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Landingsiteselet i on i s a compromi se

bet ween

safety

terrain and scientific interest. Therefore, technologies enabling pinpoint landing (suft00 m
accuracies) on the surface of Mars are of interest to increase the number of accessiliiess
for in-situ research as well as allow placement of vehicles nearby prepositioned assets. A
survey of various guidance, navigation, and control technologies that could allow pinpoint
landing to occur at Mars has shown that negligible propellant mass #iction benefits are seen
reducing the three-sigma position dispersion at parachute deployment below
approximately 3 km. Four different propulsive terminal descent guidance algorithms were
analyzed with varying applicability to flight. Of these four, a near propellant optimal,
analytic guidance law showed promise for the conceptual design of pinpoint landing vehicles.
In addition, subsonic guided parachutes are shown to provide marginal performance
benefits due to the timeline associated with Martian enies, and a low computationalcost,
yet near fuel optimal propulsive terminal descent algorithm is identified. This investigation
also demonstrates that navigation is a limiting technology for Mars pinpoint landing, with

for

landed performance being largely #ected by sensor accuracy.

Nomenclature

Acceleration along thi" direction
Scalar defining convex state constraints

Acceleration vector= (a1 a, ag)T
Scalar weighting parameter

j™ constant coefficiet used in the modified Apollo lunar module guidance algorithm

Terminal time increment

Set of firstorder differential equations of motion
Local acceleration due to gravity

Acceleration vector due to gravity

Index

Partitionused in the optimatontrol solution
Partitionused in the optimatontrol solution
Partition used in the optimadontrol solution

Partitionused in the optimatontrol solution

Performance index

Scalar objective function describing path parameters
Influence function vector

Position along thé" direction

Position vector= (rl r, r3)T

Matrix of influence functios
Matrix defning convex state constraints

conece
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t = Time

tgo = Time-to-gountil touchdown

u = Control vector

tu = Control vector increment

v, = Velocity along the" direction

\Y = Velocity vector = (V1 Vv, V3)T

w = Positivedefinite weighting matrix

X = State vector= (I’T v’ m)T

U = Mass consumption rate

a = Weighting on final time to go

0 = Tolerance level

2 = Slack variable bounding thrust magnitude
J1 = Thrustmagnituddower bound

J2 = Thrustmagnitudeupper bound

te = Commanded thrust vector

0j = Vector defining convex state constraints
f = Scalar objective functio

Y = Adjoint constraint equations

CDF = Cumulative Distribution Function
EDL = Entry, Descent, and Landing

El = Entry Interface

GNC = Guidance, Navigation, and Control
MER = Mars Exploration Rovers

MSL = Mars Science Laboratory

PMF = Propellant Mass Fraction

SOCP = Secondorder Cone Problem

TCM = Trajectory Correction Maneuver
TRN = TerrainRelativeNavigation

[. Introduction

t present, the choice of landing sites fdars exploration vehicles is a trade between scientific interedt an

landing safetyin which the safety elemenhay precludce many interesting regions of th@anet. The landed
accuracy of an entry system is a function of four major ifechslivery error at entry interface (El), knowledge
uncertaintyat El, environmentaluncertainty, and vehicle performaric®elivery error at Erefers to how closely
t he v eabtualpdsitod and velocity vectoat EI match the desired El position and velooisctorsand is
driven primarily byinterplanetarynavigation and how accurdyetrajectory correctiormaneuverTCMs) are
performed Knowledgeuncertainty a€l is a reslt of accumulated sensor erfoom the last navigational update as
well as the accuracy of that navigation upddEavironmentaluncertainty consistsprimarily of atmospheric
deviationsfrom the nominal density and wind pro8l¢hrough the atmospheralthough other sources such as
gravitational field modéhg impact this uncertaintgs well The dispersions associated with the performance of the
vehicleare compised of uncertainties in the physical model of the entry sy8tenass properties, aerodynamic
characteristics, etcand how its systems perfoéirdeployment events associated with the parachute, performance of
the guidance, navigation, and control (GNC)teyss, thrust and duration of burnstc. The landing ellipseas
shown in Figure 1, is the cumulative effect ofthese uncertaintespr opagat ed throughout
trajectory mapped to a physical location on swefaceof the destination planeThe Mars Science Laboratory
(MSL), planned to launch in 2009, is anticipating a landing ellipagr axisof approximately 20 knwhich is a
four-time reduction fromthe Mars Exploration RoverMER) and over an order of magnite improvement from
the Mars Pathfinder missiarRelative to MER, his landed ellipse accuracy improvemenlagyelythe resuliof the
inclusion of a modified Apollo hypersonic guidance algorithm which modulatediteetion of thev e hi c | e 6 s
vector to accommodate uncertainties in the atmospheric flight®p&inpoint landingaccuray is defined asa
further tweorder of magnitudeeductiont o MS L 6 s ipsemajat axistgsulEl00Imlevels.By achievingthis
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Figure 1. Typical Martian EDL sequence with uncertainty.
level of acuracy, a number of befite can be realized such asnimizing rover traverse times szientifically-rich
locations andenabling entry systents land near prepositioned assets on the sudaosasoutlined in the Mars
Design Reference Mission for human exploratwosuggest for robotic sample return missidns

