NAVIGATION CHALLENGESIN THE MAVEN SCIENCE PHASE
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Abstract: The MAVEN spacecraft will explore Mars’ upper atpltere. The primary science
phase will last one (Earth) year, during which tbgacecraft will be in an elliptical 4.5 hour
orbit at an inclination of 75 degrees. The 75 degneclination results in the orbit periapsis
oscillating between £75 degrees latitude, thus rety covering most Mars latitudes during the
primary mission. The orbit will be controlled viaanmeuvers so that the maximum orbit density
remains in a density corridor. This results in tMAVEN science phase being in a light
aerobraking type orbit of around 160 km for an exied period. In addition, the mission has
significantly less tracking data than aerobrakingagses of other missions, and even less than
other NASA Mars orbiter primary phases. This result significant challenges for the
Navigation Team. They can be summarized as autffiecn determining the current density
profile, which maps into degraded trajectory preains and less accurate control over the
spacecraft location in the targeted density corridta maneuvers. This paper describes these
challenges and the Navigation Team’s plans to rtteseh.
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1. Introduction

The Mars Atmosphere and Volatile EvolutioN MissigMAVEN) is a future National
Aeronautics and Space Administration (NASA) Marbitimg spacecraft whose purpose is to
study the atmosphere ([1]-[3]). It was part of NASAVars Scout Program. The project is
managed by Goddard Space Flight Center (GSFC), kottkheed Martin (LM) building the
spacecraft and the Jet Propulsion Laboratory (petprming the navigation. At first glance, the



navigation might appear to be standard comparddetgrevious Mars orbiters. However, there
are several unique features of the mission debignnbake navigation particularly challenging in
the science phase. This paper describes the sciphase navigation requirements, the
differences between this orbiter and previous NA&#s orbiters and the resulting challenges.

MAVEN will explore the planet’'s upper atmospherenasphere and interactions with the sun
and solar wind. Its nominal launch period extendsif18 November 2013 to 7 December 2013.
It will be in a Type Il trajectory, reaching Mars late August 2014. A five-week transition
phase follows, during which science instruments el checked out and a series of propulsive
maneuvers will transition the spacecraft (S/C) itlte nominal science orbit. The primary
science phase will last one (Earth) year, duringctwvithe spacecraft will be in an elliptical 4.5
hour orbit at an inclination of 75 degrees. Thisdégree inclination results in the orbit periapsis
oscillating between =75 degrees latitude, naturatbyering most Mars latitudes during the
primary mission. The orbit will be controlled viaameuvers so that the maximum orbit density
remains in one of two density corridors. The norhiz@ridor is 0.05 kg/kmto 0.15 kg/km.
This results in a periapsis altitude around 160 Kwowever, the altitude will vary significantly
based on the latitude, Mars season and actualv@zsetmosphere behavior. Five times during
the science phase, MAVEN will maneuver to a higiemsity corridor (2 kg/krhto 3.5 kg/knd)

to perform science for five days.

Figure 1: MAVEN Spacecr aft



The MAVEN spacecraftRigure 1) looks similar to Mars Reconnaissance Orbiter (MR@d
Mars Global Surveyor (MGS). It has a standard bwapsed bus with solar arrays on either side.
Unlike MRO and other Mars orbiters, the high gamteana (HGA) is fixed on the spacecratft.
(The HGA boresight is pointing out of the page,nalahe spacecraft +Z-axis.) Thus most
communications with Earth during the science phaesgiire rotating the entire spacecratft,
preventing desired science measurements. ConséguBarth HGA communication is
minimized during the science phase. The only ddtowg component of the spacecratft is the
Articulated Payload Platform (APP). It houses salarstruments and is seen at the end of the
boom at the center bottom Bigure 1. (The boom extends out from the bus along theexpatt
+X-axis. The +Y-axis is along the solar panels, ptating the right-handed coordinate frame.)
However, the APP is ignored in the navigation asedy Like MRO and MGS, the spacecraft and
solar array placement are designed to give an desattitude that is used during parts of the
science phase.

