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Mars Pathfinder Atmospheric Entry Navigation Operations
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On July 4, 1997, the Pathfinder spacecraft ushered in a new era of planetary exploration by successfully landing
on the surface of Mars. The atmospheric entry and approach navigation activities required in support of this
mission are discussed. In particular, the flight software parameter update and landing site prediction analyses
performed by the Pathfinder operations navigation team are described. A suite of atmospheric entry simulation
tools, developed during Pathfinder’s design cycle and utilized during flight operations, is also presented. Data
regarding the accuracy of the primary parachute deployment algorithm are extracted from the Pathfinder flight
data, demonstrating that this algorithm performed as predicted. The increased probability of mission success
through the software parameter update process is discussed. The importance of modeling atmospheric flight
uncertainties in the estimation of an accurate landing site is also demonstrated. With these atmospheric effects
included, the center of the final pre-entry landed ellipse prediction differs from the postflight determined landing
site by less than 0.5 km in downrange and 5.0 km in crossrange.

Nomenclature
dgdr = nominal deceleration slope at g,, g/s
drdg = inverse of the nominal deceleration slope at g1, s/g
g = deceleration constant, 1 Earth g is 9.806 m/s>
g1 = first deceleration measurement, nominally 5 g, g
o) = second deceleration measurement, nominally sampled
12 s after g1, g
84 = minimum acceptable g, deceleration measurement, g
gp = maximum acceptable g, deceleration measurement, g
too = computed time from g, point to parachute deployment, s
ty2a = Maximum acceptable f,, computation, s
ty2p = Minimum acceptable t,, computation, s
y = atmospheric entry flight-path angle, deg

Introduction

FTER traveling close to 5 x 10® km, the Pathfinder spacecraft

successfully completed entry, descent, and landing, coming to
rest on the surface of Mars just 27 km from its target point. The pri-
mary objective of the Pathfinder mission was to develop and demon-
strate alow-cost, reliable system for landing on the surface of Mars. !
In addition to this engineering objective, a focused set of science
investigations were performed' and several technology elements re-
quired for further exploration of Mars were demonstrated.>~*

In the present paper, the atmospheric entry and approach nav-
igation activities required to support Pathfinder’s entry, descent,
and landing operations are discussed. These trajectory simulation
analyses were applied by members of the Pathfinder operations
navigation team to ensure successful parachute deployment and es-
timate the Pathfinder landing site. Although the entry sequence was
autonomous, ground controllers had numerous opportunities to up-
date the onboard software parameters and adjust the atmospheric
entry conditions during interplanetary cruise.
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The analysis tools used in entry operations were developed in
the spacecraft design and development phase and used to prescribe
spacecraft test conditions prior to launch. The validity of these ana-
lyses has been assessed through postflight trajectory reconstruction. ®
After a brief mission summary, the paper contains an overview of
the atmospheric analysis tools, a discussion of the parachute deploy-
ment algorithm developed with these simulation analyses, and a de-
scription of their use by the Pathfinder operations navigation team
in the days preceding the spacecraft’s entry, descent, and landing.
Insight into the performance of the Pathfinder parachute deployment
system is also presented.

Mission Objectives

The primary engineering objective of Pathfinder, acquisition and
return of data on the entry, descent, and landing system as well as
lander performance, was completed a few hours after landing. Other
objectives, including deployment of the Sojourner rover, were com-
pleted on July 5, 1997. Figure 1 shows the lander on the surface of
Mars on July 4, 1997, whereas Fig. 2 is an image taken by the rover
of the lander after its deployment. Although the design life for the
rover and lander was 1 week and 1 month, respectively, the mission
lasted more than 3 months yielding a rich scientific harvest. !

The Pathfinder science payload comprised the Sojourner rover,
an alpha-proton x-ray spectrometer mounted on Sojourner, a mast-
mounted 360-deg stereo imager, and an atmospheric science/mete-
orology station. These instruments, shown in Fig. 3, have permitted
investigation of the landing site geology and surface morphology,
the magnetic and mechanical properties of the surface materials,
determination of the atmospheric structure, and insight into the ro-
tational and orbital dynamics of the planet (inferred from high-gain
antenna tracking).®

As shown in Fig. 4, the Pathfinder spacecraft was targeted for
a landing within a 100 x 200 km ellipse in the Ares Vallis flood-
plain region of Mars centered at 19.24 N latitude, 33.1 W longitude.
This landing site is approximately 850 km southeast of the Viking 1
Lander. An Ares Vallis landing was selected for several reasons, in-
cluding spacecraft and rover design constraints, entry, descent, and
landing concerns, scientific potential, and safety.” Engineering fac-
tors that affected this choice of landing site included the desire for
a low surface elevation (to allow sufficient parachute deceleration
time), high Earth and sun elevation angles (for improved communi-
cation and power), and a relatively flat region free of surface hazards
such as large craters, chasms, or knobs (for improved airbag perfor-
mance). From a science perspective, this site was deemed favorable
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Fig. 2 View of the Pathfinder lander (Sagan Memorial Station) from
the Sojourner rover.

