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Future robotic and human missions to Mars requireimproved landed precision and
increased payloadmass Two architectures that seek to meet these requirements using
supersonic propulsive diverts are proposed in this paperone utilizing a high-altitude
propulsive divert and another with thrust vectoring during supersonic retropropulsion. Low
ballistic coefficient entry vehicles decelerate high in the thin Mars atmosphere and may be
used to deliver highermass payloads to the surfaceA high-altitude supersaic propulsive
divert maneuver is proposed as a means of precision landing fdow ballistic coefficient
entry vehicles that decelerate to supersonic speeds at altitudes of -B0 km. This divert
maneuver compares favorablyto state-of-the-art precision landing architectures with range
accuracy on the order of 100 mwhile saving over 30% in propellant mass Architectures
which utilize hypersonic vehicles with ballistic coefficients of 10 kg/fncan possibly land
within 500m of a targetwith this maneuver alone. Supersonic retropropulsion has also been
proposed as a means to deliver highemass payloads to the surface, anthrust vectoring
during supersonic retropropulsion can save a substantial amount of fuel in a precision
landing scenaria Propellant masssavingsgreater than 30% are possibleif thrust vectoring
is unconstrained during the supersonic phase of flight

Nomenclature
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A = Axial force

V] = Angle-of-attack

b = Ballistic coefficient kg/nf

C = Aerodynamiccoefficient

Cl = Confidence Interval

PV = Change in velocity, m/s

D = Diameterm

DoF = Degreeof-freedom

Y = Flight-path angle, defined as positive above the horizon
ho = Initial altitude, km

L/D = Lift-to-dragratio

My = Initial mass kg

Morop = Propellant mss kg

N = Normal Force

d = Off-velocity thrust angle®

T/W = Thrust to Weightreferenced to Mars
\% = Velocity, m/s
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I. Introduction

UTURE Mars missions will requiranprovedlanded accuracy to safeiccessareas of scientific interesind

strategicallyplace infastructure forhuman missionsAlso, t increase scientific return and potentially land

humans on Mardarger landed masses are requirédrge masses are difficult to land on Mars due to the thin
atmosphere which limitaerodynamialeceleration during entry, desceatd landing (EDL)Improved accuracy
and landed maskave receivedsignificant attention in thegst 10 years? Inflatable aerodynamic decelerators
(IADs) can allow for greater landed mass and supersonic retropropulsion (i&&#8en shown to ban enalling
technology for human missiofi<Current efforts @ increase landed accuracy émeused orhypersonic entry and
propulsiveterminal descentGuided hypersonic entry, which was successfully demonstedtédars for the first
time on the Mars Sciencéaboratory (MSL) mission in 2012 improved landing accuracy substantiaily
comparison to previous missiorfauture landing architecturdarther proposelanding accuracy improvements by
employingfuel-optimal algorithm$ for propulsive descerftom theend of parachute flight to &rgeted landing
site’ The stateof-the-art EDL architecture at Mars, with these elements, is shoWigimre1.

To increase thelanded payload

Q mass, it is paramount to ensure that the

\Q massof propellant used is minimized

Fueloptimal algorithms used during
propulsive landing attempt to do this,
but since these maneuvers are initiated
at low altitudes large diverts with
shallow glideslopesrequire relatively
large propellant mass fractiofis.
Beginning propulsivediverts earlier in
)Pr‘)p”lb““d“““ toground  the trajectory may reduce propellant

1) Hypersonic Entry

2) Aerodynamic
Decelerator Deploy

usage and provide more altitude and
timelineduring landing
Ground at 0 km \ Low balistic coefficient ve;hicles
such as thosthat usehypersoniclADs
Figure 1. Traditional Entry, Descent, and Landing Architecture at Mars. (HIADs), have been shown to

decelerate much higher in the atmosphere at Marsveen20 and60 km® This allows formore time of flight
between the end of hypersonic flight and the point of parachute deplogt@i0 km For the first part othis

study, it is postulatedhat performing propulsive maneuvers during thisgh-altitude portion of flight to target a
landing sitewill lead to an overall reduced propellant usagel a precision landing capabilitiy thrusting

orthogonal tahevelocity vector all energy would & put into a divert to a target during the maneuver.