2. Comparison of MAVEN with Mars Reconnaissance Or biter

A key feature in the efficiency of the MAVEN profeencluding navigation, is its inheritance
from Mars Reconnaissance Orbiter (MRO) and othewipus Mars orbiters ([4]-[6]). From a
navigation perspective, the MAVEN science phase thaysuccinctly described as a light
aerobraking phase with science requirements anitetinbeep Space Network (DSN) tracking
data. This results in significant differences frddRO navigation. The light aerobraking phase
necessitates an aerobraking like operations prosessgar to MRO. However, the science
requirements result in dramatically tighter accyreequirements than for MRO aerobraking —
although they are partially offset by the smallem@spheric drag. The limited DSN tracking
results in a less frequent navigation product @ejivschedule, similar to the MRO science phase.
Table 1 summarizes the principle differences between MAVd MRO navigation.

Table 1. Comparison of MAVEN Science Phase with MRO

MRO Aerobraking MAVEN Primary Mission

Purpose Orbit change Science

Drag PassaV 3m/s 0.006 m/s (0.15 m/s in deep-dip)

Accuracy: Trajectory 225 second timing error 20 second timing error
Science None Yes (on other 6 orbital elements)

Tracking Data (Doppler)| Continuous (HGA) 7 hours/day (LGA)

Delivery Schedule Multiple per day (4.5-hr orbit) | 2/week (predict), 1/week (reconst.)

(In Science: 2/week [predict]) | Deep-Dip: 1/day

Density (Predict) Model | « Doppler atmosphere estimatge Doppler atmosphere estimate for
every orbit only 20% of the orbits
e S/C orientation is the same | ¢ S/C orientation changes with

for each drag pass periapsis passes

¢ S/C component shadowing i

with periapsis passes. (Shadowin

(No shadowing.)

5e S/C component shadowing varies
the same for each drag pass.

exists.)

g



3. Operations Timelines
3.1. Deep Space Network Support: Radiometric Tracking Data

Since the MAVEN spacecraft does not have an utabls oscillator (USO), navigation will rely
on 2-way Doppler data during the science phase MA¥EN DSN coverage is 8 hours per day,
yielding 7+ hours of 2-way Doppler per pdsBwo additional 8 hour DSN passes have been
added on Sunday and Wednesday to decrease namigaémsitivity to lost tracking data, and to
allow more flexibility in navigation and other teasuheduling. The 8 hour DSN pass is a recent
increase over the previous minimal 6 hour pass lBtirs of Dopplerf This also reduces
navigation’s sensitivity to possible DSN relatedigems, including weather.

Since MAVEN does not have a gimbaled high-gain ramae(HGA) like the previous Mars
orbiters, the entire spacecraft must turn whenahts to communicate with Earth. Since this
results in the loss of science data, the HGA Epdihted modes only occur twice per week, on
Tuesday and Friday. Furthermore, the spacecrajtprihts towards the Earth for approximately
5 of the 8 hours during these “HGA” passes. AllestibSN contact will be on the low-gain
antenna (LGA). In general, navigation will perfoita analyses on the LGA pass before the
HGA pass. Navigation will deliver its products ime for them to be processed into sequence
products and uplinked during the HGA pass.

Note that this DSN coverage is minimal compareth& continuous coverage standard for the
aerobraking phases of previous Mars missions (MdEobal Surveyor (MGS), Mars Odyssey
2001 (ODY), Mars Reconnaissance Orbiter (MRO))fddt, it is less than that for the higher
orbits of the MGS, ODY and MRO primary science m@sasThis will result in significantly
reduced accuracies in the reconstructed trajestoHewever, this is acceptable for the suite of
science experiments on the MAVEN spacecraft. Tiggdst challenge is to meet the accuracy
requirements on the predicted trajectories.

As a final note, due to the larger atmosphere peations, the DSN coverage during the brief
deep-dip periods is continuous.

3.2. Navigation Covariance Analysisand Filter M odel

The navigation accuracy requirements are divided o parts: reconstruct and predict

accuracies. To determine if navigation could méet requirements, covariance analyses were
performed with the filter setup shown ifable 2. The analyses were performed for

representative days though out the science phassding regions of degraded orbit

determination (OD) due to geometry.

