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 Aerocapture can potentially enable 
faster arrival trajectories and reduce 
orbit insertion propellant mass at 
Uranus

 Question: How well does 
aerocapture perform at Uranus when 
the modeling and simulation fidelity 
is increased from 3-DOF to 6-DOF?

Motivation

NASA Space Technology Mission Directorate funded Early Career Initiative (ECI). Project aims to mature the analysis and 
technology state of Uranus aerocapture
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 Uranus Aerocapture Overview
 6-DOF Modeling and Simulation
 Simulation Results

• Nominal Trajectory
• Monte Carlo Results

 Study Findings
 Future Work

Outline
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 Arrive at Uranus on a hyperbolic 
trajectory (𝑽𝑽∞)

 Reach entry interface at 1000 km 
altitude

 Active guidance steers aeroshell 
during atmospheric flight (∆𝑽𝑽) 
targeting desired apoapsis altitude 
at exit

 ∆𝑽𝑽𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 = ∆𝑽𝑽𝑪𝑪𝑪𝑪 + ∆𝑽𝑽𝑹𝑹𝑹𝑹𝑹𝑹 + ∆𝑽𝑽𝑨𝑨𝑨𝑨𝑨𝑨
• Clean-up Maneuver (CM) to 30 day orbit
• Ring Avoidance Maneuver (RAM)
• Apoapsis Correction Maneuver (ACM)

Overview: Uranus Aerocapture

Start Sim: E-10 min

𝑉𝑉∞ = 11.4 km/s
2036 Falcon Heavy Launch (No Jupiter Flyby): 2048 Arrival Image Not to Scale

Altitude: 1000 km
Velocity: 23.78 km/s
FPA: -10.8 deg

E+13 min

∆𝑉𝑉 = 3 km/s

143 m/s
(99%-tile)

144 m/s

30 day orbit

49 m/s

Target 
Apoapsis: 
2e6 km

Uranus Aerocapture Concept-of-Operations with 3 DoF simulation results
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 Program to Optimize Simulated Trajectories II (POST2) utilized for trajectory simulations

Trajectory Simulation Framework

See AIAA-2025-
XXXX

See AIAA-2025-
XXXX

See AIAA-2025-
XXXX

See AIAA-2025-
XXXX and AIAA-
2025-XXXX

See AIAA-2025-XXXX

See AIAA-2025-
XXXX
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 3 DoF Mode
• Bank commands from FNPAG (guidance)
• Bank Rate/Accel Limiter (control)
• Perfect state knowledge (navigation)

Aerocapture Guidance, Navigation, and Control

FNPAG: Fully Numerical Predictor 
Corrector Aerocapture Guidance
RCS: Reaction Control System
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 6 DoF Mode
• Bank commands from FNPAG (guidance)
• RCS PD controller (control)
• Strapdown IMU (navigation)

Aerocapture Guidance, Navigation, and Control

PD: Proportional Derivative
IMU: Inertial Measurement Unit
MEKF: Multi-Extended Kalman Filter

Note: Current work assumes a simple 
6DOF simulation framework for 
preliminary analysis
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 Delivery State dispersions provided by 
entry state file (ESF)*

 UranusGRAM provides nominal and 
dispersed atmosphere

 Disperse on-board navigation via 
strapdown IMU and MEKF

 Aerodatabase provides nominal and 
dispersed aerodynamics

 Disperse mass properties by +-10%

Trajectory Simulation Model Inputs

Unless otherwise noted, each category assumes a normal distribution
*ESF provides dispersed state in each row; values in table are resulting ±3σ value from each 
variable distribution 
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6DOF Nominal Trajectory
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 3 km/s of velocity 
dissipation

 13 min flight time from 
entry to exit

 Total peak heat rate of 
318 W/cm^2 at ~5 min 
after entry

 Peak deceleration of 
1.75 Earth G at ~5 min 
after entry

 Integrated total heat 
load of 80 kJ/cm^2

6DOF Nominal Trajectory

20 21 22 23 24
Inertial Velocity [km/s]

200

400

600

800

1000

G
eo

ce
nt

ric
 A

lti
tu

de
 [k

m
]

