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Abstract

Pluto an d its moon Charon form the only major pla nctary system as ycl
unvisited by interplanctary spacccraft. Numerous proposals for missions to
Pluto have been considered in recent years. Onc such mission that has been
under developmentat J ’l. i s the Pluto Fast Flyby (PFF). Two small spacecraft
would be launched in 2001 On direct trajectorics from Harth to Pluto. T h e
spacccralt  wouldfoll ow radial trajectoricsout 10 Pluto with encounters
Occurring six months apartafter aninterplanctary cruise. Of 9-10 years. Plut O-
relative  trajectories for the flybys arc essentially linear with approach
velocitics between 15 and 20 km/see, giving rise to the nainc "Fast I lyby". This
papcr  will discuss applicati ong Of optical navigation techniques during the
cncountcr phase O f this mission. in particular, the introduction of partial
aut onomy by migration of some traditional gmund-based techniques to the
spacccraft flight system will be described.

The Optical navigation campaign ecnvisioned for this mission is divided into
two major phascs. The first, or “far cncounter”, phase coversthe period from 6
months 10 2-3 days beforc closcsi approach. Activity during this phasc will be
similar totraditional OPNAYV support for previous missions such as Voyager
and Galilco. Pictures will be taken with the spacecraft’s onboard camera and
transmitted 1o Earth for proc essing by gmund-based navigation personncl.
The optical "obscrvables" cxtracted during the image processing will then be
combinecd with the radiomciric data using standard ground-based orbit
determination  proccdures.  Orbit determinati on  solutions  will be  produced to
support pre-cncounter maneuvers and the design Of science observati ons
around ¢l oscst approach. The 10 B-plane crror cllipse size is expected to be on
the order of 20 km for a data cutoff at 3 days before closest approach.
Unfortunately, the corresponding uncertainty in  the time-of-flight  Or
d owntrac k direction is  much larger, On the order Of 200 scc Or =3000 km, as
illustrated in Figure | (a). This is duc to large Pluto ephemeris crrors  a n d
insensitivity Of theoptical data to cha nges i n Pluto's p ositi on along the line-
of-sight from (11C spacecraft 10 Pluto. In the far encounter phase, the linc-of-
sight is ncarly parallel tothe spacccraft's PlulO-relative velocity vector (V) .

With downtrack uncertaintics of a few thousand kilometers, large mosaics
composcd Of many tens of individual frames would be required to guarantce
capturc Of the target body in a science observation taken within a fcw minutes
of closcst approach. ‘1’ here is neither the time orstoragc memory available to
accommodate such large mosaics during the 1l () cncounter. Optical
mcasurcments taken within a fcw days Of closest approach can reduce the
downtrack unce rtainty. As the. spacecraft moves closer 10 Pluto, the line-of-
sight direction rotatcs away from t h e vclocity vector, allowing the optical data
to measu r¢ thc downtrack position, as shown in Figure I(b). This is the




motivation for the second, or “near cncounter”, phase of the Pluto optical
navigation campaign which will cover the period from 3 days to a fcw (2-4)

hours before closest approach. The long one-way light time at Pluto (-4 hours)
and data rate limitations make it Impossible to return the pictures taken

during this phase for traditional ground-in-the-loop processing. Thus, the
data processing and orbit determination solutions will bc performed onboard
the spacecraft. The introduction of (at least a partial) autonomous navigation
capability represents a significant  departure from previous mission
operations and is the first proposed Usc of such technology for a JPL
interplanetary ~ mission.
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Figure 1 Increasing sensitivity of Optical Navigation data to downtrack position
changes. Changesin downtrack position have larger projections onto OPNAV image
plane as spacecraft moves nearer to Pluto.

A total of 15-20 pictures Will be shuttered in the near cncounter phase and
processed by the Autonomous Optical Navigation Sysiem. The system will
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estimate the actual time of closest approach from the locations of Pluto and
background star images in an OPNAV picture. The accuracy of this estimate
will improve dramatically as later pictures are taken and processcd. The
critical science observations that take place within 1-2 hours of closest
approach will have been designed assuming this smaller uncertainty in the
time of closest approach. Since this is the dominant error, the geometry
assumed in thcscience designs can be restored by simply shifting the start
time of the observations so that they happen at the correct time relative to the
actual lime of Closest approach. T h e autonomous system will apply t h e
appropriate time shift to designated block(s) of near cncounter science
observations. This scenario is illustrated in Figure 2.
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Figure 2 Operational scenario for PFF Autonomous Optical Navigation System.
Start times of near encounter science observations are adjusted based on solution for
true time of closest approach from OPNAV pictures.

A prototype design for the PFF Autonomous Optical Navigation System has
rccently been completed. The system has three primary components, or
blocks, whose functions arc summarized below:

Image Processing identifies the Pluto and star images in the current

OPNAV picturc and estimates the location of their centers. The image

centers are the navigation obscrvables to be used to solve for a correction

(o the time of closest approach. .
. orbit Determination Solution computes an update to the time of closest

approach based on the location of the Pluto image center relative to the
star ccnlcers.

.Science Sequence Update applies the appropriate time shift to the start
times of cncounter science observations based on the update to the time of

Closest approach. _ _
A Geometry Update block is also included which is cxccuted before the

primary blocks. This component uscs the information from the solution
generated for the previous OPNAYV picture (If any) to update the predicted
spacecraft-Piuto geometry for the current picture. This information is then
used to gencrate predicted Pluto and star image information for the Image
Processing block. Figure 3 is a high -level block diagram showing the
information flow bectween these. system components.

The philosophy followed f or the prototype system design has emphasized
maintaining simplicity in the on board algorithms and procedures. Particular
conditions of the Pluto Fast Flyby mission have been exploited to reduce
complexity. The paper will give amorc detailed description of the algorithms
implemented within each of the major blocks. Background material will be




presented deriving the relevant cquations and indicating where simplifying
assumptions have been introduced.

The remainder of the paper will analyze the expcected performance of the
Autonomous Optical Navigationsystem.Imagc processing accuracies will be
considered along with errors arising from the simplified equation
formulation. Initial tests of the system's performance on navigation
development computers and in the Flight System Testbed at JPL will be
discussed. Results for onc sample Pluto trajectory will bc. presented showing
that the uncertainty in the time of closcsL approach can bereduced to -10 scc
when the last picture is taken and processed 4 hours before closest approach.

The paper will conclude with a short discussion of future system
development, describing possible modifications and ecnhancements that should
be considercd for the actual flight-qualified system.

Geometry Update [«

v

PrepicteD Picture ConTenTs:
L ocamitngs AtD APPEARANCH OF
PLuto & SRl raes

} Of;‘ncm

Image PRraeseisging  +— Navication

{ Picyure

( PLUTO AND STAR IMAGE CENTER OCATlONS)

v

———PI Orbit Determination Solution

* 2

CHANGE IN TIME OF Cl OSEST APF'ROACH J
AN

v

Science Sequence Update

v

(" UrpaTen STaRT Ties fror SCIENCE (BSERVATIONS )

PREDICTED
Viewins

GeoMETRY

Figure 3 Functional flow chart for PFF Autonomous Optical Navigation System.