! Due to Earth-Mars two-way light time, DSN lock @t¢., the amount of Doppler data received
per pass will be up to 1 hour less than the DSbtated pass length.

% As a result of navigation studies, previous Matsiter experience and the need to estimate for
the atmospheric drag during the pass, navigatiquires over one orbit of Doppler (~5 hours)
hours).



Table 2: Science Phase Filter Assumptions

Error Source Estimate or A Priori Correlation | Update Remarks
Consider | Uncertainty (1o) Time Time
X-Band 2-way Doppler - 0.2 mm/s (60 sec) - - At least a 5 hr data afc
Epoch state pos (km) - 100 km - -
Epoch state vel (km/s) - 0.1 km/s - -
Solar Radiation Overall Est. 10% White 18 hours
Scale Factor (%) Stochastic 10%
Density Est. 13.3% White Per Orbit Est. for reconstruct
Scale Factor (%) Stochastic 35% only
Small Forces (DESAT) Stochastic 0.67 mm/s White Per Orhit Filter
Orbit Trim Maneuvers - - - - Not included
Atmosphere Overall Con. 13.3% - - Only apply for predict
Scale Factor (%) mappings
Small Forces (DESAT) Con. 0.67 mm/s - - Only apply for predigt
mappings
Station L ocation Con. Full covariance - -
Media Con. lon: 15/65 cm - - Night/Day
Trop: 1/4 cm Dry/Wet
Earth Orientation Con. 10cm - - X/Y-pole, UT1
Marg/Earth Ephemeris Con. Full covariance - - DE414
Mars Gravity Con. 10x10 covariance, - - Include GM
20*formal

The density (scale factor) is the driving errorrsey overwhelming all other sources. The orbit-
to-orbit 35 variation is assumed to be 105%, which is consisteith past Mars orbiter
assumptions and supported by their observations.dBmsity “bias” error, or error in the mean
density, has been increased from the 30% used enopis missions to 40%. A predict model
must be generated for each predicted trajectoriyetgl of which the main component is the
current mean density. Unlike other missions, duthéodecreased DSN coverage and placement
of the HGA passes, navigation may only have onentedensity estimate per day for use in
deriving the predict model. Furthermore, the vagyorientations of the spacecraft as it goes
through the drag pass (discussed below) can cagosasistencies in density estimates.

Navigation is using the Mars-GRAM 2005 (MGO05) Maasmosphere model with TES
“MapYear” of 1, as described in [7]-[8]. Navigatiamill actually estimate the scale factor that
must be applied to the MGO5 model to get the codensity or drag\V.



3.3. Navigation Accuracy Requirementsand Capabilities

Navigation is required to deliver reconstructedettories that are accurate within 3 km. This
can be accomplished for any combination of DSN dewes in the “daily” passes. A
reconstructed accuracy could be worse than 3 kma DSN pass is lost. However, this
contingency case is excluded in the mission 3 kiouirement.Table 3 summarizes the
covariance analysis results using a 3-day Doppdéa drc. The top row gives the DSN daily
complex schedule, where “G” refers to Goldstone,” ‘idfers to Madrid, and “-” refers to a
missed DSN pass. The “required 8ensity” refers to the & density error assumption that
would be required if the 3 km accuracy was to bé me

Table 3: Navigation Reconstruct Capabilities, km

3-Day DSN Schedule: G-M [Notes

3 km Fly-Z | OD 3 Error All nominal cases meet requirement

accuracy Required Non-Doppler orbit density accuracy
reqt 3o Density needed to meet requirement

3 km Fly-Y | OD 3o Error All cases meet requirement
accuracy Required Nominal 105% 3 orbit variation

reqt 3o Density accuracy is adequate for all cases

The predict requirements are more involved, an@rdehe the navigation weekly operations
schedule. The predict requirements are specifig@rims of six orbital elements (a, ew, Q,
and mean anomaly or down-track timing error). Tifit reduce correlations in certain elements,
and to simplify the mapping of accuracies to spadfe@ointing errors as defined by science
requirements. The shape and orientation of theegpaft orbit (and their errors), as defined by
the first five orbital elements, do not change glyicwith time. However, the error in the
knowledge of where the spacecratft is in that oibimuch more uncertain: that is, the mean
anomaly, time from periapsis, or down-track positining error. Thus the predict accuracy
requirements are divided into two parts:
e Navigation shall predict the periapsis uncertaitttyless than 20 seconds of periapsis
passage time.
e Navigation shall predict the orbital elements te tbllowing accuracies for at least 9.5
days in the nominal orbit and 2.8 days in the daipparbit.
0 Semi-major axis: +/- 50 km
Eccentricity: +/-0.025
Inclination: +/-0.20 deg
Longitude of Ascending Node: +/-0.04 deg
Argument of periapsis: +/-0.3 deg