APXS

ASI/MET

Fig. 3 Mars Pathfinder science instrument suite.

because a variety of rock and soil types thought to be deposited by
an ancient catastrophic flood was expected.

Route to Mars

The Pathfinder spacecraft began its seven-month journey to Mars
with the launch of its Delta-IT 7925 rocket from Cape Canaveral,
Florida, on Dec. 4, 1996. To satisfy numerous mission constraints
a type I interplanetary trajectory was selected with a heliocentric
transfer angle of 155 deg (Ref. 8). The requirement of a predawn
landing in the northern hemisphere dictated a retrograde atmo-
spheric entry at Mars (increasing the atmospheric relative velocity
by 430 m/s in comparison to a similar posigrade entry). During its
interplanetary cruise, a series of four trajectory correction maneu-
vers were executed, as shown in Fig. 5. As discussed in a subsequent
section, a fifth trajectory correction maneuver could have been per-
formed at either entry —10 or entry —6 h as a contingency; however,
in flight, the operations team deemed this maneuver unnecessary.’

As shown in Fig. 5, the total transit time for the Pathfinder space-
craft was 210 days in which the vehicle traveled approximately
5.0e+08 km along an ellipsoidal arc about the sun. From an orbit
determination analysis based on all available Deep Space Network
tracking data at the time of entry, the best-estimated Mars atmo-

Table 1 Mars Pathfinder best-estimated atmospheric entry
conditions (derived at 10:00 a.m. PDT, 7/4/1997) (Ref. 9)

Parameter Value

Radius, km 3522.200
Declination, deg 22.630
West longitude, ° 21.831
Inertial velocity, km/s 7.264
Inertial azimuth angle, deg 253.148
Relative velocity, km/s 7479
Relative flight-path angle, deg —13.649
Relative azimuth angle, deg 253.675

Mars at
launch

Earth at launch
Dec. 4, 1996

Earth
at arrival

Mars at arrival

July 4, 1997 +15-day time tics

Fig. 5 Mars Pathfinder interplanetary trajectory.

spheric entry conditions were derived and are presented in Table 1
(Ref. 9). In Table 1, both the inertial and relative velocity estimates
are given. At entry, the spacecraft had a mass of 585.3 kg and a
ballistic coefficient of 63.2 kg/m?.

Entry, Descent, and Landing

The Pathfinder spacecraft utilized a low-cost but complex entry,
descent, and landing (EDL) strategy to survive its flight through the
Mars atmosphere. As shown in Fig. 6, four deceleration mechanisms
(aeroshell, parachute, solid rockets, and airbags ) were used to slow
the spacecraft from its interplanetary approach velocity (7.48 km/s
relative to the atmosphere) to its final velocity of zero. As shown
in Fig. 7, EDL was initiated 30 min prior to encountering the at-
mospheric interface (defined at a radius of 3522.2 km) when the
cruise stage was jettisoned. The aeroshell encountered a peak heat
rate of approximately 100 W/cm? and a peak deceleration of 16 g
approximately 75 and 78 s after encountering the Mars atmosphere.
The parachute began to unfurl 171 s past the entry interface. Release



350 BRAUNET AL.

of the forebody heatshield and extension of the bridle followed 21
and 40 s after the initiation of parachute deployment. Once the
spacecraft traveled down the bridle, the radar altimeter initiated the
search for the Mars surface (at a surface altitude of approximately
1.5 km). These altimeter data were then used to infer the descent
rate and determine the appropriate time of airbag inflation (295 s
past the atmospheric interface) and solid-rocket ignition (299 s past
the atmospheric interface ). After the three solid-rocket motors were
fired to delete the remaining vertical velocity, the bridle was cut (at
an altitude of 21 m above the surface ). The spacecraft then fell to the
surface (first impact at 305 s past the atmospheric interface) bounc-
ing more than 15 times before coming to a roll stop. Reconstruction
of the Pathfinder EDL sequence, trajectory, and atmosphere is pre-
sented in Ref. 5.

Cruise-Stage Separation

Landing
Fig. 6 Mars Pathfinder EDL system.

