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Ø Entry, Descent, and Landing and the need for control
Ø Guidance
Ø Navigation
Ø Control
Ø Other aeroassist missions

Outline
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EDL AND THE NEED FOR CONTROL
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Entry, Descent, and Landing Concept of Operations

Credit: AIAA 2017-0245
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Effect of Lift on Trajectory

Credit: Borrowed from Cruz et al. Summer Lecture “Introduction to Trajectories”
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Effect of Lift on Max Acceleration

Credit: Borrowed from Cruz et al. Summer Lecture “Introduction to Trajectories”
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Lift in an EDL Vehicle

Blunt Bodies
• Low L/D Vehicles (<0.5)
• Drag dominates
• Positive lift generated at 

negative angles of attack

Mid L/D Vehciles
• Mid L/D Vehicles (0.5-

0.8)
• Trim at higher angle of 

attack (~55 deg)

Credit: AAS 19-221

Credit: ESA

IXV Experiment Vehicle 
(2015)

Higher L/D Vehicles
• L/D around 1

Credit: NASA



8

Guidance, Navigation, and Controls Relationship
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GUIDANCE
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Ø Analytic schemes
• Gains for guidance based on pre-generated reference profiles
• Non-iterative and efficient code

Ø Numerical predictor-corrector (NPC) schemes
• Numerically integrates equations of motion on-the-fly
• Iterative code and adaptable to modern flight software
• Can be robust to uncertainties in atmosphere and aerodynamics

Types of Entry Guidance Schemes

Potential trajectories

Exit 
Condition 

Goal

Chosen trajectory

Aeroshell Credit: AIAA 2017-0245
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Apollo Guidance

Credit: NASA CR-110924

Ø Reference-following
Ø Bank angle modulation
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Ø Use L/D to provide lift to skip out of the atmosphere and extend range
Ø Effectively the system used by Apollo and other lunar return missions

Skip-Rentry
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Ø Reference-following
Ø Bank angle modulation

Space Shuttle Guidance

Credit: NASA TM-79949
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Guidance for Mars Missions

Credit: AIAA 2017-0245
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Parachute Deploy Sequence Trigger based on 
“Range Trigger” instead of “Velocity Trigger”

Guidance for Mars Missions
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Effect of Range Trigger – Ellipse Size Decrease

Mars 2020
6 x 4 mi

280 x 103 km

200 x 70 km

150 x 20 km

100 x 20 km
20 x 6.5 km

12 x 8.5 km

Guided

Guided

Credit: AIAA 2017-0245
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Ø Numerically predict conditions based on current conditions, then 
correct the controls to get desired target

Ø Used for EFT-1 to target landing site (guidance scheme was 
PredGuid)

Numerical Predictor-Correctors

Credit: NASA Credit: IEEE 2010.5447010
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NAVIGATION
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Ø Integrating Inertial Measurement Unit data to calculate position, 
velocity, and attitude

Ø Very typical and used on most missions with navigation systems. 
G’s from accelerometer used for even non-active navigation 
systems

Ø Susceptible to drift

Dead-Reckoning
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This paper focuses on civilian EDL systems at large bodies. Munitions delivery systems and 
small-body rendezvous and landing systems are not discussed. 

Dragon (8)

Luna (6 flights)

Soyuz (126 flights)

Shenzhou (5 flights)

Space Shuttle Orbiter (133 flights)

Venera (8 flights)

20101970 19801960 1990 2000

Vostok (6)

Voskhod (2)
M

ercury (4)

Surveyor (5)

Viking 1 & 2

H
uygens

G
alileo Probe

M
ars Pathfinder

M
ER

 A & B
G

enesis

M
ars Phoenix

M
SL

C
hang’e 3

C
hang’e 5-T1

Stardust

Orion EFT-1

H
ayabusa

G
em

ini (10)

Human 
Systems

Robotic
Systems

Pioneer Venus

Earth (11)

Lunar (6)

Apollo

 
Figure 2. Timeline of Flights of Major EDL Systems. 

NAVIGATION 

Onboard Navigation 

EDL systems typically utilize inertial navigation systems (INS) during flight. During the hy-
personic portion of entry, ionization of the atmosphere in the plasma sheath can result in commu-
nications blackout, creating the need for a self-contained navigation system. Maneuvering in the 
atmosphere, coupled with increasing density, makes star trackers and other optical relative navi-
gation sensors infeasible. For planetary missions, communications lag with Earth requires auton-
omous operation. Final state updates for EDL inertial navigation systems are typically generated 
by Earth-based ground infrastructure, such as the Deep Space Network. 

a) b)
 

Figure 3. Inertial measurement units from a) Apollo and b) Mars Science Laboratory; cred-
it: NASA and Northrup-Grumman. 