The second phase of the studyploresthe use of thrust vectoring during supersopiopulsive descent
(supersonic retropropulsiomd accomplisha divert Current SRP studies have evaluated thrusting directly opposite
the velocity? but it is postulated thahrust vectoring can allow faefficient fuel use in a precision landing scenario
The higher velocities and altitude of such a maneuver might allow for greateisdivetecreasl propellant costs
relative to a divert that begins during subsonic fligrable 1 summarizes guidance techniques that can be used to
decrease landing errat Mars where theshadedtems are those investigated hefée proposed maneuvers fill a
gap forcrossrange contrand active downrange contrduring the descentphase of flight Precision landing is
defined by the mission requirements, as a human missigrrequire metetevel accuracy, while a science mission
may require a 1 km accuracy, so the term will be usesdly as landing with some degree of targeting accuracy.

Table 1. Summary of in-flight precision landing techniques for Mars exploration missions

DecelerationDevice Crossrange control | Downrange control

Entry Aeroshell(Rigid/Inflatable) Bankto-Steer

Descent | Aerodynamic Decelerator (Rigi Bankto-Steer
/ Inflatable / Parachute) None | Range Trigger

Propulsive Divert Maneuver?

Supersonic Retropropulsion Thrust Vector?

Landing Propulsive Thrust Vector
SubsonidParachute Guided Parachute
Impact Attenuation None
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II.  Simulation Methods and Assumptions

A. Numerical Simulation

To perform highfidelity simulatiors for the conceptual studies described in this papethitectures were
catalyzed througla three degeeof-freedomsimulation. This simulaton models the planet as a rotatinplate
spheroid, and includes higherder effectsuch aghe J2 perturbationThe equations of motion ametegratedwith a
constant timestepﬂrth order RungeKutta integration shemein a planetcenteredinertial frame It is written in
MATLAB, but autocoded to C timprove execution speeiersions of this simulation have been validated and
used in previous design studigs.

A simulated flight computer allows for the operationmafvigation, guidance, and control at different rald®
simulation ends when the vehicle lands at the target altitoidi@]ly set at 0 kmThe simulation is run at a rate of
50 Hz, with guidance calls at 10 H2erfect navigation (full state knowledge assumed for this simulation.

B. Planetary Models

Atmosphereswere generated using MalGRAM 2010 and correspond to an Augu8t 2012 landing date
(MSL6 s | a n Jusinggdefaulh Maas$SRAM settings A dust tau of 0.3 was used for these atmosphekes
nominal atmosphere without winds is used for the nominal perfoenand sensitiwt analysis For the Monte
Carloanalysesa set of 1000 dispersed atmospheres with wiviele generatedThis landing date corresponds to a
time when the Mars atmosphere {gtze lower half ofits pressure cycle, thereby representing a conservative set of
atmospherefn comparison to other times of the Martian ydather parameters used tharacterizéMars in the
simulationare found inTable2.

Table 2. Properties of Mars.

Property Value

Equatorial Radius 3396.2 km

Polar Radius 3376.2 km
Gravitational 4283 10°m’/ &
J2 Perturbation 1.9605 10°
Ratio of Specific Heats 1.294
Sutton-Graves Coefficient 1.898 10*kg™®/m

C. Vehicle Models

Aerodynamic models are used for the aeroshell and the paraghM&L-class 3300 kg vehicle is modeled,
with a 4.5m diameter70° sphereconeforebodywith a nose radius of 1.125 m. Only @nd G, are modeled, with
bankangle tracked to poirihe lift vectorin the correct directioror an MSL lifting entry atl,; = -16° and ballistic
U = 0° an existing aerodynamic database was .ubatisk-gap-band parachute witB, = 19.7 m was used in the
simulationsusing a historicaherodynamic database.

Enginesare modeled af®rce vectors that can point in any direction, restricted by mimmand maximum thrust
magnitudesRestrictions on théhrust pointing are specific to the configurations conceptualized bélgdrazine
thrusters (Isp= 225 s) were used for the higiititude divert maneuver study and methdé@x engineglsp = 350 s)
were used for the SRP study.