" Cruise-stage separation (8500 km, 6100 m/s)
¥ Landing -35 min

Entry (133 km, 7479 m/s)
Landing -305 sec

Parachute deployment (9 km, 375 m/s)
Landing -134 sec

Heat shield separation
Landing -113 sec
=4

Pathfinder’s direct-entry strategy was in contrast to the Viking
approach in which a propulsive orbit insertion was performed prior
to descent and landing. As shown in Fig. 8, this decision signifi-
cantly increased Pathfinder’s entry velocity, magnifying the design
requirements on the EDL system. In addition, whereas the Viking
landers were flown with an offset center of mass to achieve a lifting
trajectory, Pathfinder entered the Mars atmosphere at a near zero an-
gle of attack to increase its drag force (reduce its ballistic coefficient)
and simplify the design. In another simplification over Viking’s ac-
tive control strategy, Pathfinder’s flight at near zero angle of attack
was maintained without propulsion. Instead, this angular orientation
was enforced through reliance on a 2-rpm spin rate and the inherent
aerodynamic stability of the 70 deg sphere-cone aeroshell. 101!

Entry Analysis

Independent simulations of the Pathfinder EDL flight dynam-
ics were developed at the Jet Propulsion Laboratory (JPL) and the
NASA Langley Research Center (LaRC). AtJPL, a three-degree-of-
freedom translational equation of motion simulation was developed
with use of the Atmospheric Entry Program (AEP). This simula-
tion spanned the entire EDL sequence (from the entry interface to
landing ). Additionally, the parachute descent and landing phases
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Fig. 8 Mars Pathfinder and Viking atmospheric entry comparison.

Lander separation/bridle deployment
Landing -94 sec

Radar ground acquisition (1.5 km, 60-75 m/s)
Landing -29 sec

_ Airbag inflation (300 m, 50-60 m/s)
Landing -10 sec

Rocket ignition (50-70 m, 50-60 m/s)
Landing -6 sec

\%j Bridle cut (0-30 m, 0-25 m/s)
—_ Landing -4 sec
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Fig. 7 Mars Pathfinder EDL sequence (reconstructed from flight data’).
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of the mission were analyzed with the Automated Dynamic Anal-
ysis of Mechanical Systems (ADAMS) multibody simulation pro-
gram in which both the translational and rotational equations of
motion were solved.!? At LaRC, the six-degree-of-freedom version
of POST® (6D POST) was used to analyze both the translational
and rotational equations of motion from the atmospheric interface
to parachute deployment. The three-degree-of-freedom version of
POST (3D POST) was then used to simulate the parachute descent
and landing phases of atmospheric flight.

When coupled with the JPL orbit determination software (inter-
planetary cruise), this suite of atmospheric simulation tools provided
a wide range of analysis capabilities. Whereas the 6D POST and
ADAMS simulations were believed to yield more accurate flight
predictions (as a result of the more complete dynamic modeling),
the three-degree-of-freedom AEP and POST simulations were used
to provide an independent check of the higher fidelity results as well
as rapid analysis capability. Good agreement in regard to the heat-
ing rate, parachute deployment time, and other trajectory events was
typical among this suite of Pathfinder-specifi c atmospheric analyses.

The simulations relied on a consistent set of physical models.'*
Atmospheric density and pressure profiles derived from Hubble
space telescope and Earth-based microwave measurements of the
Mars atmospheric temperature were employed. '* Prior to entry, this
model indicated that the atmosphere was likely to be significantly
cooler with a lower dust content than the atmosphere observed by
the Viking landers. Updates to this atmospheric model were per-
formed during interplanetary cruise as part of the entry operations
procedure. A six-degree-of-freedom aerodynamic model developed
from a combination of computational fluid dynamic calculations and
existing wind-tunnel and ballistic-range data was employed. '’ This
aerodynamic database was valid from entry (in the free-molecular
flow regime) to parachute deployment. After parachute deploy-
ment, aerodynamic drag predictions from Pioneer Aerospace (the
parachute manufacturer ) were used. In the ADAMS multibody sim-
ulation, additional aerodynamic relations were derived.

The JPL and LaRC simulations were developed in the spacecraft
design phase and utilized throughout the Pathfinder program in a
Monte Carlo fashion to statistically assess the impact of a range of
off-nominal conditions on the flight system.'!:!® Qutputs from these
Monte Carlo simulations were used in the design of the Pathfinder
heatshield and the EDL flight software and to define numerous sets
of hardware tests.'” In addition, these simulation results were im-
ported into JPL’s spacecraft testbed and used to evaluate the per-

Altitude,
km

12,000
(Cruise-stage
separation)

(Atm. interface)131

(Peak heating) 37
(Peak g's) 30

(Parachute deploy) 8

Deceleration
Earth g’s

formance of the EDL flight software for a range of off-nominal
atmospheric flight conditions.

