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At Jupi(crarrival  on Dcccnlbcr7,  1995, the Galileo Orbiter will havcac]osc  IO flyby
(1000 km target altitude), record up to 75 min of science data transmitted from the
atmospbcric Probe, and then perform a large (-650 nd.s) Jupiter Orbit Insertion
maneuver. The ensuing 2-year “orbital tour” includes ten close satellite flybys at
altitudes bctwccn 250 and 3100 km. Four Juj]itcr-approach  maneuvers and three
maneuvers per orbit arc plannccl to achieve accurate delivery of the Orbiter at each
satellite cncountcr.  Prccisc orbit ctctcrmina[ion  is acco]nplished  with S-band
Doppler-data and optical navigation pictures as thcprinlary  dala types.  At each orbit
trim mane.uvcr, the remaining orl)ital tour trajectory will be rc-optimized to
n~inimi~,c  total AV by varying satellite aimpoints within allowable bounds. Satellite
delivery errors for the orbital tour arc generally less than about 40 km (fl-plane) and
2s (closest approach time). ‘l’he velocity charge (AV) rccluircd 10 navigate the orbital
tour is about 70 rids, and the end-of-mission propellant margin is 20 kg (both 90940
probability values).

INTRODUC’I’1ON

Interplanetary Trajectory

The scientific objective of the Galileo Mission is to carry out an intensive investigation
of Jupiter’s atmosphere, satellites, and magnetosphere (Ref. 1). On October 18, 1989, the
Galileo spacecraft departed Earth bound for Jupiter. Galileo’s 6-year-long journey to Jupiter
is now nearly complctc,  and preparations and p]a]ining for the Jupiter encounter and orbital
tour arc procccciing  on schedule (Ref. 2).

Figure 1 shows the l~arth-to-Jupiter  interplanetary trajectory. The Venus-Earth-Earth
gravity assist (W3EGA) phase of the trajectory was completed in lkcembcr  1992 with the
second of the two Ear[h gravity-assist flybys (Ref. 3). In August 1993, Galileo completed a
successful flyby of the asteroid Ida. The results of this encounter included the discovery of
Dactyl, the first natural satellite of an astcroici  ever directly observed, (The Ida flyby was
Galileo’s second asteroid encounter; the first occurred in October 1991 when Galileo flew
by Gaspra for the first-ever close-up observations of an asteroid.)
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Figure 1 Galileo larth-Jupiter \’IHIGA  lntcrplanctary
Trajectory

In October 1993, about 1 month after the lda flyby, the Galileo spacecraft, consisting
of an Orbiter and an attached atmospheric entry l’robe, was rctargctcd to Jupiter. Since the
Probe has no onboard propulsion system, the Orbiter/Probe spacecraft must bc placed on a
ballistic trajectory targeted such that, once rclcascci, the Probe will achieve the dcsircci
atmospheric entry aimpoint (defined as an altitude of 450 km above the reference Jupiter
oblatc  spheroid). Two subsequent small trajectory corrcc[ion  maneuvers (TCMS) were
performed in February 1994 and April 1995 to remove small errors in the Probe entry
conditions prior to Probe release.

Also shown on Figure 1 arc the TCMS between the Ear[h 2 flyby and Jupiter arrival
and the locations of the satelli(c encounters during the orbital iour.

Jupiter Approach and Ilncountm-

Figure 2 shows the final Jupiter approach portion of the interplanetary trajectory. On
July 13, 1995, the Probe was successfully released from the Orbiter. Probe entry is schcctulcd
to occur on Dccembcr 7,1995 at 22:04 lJTC. Two u’ccks after ]’robe release, on July 27, 1995,
the Orbiter deflection maneuver (ODM) was completed. This maneuver established the
Orbiter on a trajectory that is targeted first to fly by Io at an altitude of 1000 km for a gravity-
assist to rcducc  thcvclocity  charge (AV) for Jupitc.r orbit insertion (JOI) and then to overfly
the Probe during its descent to enable the Probe-tcJ-Orbiter ra(iio link. There are four TCMS
schcdu]cd  between ODM and the 10 f] yb y; the first TCM corrects ODM errors, and the fi na]
ti~ree (see Figure 3) are used to fine tune the 10 aimpoint.

Figure 4 shows the Orbiter and l’robe trajectories at Jupiter arrival. The 10 flyby
occurs about 4 hours before closest approach (4.4 hours before the star( of Probe data
:icquisition).  ‘1’his gravity-assist flyby slows the Orbiter, reducing the JOI AV by 175 m/s and
also provides the only opportunity during the orbital tour for close-ui~ observations of 10. As
an addcci  bonus (which accrues from the sc.lcction of Dcccmbcr  ‘), 1995, as the Jupiter arrival
date), the Orbiter will have a 32,000-knl altitucic  fi yby of Europa 4.6 hours before the Io fl yby.
The Orbiter passes through Jupiter closest approach at a distance of 4.0 RJ ( 1 RJ = one Jupiter
radius = 71,492 km), Starting a few minutes later, the Orbiter wiil receive and store data
transmitted from the Probe for 75 min as it descends through the Jovian atmosphere. About
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Figure  3 Jupiter Encounter: Orbiter Trajectory Showing
Maneuvers During Final Approach and Orhit Insertion

I hour after the cnd of Probe data acquisition, the orbiter performs (11c JOI maneuver slowing
the spacecraft in order to establish the initial 21 O-day orbit about Jupiter. The first two orbit
trim maneuvers (OTMS) arc used to correct Io flyby altitude errors and JOI execution errors
(SCC ];igurc 3): onc day after JOI and the second about a month later, after the Orbiter passes
through solar conjunction. The times of the Jupiter cncounte.r  events arc g,ivcn in ‘1’able 1.

Orbital ‘J’our

The orbital phase of the mission, referred to as the “orbital tour,” lasts 2 years (SCC
Figure 5). Near apojove of the initial orbit, a pcrijovc  raise manmvcr (PJR) is performed; [his
maneuver occurs nominally on March 18, 1996. PJR increases [hc speed of the Orbi[cr in

3



\

.

. Cufi  OPA FLYBY

/YNllEv&g7-cJ UPITER VA 01 S7AtJCE . 286,I0o  km

.—. -.4-—

PROllC

EARTH

‘“NE  <

OCCULTATION

NJPITER  POLE VIEW

Figure 4 Jupiter Encounter C1osc-[Jp: Probe and Orbiter

Table 1
JUPITER ARRIVAL EVENT TIMES

Time (hh:mm) ATime
Event Date UTC/SCET PST/ERT (hh:mm)———.-.——

Europa Flyby
!0 Flyby

Jupiter Closest Approach
Probe Entry
Probe Relay Start

Probe Overflight
Probe Relay End

JOI Start

JOI End
Enter Earth Occultation

Exit Earth Occultation
OTM-1

OTM-2

*Date is 7-Dee-95.

7-Dee-95
7-Dee-95

7-Dee-95
7-Dee-95
7-Dee-95

7-Dee-95
7-Dee-95

8-Dee-95

8-Dee-95
8-Dee-95

8-Dee-95
9-Dee-95
2-Jan-96

13:09
17:46

21:53

22:04
22:07

22:34
23:22

00:27

01:15
10:34

14:10
15:40
20:00

06:01
10:38
14:45

14:56
14:59

15:26
16:14

17:19*

18:07’
03:26

07:02
08:32
12:52

ATime = time from Probe entry.

-08:56
-04:19

-00:11

0
00:03

00:30
01:18
02:23

03:10
12:30

16:05

17:36
21:56

order to raise the pcrijovc  distance and target the ( )rbiter  to the first encounter of the satellite
tour: Ganynlcdc  1 on Jul y 4, 1996. It is necessary to raise the pcrijovc  distance at the start of
the orbital tour to avoid cxccssive exposure to IIIC intense raciiation cnvironnlent  close to
Jupiter. (After the first 4 RJ pcrijovc  passage, the spacecraft has already received about OI~C-
third of the total permissible radiation dosage.)

I luring the orbital tour, the Orbitcrcomplctcs  eleven orbits about Jupiter, ten of which
contain  a close  flyby of one of the three outermost Ga]i]ean  satellite.s: Europa, Cranynlcdc,
and Cldlisto (Figure 5). These “targeted” satellite encounters arc at dtitudcs between 200 and
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Figure S Galileo Orbital Tour Trajectory

3000 km. ]n addition, on four of the eleven orbits, there is a second, more-distant satellite
fi yby. These “nontargeted”  encounters range between 23,000 and 80,000 km. The satcll itc
encounters arc listed in Table 2. Navigation of the Jupiter approach/cncountcr  and tour phases
of the Galileo mission is a challenging task. Over a time period of slightly more than two
years, there arc sixteen satellite encounters and forty planned propulsive maneuvers for
navigation. There arc typically three OIMS per orl)it: a prc-encounter OTM at encounter (E)
-3 days to fine tune the satellite aimpoint,  a post-cncountcr  OTM at E + 3 days to correct for
satellite flyby dispersions, ancl a third Oq’M near apojovc.