© O O0Oo

Different science instruments prefer different gmaaft orientations. To simplify operations, the
nominal sequence has divided each orbit into fagngents, related to the type of science
observations desired: periapsis, “outbound” sig@agsis, “inbound” side. The spacecraft may
be in a different orientation for each of thesensegts. Operationally the same orientation will
be used for both side segments, resulting in tdisgnct orientations per orbit. Furthermore,



each sequence may have two different sets of thnieatations: each set may be interchanged
between even and odd orbits. From a navigationppetse, the critical orientation is around
periapsis since it determines the atmospheric getion on the orbit. There are four possible
periapsis orientations:

e Fly-Y: minimal spacecraft surface area in the dimt of the atmospheric drag flow.
(S/C +/-Y-axis in (Mars relative) velocity directip+X towards nadir. So solar arrays are
seen edge-on by the atmosphere.)

e Fly-Z: maximal spacecraft surface area in the timecof the atmospheric drag flow.
(S/C —Z-axis in velocity direction, +X towards nadbo the back of the inner solar arrays
are seen flat-on by the atmosphere.) From a nagigaterspective, it is similar to the
“drag pass” orientation for the deep-dips and far previous Mars orbiter aerobraking
missions.

e Sun-Velocity: spacecraft points towards the SunC($Z-axis points to the Sun, +/-Y
towards velocity direction.)

e Earth pointed: spacecraft points HGA to Earth fplink/downlink. (S/C +Z-axis points
to the Earth.)

The Fly-Y and Fly-Z orientations have constant sga&ft areas as seen by the drag pass.
However the drag pass areas for the Sun-Velocidykarth point directions will vary depending
on the Earth and Sun geometries relative to Madstha spacecraft orbit. The areas will vary
between the minimal Fly-Y and maximal Fly-Z draggareas. Thus for simplicity, navigation
error analyses assumed the worst case Fly-Z otientalhis also allows the verification of
navigation requirements for all four possible pesia orientations.

The required accuracy of the navigation predictians linked to the required accuracy of
spacecraft — and thus science instrument — poinfihg navigation error is just one source in the
total spacecraft pointing error calculation. Workiwith the spacecraft team, an error allocation
was assigned to navigation, in terms of orbitaimgets, which allowed navigation to meet its
predict accuracy requirements in the contingencsecaf a missed uplink of an updated
spacecraft ephemeris. This was folded back intonission requirements as the capability to
predict the orbital elements for 9.5 days in thenmal orbit and 2.8 days in the deep-dip orbit.
Table 4 shows several representative analyses for thenabmibit predict capabilitieS.able 5
shows representative analyses for the deep-dip rdadict capabilities. The column for the sixth
orbital element, “time to periapsis”, does not haveequirement listed. This is because the
Periapse Timing Estimator, or PTE, controls thieapeeter on board the spacecraft to within 20
seconds. The numbers listed here show what thendinerrors would be if PTE was not
available. PTE will be described in the next sectio



Table 4: Nominal Orbit Prediction Capability, Orbital Elements (3o)

