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From the perspective of atmospheric entry, descengnd landing (EDL), one of the most
foreboding destinations in the solar system is Marglue in part to its exceedingly thin
atmosphere. To benchmark best possible scenariosrfevaluation of potential Mars EDL
system designs, a study is conducted to optimizeettentry-to-terminal-state portion of EDL
for a variety of entry velocities and vehicle massg focusing on the identification of potential
benefits of enabling angle of attack modulation. fe terminal state is envisioned as one
appropriate for the initiation of terminal descent via parachute or other means. A patrticle
swarm optimizer varies entry flight path angle, tenbank profile points, and ten angle of
attack profile points to find maximum-final-altitud e trajectories for a 10 x 30 m ellipsled at
180 different combinations of values for entry massentry velocity, terminal Mach number,
and minimum allowable altitude. Parametric plots & maximum achievable altitude are
shown, as are examples of optimized trajectoriedt is shown that appreciable terminal state
altitude gains (2.5-4.0 km) over pure bank angle edrol may be possible if angle of attack
modulation is enabled for Mars entry vehicles. Gais of this magnitude could prove to be
enabling for missions requiring high-altitude landng sites. Conclusions are also drawn
regarding trends in the bank and angle of attack pofiles that produce the optimal
trajectories in this study, and directions for future work are identified.

Nomenclature

Co = vehicle drag coefficient m = vehicle mass
C. = vehicle lift coefficient MOLA = Mars Orbiter Laser Altimeter
D = drag force on vehicle Mierm = trajectory termination Mach number
DRM = Design Reference Mission r = vector from planet center to vehicle mass center
EDL = Entry, Descent, and Landing Ventry = inertial atmospheric entry velocity
JC = Johnson Space Center a = angle of attack
L/D = vehicle lift-to-drag ratio 17 = bank angle
I.  Introduction

ROM the perspective of atmospheric entry, des@ard,landing (EDL), one of the most foreboding dedtons

in the solar system is the planet Mars. Unliketlsavhich has a relatively thick atmosphere and lgavity,
and the Moon, which has no atmosphere but low traMars has essentially the worst of both worlds:thin
atmosphere and relatively high gravity. Furtherepdhe atmosphere of Mars is thick enough to reqthat
vehicles utilize thermal protection against thetladaentry, necessitating rapid configurational reipes throughout
flight. In the case of human-class vehicles ~vanearge robotic vehicles — massive payloads @ulpith launch-
vehicle-limited aeroshell diameters typically resalvery high vehicle ballistic coefficients analn L/D. Because
of this, it is generally impossible to decelerdtese vehicles to velocities much lower than Maé&dt. Mach 2
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without the assistance of supersonic propulsiamelaupersonic parachutes, or other large inflatabrodynamic
decelerators, none of which are yet proven forMiaetian environment.

Given the difficulty of Mars EDL, it is of interesd the Mars entry community to benchmark bestiptsgntry
scenarios for the evaluation of potential descadtlanding system designs. This paper focuseh®@otimization
of the entry-to-terminal-state phase for a vargdtgntry velocities and vehicle masses by seledjmgopriate entry
flight path angles, bank angle profiles, and angileattack profiles. The terminal state is envigidnas one
appropriate for initiation of a terminal descenstsyn, such as a parachute. As will soon be disduske metric
chosen to represent these “best” cases is the maxmehievable altitude at a given Mach number.

This study is an extension of a previous vehictierendent parametric stddyhich considered only entry
flight path angle and bank angle profile as fregaldes. Thus, the present study is importanhat tt allows an
assessment of the potential benefit to developimgjeaof attack modulation techniques for future $Mantry
vehicles. As will be discussed, unlike the presieehicle-independent study, study of angle ofchttaodulation
requires the assumption of a representative vehidhéch is here chosen to be a 10 m x 30 m ellpsl&he
ellipsled shape is basically cylindrical with afipgoidal nose, in the same aerodynamic classamlias. Its shape
tends to package well in launch vehicles whileveithg exposure of a relatively large drag surfa@aaturing entry.

Il.  Previous Work on Entry Angle of Attack Profile Desgn

Overall, in civil space programs, the design oflargg attack modulation profiles for atmospheri¢rgns less
established than the design of bank angle modulairofiles. Banking during atmospheric entry alofer the
rotation of a vehicle’s lift vector (see Fig. 1)daallows a large degree of vertical and out-of-plaontrol for
achieving target landing sites or other trajectjectives. A variety of guidance algorithms h&een developed
to effect these bank angle modulations, a~-
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movement, [limited] thrusters, or ¢
combination of these) are somewhat ma
varied than bank angle modulation but a o
also more limited in the angular range the Figure 1. Bank Angle {p) and Angle of Attack () definition.
allow. While it is relatively simple to fire

rotational thrusters and bank a full 360° duriright, angle of attack modulation by any of the noefh above is
typically limited to a few tens of degrees becaofséhe aerodynamic moments that must be overcome.