D. Entry State

An MSL-like enty staté was used unless otherwise staf€dis allowed forparity to compare resuland also
make sure realistic dispersions were ugdwk target was always at an altitude of 0 &nd thelatitudelongitude of
the target depended on theenario

Table 3. Entry state for simulations.

Entry State Value
Inertial Flight-Pat h Angl -15%5
Inertial Entry Velocity 6.1 km/s
Azimuth 90°
Entry Interface (El) Altitude 135 km
El Latitude 0°

El Longitude 0°
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E. Monte Carlo Dispersions
The dispersions used in the Monte Carlo Simulation are foumdbie4, along with their referenceEntry state
delivery errors are correlated from a MSL delivery covariance nratrix.

Table 4. Monte Carlo Dispersions

Parameter Di spersi on, N Reference
Inertial FlightPat h An 0.0% GaussianRef.9
Inertial Entry Velocity 2.0 m/s GaussianRef.9
Azimuth 0.005 GaussianRef.9
Entry State Entry Interface (El) Altitude 2.5 km GaussianRef.9
El Latitude 0.7° GaussianRef.9
El Longitude 0.1° GaussianRef.9
Vehicle mass 3.0 kg GaussianRef.9
Hypersonic G 3% Uniform, Ref. 13
Hypersonic G 10% Uniform, Ref. 13
Vehicle Supersonic & 5% Uniform, Ref.13
Supersonic ¢ 8% Uniform, Ref. 13
Parachute Aerodynamics From literature Ref.12
Planetary Atmosphere Generated in MarSRAM Described above

[ll. High-Altitude Divert Architecture

A. Conceptual Description

The high-altitude divert maneuver can be thought of as a modificabgmowered desceniypical powered
descent methods usesingle thrust vectdio provide both decetation and divert capabilitieT.he ideabehindthe
high-altitude divert maneuver is to still usminalpowered descent for deceleration and soft lagydiit decouple
the divertfunction and perform it earlier in the trajectorlt is postulated that this decouplingccomplished by
applying thrust normal to the velocity vectogn substantially redudael usage Thisthrust implementatioallows
for possibleuse of a liftingaerodynamic effecto(in lieu of the thruster)and minimizes the total effect of the
maneuver on the velocity to prevemcessive acceleratiauring maneuvers.

B. Architecture Detall

The architecture that will be analyzatlizes a hypersonic mtry with a rigid heatshield ddlAD, a propulsive
divert maneuver atiph-altitudes,parachutdlight for further deceleratignand aconstant thruspropulsivegravity
turn for a soft landing The Marsrelative thrustto-weight isconstrained to be less th@rb in each directior(in-
plane and oubf-plane)for the divert maneuver, andW = [2-5] (relative to Mars¥or the gravity turn A jettison
Mach number for a given mission typesisectedo ensure th@ominaltrajectory pases through the center of the
parachute deployment boRarachute deployment @10 kmallows for arelatively widerangeof deploy condibns
for a diskgapband (DGB) parachuten Mars while still preserving altitud® A propulsive gravity turn to the
ground allows for théargetingperformance of higlaltitude divert maneuver to be examined witmimal external
guidance influencedt also completes the decoupling of the propulsive maneuvers, where thrust for the gravity turn
is only applied to decelerate the vehidigure2 shaws this architecture in detail.
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1) Hypersonic Entry
3) High-altitude divert maneuver with

\ thrusts normal to velocity vector: 50
km to 15 km (vehicle is supersonic)
2) Jettison low \
ballistic coefficient
system 4) Aerodynamic

Decelerator Deploy

\

Trajectory \
without 5) Propulsive

MEneUver: = gravity turn

to ground

Ground at 0 km
Figure 2. Architecture with high-altitude divert maneuver.

C. High-Altitude Divert Guidance

The guidance algorithm forthe highaltitude divert maneuverconsists ofa closedoop predictiorbased
algorithm The algorithm propagatesimplified equations of motion fothe current trajectoryo identify the
v e hi c | -effors landirgy docationThe targetis projected on the current plane of motion and comparéhketo
zeroeffort landing locatiorto obtainthe downrange miss distancehe magnitude of this projeoti off-the-plane
allows for the calculation of the crossrange miss distance.