In the operations mode, the 6D POST, 3D POST, and AEP simu-
lations were used by the navigation team to update the estimation of
the atmospheric flight conditions. Changes in Pathfinder’s estimated
atmospheric flight were expected as a result of improved estimates
of the atmospheric model and atmospheric interface state vector as
the spacecraft approached Mars. By modifying the EDL flight soft-
ware parameters, the operations team could inform the spacecraft
of its most likely atmospheric flight conditions. Without this update
capability, the likelihood of a successful EDL (particularly, a suc-
cessful parachute deployment ) would have been adversely affected.
As a result, these atmospheric flight simulations were employed at
numerous opportunities preceding Pathfinder’s EDL to update the
onboard set of flight software parameters and estimate the landing
site. This update process was one of the primary responsibilities of
the operations navigations team in the days prior to landing.

EDL Flight Software Parameters
Parachute Deployment Software Parameters

Pathfinder’s EDL software was responsible for autonomously
guiding the spacecraft from cruise-stage separation to a success-
ful landing. Much of this sequence was timed by processes running
in the flight computer, with events being triggered by pyrotechnic
firings. Both a primary and backup system were developed to initi-
ate deployment of the parachute. Without the luxury of an inertial
measurement unit or gyroscopes, the primary parachute deployment
algorithm relied solely on accelerometer readings and consultation
of a predetermined set of entry deceleration profiles, stored in curve-
fit form.'®1° This algorithm was initiated at cruise-stage separation
and was responsible for interpreting the deceleration pulse, schedul-
ing the appropriate time to initiate parachute deployment, and firing
the parachute mortar.

The primary algorithm relied on initiation of a timer when the
deceleration level reached 5 g. This initiation time is termed the
g1 point. At 12 s after this timer initiation, a second deceleration
measurement was taken (g,). Based on the g, deceleration value,
the onboard curve fit was consulted to determine the time remaining
until the parachute could be safely deployed (t,,). This onboard
process is shown in Fig. 9. As shown in Fig. 10, for the expected
range of entry flight-path angles (—14.2 £ 1.0 deg), a diverse set of
deceleration profiles were expected, resulting in a relatively large
range of parachute deployment times.

Flight Software:

» Waits for deceleration pulse
(accelerometers)

e Computes time-to-go
e Schedules parachute deployment
* Fires parachute mortar pyro

~

1
1
1
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1
1
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Fig. 9 Mars Pathfinder flight software parachute deployment process.
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Fig. 10 Deceleration profiles accommodated by parachute deploy-
ment algorithm.
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Fig. 11 Parachute deployment ¢y, curve fit loaded onboard spacecraft
prior to EDL parameter update 1.

The objective of this in-flight software process was to deploy the
parachute as close to a dynamic pressure of 600 N/m? as possible.
Design requirements for the parachute included a dynamic pressure
below 703 N/m? and a Mach number in the range of 1.7-2.3. The
600-N/m? parachute deployment target was determined iteratively
through Monte Carlo simulation, and maintained the 3-sigma high
dynamic pressure below the 703 N/m? design limit while providing
sufficient time for the remaining elements of the descent and landing
sequence to occur nominally. Prelaunch Monte Carlo simulations '®
predicted a 99.7% probability of successful parachute deployment
if the primary algorithm was successfully employed.

The entry deceleration curve fit used in this process was derived
from a set of 6D POST simulations specifically tuned to the latest
entry state prediction and atmospheric model. The POST simula-
tions were initiated with a dispersed set of entry states, terminating at
600 N/m?. These dispersed entry states were obtained by sampling
the orbit determination covariance at 0.1-deg entry flight-path angle
increments. The maximum dispersion was defined by the 3-sigma
uncertainty in the orbit determination solution. As an example, the
curve fit loaded during spacecraft cruise is shown in Fig. 11. This
linear curve fit was estimated from a least-squares fit to the 6D POST
data resulting in the following equation:

40.14242 — g,

fe = I
8 0.28033 W

This least-squares information was relayed to the spacecraft
through two (g2, t4) coordinates: at the minimum (g,,) and maxi-
mum (g5 ) expected values of 11 and 21, respectively. By using these
values in the Eq. (1), the minimum (t,,, ) and maximum (fy,, ) may be
computed as 68.284 and 103.956 s, respectively. In addition to defin-
ing the #4, curve fit, the g», and g,;, values were also used to determine
the validity of the accelerometer measurements during flight. As part
of the fault protection process, the primary algorithm was assumed
to be invalid if the g, measurement was outside of the range of values

specified by g», and g;,. Similarly, the computed 7,, was assumed
to be invalid if it was outside the range specified by 7,0, and #yy.

