model can be combined
with an assumed reflection law to predict what future images
of that patch of surface look like under any lighting conditions.
The second role of the OpNav team is to identify landmarks
in NAVCAM images as they come down to be used as mea-
surements. Using a rotation model of the comet and camera
pointing information, landmark observations are used to effec-
tively triangulate the spacecraft position at the time of the im-
age. These landmark observations are powerful measurements
for determining the spacecraft state relative to the comet.

4. Trajectory Estimation

The goals of orbit determination are to reconstruct where the
spacecraft has been and to predict where the spacecraft will go
in the future. On both points, the formal covariance result from
the filter is typically presented as a measure of the solution ac-
curacy. However, the accuracy of the formal covariance relies
on the setup of the filter and its inputs. In order to get an ac-
curate formal covariance, the dynamical model must accurately
represent reality using the estimated parameters and the covari-
ances associated with them. Input covariances must be properly
correlated when appropriate (e.g., different landmark observa-
tions in the same image). Our experience has demonstrated that
the model we use in our filter is not yet accurate enough to gen-
erate accurate formal covariances. Generally, the formal covari-
ances have been found to be overly optimistic. Since the true
trajectory of the spacecraft is not known, we assess the quality
of our navigation solutions here by comparing against subse-
quent solutions and not against the predicted covariance.

Figure 4 shows the position differences between all OD so-
lution pairs during times when the respective data arcs overlap.
Since both solutions utilize the same measurements during the
overlap, the plotted position differences give an empirical es-
timate of the precision of our reconstructed trajectories. The
true accuracy of our solutions may be worse than this due to
biases introduced by our filter setup, but it is no better. It can
be seen that generally our results were precise at the 20 meter
level or better. August yielded more precise results than were
achieved in September, but this is likely because the OD was not
as challenging. The precision began to degrade as the periapsis
altitude decreased primarily due to the increasing influence of
the poorly-estimated high-order gravity terms.

In Fig. 5, the position difference is shown between each OD
solution’s 3-day prediction and the subsequent trajectory solu-
tion. Since the subsequent trajectory should be relatively close
to the truth (as it contains measurements throughout the 3-day
period), this plot is a good representation of the accuracy of our
trajectory predictions over 3 days. It can be seen from the plot
that predictions were typically accurate to 50 meters or better
in the first 24 hours leading up to periapsis. A clear local max-
imum can be seen around 40 hours, which corresponds to the
first periapsis in the 3-day orbits (Fig. 1). After periapsis, we
typically had a residual orbit-period error that resulted in a con-
sistent and rapid increase in position error. We did not figure
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Fig. 5. Prediction accuracy of JPL operational OD solutions as a function
of hours past data cutoff. 3-day trajectory predictions for each solution are
compared against the next operational solution (which has measurements
during the prediction). The blue boxes show the 25th, 50th, and 75th per-
centiles of the resulting errors in 6-hour increments. The labels indicate the
month and day of the data cutoff (MMDD format).

out how to address this issue. After one 3-day orbit, our posi-
tion prediction errors were typically 300-600 meters.

5. Parameter Estimation

Our estimates for the majority of the parameters in Table 1
are not generally useful to report (e.g., spacecraft epoch states,
internal shape model adjustments, per-picture pointing correc-
tions, maneuver solutions, etc.). We will present our gravity
harmonic estimates to help give future missions a sense of the
accuracy they may be able to achieve during operations for a
similar mission and to compare with the high-fidelity recon-
struction to come. Also, the migration of our operational spin
pole estimate may be of use as a point of comparison with other
results presented.>®

5.1. Gravity Estimation

Figure 3 demonstrates the increasing importance of a good
high-order harmonic gravity model over the course of the 2016
support. The GM and the 2nd order harmonics were readily
observable throughout the month of August and we quickly de-
rived reliable estimates. Estimating the higher-order harmonics
was complicated by our inability to fit multiple orbits in one

data arc when the periapsis was low (i.e., when the information
content was the highest). We ultimately adopted an approach
of estimating the gravity harmonics separately from the opera-
tional OD filter. In this separate filter, we combined the infor-
mation from each periapsis passage (between OCMs) indepen-
dently. By mid-September, we had derived a reliable estimate
of the 3rd order harmonics that improved our predictions no-
ticeably. By the time of landing, we also derived a set of 4th
and 5th order coefficients that showed a clear improvement in
the accuracy of our predictions (though the formal covariances
indicated significant uncertainty in those estimates). Table 2
presents our gravity results through 3rd order. The reference
radius here is 1.0 km, the origin is at the center of mass, the
z-axis is aligned with the maximum moment of inertia, and the
CHEOPS reference frame is used.?? f
Table 2. Estimated CG Gravity Harmonics (CHEOPS frame).
GM (6.651+.003) x 107 km?/sec?