No previous or planned missions to Mars have etdizrajectory control through angle of attack matioh
during entry, and in the history of civil spacefitgonly two vehicles — the U.S. Space Shuttle thedSovietBuran
counterpart — are known to have used angle oflattamtiulation in re-entry from orbit at Earthin the case of the
U.S. Space Shuttle, bank angle is the primary obatnd governs downrange and crossrange during, éntpart
because changes in bank angle have a much snfédler @ the heating distribution on the vehiclantlchanges in
angle of attack. Angle of attack is used to cdntings heating environment and is also used forrtsheriod
guidance to the reference drag profile, particylduring atmospheric density spikes and bank rel&rghen the
bank angle is temporarily unable to guide to tHeremcé. One additional study in the literature regardamgle of
attack modulation for planetary entry treats theeapture at Neptune. In this study, angle ofcattaodulation is
used to reduce propellant usage after aerocapyurekeasing the accuracy with which the targettastachieved.

However, to date, no study known to the authorsdumsidered the systematic optimization of higHitad-
coefficient Mars entry trajectories through contoblangle of attack profile (or angle of attack phank profile).
This is particularly important for Mars, where highallistic-coefficient vehicle trajectories can severely limited

* It is known that the Soviduran shuttle, which flew once in 1988, utilized elevarsi a body flap during entfy,
but the paucity of technical literature on itséiapry design complicates comparison with the Sg&ice Shuttle.
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in the landed altitudes they can achieve. It mighteasily envisioned that a pitch-up maneuvem{imh-down
maneuver) at some point in the trajectory woulcabeantageous to achieving higher final altituded aould be
overlooked without considering angle of attack matlan. The goal of the present study is to astfesgyains
possible through such modulation, particularlyhia tontext of the preliminary design of Mars enitayectories.

lll.  Assumptions and Objective Function Selection

A. Objective Function

One of the first steps in any trajectory optimiaatstudy is the definition of an objective functiby which to
define an optimal trajectory. If a vehicle is é&fil and sizing models are available, the most alsvahoice is the
maximization of landed payload mass for a givemyemiass or, equivalently, the minimization of entngss for a
given landed payload mass. However, vehicle sizimggels are not available for this study, and int fer
consistency with the previous parametric stdyaximum terminal altitude is selected as the dbjec That is,
this study seeks altitude maximization for a giwexjectory termination Mach number. The inheresguanption
behind this objective is that it is desirable farentry vehicle to be traveling as slow and as laigtpossible when
terminal descent is initiated (via parachutes,atafble aerodynamic decelerators, or propulsiomjesaititude is
often a proxy for time-to-ground. This reflect® thesire to allow the vehicle the maximum altitudege over
which to decelerate to acceptable touchdown veédscit Additionally, the maximum possible altitudencserve, in
some cases, to bound the area of the Martian sutifiat a given vehicle can acc@ss\d it also serves to minimize
initial aerodynamic loading on terminal descentices such as parachutes and inflatable aerodyndenalerators.

B. Assumptions

In the completion of this study, several assumgtiare made. These assumptions may be dividedtheto
categories of vehicle, atmosphere, constraints panaimetric ranges. Note that most of these agsomspwith the
principal exception of the vehicle, are identi@atliose used in Ref. 1.

1. Vehicle Assumption

In this study, the single greatest departure frc 4 0.8
Ref. 1 is the assumption of a specific vehicl 0.7
Unlike the situation where banking is considered ¢
a control parameter, angle of attack modulati 39 L 0.6
requires that a specific lift and drag coefficiel ’
variation with angle of attack be known. Thi ?*°] 1098
variation is particular to a specific vehicle shap© , I 5 0.4
For consistency with the 2007 NASA Mars DesicO |
Reference Mission (DRM) 5.0 effort, a 10 r 1.5- 5 0.3
diameter x 30 m length ellipsled with o2
hemispherical nose is used as the reference ver Y —o— Lift Coeff. '
for this study. This slender-body shape has o5 —O—Drag Coeff. | { g1
maximum lift-to-drag ratio of 0.69, which occurs ¢ : —o—up
an angle of attack of 35°. Aerodynamic data (I ° 70
coefficient, drag coefficient, and lift-to-drag i@t 30 % 40 45 >0 > 60
for this shape based on the circular cross-sect Angle of Attack (deg.)
reference area is shown in Fig. 2. These coeffisie Figure 2. Aerodynamic data as a function of anglefo
are assumed to be constant with Mach numt attack for the reference 10 m x 30 m ellipsled.

which is approximately true for hypersonic flight.

In order to effect angle of attack modulation imsthtudy, an angle of attack profile is definederms of 10
points evenly spaced in the relative velocity damalngle of attack is linearly interpolated betwesach of these
points. The bank angle profile is defined in thme manner, as documented in Ref. 1.