Because of the 8-Hz flight software sampling frequency of the ac-
celerometer measurements and potential data corruption, the g; and
g» measurements may not have occured precisely at 5 g and 12 s later.
Hence, fault-tolerant procedures were developed to estimate the true
time at the g, point and the associated g, value 12 s later. Windows,
1.5 g and 1.5 s in duration, were established for the primary system
to obtain valid data. If the system did not obtain a valid measure-
ment in either of these windows, the backup parachute deployment
algorithm would be enabled. Errors in the obtained measurements
were minimized and the performance of the primary algorithm was
enhanced by extrapolating from the true measurements to the de-
sired times along predetermined slopes (drdg at the g; point and
dgdr at the g, point).

If the flight software determined that accelerometer readings were
invalid, the backup parachute deployment system would be en-
abled. This system initiates deployment of the parachute at a fixed
time, stored as a flight software parameter.? Prelaunch Monte Carlo
simulations ' predicted a 90% probability of successful parachute
deployment if the secondary system was employed and updates to
this fixed-time strategy were performed as the spacecraft approached
Mars.

To minimize risk, parameter updates to the primary and secondary
parachute deployment systems were designed into the operations
navigation procedures. Software parameters that determined the
primary system’s curve fit, fault-protection logic, and deceleration
sampling strategy, as well as the fixed-time backup, could be up-
dated during flight (prior to entry). Update criteria and command
approval strategies were also established and simulated in several
operations readiness tests. Parameter updates were expected as the
spacecraft’s entry state and predicted atmosphere varied.

Predicted Landing Site Parameters

The estimated landing site latitude and longitude were also loaded
into the flight software as parameters that could be updated prior to
encountering the Mars atmosphere. This landing site position es-
timate was used by the lander during surface operations to orient
the high-gain antenna for Earth communications. The position accu-
racy required for successful high-gain antenna pointing was approx-
imately 1.0 deg (60 km). A parameter update to the landed estimate
would have been required during cruise had the best-estimated land-
ing site moved out of this 60 km tolerance.

Entry Operations
As shown in Fig. 12, the operations navigation function was most
critical in the 36 h preceding EDL. In this period, four opportuni-
ties to update the EDL software parameters and two opportunities
to perform a contingency trajectory correction maneuver (TCM-5)
existed. This final navigation function ended at approximately entry
—4 h.

EDL Update 1

Atapproximately 8:00 p.m. Pacific daylight time (PDT) on July 2,
1997 (entry —38 h), EDL update 1 was initiated. This ground analy-
sis process began by performing orbit determination with the latest

July 2 [ July 3 | July 4

6pm. 12am. 6am. 12pm. 6pm. 12am. 6am. 12pm.
EDL P Oy T
Parameter : r'S : : *: *
Update ! ypdate : i Update Update Update
Analysis #1 #2: #3 #4 :

: : ; H EDL

TCM5 e |R :
Analysis : : i TCM-5a| TCM-5b :

[ Orbit determination
O Atmospheric flight analysis
4 Command approval meeting

Fig. 12 Pathfinder flight operations navigation function timeline
(entry — 40 h).
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Fig. 13 Parachute deployment #,, curve fit loaded onboard spacecraft
as a result of EDL parameter update 1 flight operations process.

tracking data included in the analysis. From this solution, a best-
estimated trajectory was produced in which the entry flight-path
angle was —13.942 deg. At this point in time, the entry covari-
ance predicted a 3-sigma flight-path angle uncertainty of +0.8 deg.
With this covariance, a dispersed set of entry states were generated
and six-degree-of-freedom atmospheric trajectory simulations were
computed from the entry interface to the nominal parachute deploy-
ment point (600-N/m? dynamic pressure ). For each trajectory, the
&2 deceleration value and the 7, were computed, stored, and plotted.
As shown in Fig. 13, a least-squares curve was then fit to these data
for potential transmission to the spacecraft. At update 1, this linear
least-squares fit produced the following equation:

3451997 — g,

o = 7021802 @
The resulting values of ty, and t,,, are 107.880 and 62.012 s
corresponding to a g, of 11.0 g and a g,, of 21.0 g, respectively.
These data are plotted in Fig. 13, which also presents the parachute
deployment curve fit that was loaded onboard the spacecraft at the
time of this update opportunity. As shown in Fig. 13, for the best-
estimated flight-path angle at entry —38 h (a g, deceleration of
14.741), the onboard and current estimates of the nominal parachute
deployment time differ by only 0.11 s. In this case, such good agree-
ment occurs because the best-estimated trajectory falls in the region
where the two curve fits fortuitously cross. For another entry angle,
for example, —14.06 deg, where the g, deceleration value is 12.482,
the two curve fits disagree by approximately 2 s with the update 1
curve fit implying a later parachute deployment (z,, = 101.082).