With knowledge of the miss distancéBrust can be commanded to reach the tamyetdiscussed earliethe
thrustis applied normal to theelocity vector For downrange control, if vehicle is detemad to be missing the
target,thrust is commanded to force the vehicle to follow a trajectory toward a tardet current plane of motion
For crossrange controthrust is commandedut-of-plane in the direction of the targefThe closed loop
implementation turns off the engine as soon as pfeglictor determinesthe zereeffort landing locationhas
converged oithe targetThis is described in further detail Kigure3.

' | Side View of Plane of Motion - Downrange | ‘ Top View of Plane of Motion - Crossrange ‘

Downrange Miss

Distance
——>  Plane-of-motion

Predicted 4
| Landing Location Crossrange Miss
} e Distance
Target - Target Predicted
Downrange Miss Landing
Distance Location

Figure 3. Description of high-altitude divert maneuver guidance strategyIn-plane thrusts are shown controlling
downrange in theleft image, and outof-plane thrusts are shown controlling cross range in the right image.

D. Architecture Performance

1. BaselineVehicle andMission

To understand results of the maneuver, a modified Mars Science LabqM&iry** vehicle was simulatedn
order to accommodate this maneuver, pairs of Mars Landing Engines (MLEs) were spaced 90° apart on the plane
normal to the velocity vectorThis corresponds to a Marslative T/W = 0.5 in each channdtor the divert
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maneuver, te 3300 kg vehiclés assumedda be traveling at 0° anglef-attackwith the MLEsactng through the
center of gravityThis configuration can be seenkigure4.

Downrange' Control

Crossrange

Crossrange
Control

Control

Vq, ar = 0°

Back View

Downrange :Control

! Plane-of-motion

Figure 4. Configuration of vehicle with the highaltitude divert thrusters.

Vehicles withhypersonidballistic coefficients ofl kg/nf, 5 kg/nf, 10 kg/nf, 20 kg/nf, 50 kg/nf, which enter
ballistically, were simulated as part of this study, wheuallistic coefficient is defined as &y / (CpA). The
hypersonic trajectories are based on the work of Megienial® The ballistic coefficientsare varied with the
additionof a HIAD to the systefnwhose mass is estimated using relationships the literaturé® Thetotal entry
mass is themass of the HIADplus 3300 kg.Table 5 lists the vehicle propertiedor the different vehicles
Trajectories arshownin Figure5, where the hypersonic entry, highitude divert maneuver, flight on parachute,
and propulsive gravity turn, a@l modeled The only mass changes modeled are HIAD jettison and propellant
usage from propulsive manaring At the point of HIAD jettison, the drag area is reduced to that of the MSL blunt
body and the mass of the HIAD ssibtracted Also, if more precise navigation data is desirederaainrelative
navigation (TRN) or radasensoicanbe exposed during jettison event.

100 1 kg/m’ - -
5 kg/m”
N 2 ]
Table 5. Low-b vehicle 80 10 kg/m
Masses are15 estimated from known 20 kg/m2
relationships. ) 2
= - k 4
b HIAD  HIAD < 6 S0 kg/m
(kg/m? Diameter Mass g
1 56m | 500 kg s a0p
5 24m | 174 kg
10 17m 83 kg
20 11.9m | 43kg 201
50 75m | 27kg
0 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000

Planet-relative Velocity (m/s)
Figure5.Low-b vehicle trajector

For all the trajectories, the jettison of the HIAD occurs at relativelyvelocities The jettison event appears as
the discontinuity at 42 km, 33 km, 27 km, 22 km, and 16 kmtherl kg/nf, 5 kg/nf, 10 kg/nf, 50 kg/nf
trajectories inFigure5, respectivelyAfter that, a3 3 0 0 k1¢8kg/rif vehicle at 0 angleof-attack is released,
and the divert maneuver is allowed to bedior the 1kg/n? case, the atmosphere is not dense enough at the high
altitudes, so the vehiclaitially acceleratg unlike the other trajectories, which continue decelerating after jettison



The jettison is commanded on a velocitigger, and the velocitieare chosen so that thgostjettison trajectory

would fall through thecenter of theDisk-GapBand parachute deployment hoX range trigger may allow for
further downrange control, but this would compete with thigdance of thismaneuver and watherefore not

implemented Mach, velocity, dynamic pressure at jettisand maximum dynamic pressufer the nominal

trajectories are found ifable 6. Jettison occurs after the dynamic pressure pulse, and smeentt pressure at
jettison is far lever than maximum dynamic pressure for &émgire trajectoryit is likely thateffects of aerodynamic
and atmospheric uncertanties will be minimized.