However, while bank angle is free to vary from 6°180°, angle of attack is limited in range duetactical
considerations involved with overcoming aerodynamigments on the vehicle dynamically during flighthe

$ The Martian surface topography varies widely ievation between roughly -8 km and +12 km with respe the
MOLA reference ellipsoid, with the southern hemisgh being several kilometers higher in elevaticantithe
northern hemisphere.
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range of angles of attack used in this study issehan two steps: First, the center of the anglattack range is
defined, and next the allowable variation from thertige is defined. To determine the center ofrérge, the
findings of Ref. 1 are applied to the case of ax1B0 m ellipsled. Figure 3 shows vehicle charasties for the
chosen 10 m x 30 m ellipsled overlaid onto maximaltitude contours derived from Ref. 1. The consofiom
Ref. 1 provide the best attainable terminal algtdor Mars entry as a function of vehicle ballistimefficient and
lift-to-drag ratio (/D), assuming only bank angle modulation is usedweier, since the ballistic coefficient and
L/D of a given vehicle (e.g., the ellipsled in thiadst) depends on its angle of attack, a locus ofifsogxists on
these plots (referred to as a “vehicle charactef)jstepresenting the achievable ballistic coe#fidi andL/D as a
function of trim angle of attack. Overlaying thehicle characteristic on plots from Ref. 1 allowsagtimum trim
angle of attack to be selected at the point wheratdude contour and the vehicle characteristcparallel. Figure
3 is an example of the many such plots that cadfrden for varying ellipsled masses, entry velosit@end terminal
velocities. These plots help illustrate a consistendency for optimum trim angles of attack foe banking-only
case to fall in or near the 40-45° rangeThis is consistent with the 45° hypersonic araflattack investigated
during the NASA 1998 Mars Combo Lander stldynd 45° is chosen as the center of the angletafkatange in
this study. Note that the basic assumption uniigrlthe use of data from Ref. 1 is that optimallarg attack
modulation will be in a range near the angle ai&¢that would be optimal if modulation were notpboyed.
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Figure 3. Vehicle characteristics for 10 x 30 m efisleds of different masses overlaid on a 4.7 kméntry
velocity, Mach 5 terminal velocity plot from Ref. 1 Black contours represent best altitude (in km) achievable
through banking only. Angles of attack indicated are for trim conditions.

To develop an appropriate range of angles of atti
about the 45° center defined above, a modifi
Newtonian aerodynamics code is used to evaluate

Table 1. Effect of deflection of a notional flap o
ellipsled angle of attack.

change in angle of attack attainable through mowm Flap RGi
of a notional 15 m? (3.82 m chord) flap at theeaftl of De“gf“on —

an ellipsled (see Fig. 4). The results, shownablé& 1,
suggest that a 20-30° range in angle of attack bmay
attainable with a flap. It is felt that a reasdeatange
for this problem is 20°, and therefore the finat@lbte
range of angle of attack for this study is takebeol5 + 10° (or 35° to 55°). It is important toi@ that because of
the vehicle and angle of attack assumptions made, ti@is study should be taken in the context pir@of-of-
concept analysis and parametric study of angldtatla modulation. If a future user has a defingicle in mind,
this type of analysis should be re-executed withaerodynamic data and angle of attack rangebdowehicle.

10° -11.2°
20° -26.9°

” Note that maximum altitude doast result from flying continuously dt/D,. and that the upward slope of the
altitude contours indicate maximum altitude willypoccur when flying on the “back side” of théD vs. a curve
(i.e., ata higher tharup max)-
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No flap 10° flap 20° flap

Figure 4. 10 x 30 m ellipsled with a notional 15 nm3.82 m chord) flap.

2. Atmosphere Assumption

For consistency purposes with Ref. 1 and correspgniduman Mars entry simulation efforts at other WA
centers, an equatorial landing site is assumecerfisry on November 3, 2010. The corresponding ghimersc
density and temperature profiles from the widelgeidvars-GRAM engineering-level atmospheric mbdae
shown in Fig. 5. Altitudes reported are aboveNt@LA reference ellipsoid.

120 f=mm e NG mmmmmmmmnees ===~ Density at 0 km: T 120 f===meeenncx e nen Temperature
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Figure 5. Density and Temperature profiles for theatmosphere assumed for this study.

3. Constraints

Constraints include a 4.5 Earth-G accelerationt ltmreflect acceptable deceleration for a decaord#d human
crew while also allowing a 0.5 G margin for dispemnsperformance. Convective heat rate is constchiio 1000
W/cm?2 (half the limit published by Ref. 8) over assumed one-meter-radius sphere, although in tioky sésults,
no trajectories were limited by this constraintont® series of runs are noted as implementing amO'dip
constraint”, which constrain those trajectoriesiiaimum altitudes no less than 10 km, reflecting desire to limit
the extent to which a vehicle is allowed to skimmsel to the ground prior to a loft to a higher adté. Additionally,
trajectories are automatically terminated if thaly below -5 km in altitude.

4. Parametric Ranges

As summarized in Table 2, the effective matrix wfis Table 2. Parameterization ofVehicle
for this study consists of inertial entry velocitief 3.3 and Boundary Condition Variables.
km/s (representative of entry from a 500 km circuidit), SEEm A Values Assessed
4.7 km/s (representative of entry from a 1-solpéital Inertial Entry Velocity (km/s) 3.3, 4.7,55
orbit), and 5.5 km/s (representative of a roboléss direct | Termination Mach Number 2.0,3.5,5.0
entry). Note that, while entry velocities reportade | Vehicle Mass (f) 40, 60, 80, 100, 120

inertial, they are approximately equal to the reéaentry

velocity since the assumed entry azimuth is 0°tfr)orVehicle mass (which is assumed constant tirout entry)
ranges from 40 t to 120 t in increments of 20 #Altitude is maximized at three distinct termimatiMach numbers
meant to represent potential parachute, inflatadsleropulsion deployment points: Mach 2.0, 3rig &.0.