The best-estimated trajectory was then examined in detail such
that the values of drdg at the g; and g, points could be estimated
(1.660 and 0.745, respectively ). Verification of the best-estimated
6D POST trajectory solution was performed through comparison
with an AEP solution. The nominal parachute deployment time ob-
tained from these two solutions differed by 1.95 s (approximately
30 N/m? in dynamic pressure ), which was within the specified tol-
erance. The backup parachute deployment time was then inferred
from the 6D POST best-estimated trajectory [16:54:34.612 univer-
sal time, coordinated (UTC), or 164.11 s from the atmospheric in-
terface].

To determine whether a parameter update was warranted, the
current set of software parameters was compared to the onboard set
as shown in Table 2. Preflight criteria had been established on the
three most critical EDL parameters. These general criteria stated
that an EDL parameter update would occur if either the primary
or backup parachute deployment time was predicted as being in
error by more than 3 s for the best-estimated trajectory or if the
predicted landing site was off by more than 1.0 deg (60 km from the
onboard value, for high-gain antenna pointing accuracy. As shown
in Table 2, atentry —38 h, without modification, the onboard backup
parachute deployment timer would have deployed almost 9 s early.
Such a large error was a result of the more shallow entry angle,

Table 2 EDL software parameter update 1

Values Currently Difference
estimated in loaded (update
Parameter update process values criterion)
Parachute deployment

Primary algorithm 164.12 164.01 0.11 (3.0)

parachute deployment

time, s
Fixed-time backup, UTC 16:54:34.612  16:54:25.691 8.92 (3.0)
g1 Target deceleration, 5.0 5.0

Earth g
g1-g Target interval, s 12.0 12.0
82 11.0 11.0
fgoa 107.880 103.956
P 21.0 21.0
toob 62.012 68.284
drdg at g; point 1.66 1.60
dgdr at g, point 0.745 0.84

High-gain antenna

Latitude 18.82 19.2438 0.69° (1.0°)
Longitude 326.32 326.9000  41.0 km (60 km)

Fig. 14 Post-TCM-3 landing site prediction.

an update to the atmospheric model, and bit cutoff errors made in
the onboard set of commands. As a result, a parameter update was
deemed necessary. After a command approval meeting, the Table 2
parameters were relayed to the Pathfinder spacecraft on July 2, 1997,
at approximately 11:00 p.m. PDT.

While the ground analyses for EDL update processes 24 were
all performed, the spacecraft remained close to its predicted path.
As an example, as these opportunities passed, the best-estimated
entry flight-path angle was —13.942, —13.902, —13.896, and
—13.914 deg at the four update opportunities. As a result, no further
EDL software modifications were relayed to the spacecraft. Hence,
the EDL parameters presented in Table 2, Fig. 13, and Eq. (2) were
the onboard set used during Pathfinder’s atmospheric flight.

Landing Site Prediction and TCM-5

As discussed earlier, four TCMs were designed into the nom-
inal Pathfinder flight profile. As a result of planetary protection
requirements, the first of these to actually place the spacecraft on an
intercept trajectory with Mars was TCM-3. After performing this
11.0-cm/s velocity change on May 6, 1997, orbit determination solu-
tions indicated that the Pathfinder was on a trajectory with a steeper
atmospheric entry flight-path angle than desired. At this point, the
predicted entry flight-path angle was —14.84 deg, whereas an entry
flight-path angle of —14.2 deg was desired. As shown in Fig. 14, this
resulted in a landing site prediction roughly equal in size, but off-
set to the northeast of the science requirement ellipse. Hence, prior
to TCM-4, approximately 60% of the predicted landing ellipse did
not meet the mission requirements. Note that the ellipse shown in
Fig. 14 represents a 3-sigma prediction; that is, a 99.7% probability
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Fig. 15 Post-TCM-4 landing site prediction.

existed that without further maneuvers the final landing site would
be within this predicted region.

The fourth trajectory correction maneuver was executed on
June 25, 1997. This 1.8-cm/s maneuver placed the spacecraft very
close to its nominal path (best-estimated entry flight-path angle of
—14.18 deg). Furthermore, after completion of this maneuver, the
predicted landing ellipse was completely contained within the sci-
ence requirement ellipse measuring approximately 180 x 70 km.
This landing site prediction is shown in Fig. 15.