Table 6. Nominal trajectory parameters at jettison, including maximum dynamic presure.

b Jettison Velocity Mach Number at Dynamic Pressure at Maximum Dynamic
(kg/m?) (m/s) Jettison Jettison (Pa) Pressure (Pa)

1 450 2.406 12.98 180.8

5 675 3.491 122.4 754.5

10 675 3.381 229.2 1553

20 750 3.622 501.2 2979

50 750 3.417 1115 6780
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Aerodynami¢ wind, and atmospheric uncertainties are directly dealt with using thrust during thaltiigie
divert maneuver, but after parachute deploy, these uncertainties act more strongly on the vehicle and there is no
active guidance to prevenditinfluence It is anticipated that the greatest range error will be accumulated after
parachute deployment.

2. Statistical Performance

Statistical performance of this maneuver is analyzed using a Monte Slattation Onethousandrajectories
of i fikg/m?, 5 kg/nf, 10 kg/nf, 20 kg/nf, 50 kg/nf} eachwith a gravity turn onlyunguided, stateof-the-art
propulsivelanding initiated at Mach 0.8, and théh-altitude divert maneuvewere run The mean latitude and
longitude of the gravity turn casegere set as the target for thstateof-the-art propulsivelanding cases, while a
target about 5 km further downrange was set for the-aitifude divert maneuvein order to capitalize on the Hft
modulation likecharacteristics of the higaltitude diver maeuver The results of these 15 sets of runssu@vnin
the following figures In the cumulative probaliy densityfunction for PMF (Figure 6), the highaltitude divert
maneuver is 600% more expensivian PMF than the gravity turrby itself, while the stateof-the-art propulsive
landing is upwards of 200% more expensiVée stateof-the-art propulsivelanding PMFs are not consistent
through the cumulative distribution, sinttee result is highlysensitive to initial conditions, but tH#9% CI PMF
(between 0.27 and 0.32) is consistently higher than the other architectures

1 — HD - 1 l;g/m2

— D -5 kgf'm2
m— HD - 10 kgfm2
s— D) - 20 kg/m’
HD - 50 kg«‘m2
smmmmEE P | kg:"l’l’lz
AEEEEEN PD - 5 kgrn2
EEEEEEE PD - 10 kg‘fmZ
EEEmEEE Py 20 kg/'nl?
EEEEEE PD-SOkg«'mZ

0.8

0.6

0.4

Cumulative Probability out of 1000 Runs

0.2 smmsmms GT - 1 kg/m?
memmmes GT -5 kg/m’
y ‘ _ mmeemes GT - 10 keg/m’
0 A S . e
0.05 0.1 0.15 0.2 0.25 0.3 0.35 GT - 20 kg/m
"""" GT - 50 kg/m”

Propellant Mass Fraction

Figure 6. Cumulative Probability Function of PMF for all 15 architectures. HD is the high-altitude divert, PD is the state
of-the-art propulsive descent, and GT ishe gravity turn alone.
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The 99% confidence | evel r e s uTablest. Theaesulteashdded tgreyaefeC D F 6 s
to mission types that were ablelémd within500 m The column PMF Reduction quantifies the percent difference
between the highltitude divert PMF andstae-of-the-art propulsivelanding PMF.Across all cases the high
altitude divert maneuver usatleast37% less propellant compared to #tateof-the-art propulsivdanding case.