12 0.2350£0.0036 I3 0.1250£0.0123
C22 | 0.3210+0.0054 | S22 | —0.0165=+0.0043
C31 | —0.1487+0.0089 | S31 0.0655+£0.0097
C32 | 0.2066+0.0165 | S32 | —0.0874+0.0156
C33 | 0.0281£0.0245 | S33 | —0.3580+0.0244

5.2. Spin Pole Estimation

Figure 6 shows the variation in our operational spin pole esti-
mates. It can be seen that the estimated values for both right as-
cension and declination sometimes exceed the formal 3-sigma
uncertainties of previous solutions. This may be because the co-
variances are overly optimistic or because the pole has moved
due to comet outgassing torques. It may also be due to an un-
related mismodeling in the filter. Note that the large formal
uncertainties for the 0904 through 0910 solutions correspond to
solutions that solved for a spin acceleration, which increased
the uncertainty in the spin rate estimate. The 5- to 15-day data
arcs for these solutions is probably too long to clearly show the
effect of the 11-day precession effect that has been described
elsewhere.'820)
5.3. Rosetta Landing Results

Our estimated terminal trajectory matched to about 12 meters
with the estimate from ESOC-FD in the final moments of the
descent. The difference was effectively all in the radial / time-
of-flight direction. Using our trajectory and independent shape
model, we estimated a landing time of 30-SEP-2017 10:38:12
UTC, which was about 82 seconds earlier than the observed
loss-of-signal from the spacecraft that indicated touchdown.?

6. Orbit Determination Challenges

Rosetta was the first mission to ever navigate a spacecraft in
orbit around a comet. There are many unique aspects of this
environment that give rise to many unique navigation issues.
There also were challenges induced (and avoided) through the
particular design of the Rosetta mission and challenges that the
JPL team imposed upon itself. This following topics are dis-
cussed in no particular order.

T The estimated CG mass decreased noticeably relative to the 2014 re-
sult.®) This may well be due to the comet outgassing. Ref. 21) es-
timates the water loss during perihelion passage was 6.4 x 10° kg, or
about 4.3 x 10710 km?3/sec?.
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Fig. 6. Operations estimates of CG spin pole right ascension and declina-
tion (J2000). The blue line gives the estimated value and the red lines give
the formal 3-sigma boundaries.

6.1. Orbit Determination Challenges at a Comet

The most obvious navigation challenge associated with a
comet is modeling the drag acceleration on the spacecraft re-
sulting from the comet outgassing activity. The coma density
and velocity model provided to us by ESOC for the 2016 sup-
port'® proved that the comet activity can be modeled reason-
ably well based on in situ observations, given enough of them.
The ROSINA instrument!® provided the measurements for that
model, so it was a boon to navigation to have that instrument
onboard the spacecraft. When the data was available, we used
the ROSINA data directly to model the coma density in our re-
constructions.

Given a good model of the coma density and velocity, a
model is still required for how the flow field interacts with the
spacecraft shape to result in a drag acceleration. In 2014, the
JPL team experimented with both a single parameter “cannon-
ball” drag model (where drag acceleration is always in the op-
posite direction of the flow relative velocity) and a two param-
eter lift and drag model. The lift-drag model was never shown
to be any better than the cannonball model in the 2014 effort.®
Combined with the secondary significance of the drag relative
to the high-order gravity effects (Fig. 3), the JPL used the can-
nonball model throughout the 2016 support.

It is also worth noting that the comet outgassing is not always
consistent over time and occasional outbursts of particularly
strong effects should be accounted for in the navigation strat-
egy. On Sep. 5, one such outburst occurred. These events can
be detected through inspection of the pre- and post-fit Doppler
residuals. We made use of short-batch stochastic accelerations
to estimate the resulting spacecraft accelerations.

Another interesting effect of comet outgassing is that it places
a torque on the comet. This results in a change in spin rate over
time and a change in the spin pole over time. Late in the 2014
support, we realized that the rotation rate was indeed changing.
We didn’t have enough insight into the outgassing activity to
parameterize a torque model for the comet, which might have
been the ideal approach. Our approach to deal with a changing
spin rate in 2016 was to either limit the length of our solution
arcs or to estimate a constant acceleration on the spin. Neither

solution provides a suitable model for use in a long arc solution.
We also updated the epoch for the initial prime meridian of the
spin every few weeks to keep the uncertainty in that initial prime
meridian angle from getting too big.