™ Note that although absolute masses and vehiclerdifons are used in this study, these parametersecacaled
as necessary through mass-to-reference-area rdtmsexample, a 100 t, 10 x 30 m ellipsled will/bahe same
optimum altitude performance as a 50 t, 7.07 x Pinzllipsled.
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IV.  Simulation and Optimization Method

A. Entry Simulation

The entry simulator used in this study is seledtecllow quick, accurate trajectory simulation. cAstom
MATLAB simulation models vehicle motion about arsased spherical, rotating planet in a planet-cedterertial
frame. Only three forces act on the vehicle: , liftag, and gravity. These vector forces are laged into
accelerations for the assumed constant-mass velndiéntegrated over time using MATLABGsIe45 function. No
bank rate or bank acceleration limitations are rfemtjenor is sideslip angle considered. Heatingpimputed over a
reference one-meter-radius sphere via the SuttawdSrconvective heating approximation. Note dhsa, tas is
applicable for skip-entry cases, atmospheric defsiassumed to be zero above 125 km in altitiRlanet-specific
simulation constants are shown in Table 3. Saingjectory results from the MATLAB simulation wevalidated
against trajectories generated via the Simulatiod &ptimization of Rocket Trajectories (SORT) taged
extensively at NASA Johnson Space Center (JSC).

Table 3. Mars Entry Simulation Constants.

Mars Atmospheric Constants Mars Physical Constants
Ratio of Specific Heats 1.289 Gravitational Parameter 42828 kms3/s?
Molecular W eight 43.34 g/mol Planetary Radius 3396 km
Specific Gas Constant 191.8 J/kg/K Rotational Period 24.62 hours
Maximum Altitude of Atmosphere 125 km Sphere of Influence Altitude 571140 km

B. Optimizer

To allow a thorough global search through the bamyge and entry-flight-path-angle space, the opemi
selected is a particle swarm optimizer written ioadly for use on Mars Science Laboratory entryirojztation®
When both bank angle and angle of attack profiéeadiowed to vary, optimizations involve 100 pdesclimited to
300 iterations to determine the maximum attainalfieude by varying the inertial entry flight pasimgle, 10 bank
angles, and 10 angles of attack evenly spaced dlangxpected relative velocity range (a 21-vaegiioblem).
When only angle of attack profile is allowed to wamptimizations involve 50 particles limited to®@erations to
determine the maximum attainable altitude by vayyime inertial entry flight path angle, one (constdank angle,
and 10 angles of attack evenly spaced along thectaqb relative velocity range (a 12-variable profle Bank
angles are limited to a range of 0° to 180°, angfesttack are limited to a range of 35° to 55Uesussed earlier,
and entry flight path angle is limited to skip-and g-limited ranges computed prior to the optirti@aprocess.
Deceleration is limited to 4.5 Earth-G’s, and skig-occurs when a simulation terminates on a 7toag limit
(allowing the optimizer to consider skip-entry &etjpries). Otherwise, simulations nominally teratébased on
Mach number (2.0, 3.5, or 5.0) or at a -5 km atttu

V. Results and Discussion

The data from this study yields a wealth of infotima on characteristics of Mars entry physics anglications
for the design of future Mars entry vehicles (crévee otherwise). By no means is this section cahensive in
covering the implications of all this data; howewie most important trends and implications duestitated.  First,
a parametric representation is presented to shewoptimum altitudes that are identified by thisdstu Second, a
series of sample trajectories is shown to illusttgpically how these altitudes are reached.

A. Parametric Representation of Optimum Altitudes

Shown in Fig. 6 through Fig. 8 are plots of the mmam attainable final altitude (the objective fupat of the
optimization) as a function of vehicle entry massmination Mach number, whether the 10 km dip tamn# is
imposed, and what type of control is used (bankeangly, angle of attack only, or both bank angtel angle of
attack). Each figure represents a different emtygcity (3.3 km/s, 4.7 km/s, or 5.5 km/s).

The first note to make about these figures is thaitywould be expected, for a given termination Maember
and dip constraint, maximum attainable altitudereéases with increasing vehicle mass. Interestirighyslopes of
the lines on each plot are nearly identical, soefffiect of increasing vehicle mass is essentialéydame regardless
of whether bank angle control, angle of attack inor both bank and angle of attack control assedu However,
the magnitude of the altitude that can be achiévedearly dependent on the type of control uskdall cases, as
expected, the combination of bank angle control amgle of attack control results ¢ ¢) in the highest possible
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terminal altitude. In all instances for the 4.7/&mand 5.5 km/s entry velocities, angle of attamhtiol (@ only) is
less effective than bank angle contrplofily). However, at the slower 3.3 km/s entry veloeityd the two highest
termination Mach numbers, this relative performarmeerses and angle of attack control allows fghéar final
altitudes than bank angle control. This effeclikely related to the fact that, as found in thedst from Ref. 1,
bank-angle-only controlled trajectories tend nofditow the 4.5-G deceleration constraint for védsécentering at
low velocities and terminating at high Mach numbelrs contrast, the angle-of-attack-only controltesjectories in
these cases tend to fly a full-lift-up bank prdfilérom a steep initial flight path angle and add langf attack
variation which allows them to follow the 4.5-G straint for a portion of the trajectory.