Early inertial navigation systems utilized stable platform inertial measurement units (IMU). 
As flight computers improved and reliability became increasingly important, EDL systems transi-
tioned to strap-down IMUs. Figure 3a shows the Apollo stable-platform IMU and Figure 3b the 
Mars Science Laboratory solid-state strap-down IMU (Northrup-Grumman LN-200S). For com-

Apollo IMU
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MSL MIMU

Ship Dead-Reckoning Tools Credit: NASA AAS 16-092
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More Advanced Navigation
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Ø Integrate data from various types in a navigation filter
Ø Consists of batch or Kalman filters
Ø Past and present NASA projects: ALHAT, COBALT, SPLICE, etc. 
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CONTROL

8/5/2019
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Ø Used for Apollo, Space Shuttle, and Mars missions
Ø Small ΔV applied at a moment arm moves the vehicle in pitch, 

yaw, or roll planes. Usually, has been used for rolling (really 
banking) vehicles during active guidance

Reaction Control Systems

 5 

Future systems may utilize optical navigation and triangulation with existing assets at the 
planetary destination to further reduce approach navigation error. Further, at Earth, a number of 
studies have shown the usefulness of GPS at high orbital altitudes; this data can be integrated into 
navigation filters prior to entry at Earth to improve onboard navigation accuracy. 

Approach navigation has, and will continue, to play a significant role in EDL mission design 
and performance. Delivery errors must be actively “steered out” by the vehicle during EDL, con-
suming control authority. Knowledge errors directly impact the accuracy of the final INS state 
update: even the most well-designed guidance algorithm can only go where navigation tells it to.  

CONTROL AND EFFECTORS 

For unguided EDL systems, lifting systems have typically utilized three-axis control to main-
tain a lift-up orientation (Viking), while ballistic systems utilize a small roll rate (approximately 2 
RPM) to null out the integrated effects of any off-nominal lift forces generated by the vehicle. 

Without exception, guided EDL systems have utilized lift, coupled with bank-angle steering, 
to control their trajectories. Bank angle steering takes advantage of most hypersonic vehicles’ 
neutral stability in bank; large hypersonic aerodynamic moments in sideslip and angle of attack 
directions make maneuvers about those axes infeasible without aerodynamic control surfaces. 
Reaction control system jets are typically required for maneuvering at low dynamic pressures. 
However, use of aerodynamic control surfaces at high dynamic pressures been limited due to ab-
lation and modeling concerns. For example, the Space Shuttle Orbiter was able to control its an-
gle of attack via a large body flap, but this capability was used only to maintain a particular an-
gle-of-attack profile and associated L/D, not for steering. Steering was accomplished via the RCS 
jets and bank-angle steering.5 

Typical driving requirements for the flight control system are response time and the time re-
quired for bank reversals. Because bank-angle steering does not directly control the magnitude of 
the lift, only its direction, an out-of-plane component of the the lift is generally present. To con-
trol out-of-plane motion (crossrange), the vehicle executes a number of bank reversals during the 
hypersonic portion of entry to maintain the desired heading. For longer entries, such as Orion’s at 
Earth, a slower response time is acceptable (approximately 30 seconds to complete a bank rever-
sal). However, at Mars, where entry timelines are significantly compressed relative to Earth, the 
control system response time must be much faster, as EDL lasts only 6-7 minutes. 

a) b)
 

Figure 5. Space Shuttle Reaction Control System: a) forward jest and b) aft jets and aero-
dynamic control surfaces; credit: NASA. 
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Credit: NASA AAS 16-092

Credit: NASA/JPL
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Ø Space Shuttle has elevons and flaps, but not used during hypersonic entry
Ø Flaps or trim tabs can extend beyond outer mold line to provide pitching or yawing 

control
Ø Vehicles could morph shapes to change ballistic coefficient

Aerodynamics Surfaces

cant 
angle 

D = 6 
inch 

cone  
angle 

Figure 3. Model geometry (example: 60
�

sphere-cone forebody with 30
�

tab cant angle).

1.5% area, AR = 2:1 3% area, AR = 2:1 3% area, AR = 1:2 6% area, AR = 1:1 
(b) Tab areas and aspect ratios for 60º forebody

70 deg S-C 60 deg S-C 50 deg S-C Apollo 
(a) Forebody geometries with 0º tab cant angle

0º 30º  60º 90º 
(c) Tab cant angles for 60º forebody

Figure 4. Examples of forebody geometry, tab area, tab aspect ratio, and tab cant angle.
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ADEPT – Mechanical Deployable

HIAD – Morphing Inflatable

Credit: A. Slagle Thesis

Credit: Pterodactyl Study
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OTHER AEROASSIST APPLICATIONS
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AEROBRAKING
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Ø First demonstrated by the Magellan 
mission in Venus at the end-of-life 
extension

Ø Conducted on Mars Odyssey, Mars 
Reconnaissance Orbiter, ExoMars 
TGO, and some others

Ø No entry vehicle aeroshell or 
heatshield

Many, many dips into the atmosphere

Credit: NASA

Credit: ESA
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AEROCAPTURE
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Ø Mission to the Ice Giants (Uranus and Neptune)
• Direct mission to the planet (16 years) or with Jupiter Fly-by (14-15 years)
• Orbital insertion maneuver: 1000+ m/s; propellant mass fraction is 55-70%

Motivation

Credit: APL

Credit: NASA

Credit: JAXA

• What if you could use the atmosphere of the planetary body to do most of the 
orbital insertion ΔV?