Table 7. 99% confidence statistics for Monte Carlcstudy.

b Unguided (Gravity turn High-Altitude Divert State-of-the-art propulsive PMF
(kg/m?) only): 99% CI Maneuver: 99% CI Landing: 99% CI Reduction
PMF | Miss Distancdm) | PMF | Miss Distancdm) | PMF | Miss Distancdm)
1 0.104 17000 0.173 201 0.278 0.7 -37.7%
5 0.106 14400 0.177 356 0.288 0.8 -38.5%
10 0.106 12000 0.164 494 0.328 39 -50%
20 0.111 13300 0.148 6200 0.310 57 -52.2%
50 0.111 15600 0.123 9800 0.301 11 -59.1%

Although the higha | t i t ude di vert maneuver 6s statdbFthepriepropulsivena nc e
| andingsd PMF, the uncont r ol Ithewthiclet® qissobysevera Buhdreg meateassc h ut e
for the most precise cas@sigure?). This is compared tstateof-the-art propulsiveanding, which is able to land
within a few meters of the targdf a 500 m miss distance is deemed to be acceptabla farssion it can be said
that high-altitude divertarchitecturesof this typewi t h 1® kg/nf should be able tachievethis landing
requirementpossiblywithout the need for entry guidancEargeting peiormancedegradesv h e n 2@ kg/nf, as
altitude and timeline to perform the divert maneuver decrease at the higher ballistic coefficients

1 1

) 08|
g 08 § 1 kg;"m2
[~ 2
; 0.6 S 06 5 kg/m
S S 10 kg/m?
304 204 20 kg/m”
a o 2
O 50k
Z 02 02 g/m
0 0

[=1

0 200 400 600 800 1000 2 4 6 8 10
Miss Distance (m) Miss Distance (m)
Figure 7. CDF's of miss distance for the higkaltitude divert (left) and the state-of-the-art propulsive landing (right).

The altitude verse crossrange fack of the 1000 trajectoriéso r t h e ?issionar® shivenfirffigures.
for the highaltitude divert andrigure9 for the stateof-the-art propulsive landing architecturfgor the highaltitude
divert, downrange error is cleartiecreaseduring thehigh-altitude maneuver, while thetateof-the-art propulsive
landing waits until the last few km of altitude to begin a large diegten over 10 ki It was postulated thabere
were PMF advantages to starting a divert at higher altitudes compared to a shallow glidegiepfthe-art
propulsivelanding and this is confirmed by the resuittisTable?.

301 ' |
=
=
- 201 1
E
£ ——— High-Altitude Divert Maneuver
< 10f Parachute

Propulsive Gravity Turn
0 1 1 1 1 Il

=70 -60 -50 -40 =30 =20 -10 0
Downrange (km)
Figure 8. Altitude verse downrange for the highaltitude divert architecture.
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Figure 9. Altitude verse downrange for the stateof-the-art propulsive landing architecture.

A plot of the 1000 crossrangensedownrange trajectories for the higltitude divert maneuver b = %
mission)can be foundn Figure10. The heading change for all trajectories happens quickly, soon after the initiation

of the divert maneuveand far uprange (over 40 km) away from the targgewise, the maneuver is able to control

kg/ m

crossrange on the order of metdrhis is in comparison to the crossrange verse downrange trajectories for the state

of-the-art propulsive landing architecture, shownFigure 11, where powered descent flight is shown (the only

precision guided part of flight)heinitial crossrangerror is increased in comparison to the hkadfitude diverf as

the propulsive landig divert starts at a lower altitude allowiagrodynamic and wind uncertaintiesshave more

opportunity to act on the vehiclelowever, the statef-the-art propulsive landing is capable in reducing the range
error, including the downrange error séefrigure9, down t00.8 m at 99% CI Table7).

0.6
041
021
ol
021
041

Crossrange (km)

High-Altitude Maneuver
Parachute
Gravity Turn

-80 -60 -40 -20
Downrange (km)

Figure 10. Crossrange ersedownrange for the highaltitude divert maneuver.