Case a e[l i [deg] Q o Period Timeto Out-of -
[km] [deg] [deg] [g] Periapsis[g] | Plane [km]
Requirement 50 0.025 0.20 0.04 0.3
1-Nov-2014 3.9 | 0.0004 | 0.0034| 0.005| 0.04 14.4 67 0.36
(5 days)
(9.5 days) 13.0 | 0.0011 | 0.0094 | 0.014 | 0.14 48.0 213 0.43
26-Apr-2015 4.0 | 0.0003| 0.0170| 0.013 | 0.04 14.6 71 2.39
(5 days)
(9.5 days) 13.6 | 0.0011 | 0.0190| 0.013 | 0.13 49.9 240 2.39
25-Sep-2015 6.7 | 0.0005| 0.0383 | 0.016 | 0.04 23.0 73 6.44
(5 days)
(9.5 days) 21.1 | 0.0017 | 0.0402 | 0.016 | 0.14 77.5 246 6.44
Table5: Deep-Dip Orbit Prediction Capability, Orbital Elements (3c)
Case a e[] i [deg] Q o Period Timeto Out-of-
[km] [deg] [deg] [ periapsis[s] | Plane [km]
Requirement 50 0.025 | 0.20 0.04 0.3
29-Dec-2014 | 16.5 | 0.001 | 0.022 | 0.013 | 0.08 60.8 119 3.58
(1.4 days)
(2.8 days) 47.8 | 0.004 | 0.025 | 0.036 | 0.27 | 176.2 460 3.58
26-Aug-2015 | 15.5 | 0.001 | 0.006 | 0.007 | 0.07 57.1 109 0.90
(1.4 days)
(2.8 days) 419 | 0.003 | 0.015| 0.026 | 0.26 | 154.1 399 0.90

The other prediction accuracy requirement is taitehe timing uncertainty within the orbit to

less than 20 seconds. This requirement is moreudlifffor navigation to meet, and drives the
work schedule. Navigation has determined that it weeet the 20 second timing requirement
within a 2.5 day prediction in the nominal orbiytlonly within 3 periapses (~12 hours) in the

deep-dip orbitFigure 2 shows the predicted timing uncertainty over théremrimary science

phase for a reference trajectory. The curves sh@atiming error for six lengths of prediction,
ranging from 15 hours to 30 days. The five shargkpalenote the deep-dip periods, where the

spacecratft is lower in the atmosphere.
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Figure 2: Predict Timing Uncertainty

3.4. Navigation Operations Schedule

The ability to meet the 20 second timing requiretrdrives much of the navigation operations
schedule. Actually, the 20 second accuracy is reduor a much longer period than navigation
can provide. This is solved by having an enhancadion of the Lockheed Martin Periapse
Timing Estimator (PTE) algorithm, used during MR®dJaODY aerobraking, running on the
spacecraft. Navigation just needs to deliver a ipted ephemeris that is accurate within 20
seconds through the upcoming HGA pass (Tuesdayidayj. PTE may be initialized with this
uplinked ephemeris, after which it will automatigakeep the on-board timing error within 20
seconds. Thus navigation will nominally plan tofpan its analyses and predict delivery based
on the LGA pass preceeding the HGA pass: thatsisiguthe Monday or Thursday LGA pass.
Navigation (NAV) is allocated a minimum of 5 hours which to perform its analyses and
deliver the predicted trajectory. The Spacecratimi€SCT) is allocated a minimum of 7 hours
to process the NAV predict, generate sequences agit be ready to uplink to the spacecraft.

The 2.5 day 20 second navigation timing accura@alsgity will allow some flexibility in the
choice of the LGA pass. At least one if not bothihef LGA passes on the previous day (Sunday
or Wednesday, both with two DSN passes) may opitiprize used, if needed, to resolve
problems with DSN tracking data, simplify work sdhbkes, and/or add extra padding into the



scheduling of analyst work hours. In the worst cédise predict delivery can be skipped. PTE
will keep the on-board timing accuracy within 2@@eds, and the 9.5 day predict capability for
the other five orbital elements will allow navigatito still meet science pointing requirements.
Figure 3 shows a simplified sample of the navigation weeldligedule.

Mnvr TIm Tim
| D/L Mrlwr_ D/L
1
. COLA : Anysis COLA !
N Analvsis \'( COLA» 4 Analvsis A )
Sty / Monday | Tues Ana!VS'S: adnesday Thursday ! Friday v iturday
A 1A | 16A w HoAl v v _|tea _ea |ieay HGA ' LGA
A A - A A A i A A AN A
NAV NAV NAV  S/CEph NA NAVNAV Weekly — Nay NAV S/CEphNA 1 NAV
oD op Predict ypload 01 1 oD Reconstruct g Predict Upload O + 0D
Delivery; ! Delivery &0TM Start Tue-Fri
cg?_?ngeM Start Fri-Tue Delivery Reconstruct OD

Reconstruct
Green triangles are optional OD analyses.