The spin-pole of CG may or may not have been stable, pos-
sibly due to outgassing torques. Several papers'®2% have iden-
tified a precession term in the pole motion, but this was not
clearly observable in our navigation solutions. We did observe
that our solutions for the comet pole were not consistent over
time, as presented previously (Fig. 6). This lack of consis-
tency was also observed by our team in 2014 and the ESOC-FD
team.¥ The pole motion we observed may or may not have
been due to outgassing torque or the induced precession.

6.2. Rosetta specific challenges

The mass distribution of CG was irregular, even by primitive
body standards. When operating at 10 km range or more (as in
2014), the gravitational potential can be well modeled using a
constant density assumption and estimating spherical harmonic
parameters up to 3rd order or so. In the 2016 support, Rosetta
flew as low as "2 km altitude and the high-order irregular gravity
effects became very significant. The Rosetta trajectory design
anticipated the challenge of estimating the high-order terms
and lowered the periapsis gradually to accommodate. This was
helpful, but it was still difficult to fit the Doppler and range mea-
surements around periapsis until there was enough data at that
altitude to get a good estimate of the corresponding harmonics.

We also had difficulty fitting measurements over more than 2
Rosetta orbits starting in early September. After two orbits, the
computed measurement values became very sensitive to veloc-
ity changes at the start of the data arc. If we tried to fit more than
2 orbits, the filter would initially appear to converge normally,
but ultimately fail to converge. We hypothesize that this was
due to an extreme sensitivity in the computed measurement (op-
tical or Doppler) to velocity changes early in the data arc. The
sensitivity was so extreme that the precision limitations of the
computer resulted in bad partial derivatives and bad parameter
updates which caused the filter to diverge. In the early orbits,
we did not have this problem, but as the orbit became more
eccentric, the sensitivity of the spacecraft state to epoch state
velocity changes increased.

For each 3-day orbit during the 2016 support, the spacecraft
performed two planned deterministic maneuvers and three re-
action wheel desaturation maneuvers. Generally, the more ma-
neuvers a spacecraft does, the harder it is to solve for dynamic
parameters, such as gravity harmonics, because the uncertainty
introduced by the maneuver execution can be larger than the

subtle effect of an error in the dynamics. For Rosetta, that was
indeed occurring, but it may have actually been a good thing.
Since it is almost impossible to model the coma drag effect per-
fectly, the maneuvers gave the filter a parameter that could ab-
sorb any unmodeled coma drag effects. While this degraded the
accuracy at which we might have estimated gravity, it gave the
filter an opportunity to prevent spacecraft velocity errors from
accumulating over time.

The 3-day orbit period was nearly resonant with the 12.054
hr rotation period of CG. Thus, the body-fixed longitude of the
periapses during this phase of improving gravity field knowl-
edge only moved about 10 deg per orbit. It was unclear how this
affected the quality of the higher-order gravity field estimates,



but it is probable that the estimated harmonics would have per-
formed more poorly at significantly different longitudes. Fortu-
nately, this really didn’t matter for navigation because we didn’t
fly the spacecraft at those longitudes. An advantage of the re-
peating orbit geometry is that we were able to apply an empiri-
cal approach to comparing different filter designs.

6.3. JPL-specific challenges

In 2014, we had an issue where the overall scale of our comet
model was incorrect. This manifested itself in an inability to fit
both the radiometric and the optical data well at the same time.
We corrected the problem in October of 2014 to good effect.
Throughout 2016, we regularly estimated a scale factor across
all the optical landmarks and that seems to have worked well.
Similarly, we consistently estimated a center-of-mass to center-
of-figure offset to account for the inability of the SPC process
to determine the CG center of mass.

Our post-operations analysis demonstrably show that our tra-
jectory reconstructions, trajectory predictions, and the consis-
tency in our parameter estimates clearly improved since the
2014 effort as we incorporated the lessons we learned then.
That said, we still found comet navigation to be quite challeng-
ing. Particularly notable is that our predictions generally were
not as good as our formal covariance mappings suggested and
they weren’t as good as those generated by ESOC-FD during
the orbits with lower periapses. Figuring out the reasons for
this is a topic for future work for our team.

7. Conclusions

JPL’s second ‘“‘shadow navigation” experience with the
Rosetta spacecraft at comet 67P/Churyumov-Gerasimenko has
been reviewed. The effort was certainly a success in the sense
that we continued to expand on our understanding of the navi-
gation challenges associated with close-proximity operations at
a comet. This paper has attempted to present both our struggles
and our successes for the benefit of future efforts.
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