• What if the on-orbit mass could be increased by 40%?
• What if the interplanetary cruise duration could be cut by 2-5 years?
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Exit O
rbit

What is Aerocapture?

Transfe
r O

rbit

Science Orbit

Burn

Burn
Orbital maneuver where the drag from a 
single atmospheric pass provides 
deceleration for orbital insertion.

It is not aerobraking, where the spacecraft 
dips into the atmosphere several times before 
the target orbit is reached.
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Updates to Entry Vehicle Configurations, Guidance 
Schemes, and Control Methods
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The aerocapture maneuver sets 
requirements on navigation accuracy in 
order to enter the atmosphere at an 
acceptable flight path angle (J). The 
minimum J  results in the shallowest entry 
and the highest integrated aeroheating 
loads. The maximum J gives the steepest 
atmospheric path, and results in the largest 
aeroheating rates and aerodynamic loads. 
The region between the minimum and 
maximum allowable J determines the 
entry corridor. The orbiter lift-to-drag 
ratio (L/D) is chosen to provide adequate 
corridor width such that the vehicle can 
accommodate the 3-V dispersions with 
margin. A preliminary analysis including 
uncertainty estimates for navigated entry 
states, atmospheric density, and 
aerodynamics showed that an L/D of 0.6 
is just sufficient to capture the 3-V entry 
corridor1. In order to have margin above 
3-V, an L/D of 0.8 was selected as the 
baseline requirement. The current analysis 
presents orbiter shapes with L/D = 0.6 - 
0.8. 

ANALYSIS 

ORBITER AEROSHELL SHAPE 
SELECTION 

A L/D between 0.6 and 0.8 requires a 
vehicle shape that is more slender than 
typical 70-deg sphere-cone planetary entry vehicles, which give a maximum practical L/D near 0.25. The orbiter 
shape affects several other aspects of the mission, including aerodynamics, aeroheating, structures, packaging, mass 
properties, and thermal protection. Thus, considerable time was spent on an orbiter shape trade study before 
additional system analyses were performed. The shape trade study was undertaken in order to rapidly assess the 
performance capabilities of candidate mid-L/D shapes. The shapes were defined parametrically and aerodynamic 
performance was screened using modified Newtonian Theory, which is known to give reasonable predictions for 
blunt shapes at hypersonic speeds. In this fashion, many shapes were defined and analyzed in a short amount of 
time. 

 
The goals of the shape study were to: 

 
1. Achieve L/D = 0.6 - 0.8 
2. Minimize ballistic coefficient, Em 
3. Maximize effective volume9, Veff 

 
where Veff is a measure of the effective internal packaging volume: 
 

sphereafor1
S

U6
V

2/3
wet

eff   
S

  (1) 

A L/D > 0.6 ensures that the orbiter can accommodate the 3-V dispersions during aerocapture. Minimizing Em 
reduces aeroheating rates and requirements placed on the entry guidance system. Maximizing Veff gives the lowest 
surface area for a given volume, which can help reduce the aeroshell structure and thermal protection system (TPS) 

 
 

Figure 1.  Neptune Orbiter in Aerocapture Configuration 
 

 
 

Figure 2.  Schematic of Aerocapture Orbit Insertion at Neptune 

Credit: AIAA 2004-4953

Mid L/D shapes
L/D > 0.5

Higher control authority needed

Credit: NASA/JPL

Sphere-Cone Rigid 
Aeroshell

Spherical Rigid Aeroshell

2012 Mars 
Science 
Laboratory

Orion Credit: NASA

Deployable Aeroshell

Credit: NASAHIAD
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AEROGRAVITY ASSIST
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Gravity Assist + Aerodynamics

Entry Interface

Periapsis

Atmospheric Exit

Begin Active
Guidance

End Active
Guidance

Hyperbolic Entry Trajectory

(V1 = 14.81 km/s)

Sphere of Influence (SOI)

(V1 = 1.64 km/s)

� = 33.96�

rSOI = Rt

⇣
µt

µs

⌘2/5

Credit: J. Arnold Summer 2021 Presentation

Credit: AAS 21-201

Ø Allows for large orbital maneuverability without fuel usage
Ø Potential application for Enceladus orbiter/lander using Titan as a 

fly-by body
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Ø Control authority can make heavily affect EDL trajectories in range 
traveled, peak deceleration, and heat flux/load

Ø Guidance schemes that have been mostly implemented have 
been analytical and reference-following, but numerical 
predictor—corrector options are coming

Ø Navigation systems have been IMU based, but more precise 
landing requires integrating a plethora of sensor data that 
observe position, velocity, attitude, and environmental conditions

Ø Control systems include reaction control systems (RCS), 
aerodynamic surfaces (like flaps), morphing shapes etc.

Ø GNC systems also affect flight for other aeroassist missions, such 
as aerobraking, aerocapture, and aerogravity-assist

Summary