Figure 3: Nominal Orbit Sample Weekly Navigation Schedule

The deep-dip scenario is more demanding. It haBragmus data, with the HGA pointed towards
Earth for two of the orbits (HGA “passes”). The mmtion predict must be delivered, processed
and uploaded to the spacecraft via the HGA befloeethird periapsis after the periapsis in the
navigation OD analysis arc. Navigation is allocafetiours for their process, and the SCT is
allocated 6 hours. Taking into account light-timapload times, etc., this does not leave any
significant margin. The OD Doppler data arc carm®tarbitrarily chosen, since it is defined by
the 3 periapsis 20 second prediction capabilityhéire are problems with the Doppler data arc,
or problems in navigation or SCT processing, tH#bdak contingency is to skip the predict
delivery and wait till the next day. PTE will kedpe on-board timing within 20 seconds, and the
navigation predict of the other five orbital elerteewill be good for one more day. Also note
that there are two HGA “passes” per day. So, ifessary, a predict could be generated a half
day later instead of one day. However that woutflire short term shifting of personnel work

hours to off-nominal times, which is not desirédgure 4 shows a simplified example of a
deep-dip schedule.

PO DdA?aIysc;s |
A NAY
Predict S/C Eph
Delivery Upload
Day O Po P,V P, W Ps Pa Day 1
| HeA L HGA LGA |-
oo 5, | essic P = Perapsis
Non-Comm O, Upload (no tracking data)
COLA, Traj

Figure 4: Deep-Dip Orbit Sample Navigation Schedule
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The 5 hour allocation for the navigation analysisl @redict delivery is significantly less than
that allocated on previous Mars orbiter missiortssmay include: orbit determination (OD),

predict model generation, trajectory generatioritOrfrim Maneuver (OTM) analysis, Collision

Avoidance (COLA) analysis, final predict trajectoggeneration, and predict delivery to the
project. A major reason for the ability to meet thehour allocation is the streamlining and
enhancing of the maneuver design process via Msutets created by the navigation team.
They have been tested in analyses and operatipastenarios with great success.

4. Maneuvers
4.1. OTMsand Corridor Control

Almost all maneuvers during the MAVEN science phask be performed as Orbit Trim
Maneuvers (OTMs). They include the following manensv All of them will be executed at
apoapsis, with the purpose of changing the pesagstude or orbit period.

e Corridor control maneuvers: to keep the maximumitodensity within the density
corridor.

e Deep-dip walk-in and walk-out maneuvers: to traosito and from the nominal orbit
and deep-dip orbit.

e Collision Avoidance (COLA) maneuvers: special quicianeuvers to avoid possible
collisions with other spacecraft or bodies. (They expected to be rare, if they occur at
all.)

The OTM is a special maneuver process that allowskgexecution of maneuvers. Since the
science orbits have significant and uncertain aphesc drag perturbations on every orbit, it is
important to be able to quickly design and exeonémeuvers to change the periapsis altitude in
order to keep the spacecraft within the desiredsitheicorridor. For similar reasons, the OTM
process was also used in MRO, ODY and MGS aerahgaki maneuver design is composed of
three parts, all of which are optimized for operasi efficiency in the OTM maneuver process.

e Magnitude The OTMAV magnitude is picked from AV menu, delivered before launch.
This allows theAV configuration files for upload to the spacectafiall be pre-built and
tested.

e Epoch The OTM is always executed at apoapsis, as datednby PTE. Thus this
“epoch” is always the same for every OTM. In aduhtiPTE will accurately know when
apoapsis occurs. Using an absolute time epoch wimildss efficient.

e Direction: There are only two choices for the OTM directiallowing spacecraft
configuration files to be pre-built.

o Up: AV in velocity direction (increasing periapsis altie)
o Down AV in anti-velocity direction (decreasing periapaistude)