—
T

Crossrange (km)
— =

5 10 15

Downrange (km)
Figure 11. Crossrange verselownrange for the stateof-the-art propulsive landing (only powered descent flight is shown

To get a better idea of theeslanded performance of the architecturde touchdownlocations for thel000

samples from th&onte Carlo simulations f t h e
altitude divert maneuvérs

since

hmission&re repgrtedn Figure12. Note that the high

| anded futlesdowniange than #watof-the-art propulsivdanding target
i waé shosénata g durthelownrange Compared to the unguided ellipglge crossrangeerror is
reduced to near zerahen using thestateof-the-art propulsivelanding and the higkaltitude divert maneuver

(indicated by almost no variation in crossrangéje highaltitude divert maneuver is also capable of reducing the

downrange error by factor of 10 comparedo the unguided landing ellipse, while the stat¢he-art propulsive



Downloaded by GEORGIA INST OF TECHNOLOGY on January 18, 2014 | http://arc.aiaa.org | DOI: 10.2514/6.2014-0386

|l anding reduces downrange to near zero. Thrmissiensara a |
documented by the green CDF curvefigure?.

4 T 1

Unguided
®  Optimal Propulsive Landing
High-Altitude Divert Maneuver
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T
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Crossrange (km)
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Downrange (km)

Figure 12 Touchdownl ocat i ons f o’architdctarespwith-a lafiding elipsedrawn for the unguided cases.
The touchdown locations at 0 km altitude of the 1000 sample Monte Carlo simulation are shown for each architecture.

IV. Supersonic RetropropulsionDivert Architecture

A. Conceptual Description

Past entry architectures that have conceptualized using supesstooprapulsion use it purely as a decelerator
in the supersonic regimén this manner, thruss applied directly against the velocity With precision landing
becoming an increasingly more important requirement, it is postulated that performing dimettvars during this
phase may be beneficiaCurrent statef-the-art propulsive descent guidance usgtimal control techniques to
divert to a landing siteTo date propulsive guidance has only been investigated irutis®sic flight regiméand
current entry architectures have used supersonic retropropulsion only for decel@watexpanding the start of
propulsive descent guidance into the supersonic regime, both deceleratiotasgeteddivert can be achievelly
supersonic retroproplusiobsing theresultsfrom the previously described architecture, it is postulated thattdiv
at higher velocities and altitudes will more efficiently usel fto achieve landing goalsThese dived are
accomplishedvith thrust vectoring during the supersonic phase of flight.

B. Architecture Detall

The vectoredthrust supersonic retropropulsicarchitectire is described in detail iRigure 13. The angled is
defined as the offelocity thrust angle, whichan be constrainegklative to the velocity vector that the thrust can
vector, while the vehicle is supersonithis is a practical constraint, similar to angfeattack, thatis set by
aerodynamic limitations (the vehicle is stable at certain apfgéttacks, for examp)eand navigation sensor
viewing constraintsExisting SRP studies assumepulsive gravity turn lawsguring the SRP burrwhered = 0°
throughout the entire trajectofy’ For this architectureas soon ashe vehicle passes into the subsonic regime,
thrust vectoring is unconstrained until touchdoVfimcreased navigation accuracy is desired, the transition between
hypersonic entry and SRP intiian may allow for the exposing of a TRd radarsensor while the engines are
being exposed.
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1) Hypersonic Entry

3) SRP Thrust
Vectoring to
Target

2) Supersonic
Retropropulsion
Initiation

4) Soft Landing

Trajectory
when 0 =0°

Ground at 0 km

Landing Target
Figure 13. Architecture with thrust vectoring during SRP.

C. Supersonic Retrgropulsion Guidance and ImplementationStrategy

The optimal propulsive guidance lawfrom the previous architecturstudy is used® This is an analytic,
acceleratioroptimal guidance law, that uses a Lagrangultiplier approach to determine acceleration commands
At every guidance call, run at 10 Hthe algorithmdetermines an acceleration vect®he optimal propulsive
trajectory is verifiedwithin the algorithmto make sure that the trajectoiy feasible(trajectory does not pass
through the ground)If it is in violation, a weighting on timéo-go is increasedjntil the algorithm finds a trajeaty
that meets the constrainfBhe acceleratioms constrained to the maximum and minimum thrust capalufitthe
system If the vehicle is supersonithe offvelocity thrust angle is checked to make sure it sasisfiprescribed
angle constraintf exceeded, the thrust eor is rotated on the velocityrust vector plane to the anglenstraint