The remainder of this paper addresses the Galileo navigation strategy for the Jupiter
approach and orbital tour phases of the mission in terms of the three major navigation
functions: orbit determination, trajectory design and analysis, and maneuver design and
analysis. In addition, a discussion of thceffects  on navigation of [hc unavailability of the high-
gain antenna (IIGA) is included.

IWIWCr~S OF I,OW-GAIN ANTENNA MISSION

The original navigation plan assumed the use of the I] GA. However, when the HGA
was commanded to open in April 1991, it only patliall  y deployed. After numerous unsuccessful
efforts to free the stuck IIGA over the subsequent 2 years, it was finally decided in March
1993 to revise the mission plan and navigation strategies for a mission based on the low-gain
antenna (LGA). The resulting irregular LGA X-Bancl  (7200 MHz) downlink pattern
precluded such a mode of operation, and the radiolnetric  configuration was thus restricted to
S-Band  (2100 MHz) for both up]ink and down]ink. The omni LGA performance is
approximately 40 dB lower than the expected performance from the directional HGA. ‘Me
1.GA mission has affected the acquisition of radiometric Doppler and range data and optical
navigation (OPNAV) pictures L]scd for orbit cietel mination.

Table 3 presents a summary of the changes to the navigation process bccausc  of the
LGA mission. Although these changes have, in most cases, resulted in a reduction in
navigation capabilities and the amount of navigation (iata avai]ablc,,  they have not causcci  a
(icgradation  in navigation performance. The navigation process has been modified and
cnhanccd  to successfully counter the dclctcrious  effects of the 1.GA mission. The following
ciiscussion cicals with some of the details of the cllangcs cause(i by the I.GA mission.
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Table 2
ORBITAL TOUR ENCOUNTERS

Altitll~ L~tude
—— ____

Encounter Date Satellite (km) (dog) Objective
-—-— .-— —— . ..__

G1 4-JuI-96 Ganymede 500 25 Wake, Alfven wing, UVS, gravity,
reduce period

..—
G2

— .
6-Sep-96 Ganymede 25T 85 Alfven wing, gravity, reduce

inclination
-——

C3
— .  .—

4-Nov-96 Callisto 1102 ‘ 1 3 Wake, Alfven wing, UVS counter-
rotate for atmospheric coverage,
Jupiter occultations (Sun, Earth)

—.—— —  .—
E3A 6-Nov-96 Europa 32150 0 Coverage (232° W. Long., @=34°)

—— . .
E4 19-Dee-96 Europa 6 9 ;- 0 Wake, Europa occultations (Sun,

Earth), Jupiter occultations (Sun,
Earth)

.-—
(E5A) 20-Jan-97 Europa 27332 -1 Occurs during solar conjunction

interval cm phasing orbit
— . — . .

E6 20-Feb-97 Europa 587 -17 Europa occultations (Sun, Earth),
Jupiter occultations (Sun, Earth), 10
occultation

—— . — —  .
E7A 4-Apr-97 Europa 22998 2 Coverage (1 33° W. Long., $=510),

distant wake
-—-

G7 5-Apr-97 Ganymede 3056 56 Alfven wing

C8A
—— .—

6-May-97 Callisto ‘“33662 -42 Coverage (72° W. Long., $=44°)
—— . —— — .-.

G8 7-May-97 Ganymede 1580 29 Ganymede  occultations (Sun, Earth),
Jupiter occultations (Earth), distant
Uvs

—.-.
‘C9 25-Jun-97 Callisto 41; 2 cdlktO occultations (Sun, Earth),

Jupiter occultations (Earth), 10
occultalicms, tail petal

—.—
G9A 26-Jun-97 Ganymede 80006 ‘ o Coverage (98° W. Long., $=200),

distant wake
— . — . -— —— . .

Tail Peta 8-Aug-97 143 R~, @175°, 0.2° inclination
Apojove

—-. —— —— .
Clo 17-Sep-97 Callisto 524 5 Wake, Alfven wing, Jupiter

occultations (Sun, Earth), rotate, UVS,
reduce period

.-— —  .
Ell 6-Nov-97 Europa 1124 66 Alfven wing— . .  .—

W. Long. = West Longitude
41= phase angle (sun-satellite-spacecraft angle)
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Table 3
SUMMARY OF CHANGES TO NAVIGATION PFIOCESS  BECAUSE OF

LOW-GAIN ANTENNA MISSION

HGA Mission LGA Mission
—.— —— —.. —

Two-Way Doppler Tracking:
Cruise
Satellite Encounters
OTMS

Range Process and Accuracy:
Process
Uplink
Downlink
Accuracy (1 o)

OPNAV Processing:
Single Picture Data Set
Accuracy (1 o)
On Board Processing Time

OPNAV Picture Budget:
Entire Tour
Per Orbit

Nongravitational Error Sources:
Earth-Pointing Limit
OPNAV Total Turn Angle

Racliometric  Data Coverage

12 Passes per Week
+5 Days (30 Passes)

-3,+5 Days (24 Passes)

Spacecraft Transponder
S-Band S-Band
S-Band X-Band

50 m 25 m

640,000 Pixels
2–4 yrad

None

-600
-60

+0,1”
-300°

3 Passes per Week
t 1 Day (6 Passes)

2 Passes Around OTM

Ramped Doppler
S-Band
S-Band
500 m

2000-3000 Pixels
2–4 prad
-20 min

-180
10-35

+4.()”
0°

For tbc original HGA mission, two-way 1 )oppler tracking and high telemetry clata
rates for scicncc  and engineering were compatible, allowing an abundance of two-way
Ihpplcr  data cvcn with other projects competing for Deep Space Network (DSN) resources.
f:or the 1.GA mission, telemetry data rate capabilities have been significantly restricted, and
the two-way IIopplcr tracking coverage has thus been reduced by about a factor of six as
shown in Table 3. Since the two-way Doppler tracking rcquirelnents  for the original I IGA
mission were somewhat conservative, it is possible to offset the loss of Doppler data for the
mission based on the LGA by concentrate ing the ] educed covelagc during critical times.

The use of the spacecraft range transponder in conjuncticm with the DSN sequential
ran.gc  assembly to acquire range data has been precluded at Jupiter clistances due to the low
signal ICVCIS. An alternate technique of ramping the Doppler up]ink signal in a sawtooth
pattern (previously used during the Pioneer 10 an~i 11 Missions) was adapted and refined for
Galileo to allow an equivalent range measurement with an accuracy of 1 krn or better. This
range (iata improves the orbit determination solutions and pr ovi(ies  more accurate dctcrminat  ion
of the fright time to Jupiter, thereby reducing the uncertainty in the altitude of the 10 flyby
(which is directly correlated with flight time).
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Optical Navigation (OPNAV) l’icture Processing

Pictures taken with the spacecraft catnera  showing [arget bodies (i. c., Galilcan
satellites) agains( a field of stars with known positions are used to augment racliometric
tracking data in the orbit determination process. ‘i’hc OPNAV data improves satellite dc]ivcry
accuracy by reducing the dependency on the satcl 1 ite ephcmcridcs generated based on
gtound-based observations.

In order to make OPNAV picture data available with the restricted telemetry data
rates associated with the 1.GA mission, OPNAV processing now requires a technique in
which new soft ware on board the spacecraft extracts selected imaging data from each picture
and then returns this data to Earth. The ncw fright software algorithm detects and extracts
from the picture imaging ciata from only the limb and terminator regions of the observed
satellite; a small box of imaging data surrounding each star is also extracted. The extracted
target bo(iy and star data is temporarily stored in spaccctaft memory until it is read out and
transmitted to Earth in the telemetry data stream. This process takes about 20 minutes for each
OPNAV picture. (Compared to the total amount of data in a single  OPNAV picture, the
extracted data returned to Earth represents about a 300:1 compression ratio.) Then additional
ncw OPNAV ground software is useci to estimate. the target body and star image locations
from fragments of the imaging data rctumcd.

This process allows acquisition of a reasonable number of OPNAV data points in the
tour. ‘i’hc totai number of OPNAV pictures curre~)tly  being scheduled per orbit ranges from
about ten to thirty-five; the number of OPNAV pictures is larger for the earlier orbits. For the
flGA mission, it was expcc[ed that as many as six pictures would ilavc been schedu]cci for
each orbit. Whereas this larger picture budget would have ailowcd mu]tipie picture mosaics
to bc utiliz,ed  to insure ca])turc of satellite image.s, this insurance is now provided by late
upciatcs to spacecraft pointing for the OPNAV pictures.