Also interestingly, comparison of the 4.7 km/s &l km/s figures (Fig. 7 and Fig. 8) shows thatglomly and
a + ¢ curves are nearly identical, while theonly curves show higher altitude performance at thekén/s entry
velocity than at 5.5 km/s. This may be due todbmbination of the 20° range on angle of attackvedid in this
study and the skip characteristics of optimal higlecity entry that will be illustrated later inishpaper.

Finally, as noted earlier, the three curves in edche plots from Fig. 6 through Fig. 8 each témtiave similar
slopes, indicating a near-constant altitude offsstiveen the three control strategies. Allowmg ¢ control
consistently increases optimum final altitude 2.0 km compared t@ only control. At 4.7 km/sg only control
increases optimum final altitude by 3.5-5.0 km canegl toa only control, and at 5.5 km/s, this increases to 3(56-8.
km. These magnitudes are significant and coulchission-enabling. For example, this suggestsatfature Mars
mission (manned or unmanned) may be able to lands@e kilometers higher if angle of attack cohisanabled in
addition to the more traditional bank-angle control

B. Sample Optimum Trajectories

In this section, a series of sample trajectorieshiswn to illustrate the characteristics that altv optimum
final altitudes in Fig. 6 through Fig. 8 to be read. This data is organized to show comparisorangmehicles
and scenarios that resemble the baseline desigheofl998 Mars Combo Landewhich entered the Martian
atmosphere at 3.3 km/s at 71.2 metric tons in & PO m ellipsled. The entry trajectory design luktvehicle
involved deploying a drogue parachute at Mach atan altitude of 8.8 km. The comparison casectalefrom
the runs in the present study was an 80-ton velwitle a termination Mach number of 3.5. The maghi§icant
differences between the 1998 Mars Combo Landertlamdase selected here are the length of thesatp(30 m
instead of 20 m, which would tend to increase ttteevablel /D and increase the maximum attainable altitude) and
the entry mass (80 t instead of 71.2 t, which waulcrease the vehicle ballistic coefficient andrdase the
maximum attainable altitude).

Seven trajectories are illustrated, and the chariatits of these trajectories are summarized inl€T4. Salient
features of the trajectories are described in ehte following sections.

Table 4. Summary of Sample Optimum Trajectories.

Trajectory Control Entry Dip Termination Mass
No. Type Vel. Constraint Mach
1 o+ @ 3.3 km/s None 3.5 80t
2 o only 3.3 km/s None 35 80t
3 at+e 3.3 km/s 10 km 35 80t
4 o only 3.3 km/s 10 km 35 80t
5 a+ e 4.7 km/s None 3.5 80t
6 o+ @ 5.5 km/s None 3.5 80t
7 o only 5.5 km/s None 35 80t

* In virtually all cases, the optimum angle-of-akamly trajectories utilized a constant bank angfleero degrees
(i.e. full lift up).
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Figure 6. Maximum attainable altitude (in km) for an entry velocity of 3.3 km/s.

Absent data indicate cases that could not converge to meet 10 kmdip constraints. Line color indicates the level of
control used in the given case (i.e., only bank angle control, only angle of attack control, or both). The crossover of
the green and blue linesin the My, = 3.5, 10 kmdip constraint plot islikely a result of the difficulty the particle
swarm optimizer encountersin finding feasible cases near the 10 km dip constraint boundary.
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Figure 7. Maximum attainable altitude (in km) for an entry velocity of 4.7 km/s.
Absent data indicate cases that could not converge to meet 10 kmdip constraints. Line color indicatesthe level of
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1. Mars-Combo-Class Entry: No Dip Constraint,  + ¢ Control

Figure 9 shows a Mars-Combo-class entry with nocdipstraint imposed and with both bank angle ameanf
attack control allowed. The vehicle enters at421 entry flight path angle and initially banksadull-lift-down
orientation. However, the vehicle soon banks teliftrup, and angle of attack is at the minimurtoaable value
of 35° for the majority of the peak deceleratiospu Note that this trend of pitching to the minim angle of
attack is common through the deceleration-limitagettories in this study, and it is likely duetbe fact that both
lift and drag forces are minimized (resulting ik decelerations) at this orientation (see Fig.S&)me fluctuation
of bank angle and angle of attack is visible thiotlys deceleration pulse as these control parametedulate to
keep the deceleration within the 4.5-G constraftthe end of the trajectory, bank angle remateady at 0° and,
importantly, angle of attack is at its maximum a#dle limit (55°). This final pitch-up maneuver gemmon
among the optimal trajectories in this study.