1. Glideslopeconstraint

A common feature of optimaropulsive descerttajectories is fastoving, but low altituddlight. This often
causes &100 m/s glide a few hundred meters off the ground, often ending in avélgtity impact during the
simulation In orderto mitigate these events, a 20° glidesl@pestraintis applied when the vehicle fartherthan
750 m away from the landing site

This glideslopeconstraint is not handled by tleptimal landing lawso a different propulsive landing lawas
usedin this situation At the point where the vehicle violates the glideslope, a trajeb@sgd on a polynomial law
is created towards the targe&ince the vehicle cannadhstaneously transition intthis trajectory a feedback
linearization control law is used tllow the vehicle tsafelytransition and follow th@ewtrajectory.Although not
fuel-optimal, it isable tocreat flight-realistictrajectories

2. Range TriggefSRP Initiation MaciNumbe)

Theguidancelaw isunable to determine a Mach numberitgiate SRP This is important, since it may beore
efficientto initiate earlier or later, depending on how far downrangedityet is relative to theehicle To account
for this, theinitiation Mach number is kepdisa free variable in the simulatioA function for the propellant mass
fraction is created, wher®MF = f(SRP initiationMach numbex. A goldensection searchmethodis used to
determine what initiation Mach number produces the minimum .PME initiation of SRP at thisvlach number
tends o actas arange trigger?

D. Simulation Assumptions

Although the same simulation environment is used as the previous stidltioreal assumptionsare made
regarding thrust limitations and aerodynambdsnimum thrust is constrained th0% of makmum thrust reflecting
deep throttling capabilitiesAlso, the thrust vector is allowed to change direction instantanecotisyassumption
was found to be validecausghe tested trajectories usually had continuous thrust movement, except when the thrust
angle costraint ischanged during flightwhen the vehicle is supersonic, the-edocity thrust angle is limited to a
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prescribed angle (effectively angbé-attack), but as soon as the vehicle is snlis this angle is unconstrained
Aerodynamic forces alignoredwhile the vehicle is thrusting

E. Vehicle Description
In an effort to understand results of the maneuver, a modified Mars Science Lalidrahigleis simulated
This vehicle isshownin Figure14. A modified Apollo Final Phasguidance algorithm is used for hypersonic entry,
and produces a constant altitude segment between 10 and 20 km, much like was seen in the MSMetisaita
i LOx enginesareused for parity with previous studiésThe engines are assumed to be fixed®atat, with thrust
vectoring achievethroughthe use of diffegntial throttling.
Table 8. Vehicle parameters for the SRP thrust vectoring study.

Variable Vehicle Parameter Value
Mass 3300 kg
Aerodynamics Aeroshell 70° spherecone, 4.5 m diamete
L/D 0.24
Engine T/W (Marsrelative, at start 5(~17 MLEsat & can)
Propellant [sp (s) Methanei LOX (350 s)

Figure 14. Configuration conceptualized for use in the SRP study.

F. Architecture Performance

Onethousandruns were performed with appropriate dispersiassfound inTable 4, for differing supersonic
thrust angle constrainté single landing target was chosen, based on the center of a landing ellipse g tised
trajectories The supersonic thrust angle constraint was variédrdpresenting a traditional architecture where
thrust directly opposes velocity, 4,@0°, andunconstrained.

1. Propellant Mass Fractiomnd Miss Distance

Propellant mass fraction and miss distance are reported in cumulative distribution fuimctomnsre 15, with
99% ClI PMF figuresin Table9. Across the board, PMF is decreased as the thrust angle constraiakésl, with
up toa 32% reductionfor the unconstrained casds the vehicle thrust angle constraintrédaxed, the vehiclés
allowedto follow more optimal trajectories, artlusthe divert can be handled with less fualthough a 10%
reduction might be modest for the °1€ase, it could amount to few hundred kilograms on large vehi€las
supports te PMF reductions found in the sensitivity studigkewise, miss distancat the 99% Cls keptbetween
50-:90 m

Table 9. 99% confidence for PMF from the Monte Carlo runs.

0° (Traditional) 10° 20° Unconstrained

99% PMF 0.233 0.214 (10%reduction  0.199 (16.4%eduction)  0.161 (32.3%eduction
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