As Pathfinder approached Mars, small changes in its predicted
landing site were expected as a result of increased state knowledge
(once the Mars gravity well was sensed) and Mars ephemeris er-
rors. In the event that the predicted landing site drifted from the
target ellipse, a contingency maneuver (TCM-5) would be decided
upon at either entry —11 or entry —7.5 h (see Fig. 12). Because this
maneuver would occur so close to entry, a customized maneuver de-
sign could not be performed (as was done for TCMs 1-4). Instead,
in each of the TCM-5 opportunities, the flight team had to decide
whether to activate a command sequence from a predefined set al-
ready loaded on the flight system. In this manner, through proper
sequence selection, the predicted landing site could be moved in
downtrack and crosstrack.

Figure 16 shows how the predicted landing site varied as the
spacecraft approached Mars. Figure 16 shows 3-sigma ellipses at
entry —24, entry —13, and entry —9 h. The last two ellipses rep-
resent the flight team’s knowledge at the time of the two TCM-5
decision windows. Each of the TCM-5 landed prediction ellipses
is approximately 100 x 15 km. Whereas the best-estimated trajec-
tory was predicted to be more shallow (an entry flight-path angle
of —13.9 deg) than just after TCM-4, the decision was made not
to perform a TCM-5. This decision was a result of 1) a majority
of the TCM-5 predicted landed ellipses lying within the science
requirement, 2) the science team not strongly objecting to a small
overshoot of the desired ellipse, 3) the navigation team’s confidence
that the predicted ellipses would significantly diminish in size (but
not move in center) as the entry approached, 4) the small northeast-
ern movement in the prediction ellipse from entry —13 to entry —9 h,
and 5) the small, but finite risk associated with doing a propulsive
maneuver so close to Mars arrival.

As the spacecraft continued on toward Mars, the navigation team
continued to refine its landing site predictions. Just prior to en-
try, the size of the predicted 3-sigma ellipse had diminished con-
siderably, as shown in Fig. 17. The best-estimated flight path an-
gle was —14.06 deg. As a result, the navigation ellipse (excluding

Fig. 16 Landing site prediction in the 24 h preceding atmospheric
entry.

Fig. 17 Landing site prediction at atmospheric entry.

atmospheric and aerodynamic effects) was centered on a landing
site of 19.22°N latitude, 33.4°W longitude. This ellipse was only
15 x 7 km in size and was no longer oriented with its semi-major
axis aligned to the flight direction. This axis orientation change is
indicative of a small degree of uncertainty in the entry flight-path
angle.

The second ellipse shown in Fig. 17 represents the results of
a Monte Carlo analysis performed with the pre-entry orbit deter-
mination solution, including dispersions in the atmospheric flight
path. This ellipse is approximately 40 x 15 km, with its semima-
jor axis better aligned along the flight direction. It is centered on
a landing site of 19.15°N latitude, 33.51°W longitude. Prior to en-
try —24 h, atmospheric dispersions had been justifiably neglected in
the navigation team’s landing site predictions. However, as shown in
Fig. 17, as knowledge of the entry state increased, the relative signif-
icance of the atmospheric flight dispersions also increased. These
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Fig. 18 Postentry science team determination of Pathfinder landed site.!

dispersions, caused by aerodynamic and atmospheric uncertainty,
more than doubled the size of the final landing ellipse prediction.

The landing site determined by the Pathfinder science team once
the spacecraft was safely on the Mars surface is also shown in Fig. 17
(designated by the x ). This estimate was determined using landmark
recognition to triangulate from observed surface features (craters,
knobs, and peaks) as shown in Fig. 18. The science team landed
estimate (19.33°N latitude, 33.55°W longitude) places the space-
craft just 27 km from the navigation target, the center of the science
requirement ellipse. A small discrepancy (approximately 5 km) be-
tween the final pre-entry landed predictions and postflight position
reckoning exists. A majority of this error is believed to result from
map-tie errors where the Mars surface features are not accurately
reflected in an analytical latitude/longitude map. Additionally, a
postflight reconstruction analysis of the accelerometer data’ has in-
dicated that the spacecraft may have bounced/rolled as much as 1
km before the airbag system stopped. This theory has been corrob-
orated by evidence produced by the Pathfinder imager, which has
located an object believed to be the Pathfinder backshell 1.2 km
southeast of the lander. Finding the backshell in this direction (an
azimuth angle of 143 deg) further reduces the difference between
the pre-entry and postflight landing site predictions.

Parachute Deployment Algorithm System Performance

Engineering reconstruction of the Pathfinder EDL system per-
formance? is a critical legacy of this technology demonstration mis-
sion with significant implications for future exploration, e.g., Mars
Polar Lander, Mars Surveyor 2001 Lander, etc. Atmospheric flight
data from two sets of accelerometers, the radar altimeter, and the
pressure and temperature sensors were measured and have been
returned from the spacecraft.