Additionally, it should be noted from Fig. 9 thaetMach 3.5 altitude achieved is 22.4 km, whicR.&times
higher than the 8.8 km altitude achieved in the $l@ombo Lander study. However, in order to achitne
altitude, the vehicle dipped to a minimum altituefe2.8 km. While this illustrates the substangains available
from optimal banking and angle of attack contrbiisinot entirely realistic since the vehicle comathin a few
kilometers of the surface of the planet while tieneMach 8. In particular, this means that anyaadages due to
the accessibility of higher-altitude landing sitié®ly cannot be exploited by using this trajectorihis motivates
the examination of dip constraints in this study.
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Figure 9. Optimal trajectory data for a Mars-Combo-class entry witha + ¢ control and no dip constraint.
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2. Mars-Combo-Class Entry: No Dip Constraint, a-only Control

Figure 10 shows a Mars-Combo-class entry with pocdinstraint imposed and with only angle of atteahtrol
allowed (and with the constant bank angle deterchiheough the optimization procedure). First, rtbee similarity
in the achieved altitude: 22.1 km, as opposed2td Rm in the case where both angle of attack amk langle
control were allowed. The reason for these naddwtical final altitudes becomes apparent whenreaézes that
the optimum bank profile from Fig. 9 is nearly fiift-up for the entire trajectory, which is veryose to the
constant 0° bank angle profile converged upon Herat only case in Fig. 10. Furthermore, note that the major
deviation from full-lift-up in Fig. 9 is the initlal80° bank angle. This initial bank angle haseffect of steepening
the trajectory initially. However, note that tlsame effect is captured in Fig. 10 in the steepénydlight path
angle (i.e., steepening the entry flight path aragie banking to full-lift-down initially have versimilar effects)®
As a result of the reasons above, it is not sungithat the trajectory in Fig. 10 is nearly ideatito the one in Fig.
9, including the fact that the 4.5-G constraintéached, the minimum altitude is 3.0 km, and thgleaof attack
reaches the maximum allowable at the end of thecti@y. This type of similarity between theonly anda + ¢
cases is common at the low 3.3 km/s entry veldeltyinating at high Mach numbers.
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Figure 10.  Optimal trajectory for a Mars-Combo-clas entry with a-only control and no dip constraint.

%% In fact, it is very likely that the exceedinglesp -19.3° entry flight path angle in this caseriabled by the fact
that angle of attack can be reduced to 35° to rethaxs on the vehicle during the peak deceleratidse.
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3. Mars-Combo-Class Entry: 10 km Dip Congtraint, a + ¢ Control

Figure 11 shows a Mars-Combo-class entry with &mQdip constraint imposed and with both bank arzgié
angle of attack control allowed. Note that thisecas identical to the first case considered exeeéfit a dip
constraint imposed, lending credibility to it aseas risky entry trajectory. Note that the achiefieal altitude is
only 16.6 km, or 5.8 km lower than the case wherdip constraint existed (although this is stilarig double the
altitude achieved by the 1998 Mars Combo Land&ubstantial bank and angle of attack control ocbets/een
Mach 11 and Mach 7 to prevent the trough of thgdtary from falling below 10 km. This leaves stagial
deceleration margin (deceleration peaks at only&3s3, in part because the vehicle does not rdaethigh-density
region of the atmosphere close to the surfacee Bgéin that bank angle reaches 0° and angleaakattaches 55°
at the end of the trajectory.
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Figure 11. Optimal trajectory for a Mars-Combo-class entry with & + ¢ control and 10 km dip constraint.
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4. Mars-Combo-Class Entry: 10 km Dip Constraint, a-only Control

Figure 12 shows a Mars-Combo-class entry with &Qdip constraint imposed and with only angle aheit
control allowed. Importantly, note that when the donstraint was imposed in Fig. 11, the optimwmnlbprofile
was no longer full-lift-up. As a result, the tretiery in Fig. 12 is very different from Fig. 11 ahds an optimum
altitude of 12.6 km rather than 16.6 km. Howeteis is still 3.8 km higher than the 8.8 km achibby the 1998
Mars Combo Lander. Here, the minimum altitude hre trajectory is the final altitude. Additionallyhe
deceleration environment is very benign, with dexagion peaking at less than 1.0 G.