Il.  Simulation and Vehicle Parameters

Various GNC tebnologies are studied on largescale robotic &try vehicle in order to understand their
implications on the capability to achieselb100 m level landed accuraciéhe technologies investigated span the
entire EDL sequence from the hypersonic phase through terminal descent and toudthygmusonic, subsonic
parachute, and propulsive terminal descent guidance is investigatedidesthgavigation andidentifying the
propellant mass fraction (PMF) required to achigiwgoint levelaccuracy Additionally, terrain relativaenavigation
(TRN) is investigated by examining the effect of termination altitude and sampling frequency on TRN sensor
performance as well as exarinig the effectofmap i e err or on the overall | anded v

A three degreef-freedom simulator with bank modulation is used for trajectory propagaftos.simulator
incorporatesmodular capability allommg easyincorporation ofthe various guidance algorithms assessétie
nominal trajectory has the vehicke 4.5 mViking heritage 70° spherecone,starting at parachutdeploymentat an
altitude of 8 km MOLAand Mach 2with a flight path angle of20°. It is assumed for albut thehypeisonic
guidancestudy t hat t he stated paadhweddsploymiristastatedispersion similar to that of MSL,
implying that a modified Apollo guidance algorithm is used throughout the hypersonic phase ofefticgyt
constant a constanamchute deployment altitude is assunibtarsGRAM wasnterrogatedat a single latitude and
longitude corresponding to the nominal landing site with dust tau varying between 0.1 tmgr@oddethe mean
and variation for the variougnvironmental parasters used throughout the trajectory including the wind,
acceleration due tgravity, and densify Figure 2 shows a plot of the nominal density variation used in the
simulations.Nominal vehicle, state, and environmental paramnsetéh their dispersionare shown inrablel. The
entry state and hypersonic parameters were used by Stiepkto derive the parachute deployment dispersion
used for the initial conditions for the principal trades conadficte



Figure 2. Density variation used in simulations.

Table 1. Vehicle and stateparameters-,

Parameter Nominal Distribution Devi ati on (30
Entry Mass 2616 kg Gaussian +3 kg
Entry Flight Path Angle -14° Gaussian +0.6°
Vehicle Diameter 45m -- --
Trim Angle of Attack 11° Gaussian +2°
Parachute Deploy Distance from Nominal 0 km Uniform 8 km
Parachute Deploy Velocity 488 m/s Gaussian 1.3 m/s
Parachute Deploy Flight Path Angle -20° Uniform +0.2°
Ca Multiplier (Kn(0.1) 1 Gaussian 5%
Cy Multiplier (KnOO0O1 1) Gaussian 10%
Ca Multiplier (M>10) 1 Gaussian 3%
Cy Multiplier (M>10) 1 Gaussian 5%
Ca Multiplier (0.8<M<5) 1 Gaussian 10%
Cy Multiplier (0.8<M<5) 1 Gaussian 8%
C Multiplier (M<0.8) 1 Gaussian 5%
Supersonic Parachute Diameter 19m -- --
Supersonic Parchute Cp 0.61 Uniform +10%
Subsonic Parachute Diameter 19m -- -
Subsonic Parchute Cp 0.68 Uniform +10%
Maximum Terminal Descent Engine Thrust 3047 N Uniform +5%
Minimum Terminal Descent Engine Thrust* 1142 N Uniform +5%
Terminal Descent Engine Igp 220s Uniform +0.67%

*Onlv used in second-order cone alaorithm

lll.  Propulsive Terminal Descent

Four different propulsive terminal descent algorithmsrevevaluated in this study. The first of which is a
modified Apollo lunar moduléerminal descerdlgorithm which assumes linear variation of the vertical acceberati
with quadratic variation in # remaining two axes and has no optimality condifiof&e second algorithm
considered is a constrained gradibated indirect optimal control algorithm with iteration required to derive the
control history. The third dgorithm, originallyd er i ved by D éoftimal algotithmiwhich assumase |
flight over a flat planet neglecting aerodynamic forces. These assumptions allow an analytic solution to be found
whichDd So u z a toshé apimeldThe fourth algorithm xamined is a secoratder cone formulation where