Es
ca

pe
 V

el
oc

ity

-15 -10 -5 0 5 10
Inertial FPA [deg]

1

1.1

1.2

1.3

1.4

1.5

1.6

Ec
ce

nt
ric

ity
 [n

d]

Captured Orbit Limit

10 15 20 25
Time [min]

0

50

100

150

200

250

300

H
ea

t R
at

e 
[W

/c
m

2 ]

0

20

40

60

80

To
ta

l H
ea

t L
oa

d 
[k

J/
cm

2 ]

Total
Convective
Radiative

10 15 20 25
Time [min]

0

0.5

1

1.5

2

D
ec

el
er

at
io

n 
[g

]

200

400

600

800

1000

1200

G
eo

ce
nt

ric
 A

lti
tu

de
 [k

m
]

G
ui

da
nc

e 
O

n

G
ui

da
nc

e 
O

ff

EntryExit Entry

Exit

Exit ExitEntryEntry



11

 RCS able to achieve 
guidance bank 
commands

 Closed-loop guidance 
able to optimize to 
target apoapsis

 Control system able to 
trim AoA at -17 deg

 Trim AoA produces 
desired 0.25 L/D

 RCS propellant useage 
of 22 kg 

6DOF Nominal Trajectory
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 RCS able to achieve 
guidance bank 
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6DOF Nominal Trajectory
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 RCS able to achieve 
guidance bank 
commands

 Closed-loop guidance 
able to optimize to 
target apoapsis

 Control system able to 
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 Increased orbit 
insertion cost

 Similar aeroheating 
and deceleration

 More hyperbolic cases*

6DOF Monte Carlo Trajectory

Compare 6DOF Monte Carlo simulation to 3DOF Monte Carlo simulation

*Recovery ΔV introduced as mitigation strategy to 
capture remaining hyperbolic cases
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 Increased orbit 
insertion cost

 Similar aeroheating 
and deceleration

 More hyperbolic cases*

6DOF Monte Carlo Trajectory

Compare 6DOF Monte Carlo simulation to 3DOF Monte Carlo simulation

*Recovery ΔV introduced as mitigation strategy to 
capture remaining hyperbolic cases
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 Developed 6DOF modeling and simulation framework
• One of the first developed for aerocapture
• Applied it to the Uranus Orbiter and Probe

 Conducted trajectory analysis
• Demonstrated viability of using a PD RCS control system for achieving bank angle commands 

during aerocapture
• 6DOF Monte Carlo simulations produce results that are generally comparable to 3DOF 

simulation results
 Slightly worsened orbit insertion performance but can be accounted for using recovery ΔV
 RCS propellant mass allocation less than 50 kg

 Future Work
• Analysis of dispersions sources to understand key drivers to 6DOF Monte Carlo results
• Improve fidelity of GNC modeling
• Assessment of alternative RCS control algorithms 

Study Findings
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Questions



Backup
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 RCS PD Controller
• Inspired from MSL attitude Entry Controller [1]
• Utilizing PD with saturation logic [2]
• Gain schedule based on region of flight

Aerocapture Guidance, Navigation, and Control

[1] Brugarolas, P.B and San Martin, A.M., and Wong, E.C., ”Attitude Controller for the Atmospheric Entry of the Mars Science Laboratory”, AIAA Guidance, Navigation, and Control Conference and Exhibit, 
Honolulu, HI, August 2008.
[2] Wie, B., “Space Vehicle Guidance, Control, and Astrodynamics”, AIAA Educational Series, 2015
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 Slightly worse orbit 
insertion performance

 More hyperbolic cases*
 Similar aeroheating 

and deceleration

6DOF Monte Carlo Trajectory

Compare 6DOF Monte Carlo simulation to 3DOF Monte Carlo simulation

*Recovery ΔV introduced as mitigation strategy to 
capture remaining hyperbolic cases
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 Aerodynamic dispersions don’t 
drive orbit insertion performance

 Delivery state dispersions don’t 
drive orbit insertion performance

 Atmospheric dispersions can 
influence orbit insertion 
performance

6DOF Monte Carlo Trajectory

Assess key dispersions sources to understand if any correlations to aerocapture performance exist
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