Note once again that angle of attack reaches 58featnd of the trajectory. However, also noteitiberesting
spike in angle of attack at 2500 m/s. Mid-trajegtangle of attack spikes such as this are diffibmlexplain but
can be found in many of the trajectories in thiglgt(although the spike in this example is partidylprominent).
As evidence that this spike is a real feature efdptimal trajectory and not an artifact of theiliation process,
Fig. 13 shows the result of simulating the samjedtary without the spike. The result is a finkitade of 12.1 km
rather than the 12.6 km achieved with the spikeqne
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Figure 12.  Optimal trajectory for a Mars-Combo-class entry with a-only control and 10 km dip constraint.
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5. Mars-Combo-Class Vehiclewith 4.7 kn¥s Entry: No Dip Constraint, o + ¢ Control
Figure 14 shows a Mars-Combo-class vehicle entairg7 km/s with no dip constraint imposed andhvabth

bank angle and angle of attack control allowed.teNbat this is the same case as the first trajgpcimown except
with entry at 4.7 km/s instead of 3.3 km/s (e.gryefrom a 1-sol orbit rather than a low Mars oybitNote that,
despite the 42% higher entry velocity, the optimaltitude is 22.9 km compared to the original optimof 22.4 km
and the minimum altitude is 2.7 km compared to d¢higinal value of 2.8 km. This trajectory is desraition-
limited, as is clear from the fact that the peaketfieration is 4.48-G, and this is likely relatediie similarities in
the minimum and final altitudes (i.e. the 3.3 kro#&se also reached the deceleration constraintpinAgngle of
attack reaches 55° at the end of the trajectoryisndar its minimum 35° value during the decelerapulse.
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Figure 14.  Optimal trajectory for a 4.7 km/s entrywith a + ¢ control and no dip constraint.

16
American Institute of Aeronautics and Astronautics



6. Mars-Combo-Class Vehiclewith 5.5 kn¥sEntry: No Dip Constraint, a + ¢ Control
Figure 15 shows a Mars-Combo-class vehicle entairig5 km/s with no dip constraint imposed andhvabth

bank angle and angle of attack control allowed.teNbat this is the same case as the first trajgpcimown except
with entry at 5.5 km/s instead of 3.3 km/s (e.gryefrom a hyperbolic incoming trajectory ratheatha low Mars
orbit). Despite the 67% higher entry velocity, tpgimum altitude is 23.0 km compared to the oagiptimum of
22.4 km. This trajectory is deceleration-limited,is clear from the fact that the peak decelerasid.44-G, and as
noted for the 4.7 km/s case, this is likely relatedhe similarities in the final altitude (i.ehet 3.3 km/s case also
reached the deceleration constraint). This trajgclike many of the 5.5 km/s optimal trajectorieghibits a skip,
where an initial pass through the atmosphere taldtude of 33.3 km is followed by a Keplerian pbaagith an
apoapsis at 12,000 km altitude and a re-entry tglot just under 4.5 km/s. As a result, the tifrem initial entry
to the terminal state is 7.8 hours. Again, thowgigle of attack reaches 55° at the end of thedi@mjy and is near
its minimum 35° value during the deceleration pulbkote also the presence of two angle of attadtespone prior

to and one following the skip.
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Figure 15.  Optimal trajectory for a 5.5 km/s entrywith a + ¢ control and no dip constraint.
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7. Mars-Combo-Class Vehiclewith 5.5 knYs Entry: No Dip Constraint, a-only Control
Figure 16 shows a Mars-Combo-class vehicle enteirig5 km/s with no dip constraint imposed andhwaibly

angle of attack control allowed. Compared to thevipus trajectory, in this trajectory the abseoteank control
(i.e., the need to select a single bank angleHerentire trajectory) prevents the vehicle fromrdjvdeep into the
atmosphere to allow lofting, resulting insteadwmo tskips, the first of which reaches an apoapsisidé of 1500
km. As a result, the best achievable final alttigl 13.5 km, which is 9.5 km lower than the 2310 for the case
with both angle of attack and bank angle contrdlowever, again angle of attack reaches 55° at tigeo# the
trajectory and is near its minimum 35° value durihg deceleration pulse. Also again, an angldtath spike is
visible near 2500 m/s.
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Figure 16.  Optimal trajectory for a 5.5 km/s entrywith & only control and no dip constraint.
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VI.  Conclusions and Implications

This study has generated a wealth of data andhinBigp the characteristics of optimal trajectories a wide
range of combinations of ellipsled masses, entlgcittes, termination Mach numbers, and dip comstsa In the
completion of this study, an estimated 1.8 millicajectory runs were completed to optimize 180 gaiats.

A. Performance Implications and the Potential of Angleof Attack Control

Perhaps the most important conclusion from thidysts that significant terminal altitude gains niseypossible
if angle of attack modulation is enabled for Mamge vehicles. For the ellipsled studied in théppr, these gains
are consistently 2.5-4.0 km over the more trad#icepproach of only using bank angle control. Gadf this
magnitude could prove to be mission-enabling f@nscios where high-altitude landing sites (e.gthim southern
hemisphere of Mars or in the Tharsis region) ageired.

However, it is important to note that if angle dfaak modulation is enabled, in most cases it ctafeo
substituted for bank angle control. While addimggla of attack modulation improves altitude perfance,
removing bank angle modulation generally has ardefital effect on the best achievable altituded(d@tkm/s and
5.5 km/s entry velocities, angle-of-attack-only mladion consistently underperforms bank-angle-anfydulation
by 3.5-8.0 kmJ." Exceptions to this statement occur at low englpaities and high termination Mach numbers
where optimal trajectories tend to be full-lift-apd can be assisted solely through angle of attexdlulation.