Nongravitational Force Modeling

l’hc spacecraft attitu(ie is adjusted periodically to point the I.GA toward Earth within
a ix-cscribcd angular range to maintain telemetry performance. These attitude adjustments
L]SC a “balanced thruster” turn mode that nominally imparts no AV to the spacecraft. However,
there is a small residual AV caused by these turns, and it must be accounted for in the orbit
determination process as onc of the nongravitational  forces acting on the spacecraft. The
LGA pointing requirement is to keep the antenna i)ointed  nomina]iy  within 4.0° of Earth, an
angular limit that is 40 times larger than the 0.10 limit required for the IIGA. This results in
a substantial reduction in the number of attitude updates required, which fortuitously
removes most of their contribution to errors in the orbit detcmination  solutions. In addition,
all turns previously required for OPNAV pictures have been de]ctcd, which further reduces
errors arising from nongravitational  forces. This has resulted in an appreciable improvement
in orbit determination performance.

ORBIT DI3TIJRM1NATION S’I’RATIiGY

introduction

Accurate orbit dctm-mination during both the Jui)iter  approach/Io flyby and orbital
tour is ncccssary  to insure successful science ciata  acquisition slid to minimize the propellant
required to correct trajectory errors rcsu]ting from satciiite  delivery errors. Prior to each
propulsive maneuver, the position of the spacecraft and the target satcliitc  arc simultancousl  y
solvc[i for using all the radiometric  an(i optical data available. This process consists of
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cliffcrcncing  observations, which have been calibl atcd for media and Ear[h platfortn  effects,
with predictions of the samcobservablcs  computed from an assulncd initia]  state and a precise
model of the appropriate gravitational attractions and the measurement geometry. The
differences (residuals) arc then processcxi  to produce an cstinlatc  of the spacecraft state that
mm-c closely compares with the observations. This state, [ogcthcr with updates to planet and
satellite cpbcmerides  as well  as other mode] pmamctcrs, ancl the associated covariancc  matrix
describing the accuracy of the estimates, arc the final proclucts of the orbit determination
process and arc used to generate the spacecraft trajectory. 3’IWSC  solutions arc then used to
calculate the required maneuver.

Data Types

Two primary data types arc used for orbit determination: (1) two-way coherent
Doppler, which is a measure of the range rate of [he spacecraft with respect to the tracking
station and (2) optical navigation (OPNAV) itnages  of the Jovian satellites against a
background at known stars. These images are acquired using the SS1 imaging instrument
onboard the spacecraft. Analysis of these images provides the right ascension and declination
of the imaged satellite with respect to the spacecl  aft.

Two-way Doppler data during the Jupitcl  approach is scheduled to be at least two
INN passes per week, and continuous coverage (three passes a day) from 1 day before to 2
days aftcrcach maneuver. Onc pass will be schcdulcd  as late as lmssiblebcfore  the data cutoff
for each propu]sivc  maneuver.

Jupiter Approach

The two-way Dopp]crdata schcdulc  follouring ODh4 consists of continuous coverage
(three passes per day) around each TCM (from 1 day bcfol-c the trajectory correction
maneuver [TCM] through 2 days post TCM), continuous coverage from July 11 through July
30 (ODM-9 days to ODM+-3  days), two passes pel week from Jul y 30 through October 9, and
four passes pcr week from October 9 through Dcccmbcr 1. Doppler data is weighted at 2 mn~/
s for a 60-second count time up to Novctnber  20, at which time the data weight is loosened
to 5 mm/s to account for the increase in data noise due to (he approach of solar conjunction.
‘1’hrec OPNAV images are scheduled, ‘1’hc first OPNAV is of Io and is acquired on October
27. Transmission of the image is complctcd  on November 8. ‘l’he next two images are of
I~uropa  and arc acquired on November 8 and November 19 rcspcctivcly.  Transmission of
these images is completed on November 19 and December 1. The data weight applied to these
images is 0.35 pixel, Range data utilizing the ramped uplink tcchnic]uc  will be obtained every
2 weeks from August 7 to November 1.

Estimated parameters include the spacecl  aft state at epoch, a constant representing
solar radiation pressure, the Earth an(l Jupiter cphcmcridcs,  Jupiter’s gravitational constant
plus J2 and J4 harmonics, two parameters describing the (iilcction  at Jupiter’s pole, the
velocity impulse on the orbiter due to Probe separation, and velocity changes from all
thruster firing events, including propulsive maneuvers, atlitudc  changes, spin rate changes
and rctropulsion  model (RPM) maintenance cvcllts.

1
Although the spacecraft state prior to Prol)c separation is known fairly accurately in

heliocentric space, the process of probe separation and OIJM as WC]] as errors in the Jupiter
ephemeris, can result in an altitude error of several hundreci  kilometers at the 10 flyby. DLIC
to the Jupiter gravity, the in-plane component of this error causes a cietectable change in the
observed Doppler signal as the Orbiter approaches Jupiter. ‘ll~is  results in a significant
improvement in knowledge of the B*’1 and time-of-flight components of the Io target

9
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parameters. The out-of-plane component (13*R) can bc dctcctcd  from the OPNAV data.
Table 4 lists the 1 s B-plane uncertainties in the 10 B-p]anc at (11c data cutoff time for each
of the approach maneuvers.

Table 4
ORBIT DETERMINATION UNCERTAINTIES FOR 10 DELlVERY

Data Cut Off Number cjf B*R
Time (Days) Maneuver OPNAVS (km)

lJncertainties  (1 o)
B*T LTOF
(km) (s)

IO-114 TCM 26 0 258
10-27 TCM 27 1 64
10-19 TCM 28 1 60
10-11 TCM 28 Tweak 2 45
10-6 TCM 28A 3 32
10-3 JOI Tweak 3 32

395 28.4
108 8.1
110 8.3
102 7.7
54 4.1
26 1.4

Orbital Tour

The Doppler data schedule during the tour consists of tl~rcc passes pcr week during
the cruise phase bctwccn encounters and 48 hours of continuous covcragc  from 1 day before
to 1 day after each satellite cncountcr.  As during the Jupiter approach phase, continuous
covcragc is also schcdulcd  from 1 day before to 2 days after each TC.M. OPNAV clata  is
acquired during the time between the apogee OTM and onc day before the E+3 01’M. The
number of OPNAV images for each orbit ranges from tcn to thirly-five.

The data spans utilized to support the maneuver designs arc different for each
maneuver in a typical orbit. For the E+3 day OrI’M, the data arc begins 5 days before the
cncountcr and ends 8 hours after the cncountcr.  l:or the apojovc  OTM, the data arc cxtcncls
to 7 days before the maneuver and data arc for the E–3 day OTM ends 1 day 3 hours before
that maneuver. For the next orbit, a new data arc is startc(i 5 days before the next encounter.
Simulations have shown that including more than onc cncountcr in the same data arc can
result in numerical prob]cms  in integrating theol biter tt ajcctmy.

As in the Jupiter approach phase, the orbit determination process consists of utilizing
the data in the current data arc to cstitnatc  all the l~aramctcrs  nc.cdcd to dctcrminc  the orbiter
trajectory. The trajectory and the associated uncel”taintics  arc mapped forward to the satellite
CIOSCS(  approach time and transformed into t arget-ccntcrcd  W plane coordinates. The
diffcrcnccs  bctwccn these coordinates and the (icsired cncountcr  conditions (target errors) arc
tilcn used to compute the required OIM.

Ti~c parameters estimated during thctourareessenti  ali y the same as theparametcrsfor
the Jui>itcr  approach phase with the addition of thcephcmcridcs  of the Galilean  satellites. The
orbiter trajectory following a satellite encounter is quite sensitive to cncountcr conciitions.
Thcrcforc, know]cdge  of Orbiter epoch state will not bc propagated forward from orbit I to
orbit I+ 1 in order to avoid numerical instabilities. in contrast to this approach (for the
spacecraft cphcmcris),  satellite cphcmcris irnprovcmcnts  accru ing from previous encounters
wiil bc propagated forward to subsequent orbits. Thus, it is anticipated that the satellite
cphcmcris unccr(ainty  will progrcssive]y  decrease throughout the tour. This strategy should
result in a significant improvement in the target accuracy for the Iatcr encounters. If wc
bclicvc  that the data is not adequate to estimate the effect of uncertainties in accurately
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modeled mock] parameters, wc will include the effect of uncertainties through a consiclcrccl
analysis.