Analysis of the accelerometer measurements conclusively dem-
onstrates that the parachute was deployed based on the primary al-
gorithm. Postflight processing of the recorded accelerometer data
shows that the vehicle passed through 5 g at 58.29 s after encoun-
tering the atmosphere. From the flight data, a g, deceleration of
12.482 g is observed, yielding a f,, of 101.08 s and a parachute
deployment 171.38 s past the atmospheric interface. In contrast, the
fixed-time backup parameter would have deployed the parachute at
164.12 s (see discussion regarding Table 2).

Figures 19 and 20 present the vehicle deceleration as a func-
tion of time from the atmospheric interface, taken directly from
the accelerometer readings. These measurements are indicated in
Fig. 20 from which the 32-Hz sampling rate is evident. The down-
ward spike in the entry vehicle deceleration, seen between the ac-
celerometer samples at times 171.375 and 171.406, marks the firing
of the parachute mortar. This temporary but significant acceleration
(decrease in deceleration ) is a result of the downward force imparted
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Fig. 19 Pathfinder parachute deployment dynamics extracted from
flight data.
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Fig. 20 Time of parachute mortar firing extracted from flight data.

to the entry vehicle as the parachute mortar fired upward through the
backshell. Parachute inflation required roughly 1.25 s, with a max-
imum parachute snatch load of approximately 6.5 g. The parachute
deployment altitude was approximately 7.9 km above the Mars ref-
erence ellipsoid (9.5 km above the surface) at a dynamic pressure
of approximately 585 N/m? and a Mach number of 1.8. This is ex-
tremely close to the parachute deployment design target; hence, the
primary parachute deployment algorithm performed well.

It is also interesting to note that the original fixed-time backup
parachute deployment time, prior to parameter update process 1,
would have resulted in a deployed parachute 16.2 s early at a
dynamic pressure close to 850 N/m? (well above the design limit of
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703 N/m?). However, after modification during parameter update 1,
the backup fixed-time deployment would have occurred 7.3 s early at
a dynamic pressure of approximately 695 N/m?. This demonstrates
that the parameter update process performed by the operations nav-
igation team in the final days of interplanetary cruise increased the
probability of mission success.

Conclusion

On July 4, 1997, the Pathfinder spacecraft successfully landed on
the surface of Mars. After acomplex EDL process, the system landed
just 27 km from its target point. The atmospheric entry and approach
navigation activities required in support of this mission have been
discussed. In particular, the flight software parameter update and
landing site prediction processes performed by the Pathfinder oper-
ations navigation team were described.

The final set of flight software parameters was relayed to the
Pathfinder spacecraft following the first parameter update process on
July 2, 1997, at 11:00 p.m. PDT. This change set included modifica-
tion of parameters affecting both the primary and backup parachute
deployment algorithms. Although EDL parameter updates 2-4 were
all performed, no further updates were deemed necessary by the op-
erations team. Evaluation of the accelerometer flight data indicates
that the Pathfinder parachute deploy mortar was activated by the pri-
mary software algorithm at the appropriate conditions (585 N/m?
and a Mach number of 1.8). This performance validates the design
of the parachute deployment software algorithm. Furthermore, post-
flight analysis has demonstrated that without the software parameter
update and on the backup timer, the parachute deployment design
constraints would have been significantly exceeded (a dynamic pres-
sure close to 850 N/m?). Hence, the probability of mission success
was increased through the update process.

As the spacecraft approached Mars, the operations navigation
team continued to refine its landing site predictions. At the two
TCM-5 decision opportunities, the predicted landing ellipse was
approximately 100 x 15 km in size and largely within the science
requirement region. As a result, this contingency maneuver was
not performed. As the spacecraft continued its Mars approach, the
size and orientation of the predicted landed ellipse dramatically
changed. At the time of entry, the predicted 3-sigma landed ellipse
size was 15 x 7 km, neglecting aerodynamic and atmospheric un-
certainty.

Atentry, the 3-sigma flight-path angle uncertainty was £0.06 deg,
centered on a nominal value of —14.06 deg. With such a small uncer-
tainty on the entry state, the effect of aerodynamic and atmospheric
uncertainties on the flight path was shown to be significant. With
these uncertainties included, a six-degree-of-freedom Monte Carlo
analysis resulted in a 3-sigma landed ellipse estimate of 40 x 15 km.
The center of this estimate is within 0.5 km in downtrack position
of the postflight landing estimate produced by the Pathfinder sci-
ence team (with a crosstrack difference of approximately 5 km),
demonstrating the importance of atmospheric flight modeling to
precision-landing site prediction. The remaining crosstrack differ-
ence is postulated to be a result of map-tie errors in which the
Mars surface features are not accurately represented in the analytic
map.
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