B. Characteristics of Optimum-Altitude Trajectories

Investigation of sample optimum-final-altitude @&etiories yields general insights into the chargsttes that
allow best-attainable altitudes to be reachedstFust as in Ref. 1, optimal trajectories tendhéwe zero-degree
bank angles near their terminal states. Also aReh 1, the combination of smooth optimum-altitueves and
coarse variations in the design variables thatltexbun those curves suggests that multiple contlans of these
design variables may be capable of producing theeqar nearly the same) optimum altitudes. Addaity, when
both bank angle control and angle of attack cordarel implemented, deceleration constraints anccalifstraints
have a major influence on the trajectory. Wheryamgle of attack control is implemented, thesea are less
pronounced.

In terms of the characteristics of optimum anglatéck profiles, four characteristics are commonittually
all trajectories encountered in this study. Thestammmon characteristic is that the final angletbéck of the
vehicle reaches its maximum allowable value of 851y often this occurs gradually. It is believkdtithe reason
for this is related to the short-term objectivetlné vehicle at the end of the trajectory to rapidiise its altitude
before reaching the terminal velocity. In the angf attack region in which the vehicle in thisdstoperates,
increasing angle of attack increases both lift drad). Next, perhaps the simplest feature to exptathe tendency
for the angle of attack to remain near the lowesinldl of 35° during the peak deceleration pulsee Aypothesized
explanation for this is that this minimum angleatfack simultaneously minimizes both lift and dfaggces in the
short term, which allows the deceleration loadshanvehicle to be reduced. A related characteristihe tendency
for angle of attack modulation to enable very steepy flight path angles (at times roughly -19%hich allows the
vehicle to penetrate deeper into the atmospherkifbrer lofting later in flight. These steep arsgége enabled by
the fact that the vehicle can pitch to a low angfeattack when necessary to minimize aerodynamazido
(otherwise, such steep angles would cause dedeler@nstraints to be violated). Finally, a chéeastic that does
not yet have a clear explanation but which is crat among many optimum trajectories is the pi@sefhone or
more distinct spikes in angle of attack — oftenthie middle of low-angle-of-attack regions — thavda&learly
positive effects on the final altitude but whichmat seem to be associated with any obvious t@jgetvents.

C. Study Limitations and Considerations for Future Work

While this study has largely succeeded in assessmg@otential of angle of attack modulation forrslantry, a
number of avenues exist for future work, and mdsthese avenues are related to the limitationshefgresent
study.

First and foremost, this study is limited in itépability to ellipsleds and similar slender-bodshicle shapes.
Although it is almost certain that angle of attagk have a benefit for other vehicles as welljsitnot clear how
large the magnitude of this benefit will be. Anerresting direction of study that is very applieabd near-term
robotic missions is an assessment identical toetkigpt using a blunt body or capsule as an emtnjcle. In the

™ Besides having altitude implications, absenceanfideangle control also removes cross-range control.
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long-term, if significant benefits arise for capesyl this may improve the appeal of capsules foringeiman or
heavy robotic exploration of Mars.

Additionally, an interesting study would be a thetaral approach to explaining some of the key, isbast
features in the optimum angle of attack profilesnitfied here. For example, an analytic study rbayable to
provide additional justification regarding the firgtch-up maneuvers — and especially the anglattaick spikes —
consistently seen in these results. Such a study also be able to identify optimum characteristids
unconstrained trajectories, which may be of agsit&an understanding results such as those inrtisept study.

Also, similar to the future directions in Ref. hjg study has not considered environment and ktedeledge
dispersions which are crucial to any real, guidetling on Mars, especially for human missions. sBtudy has
also not specified what type of guidance would &éguired to adequately fly the optimal trajectongsich have
been identified, or if guided trajectories couldimtain their altitude performance benefits in spitelispersions. It
should be noted, however, that margin is includethese trajectories in the form of a 10 km dipstmint and a
4.5-G deceleration limit (instead of a 5-G or higteration-dependent limit). This study was pnpatly concerned
with maximizing final altitude and assumes thatcaddge margin was given at this stage of desigis Hbped that
this work will continue in the future and includensideration of guidance performance; one positésailt for
bank-only modulation is reported by Ref. 10.

One concern which is acknowledged is the inheriemtdtion of the optimizer and angle of attack dvahk
profiles used. For example, the profiles were iah#ty limited by the ten evenly-spaced points prieed in the
relative velocity domain. This imposes limitatidngerms of resolution and in terms of allowahbigalar rates and
accelerations. Furthermore, the particle swarnmopér has a somewhat more limited ability to pimpaptima
near constraint boundaries than, for example, dignt optimizer. While the approach used in thisdg was
suitable for the goal of a broad parametric swdegher-fidelity studies in the future should assd#&erent
methods of defining profiles which are more flegildnd adaptable to recognized trends (for exantpléllow
deceleration or dip constraints).

Despite the limitations mentioned here, howeves $tudy has accomplished its original goal of ssisg the
potential of angle of attack modulation for Margregn It has identified both the best attainablétades and the
bank and angle of attack profile characteristieg tfenerally allow those altitudes to be achievitds hoped that
this study’s result will find broad use within tMars entry community.
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