‘Ilc ncw onboard  optical cciiting tcchniquc  developed for the current mission will bc
instal]cd on the Orbiter prior to the G 1 encounter. This will cnab]c the return of an OPNAV
image in about  20 minutes, compared to the several days required to return a full image.
ldcally, the satellite and at least two stars should t)c visible in the field of view. Then with a
priori knowledge of the star positions, the direction to the satellite can bc inferred in both right
ascension and declination. IXrc to the usc of the ]Icw data editing algorithm and a dearth of
bright stars, most (90%) of the available OPNAVS will incorporate only a single star,
resulting in incomplete directional information. This problem can be alleviated simply by
scheduling more OPNAVS. }Iowcvcr, the numbel  of OPNAV images that can bc schcdulcd
for a given orbit is necessarily restricted. Too many OPNAVS can cause significant loss in
the amount of scicncc data returned. Too few OPNAVS can result in large navigation errors,
resulting in large propellant expenditure. Another complication is the fact that, duc to
possible boom obscuration, the probability of a successful OPNAV is expected to bc about
0.55. At least 180 OPNAVS must be shuttered to insure that about 100 will bc successful] y
ret urned.

Table 5 lists the 1-0 orbit determination uncertainties in the satellite B-plane expected
at the times of the tweak cutoff, assuming the data collection strategy outlined above
(including the number of OPNAVS currently schcdulcd).

Table 5
ORBIT DETERMINATION UNCERTAINTIES FOR PRE-ENCOUNTER  OTM TWEAK

Uncertainties (1 0)
B*R B*T LTOF Number of

Encounter (km) (km) (s) Successful OPNAVS’
.—— — — .  — . - .

GI
G2
C3
E4
E6
G7
G8
C9
C l o
E l l

T1<AJIWI’ORY

15 21
9 3

19 42
10 5
13 3
20 16
10 17

7 8
11 7
20 8

OI’TIM1ZATION STRATIK;Y

1.0
0.2
1.6
1.6
0.7
0.6
0.2
0.8
0.4
2.5

18
13
16
13
10

8
5

17
16
20

Jupiter Approach and Initial Orbit

The Jupiter approach phase of the Galileo h~ission  inc]udcs optimally designed Probe
and Orbiter trajectories that result in the Orbitel being at an altitude of about 3 RJ and
essentially above the Probe as the Probe descends through the atmosphere. As depicted in
l;igurc 4, the Orbiter will pass about 32,500 km above Europa’s surface about 9 hours before
Jupiter CIOSCS[  approach. This flyby will provide an initial opportunity to view Europa even
before the orbital tour begins. III contrast, the closest approach of either Voyager spacecraft
to Europa was a distance of 206,000 km, At about 4.1 hours before Jupiter closest approach,
the Orbiter trajectory is designed to pass 1000 km above the surface of Io (at 17:45:44 [JTC



on Dcccmbcr  7, 1995), providing both excellent science Icturn as WCII as a gravi[y  assis[ [o
rcctucc the required JOI AV by about 175 n]/s or about 20%.

As a result of earlier TCMS during the intcrp]anctary  phase, the I’robe trajectory is
clcsigncd to reach an altituctc  of 450 km above the reference 1-bar pressure Icvcl in the
a[mosphcrc of Jupiter at 22:04:26  UTC on Dcccmbcr 7, 1995. ‘1’hc Probe will enter the
scnsib]c  atmosphere of Jupiter with a speed of al)out 47.4 knds (atmosphere-relative) at a
flight path angle of-8.6 0 (also atmosphere-rcla[ivc). Also, as result of earlier “1’CMS and the
.gravilational  effects of the Europa and 10 flybys, the Orbi[cr trajectory is designed to pass
through Jupiter closest approach at21 :53:32 UTC on December 7, 1995 or about 11 minutes
before the Probe enters the atmosphere. About 3 Jninutes after Probe entry the relay of data
from the Probe to the Orbiter begins and is scheduled to last for about 75 minutes. After the
acquisition of Probe data is complete, the Orbiter requires 65 minutes to reconfigure itself
for the JOI maneuver. JOI is performed with the main 400-N e.nginc  and lasts for just over
47 minutes. This results in the Orbiter being captulcd  into aJupitcr  orbit with a period of about
210 days.

The initial Jupiter orbit is designed to accomplish several competing objectives.
Since the total time from Jupiter arrival to the completion of the orbital tour is Iimitcd to 2
years, the more time spent in the initial orbit, the ICSS is available for the tour. ‘1’hc greater the
period of the initial orbit however, the smaller is the JOI AV. Additionally, since the Orbiter
can only survive one passage through the. Jovian I adiation cnvilmnmcnt  at a distance of 4 RJ,
the PJR maneuver near apojovc  of the initial orbit is required to raise the subscclucnt  pcrijovc
to a safe Icvcl. The larger the initial orbit, the smaller PJR will bc. As a conscqucncc  of these
considerations, an initial period of about 210 days was chosen.

PJR will bc performed sometime within a window between March 13 and March 23,
1996 ( 102 t 5 days after JOI). The optimal time of PJR (for Ininimizing  overall propellant
consumption) will be selected after JOI. PJR will not only raise the pcrijovc  distance to about
11 ~J, but will also accomplish the phasing ncccssary for Galileo to cncountcr  Ganymcdc  on
July 4, 1996, to begin the orbital tour.

Orbital ‘J’our

The process of designing the Galileo orbital tour, including the various constraints
involved  in the trajectory optimization process, is discussed in detail in Ref. 4, which also
includes  a thorough description of the rcsultinpj  baseline tour. “l”ablc 2, which shows the
sequence of satellite flybys, and some corresponding ~comctrical  parameters and scicncc
objcctivcs,  is an updated version of the corresponding table prcscntcd  in Ref. 4. This baseline
orbital tour has been cstab]ishcd  as the rcfcrcncc for any changes caused by rcoptimization
of the tour trajectory as the mission progresses thlough  each of the satclt itc encounters of the
tour.

From a trajectory design point of view, the basic process of orbital tour navigation is
to continual y rcopt inliz.c  the tour in order to cou ! Iteract  traject  ory dispersions that arise from
many sources. The orbit determination process produces a best estimate of the spacecraft
state, with an associated uncertainty, at any given point in time; these state estimates differ
from the state of the rcfcrcnce tour. Similarly, dlc cphe.mcridc.s  and masses of the Ga]ilcan
satellites arc being continually updated based on racliomctlic  tracking clata  and optical
navigation images. ‘1’hrustcr  firings for OTMs produce AVS that arc slightl y different than the
cicsign  values. Given these various perturbations that cause the spacecraft to deviate from the
rcfcrcncc tour, a new, slightly different [rajcctory  for the rcmainclcr  of the orbital tour will bc
dctcrmincd regularly throughout the tour at specific OTMS (as diseusscd in the maneuver
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strategy section below) in order to minimize the AV (and thus propellant) rcquircci to
complete the tour.

It is ncccssary to allow rcoptimization  of the orbital tour since Galileo has a limited
supp!y of propellant remaining at the start of the. tour for OTMS and for controlling the attitude
and spin rate of the spacecraft. If each 03’M were to target the Orbiter as closely as possible
back to the baseline tour, the propc]lant  cxpcnditurc  woul(i  far cxcccd  the moncllant  available
onboard the spacecraft. Th& r~maindcr bf this section will dcscribc t!he ‘method
accomplish the tour rcoptimiz,a[ion  ancl the operational limitations under which
rcoptimi?.ation  must operate.

Trajectory Optimization Constraints

used to
the tour

During the orbital tour, uncertainties in the orbit determination process, the modeling
of the satcl!ite  ephemerides and masses, and the execution of propulsive maneuvers all
contribute to delivery errors at the satellite flybys. These errors cause trajectory dispersions
that must bc corrcctcd in an optimal fashion to minimize the total AV (and thus propellant
consumption) for the remainder of the tour. The trajectory oj]fimization process that led to
the rcfcrencc  tour (Ref. 5), is reapplied regular] y throughout the tour at specific OTMS. For
the trajectory reoptimization  process, however, there arc two major differences from the
originaj  design process. First, a reference. trajectory already exists and the changes to it arc
cxpcctcd  to bc relatively small. Second, the trajectory rcoptimiz,ation  process is subject to a
number of Operational constrtrints.  Illc to Stringcn(  lilTIitS (to COlltlO]  tOta] PrOJf3Ct  cost) on the
amount of rcclcsign of the scqucnccs  that will bc loaded on the spacecraft to perform (hc
scicncc  observations, the changes in the satellite aimpoints  arc ]imitcd  to +50 km (B-plane
components) and *3 minutes (closest approach time) with respect to the values of the
rcfcrcncc tour. The latest time at which a satellite aimpoint  can bc changed is at the post-
cncoun(cr  OTM of thcprcvious  encounter. Subsec]ucntly, the aimpoint  of the upcoming flyby
bccomcs  fixed for the remaining OTMS prior to that encounter.