Up to one corridor control OTM may be executed eaekk in the nominal orbit. Currently it is
scheduled for Sunday morning, although it may banged to Wednesday morning. The
navigation Thursday predict analysis will determiihhan OTM is required on Sunday. If so, the

% Monte is the core mission design and navigatidtwswe used by JPL/MAVEN navigation.
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project will be notified, a decision will be madmd the OTM will be included in the Thursday

predict delivery and uplinked on Friday to the smaaft. During the deep-dips, an OTM may be
performed as often as once a day. (However, thguiEncy is not expected in operations.) Thus
for every predict delivery during the deep-dip, igation will perform a maneuver analysis for a

possible OTM. Typical corridor control OTMV’s for the nominal and deep-dip orbits are 1.4

m/s and 0.4 m/s, respectively.

4.2. Deep-Dip Walk-In and Walk-Out

The behavior of the atmosphere can change drarihatiedgh a several kilometer change in
altitude. Unfortunately there is little time allded for navigation to maneuver in and out of the
deep-dip, since that is a cost to science. The detp-dip period is 8 days of continuous DSN
coverage: 2 days to maneuver from the nominal épdkp orbit, 5 days of science, and 1 day to
maneuver back to the nominal orbit. During the gsdand 1 day of maneuvering the spacecraft
will remain Earth pointed (except during the dragges around periapsis).

During the walk-in, navigation must balance thecheequickly get into the deep-dip orbit, the
uncertainty of the atmosphere due to large chaimgakitude, and the safety requirement of not
going above 7 kg/kfh(mean density). The altitude change going fromrtbminal to deep-dip
orbit is expected to be around 24-40 km. Based hen limited density altitude variation
information from previous orbiters, the first walk-maneuver could result in an error in the
predicted density scale factor of 200% or slighthpre. Taking into account all of this
information, the first walk-in maneuver will targéor a density<2 kg/knt. A sampleAV
magnitude for this maneuver is 3.8 m/s.

Since the deep-dip period only lasts for a totaB ofays, it is expected that the density behavior
at the nominal orbit altitude should not have clhgwch. Thus only 1 day is allocated for

getting back to the nominal orbit. The first walktananeuver will target a density of >0.15

kg/km>.

4.3. Other Maneuvers

MAVEN has the requirement to stay in a 4.5 hourtotdowever, the drag passes during the
science phase continually decrease the orbit pamaddapoapsis altitude. As a result, one or two
Period Correction maneuvers (PCMs) may need toeb®nmed during the science phase. They
will be executed at periapsis, and will increase pleriod and apoapsis altitude. Technically it
will be a fully designed maneuver. However, paftthe OTM process will be used to streamline
the process. The PCMV magnitude is expected to be around 16 m/s.

Other miscellaneous maneuvers might be performedglthe science phase or after. They will
also be fully designed maneuvers. For instanceom@ie point MAVEN will need to significantly
increase its periapsis altitude in order to redieedegradation of its orbit due to atmospheric
drag.

Due to the multiple spacecraft orbiting Mars, thisra slight possibility of a collision between
two orbiters (or other bodies, such as Mars moawbB$). Per the established procedures of the
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Mars Program Office and the current Mars orbitdd®\VEN navigation will track possible
collisions with other bodies. If deemed necesssi&VEN will execute a maneuver to prevent a
possible collision. This process will not be disegsin detail here. It will be similar to the MRO
and ODY COLA processes [9].

5. Summary

The MAVEN mission has a high degree of heritagenffddRO. The science phase navigation
process is similar to the MRO aerobraking procddewever, the navigation accuracy

requirements are much tighter than for MRO aerahakThe reduced Doppler tracking data
hinders the tracking of recent density behavioreréby degrading predict capabilities.

Nevertheless navigation has shown that it can mdeetconstruct and predict requirements, with
contingency situations identified. The recent iase in DSN coverage significantly helps in

contingency situations and in workforce schedulifge OTM process is used for almost all

science phase maneuvers, allowing rapid turn aroutite maneuver design and execution. The
OTM AV menu is expanded to allow it to also be usedrfaneuvering to and from the deep-dip

orbit. The eight day deep-dips will be the moseémsive part of the science phase.
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