Additional constraints arise from maintaining certain geometrical conditions that arc
characteristic of the rcfcrcncc  tour, ‘1’hc “nontargcted”  satc!!itc  flybys, which are denoted in
Table 2 with an “A” (e.g., IHA, the Europa cncountcr  following the Callisto  cncountcr  C3),
arc also subject to constraints, -though somewhat lCSS restrictive that those for the “tarSctcd”
flybys. The nontargctcd  fl ybys arc more distant fl ybys that occur on the sarnc leg as a targeted
flyby and provide opportunities for substantial scicncc  data such as global SS1 and NIMS
covcragc. The navigation process, however, can o]lly control the aimpoint  of a single satc!litc
flyby on a given orbit, so after the aimpoint  of a targeted flyby has been fixed at the post-
cncountcr  OTM of the previous flyby, the aimpoi nt of any associated nontargctcd  fi yby on
that orbit can no longer bc contro]lcd.

Following two of the flybys during the tour, on the orbits following E6 and C9,
science opportunities exist for the Orbiter to bc t)ccultcc! by Io as viewed from the Earth.
These occultations occur when the Orbiter is several million kilometers from Io, but the
situation is such that this geometry requires a critical value of the jovocentric orbital
inclination. During the tour, inclination changes associated with the trajectory rcoptimiz,ation
process would normally cause these occultations to bc lost. 311crcforc,  the orbital inclination
on these two orbits is also constrained during tom reoptimi~,ation.

Trajectory Optimization I’recess

The design of the reference orbital toul as dcscribcd  in Ref. 4 used trajectory
optimization software dcvclopcd  and refined over the last (icca(ic  and a half (Ref. 6). A



rcccntl  y dcvclopcd trajectory optimization program (Ref. 5) that gcncratcs  optimal, numcricall y
integrated trajectories subject to arbitrary constraints was used to generate the updated tour
dcscribcd  in Table 2. This new software will bc used in Ihc trajectory rcoptimization  process
during tour operations.

‘1’hc trajectory rcoptimization  that occurs during the orbital tour is somewhat lCSS
complex than the optimization required forthcoriginal  dcsigt~  ol’the tour since on] y relatively
small changes to (1]c baseline are allowed. These small changes, however, arc what allow
significant propellant savings to be realized over a more simplistic navigation strategy. The
cost function for the trajectory optimization program is the su]n of the magnitudes of the AVS
for the remaining OTMS in the tour. The independent variables arc chosen from consistent
sets of variables, which include satellite flyby parameters (altitude, B-plane angle, and time
of closest approach) and jovocentric orbit parameters. ‘1’hc entire set of indcpcndcnt
parameters describing the orbital tour is then varied by the optinlization  program to minimize
the cost function subject to the various constraints dcscribccl above.

In addition to the integrated trajectory optimization software described above, there
also exists optimization software based on a linearized trajectory model (Ref. 7), which
computes a first estimate of the necessary changes to the satellite f] yby aimpoints  in order to
rcoptimiz,c  a dispersed trajectory. For small dispersions, the linearized-model results are
often quite accurate; and since the results can bc computed quite I-apidly,  this software is used
cxtcnsivc]  y to evaluate a Monte Carlo ensemble of possible dispersions to generate tour AV
statistics. This process is quitcuscful fordcterminillg  end-of-mission propellant consumption
estimates (discussed in thcpropcl]ant  margin status section bc]ow) under varying assumptions
and for developing maneuver strategies as dcscribcd  in the following section.

MANEUVIH<  STI{A’J’EGY

The navigation maneuver strategy is focused on all aspc.cts of the mission related to
the planning and implementation of propulsive lnancuvers  (as opposed to attitude control
maneuvers) designed to remove trajectory errors. These manta vcrs are planned throughout
[hc mission tocnsurc accurate control of the spacecraft trajectory, giving strong consideration
(o Pault scenarios which may disrupt nominal planning. Accurate trajectory control satisfies
scicncc  observation trajectory requirements while minimizing propellant consumption. The
discussion that follows introduces the Galileo mall cuvcr  systcm and the strategies to bc USCCI
during the Jupiter approach phase and orbital toul, and bricft y discusses some of the design
issues relating to maneuver illlplclllclltatioll.

Spacecraft I’repulsion System

The Galileo spacecraft is spin-stabilized using a unique dual-spin design
accommodating the divergent rcquircmcnts  of I)oth fields arid particles instruments and
remote sensing scicncc  instruments. All AVS required in the Galileo mission are performed
by the RPM mounted on the spinning portion of the spacecraft. The propulsion system was
provided by the Federal Republic of Germany and built under contract by Daimler-Benz
Acrospacc (DASA, formerly Messerschmitt-Bolkow-Blohm or MBB).  It is a bipropcllant
systcm, with mono-mcthy]hydrazine  for the fuel, and nitrogen tc.troxidc  for the oxidiz.cr,  and
is fcd by a pressurized helium system. The RPM inc]udcs twelve 10-Newton ( 10-N) thrusters
and onc large 400-Newton (400-N) main engine. The 10-N thrusters are separated into two
clusters of six thrusters each, and arc used for lnost trajcctol y correction maneuvers and
control of both the spacecraft pointing and spin ] ate.
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Figure 6 is a schematic drawing of the RPM configuration with respect to (11c
spacecraft coordinate directions. Two SC(S  of redundant S-thrusters (–S 1 A, –S 1 B, ancl S2A,
S2B) arc used to maintain [hc nominal spin rate and also to spin-up anti spin-down for probe
rclcasc and for400-N burns. ‘1’here arc four 10- N-Z thrusters (–Y, 1 A, –Z2A, --Z I B and –Z213)
and onc 400-N engine oriented parallel to the spacecraft spin axis. These lhrustcrs impart AV
in the spacecraft’s –Z dircc(ion (IiGA direction). ‘1’wo L-thrusters (1.1 B and L2B) arc canted
10° from the lateral direction and implement AV anywhere within the plane perpendicular
to the spin axis through proper timing of the thruster pulses as tbc spacecraft rotates. It is
apparent from Figure 6 that there arc no thrusters positioned to cffcctivcly  implement a AV
in the spacecraft’s +Z direction. Onc 10N [hrustcr (Pl A) is canted 210 from the lateral
direction to provide the largest available AV component (sin(2 10)) in the +Z direction. This
thruster’s cant angle was limited to avoid plume impingement on the I] GA.

At launch, the usable propellant comprised 925 kg of [he initial spacecraft mass of
2561 kg. To date, approximate] y 210 kg of propellant has been used by the 10N thrusters. The
400N engine is p]anncd  to bc used three times in the mission, providing the required AV for
the three largest maneuvers: ODM, JOI, and I’JR. The 400-N engine could not bc used until
the Probe was rclcascd (separation date was July 13, 1995), since the Probe covcrcd  the 400-
N nozr,lc CJ] route to Jupiter. It is expcctcd  that approximately 600 kg of propellant will bc
cxpcndcd  through the 400-N engine over an 8-month period beginning with the first firing
of the 400-N engine which occurred in late July of 1995. Most of the remaining propellant
will bc used by the 10-N thrusters to navigate and control the a[titudc and spin rate of the
spacecraft during orbital operations. A cictailcd  discussion of the RPM systcm is given in
Reference 8. The current sta[us of end-of-mission propellant margin is discussed in a later
Scctioll  .

AV Mechanization

‘1’hc spinning thruster configuration allows for a v’idc variety of methods for
implementing a particular trajectory correction maneuver ~1’CM) AV vector. In “vector
mode,” the spacecraft does not change orientation during the maneuver activity. An arbitrary
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AV vcclor  is implcmcnteci  through the sequential firing of the axial (–Z thrusters or P 1 A
thruster) and lateral (1.1 B and L2B) thrusters. l’hc nearly ortlqonal  AV components form
the desired AV vector. ‘l’his mode can bc cxpcnsijc  in [crms of propellant due to the sum of
the components (rather than the resultant) being ilnplenwntcd,  as well as the high cost if (11c
axial component is in the +2 direction. AV in the +2 direction is approximatc]y  three times
more costly in terms of propellant than the same AV in the --Z direction duc to the 210 cant
ang]c of the PI A thruster, ]mp]cmcntation  constraints or the operational advantages of not
turning the spacecraft usually dctcrminc  when the vector mode strategy will bc used. A
discussion of the available Galileo spacecraft AV implc~ncntation  modes is strmmarizcd  in
]<cfcrcnce  9.

Typically, in the absence of constrai]lts, the optimum mode for maneuver
i tnplcmentation  involves a reorientation of the spacecraft at ti t udc, followed by a burn to
complete the required velocity change. ReorieIltation  of the spin axis is accomplished
through gyroscopic  action induced by thruster sulq>licd torques. If the P-thrusters (PI A and
P2A) arc used to supply the torque, then the two tl]rusters  arc fitcd simultaneously, once pcr
revolution of the spacecraft, to induce the dcsirecl  precession. Since the two thrusters point
in opposite directions, no net AV is imparted and the turn is rcfcrrcd to as a balanced turn. If
two of the-Z thrusters are used to suppl y the torque, then altcrnatirrg thrusters are fired every
half revolution of the spacecraft to induce the desired precession. Since these two thrusters
point in the same direction, then in addition to ]n-eccssion  there is a AV imparted to the
spacecraft. This is referred to as an unbalanced turn and the applied AV must bc considered
in the design of the maneuver. l.Jnbalanccd turns arc usuall y prcfcrrcd overbalanced turns for
the simple reason that the --Z thrusters have a moment arm about three times that of the P-
thrustcrs  and thus require ICSS propellant for the same turn angle.

l~~ll~lel~lc]ltatioll  of maneuvers using the 400-N c.rlginc  is different than maneuver
imp]cmcntations  using the 10-N thrusters. Although the 400-N engine is more efficient than
the 10-N thrusters in terms of the specific impu]sc (approximatc]y  13% higher specific
impu]sc), there is substantial overhead to prepare the spacecraft for a 400-N engine firing. In
addition to the increased complexity of preparing [hc customimxl  commands required to usc
thc400-N  engine, extra propellant is cxpcn(ied  to pi ace tile spacecraft in high spin mode ( 10.5
rpm vs 3.15 rpm) before any 400-N burl] and return to low spin mode after the burn. The
propellant cost for the two required spin mode transitions is approximately 2.6 kg and
typically offsets any efficiency advantage of the 400-N engine.. There are aiso other
propulsion systcm  constraints that limit the usc of the 400-N engine to the tbrce planned
Cvcnts.

AV Capability

“KM impienlcntation  for Gaiilco  is a conlplex  and time consuming activity on the
spacecraft. As mentioned previously, the thrusters used for TCMS are operated in pulsed
mode. Because of thruster operation constraints and attitude an(i spin perturbations, only a
iimitcd number of pulses can bc performed before spin and at[itude  corrections are required.
As a rcsuit, the AV to bc implernente(i  in a TCM window on a sing]c day (or “portion”) must
bc broken up into “segments,” each typicaily  separated by an attitude correction and/or spin
correction. Each of these activities uses memory and takes time to complctc  (typicaliy  about
20 minutes per atti[udc  correction or spin corrc.ction).  Any sequence which contains a
maneuver activity must have a portion of the Comlnand  and IIala Subsystcm  (CDS) mcnlory
rcscrvcd forthc activity. This memory, referred to as a High-l,cvei  Module (H1.M)  box, limits
the number of activities that can bc performed within a TCh4 win[iow. Bccausc  the whole
TCM activity (including commands to warm-up {;yros, configure heaters, perform attitude
and spin corrections, etc.) must fit within one Hi .M box (853 bytes during cruise and the
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initial orbital phase), and the TCM Jnust typically be monitored by mm shift (typically 8 to 10
hours) on the grouncl,  the amount of AV per portion  is necessarily limitecl.

TCM-22 (imp] cmentcd  in October 1993 to rctargct Galileo to Jupiter after the Ida
encounter) illustrates how these constraints affcc[ the maneuver design. The total required
AV for TCM-22 was approximately 39 m/s. The constraints specified above limitecl  the AV
that could be implemented in a single portion to just under 8 m/s. As a result, this particular
TCM required 5 portions to implement the required AV. A discussion of the maneuver
strategies used during the interplanetary phase of the Clalilco  mission can be found in
Reference 10. The amount of AV that can be implemented in a single day is also affected by
the mode selected to implement the maneuver, If t urns arc rccluircd  to reorient the spacecraft
to and from the burn attitude, then more memory and time must be used by the turn events
and less memory and time can be used implcmcl~ting  the AV of the maneuver.

Jupiter Approach/Orbit Insertion

‘1’hc view of the trajectory in Figure 3 illustrates the Io approach maneuver strategy.
After ODM on July 27, 1995 and through PJR on March 18, 1996 (nornina]  date), a sequence
of 8 maneuvers is planned to de] i ver the spacecraft from [in interplanetary trajectory to a
trajectory which links to the satellite tour dcscrillcd  earlier. ‘1’hc scqucncc of events include
four 10 approach TCMS (of which three. are shown in I:igurc 3), a tweak (or update) of the
onboard JOI burn parameters, a close flyby of 10, Probe relay, JO], two post-JOI  OTMS, and
1’JR.

The 10 flyby is critical to the orbit inser[ion  success as the C1OSC 10 flyby provides a
significant gravity assist, reducing the JOI AV rcquircmcnt  by approximate] y 175 m/s. As a
result of this 10 gravit y assist, any deviation of the actual Io flyby from the planned 10 f] yby
will directly result in a change to the AV required at JO I. I’hc dominant error source
contributing to a change in the AV required for JOI is an Io flyby altitude error. The goal of
the prc-lo TCMS is to minimize the delivery error with respect to the desired 10 target.
I)clivcry error predictions are such that a significant 10 flyby error is likely even after the
successful implementation of TCM-28A  (the last Io approach maneuver). An opportunity
has been provided to detect and compensate for most of the 10 flyby error by providing for
atwcakto  thcrequircd JO1 burn magnitude, thcl]ominal value  of which at this point is already
stored onhoard  the spacecraft. in the nominal sequence of planned events, a tweak of the
nominal JOI burn parameters is planned to be u])linked  to the spacecraft two days before JOI
execution. Any residual flyby error that cannot be accounted for by the JOI tweak, and
cxccut i on errors of the J 01 maneuver itself, arc p] anncd to bc corrected by the sequence of
maneuvers beginning at OTM - 1, about one day after JOI cxccutcs.  PJR is the first of this
sequence of maneuvers targeting to the final aimpoint  for- the Ganyrnedc  1 encounter. The
date of PJR is allowed to move (to minimize lJropcllant usa~e) to any of 11 dates over the
interval from March 13 to March 23, 1996 (nominal date is hflarch  18, 1996), the actual date
being selected after OTM- 1 has executed.

The planned sequence of events  during the approach and insertion phases of the
mission is quite complex. It is clearly dcsirab]c  to minimize  the number of engineering
activities required during this crucial phase of the mission. This desire, however, must be
balanced against the significant propellant costs anticipa(cd  for correcting trajectory errors
and flying the precise tour selected well in advance of our arrival at Jupiter. The JOI tweak
is a powerful tool for minimizing the effect of Jo flyby altitude errors on mission AV costs.
Given the current understanding of Io delivery errors, there is a high probability of being in
a situation where a tweak will be desirable. Ttlcrc is a large. increase in AV cost for delaying
the correction for 10 flyby errors from the JO] tweak opportunity to OTM-1. This correction
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delay results in the introduction of a deterministic AV comporlcnt,  or bias, in OI’M- ‘1’his
01’M- 1 bias can easily bccomc large and significantly rcducc the AV capability available to
correct for any errors in the execution of the JO] maneuver. There is a factor of three increase
in AV cost for delaying the correction of 10 flyby errors from (11c JOI tweak opportunity to
01’M- 1, and an additional factor of three cost for delaying O’1’M- 1 corrections to the
OTM-2 opportunity. Real-time decisions will determine which activities will actually be
performed. These decisions will be based on frequent orbit determination upclatcs  ciuring the
approach and insertion phases. The above strategy is robust to single event failures and
provides the trajectory control opportunities necessary to ensure. a successfu]  orbit insertion.

Orbital Tour Strategy

The orbital operations phase immediately follows the orbit insertion phase of the
mission. At this point in the mission, the Probe data has been transmitted to Earth, PJR (the
last 400N maneuver) has been executed, and the loading of the flight software required for
orbital operations (SCC Rcfs. 2 and 11) has been completed. 0“1’Ms over the subsequent two
years will control the trajectory during the plannui eleven orbits about Jupiter, subject to the
constraints agreed upon during the design of the science observation sequences.

The basc]inc  tour 01’M sequence, illustrated in I;igurc7, typically consists of three
OTMS pcrorbit  about Jupiter. The three O’I’MS typical] y occur a[ or near apojovc,  3 days prior
to a targeted satellite encounter and 3 days after a targeted satrllitc encounter. The nominal
plan is to implement the last prc-encounter OTM in “vector mode” and the post-encounter
and apojovc  OTMS in “turn-burn mode”. The apojovc  orlMs  arc typically statistical
maneuvers. I lowcvcr, two apojovc  OTMS do have significant deterministic (or nominal
design) AV components. - -
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Figure 7 Typical  OIM !+xplencc  for Single Orbit l)nring Tour

“]’hc prc-encounter OTM is planned to occur near [hc cncountcr while avoiding
intcrfcrcnce with the scicncc  observations of the encounter. Nominally the OTM is placed
at E-3 days; however, this maneuver epoch may be adjusted forward or backward a day in
order to accommodate scicncc  activities associated with the encounter or to minimize
propellant consumption.

The post-encounter OTM is typically placed at E+3 days. The E+3 day epoch is
chosen to allow for post-cncountcr  Doppler tracking data to be usccl in the design of what is
typically the first of a two-maneuver scqucncc  designed to correct the encounter fl yby errors
and achieve the desirccl  aimpoint  at the upcoming, cncountcr.  ‘ll~is strategy is standard for all
orbits except for the post Callisto  OTM on the. ninth orbit. in this situation, there is an
additional targeting constraint. Near apojove of the post-C9 orbit (also referred to as the tail
petal orbit) there is an opportunity to target the spacecraft such that the radio signal to the
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l~arlh is occulted by 10 (a Radio Scicncc cxpc] imcnt,  approximately a 5-nlinutc  signal
interruption). There is an opportunist y to achicvc  up to five of these distant 10 occultations near
apojovc  if the trajectory can bc accuratc]y controlled aflcr the Callisto  flyby. As such, the
scquencc of post encounter OTMS must target to the Io occultations on the outbound lcg of
the trajectory and then, after the occultations, bc~,in the targeting to the upcoming satellite
encounter (another cncountcr with Callisto).

Aimpoint Optimization Constraints

It is important to note that the final aimpoint  for each cncountcr  during the orbital tour
is subject to rcoptimization  updates during the actual design of OIMS. These updates to the
rcfcrcnce aimpoints  incorporate the latest orbit determination information in a complete
rcoptimization  of the tour, subject to ap,recd-upon constraints. The process of trajectory
rcoptimization during an OTM design is icientica] to the process used to design the original
tour as was discussed in a previous section. TIN only difference is the brief window of
opportunity to cornp]ctc the rcoptimization  after the encounter and prior to the uplink of the
post-encountcrc]  can-up OTM. Typically, there arc 14 hours allocated in the design templates
of each of the post-encounter OTMS to accomplish this task.

As mentioned previously, the rcfcrcnee aimpoints  at each encounter can, in general,
bc changed by f50 km about the rcfcrcncc aimpoillt and by i3 minutes in the time of satellite
closest approach. Figure 8 is an illustration of the aimpoint  constraint in the B-plane. (The
definition of the B-plane is given in the Appendix and in Figure A-1. ) An additional constraint
on the target time of closest approach results from a desire to case the process of scicncc
sequence updates for each cncountcr.  This desire lcsults  in the constraint that changes in the
time of closest approach (with respect to [hc reference tour design) arc restricted to bc in
increments of 60.667 seconds, or 1 RIM. RIM, Real-time lmagc Count, is onc of the larger
fundamental units of time for the Galileo onboard cornputcr.  Changes to sequenced events
in 1 -RIM increments arc simnlc to accommodate in the scaucnce u~]datc process and case the

1

job of block shifting a seric~ of science observations. “ -

———..——

REFEf {ENCE
AIMPOINT

B

SATELLITE
BODY IN
B-PLANE

1 B-R

—. — . .  .—.  —

l’igurc 8 Constraints On 11-Plane Aimpoint  Changes
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The epoch for selection of each cncoujltcr’s  final aimpoint  is restricted by the
scqucncc design cycle. At specified epochs dul ing (hc tour, the Navigation Team must
spccif  y to the Scqucncc  and Science Teams the f lnal satellite. f 1 yby target for the upcoming
cncountcr. Subsequent to the aimpoint  selection, target adjustlncnts  optimizing propellant
consumption arc not allowed for the upcoming cncountcr.  The plan is that during orbital
operations the aimpoint  selection is made appl oximatcly  30 days before the upcoming
cncountcr.  Thus, in general, the last opportunity to effect an update to an cncountcr  aimpoint
is at the E+3 day OTM. Typically this is the latest opportunity for the trajectory rcoptimization
changes to be incorporated in an update to the subsequent cncountcr  sequence, The aimpoints
for non-tar-gctcd  encounters are not controlled in this manner and may differ significantly
from the aimpoints  in the reference tour. The scicncc  observation scquenccs  are designed to
accommodate the expected range of changes to the airnpoints  of the nontargctcd  encounters.

Maneuver Analysis Results

Based on our current understanding of the n~ancuvcrcxccution  and orbit determination
uncertainties prcdictcd  for the mission, as well as traicctory,  flight and ground system
constraints, estimates of AV requirements to cont~ 01 the trajectory have been determined and
arc summarized in Table 6.

The AVS in Table 6 are based on Iincal  Monte Carlo simulations of the Jupiter
approach and tour that approximate the precision maneuver design strategy planned for
orbital operations. These results show that the mean AV required to navigate the tour is 50
m/s and the 90% probability value is 67 m/s. These AV statistics arc used to predict propellant
usage during the orbital tour. Given the limited nature of the propellant available on the
spacecraft, propcl]ant  margin calculations are a primary mcttic  by which various mission
trades arc assessed.

I)l+OIVII.l,ANT  MAR~l N STATUS

{;round Rules and Assumptions

Propellant Margin (PM) is defined as the amount of usable propc]lant  remaining in
the RPM at the cnd of the ten-encounter orbital tour at the 90% probability Icvcl. In order to
ensure completion of the nominal mission, it is a basic mission rcquircmcnt that PM bc
positive.

The data reported here represents the PM status following ODM which occurred on
July 27, 1995. Spccifical]y,  the epoch of the PM calculation is August 1, 1995. Propellant
consumption prior to this epoch is assumed to bc known, whereas future propellant
consumption through end-of-mission is computed such tha[ PM represents a 90% probability
cst imatc.

The calculation of PM is basc{i  on the foliowing  high-level ground rules and
assumptions: ( 1 ) the targeted Io flyby aiti[udc  is 1000 km, (2) the targeted initial perijove
ra[iius is 4.0 RJ, (3) the nominal duration of Probe data acquisition is 75 rein, (4) the JO]
maneuver starts 65 min after the end of Probe data acquisition, (5) the propellant allocation
for scicncc turns during the orbital tour is 20 kg,, (6) the pro]) chant  allocation for I’rojcct
Manager rcscrvcs is 13 kg.
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Table 6
JUPITER APPROACH AND ORBITAL TOUR AV ESTIMATES

-. . . .
TCM/OTM
N umber .–_

TCM-25
TCM-26
TCM-27
TCM-28
TCM-28A

TCM-29
OTM-1
OTM-2
OTM-3
OTM-4
OTM-5
OTM-6

OTM-7
OTM-8
OTM-9
OTM-10

OTM-11
OTM-12
OTM-13

OTM-14
OTM-15
OTM-16

OTM-17
OTM-18
OTM-19
OTM-20

OTM-21
OTM-22
0TM-23

OTM-24
OTM-25
OTM-26

OTM-27
0TM-28
OTM-29

OTM-30
OTM-31
OTM-32

0TM-33
0TM-34
OTM-35

EvenUTCM/OTM
Name

‘fiobe Separation
ODM

10-100 days
10-20 days
10-10 days
10-5 days
10 Flyby

JOI
JOI+I.5  Days

OTM-2
PJR

PJR + 57 Days
GI -15 Days
GI -3 Days
Ganymede 1
G1 +3 Days
G1 + @O

G2 -10 Days
G2 -2 Days
Ganymede 2
G2+3 Days
G2 + APO

C3 -3 Days
Callisto 3

C3 + 6 Days
C3 + Apo

E4 -3 Days
Europa 4

E4 + 4 Days
E4 -t APO

Orbit 5 Apo
E6 -3 Days

Europa 6
E6 + 3.5 Days

E6 + Apo
G7 -4 Days
Ganymede 7
G7 + 3 Days

G7 •t APO

G8 -3 Days
Ganymede 8
G8 + 3 Days

G8 + Apo
C9 -2 Days

Callisto 9
C9 + 3 Days

C9 + Apo
CIO -3 Days

Callisto 10
C1O + 3 Days

CIO + Apo
Ell -3 Days

Europa 11
—.

—.
Epoch

.___&QHl____
13-JuI- 1995
27-JuI-1 995

28-Aug-1995
17-Nov-I 995
27-Nov-1995
02-Dec-1995
07-Dec-1995
08-Dec-1995
09-Dec-1995
02-Jan-1996
18-Mar-1 996
14-May-1996
19-Jun-1996
01 -Jul-l 996
04-JuI-1996
07-JuI-1996
05-Aug-1996
27-Aug- 1996
04-Sep-1996
06-Sep-1996
09-Sep- 1996
08-Ott-1996
01-Nov-1996
04-Nov-1996
10-NOv- 1996
27-Nov-1996
16- Dee-l 996
19-Dec-1996
23-Dec-1996
04-Jan- 1997
06-Feb-1997
17-Feb-l 997
20- Feb-1997
24- Feb- 1997
14-Mar-1997
01-Apr-1997
05-Apr-1997
08-Apr-1997
21 -Apr-l 997
04-May- 1997
07-May-1997
10- May-1 997
02-Jun- 1997
23-Jun-1997
25-Jun- 1997
28-Jun-1997
08-Aug-1997
14-Sep-1997
17-Sep-l 997
20-Sep-1997
18-Ott- 1997
03-Nov-1997
06-Nov-1997

——— —-—

Design
A V  (m/s)

62.2
0.0
0.0
0.0
0.0

643.8
0.0
0.0

375.4
0.0
0.0
0.0

0.0
5.0
0.0
0.0

0.0
0.0
0.0

0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
16.0
0.0

0.0
0.0
0.0

0.0
0.0
0.0

0.0
0.1
0.0

0.0
0.1
0.0

Mean
....~m~

62.2
0.3
1.2
0.3
0.4

643.8
3.0
0,0

375.6
0.7
0.1
0.3

5,0
5.0
0.2
0.4

1.1
0.6
0.3

3.3
1.2
0.4

2.0
0.5
0.6
o.?

1.8
16,1
1.5

2.?
0.2
0,2’

0.9
0.3
0.2

2.4
0.3
0.2

0.8
1.8
0.3

. ..—
Sigma

-- fml!@_

0.0
0.2
0.9
0.1
0.2

5.2
3.8
0.1
0.8
0.4
0.1
0.2

4.6
0.5
0.1
0.2

0.9
0.3
0.2

2.1
1.1
0.2

1.6
0.7
0.9
0.1

1.7
1.0
0.9

1.6
0.4
0.1

0.7
0.4
0.1

1.5
0.2
0.1

0.5
1.2
0.2

-..-——

AV(90)
4n!Q...

62.2
0.7
2.5
0.5
0.7

650,6
8.1
0.0

376.9
1.2
0.2
0.6

11.4
5.6
0.4
0.7

2.2
1.0
0.6

6.1
2.7
0.7

4.2
0.9
1.5
0.3

4.2
17.3
2.8

4.4
0.5
0.3

1.9
0.9
0.3

4.4
0.6
0.4

1.5
3.5
0.5

-.--—.
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Table 7
PROPELLANT MARGIN CALCULATION

Post-ODM Epoch: 8/1/95

Event 1,P (s) AV (m/s) M, (kg) ~ (kg) AM (kg)———— .— ..—

Completed Events:
Drop Adapter
Drop Instrument Covers
AV Propellant (1 O N)
Attitude & Spin Control
HGA Anomaly Activities
RPM Line Flushing
Probe Release
ODM

Future Events:
l/P Statistical AV
l/P Deterministic AV
l/P Attitude & Spin Control
l/P RPM Line Flushing
JOI
OTM-1 + OTM-2
PJR
Tour AV
Tour Attitude & Spin Control
Tour RPM Line Flushing
Science Turns
Project Manager Reserves

308.5

270.7
270.7

308.5
270.7
308.5
270.7

131.0

62.2

4.5
0.0

643.8
3.0

375.4
67.3

End-of-Mission Mass:

2717.2

2561.2
2560.4

2433.7

2406.5

2355.3
2349.7
2010.8

1969.8
1966.5

1966.5
1966.2

1966.0
1589.2’

1587.4

1402.1
1367.0
1352.1
1350.3
1330.3

1317.3

2561.2

2560.4
2433.7
2406.5

2355.3

2349.7
2010.8
1969.8

1966.5
1966.5
1966.2
1966.0

1589.2
1587.4

1402.1

1367.0
1352.1

1350.3
1330.3
1317.3

156.0

0.8
126.7

27.1

51.3

5.6
338.9

40.9

3.3

0.0
0.3
0.2

376.9
1.8

185.2

35.1
14.9

1.8
20.0
13.0

Orbiter “Burnout” Mass: ~1296.5
Propellant Margin: 20.9

Notes: 1, range for completed AVS: 269.4 -274.4 s.
(alues may not add because of rounding.

M, = spacecraft mass before event.
M = spacecraft mass after event.
AM = spacecraft mass change.

* At the time (his paper was wri((cn,  the actual AV achieved at ODM had been dctcrmincd, but (I)c
reconstruction of400N cngincpcrformancc during thcburn  had not been complctcd.  When (1IC thrust and mass
flow rate during ODM arc dctcrmincd,  the 400 N I,P will bc updated, and I’M will change accmdingly.



during the orbital tour. Therefore, the total amount of propellant remaining at the end of the
baseline mission, assuming Project Manager Reserves arc unused, is estimated to be 34 kg
(at the 90% probability level).

CONCLUSIONS

The Galileo Probe ancl Orbiter spacecraft have been targeted to their respective
desired aimpoints  at Jupiter. Atmospheric entry for the Probe occurs on Dcccmbcr 7, 1995
at 22:04  UTC. The Orbiter closest approach to Jupiter occurs about 11 minutes earlier. After
recording data transmitted from the Probe during, its descent, the Orbiter executes the JOI
maneuver to establish the initial orbit about Jupiter. The Orbiter then will carry out a two-
year-long intensive investigation of Jupiter, its satellites, and its magnetosphere. During the
orbital tour, there will be ten close flybys of the ~ialilean  satellites F.uropa, Ganymede and
Callisto.  The gravity assist from each of these satellite encounters is used to change the Jupiter
orbit parameters to achicvc  the next satellite encounter.

During the final Jupiter approach phase, four TCMS provide accurate delivery of the
Orbiter to the desired Jo aimpoint.  Orbit determination cluring  this phase is accomplished
primarily with S-Band Doppler data and three OPNAV pictures. The final delivery accuracy
at 10 is expected to bc about 50 km (altitude) and <2 seconds (time of closest approach).

During the orbital tour, three OTMS pcr orbit arc plannccl  to provide accurate delivery
of the Orbiter to each satellite encounter. S-Band Doppler data and a limited number of
OPNAV pictures (<20pcr orbit) are used for orbit determination. “1’hc  final satcllitccncoun[er
dc]ivcry  accuracy is general] y a fcw 10s of kilometers in the B-plane and a few scconcis in
time of closest approach.

During the orbital tour, starting with the JOI clean up maneuver, the orbital tour
trajectory is rcoptimized  (at certain 0Th4s) to minimize total AV by varying the satellite
aimpoints  within allowable bounds. The new aim])oint for the upcoming satellite encoun(cr
is specified at the time of the post-encounter OTM for thcprcvious  encounter in order to allow
sufficient time to update science observations in the spacecraft scqucncc.  This trajectory
reoptimization  strategy has contributed to lowering estimates for the total AV required to fly
the orbital tour. Based on current ground rules, at the 90% probability level,  the orbital tour
AV is about 70 m/s; and the end-of-mission propc.llant margin is 20 kg.
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AI’I’ENDIX

11 ypcrbolic  approach [rajectorics  are typically described in aiming plane coordinates,
often rcfcrrcd to as “B-plane” coordinates (see Figure A- 1 ). The coordinate systcm is defined
by three orthogonal unit vectors, S, T, and R with the systcm origin taken to bc the center of
the target body. The S vector is parallel to the spacecraft h ypcrbol ic approach velocit y vector
relative to the target body, while T is orthogonal to S and lies ill [hc ecliptic plane (the mean
plane of the IIarth’s orbit). liina]ly,  R completes an orthogonal triad with S and T.

The aimpoint  for an encounter is defined by the miss vector, B, which lies in the 1-
1{ p]anc,  and specifics where the point of closest approach would bc if the target body had
no mass and did not deflect the flight path. The time from encounter (point of closest
approach) is defined by the lincariz.ed  time-of-fli~,ht (LTOI:),  which spccif ies what the t i me
of flight to encounter WOUICI be if the magnitude of the miss vector were zero (i. e., if the target
were-the origin of the B-plane).

PLANE NORMAL
TO INCOMING
ASYMPTOTE -- B

(

\

HYPERBOLIC
PATH OF
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00DY
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.---1-
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R - SXT

B x IMPACT PARAMETER
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l~igure A-1 11-Plane Coordinate System Definition
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