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Mars Sample Return mission is currently undergoing a re-architecture. The work presented
in this talk is reflective of mission presented at return system PDR December 2023.
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Mars Sample Return Earth Entry System:
Approach, Entry, Descent, and Landing
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& Motivation: Reconstruct drop test trajectories for estimating
aerodynamics and ground impact conditions e
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Engineering Challenges: s o

* Decelerate without a parachute (passive stability)
* Impact ground at terminal velocity (~45 m/s)

* Ensure sample containment (manageable structural
loads, soil properties)
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This slide shows the concept of operations for the earth entry system approach, entry, descent, and landing portion of Mars Sample Return. EES enters Earth’s atmosphere on a steep ballistic trajectory and decelerates down to ground impact at Utah Test and Training Range fully passively. A few engineering challenges during this phase include not utilizing a parachute, impacting ground at terminal velocity while ensuring the Mars sample don’t break containment. To tackle these challenges early in the design process by obtaining engineering data, helicopter drop tests are conducted such as the one shown in the video. To date, 75 total drop tests have been conducted at UTTR. Nevertheless, the paper motivation is to develop the computational models to conduct drop test trajectory reconstructions.  





Helicopter Drop Test

» Helicopter drop tests conducted

at the Utah Test and Training
Range (UTTR), October 2023

» Test objectives

* Acquire free-fall flight data for
characterization of subsonic
aerodynamic properties

* Acquire ground impact data to
support structural modeling

» Test Location

 Similar Playa soil as EES landing
ellipse

* Close to UTTR South Road helps
with transportation logistics
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Test Article Configuration

» Test article configuration Fomisscoraed  AfGogyLa L9 Bkt 1019
* Two-piece aluminum 52.5 deg sphere cone structure ~ _Agi \ /

* Designed to withstand multiple drop tests at UTTR with
off-vertical impact angles up to 15 deg

* Full scale test article (1.273 m diameter)

» On-Board Instrumentation

Two-Piece Aluminum Graphite Composite

Sphere-Cone Aft Deck
Construction Sensors and Data System
Texense 6DOF IMU Sensor Free-Fall Flight Dynamics
Flysight GPS Position/Velocity Along Trajectory
Sony 4K Video Cameras Record Footage of Drop
High-G Accelerometers Impact Accelerations

DTS Digital Acquisition System Handling of Sensor Measurements




Helicopter Drop Test Overview
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Test Preparation




Helicopter Drop Test

Image credits: E. Shellabarger



Helicopter Drop Test

Image credits: E. Shellabarger



Test Article Recovery

Image credits: E. Shellabarger




Inertial Measurement Unit
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» Texense IB6 IMU
e Sample rate 50 kHz, filtered and downsampled to 500 Hz for data analysis

* Drop test 1 saturated the yaw rate sensor in 5 places — yaw rate was extrapolated from a
guadratic polynomial fit
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Global Positioning System
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» Bionic Avionics Flysight GPS

e Sample rate of 5 Hz
* Produces geodetic position, north-east-down (NED) velocities, and accuracy estimates

e Accuracy estimates included horizontal and vertical position components and one speed
accuracy. The speed accuracy was assumed to apply to each NED component

* The GPS unit was not G-hardened: signal was erratic immediately after ground impact
but stabilized after several seconds
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On-Board Video

» Sony 4k resolution
video at 30 fps
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Weather Balloons

r ~] 2000 2000 r
Drop 1 ——Drop 1
—_ Drop 2 | — —_ ——Drop 2
£ 1500 { E1s00 € 1500 }|—Drop 3
Q Q e —— Drop 4
o S .
=
£ 1000 + 1000 2 1000
o — ot
: 3 :
O 500 © 500 - _
9 - 2 500
Y . : . 000 0.95 1 1.05 0
0 2 4 6 ' i} 3 ' 099 1 1.01 1.02
East Wind [m/s] Density [kg/m~] Density ratio to monthly mean

» Weather balloons were used to measure the atmosphere for both test planning and
post-flight reconstruction

» One balloon was launched prior to each test to provide wind data that were used to
determine the drop altitude, ground speed, and heading

» The balloon measured densities ~1% higher than the monthly mean
» Balloon data were integrated into post-flight reconstruction and simulations ;



Trajectory Reconstruction Approach

Atmospheric
Data

Aerodynamic Aerodynamic

Initial ,
Conditions - Propagation - Update Calculations Coefficients

Ilterate in time Figure credit: S. Dutta

» New Statistical Trajectory Estimation Program (NewSTEP)

* |terative Extended Kalman Filter/Smoother formulated for solving
trajectory reconstruction problems
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Trajectory Reconstruction Results
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Reconstructed Impact Conditions

» Reconstructed impact conditions Flight Path | Off-Nadir
used for impact structural dynamics USRI RN CE MR R

analysis (not documented here) aisy -82.78 3.19
2 41.98 -86.33 3.48
3 41.81 -88.06 3.68

4 41.50 -86.50 1.79 .




Aerodynamic Reconstruction Results

Ca Cn Cn/Cy Cy Co Cn/Ch Cy
Multiplier =~ Adder  Multiplier  Adder Adder  Multiplier  Adder
Estimate 0.1641 -0.5860  -0.6577  -0.3115 -0.3949  -0.6476  0.6854
3o 0.0030 0.0040 0.0123 0.0267  0.0594 0.0641 0.0595 0.05

—— Reconstructed
— Nominal
—— Reconciled

» Reconstructed aerodynamic coefficients were
computed from sensed accelerations and
rates, dynamic pressure, and mass properties

» Reconciled aerodatabase was computed as a
best fit to the reconstruction in a process
involving all four drop tests simultaneously
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Pitching Moment Coefficient
o

-10 0 10
» Unsuccessful at estimating dynamic stability Angle of Attack [deg]
* The dynamics model in the aerodatabase does not

capture persistent low-amplitude oscillations in the
reconstructed angle of attack 16



Comparison with Simulation — Drop 1
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> Program to Optimize Simulated Trajectories Il (POST2) simulation was updated with the as-
flown atmosphere, aerodynamics, and initial conditions to produce the reconciled trajectory

» Simulations predict slightly lower impact velocity, longer flight time, and lower angle of
attack — consistently for all drops

» Persistent angle of attack motion in terminal flight is not captured in the simulation
* Possible causes: winds, low-amplitude pitch damping characteristics .



Animation

Reconstruction Simulation

n Altitude: 2895.08 m Yaw Angle: 170.10 deg
H. Altitude: 2896 .65 m Yaw Angle: -102 38 deg Velocity (Planet Relative): 19.99 m/s Pitch Angle: -88.60 deg

Velocity (Planet Relative): 20.60 m/=s Pitch Angle: -76.81 deg Total Ack: 90.40 deg Roll Angle: -23.00 deg
Total AoA: 87 583661 deg Roll Angle: -99.71 deg

» Animations created using the Exploration Visualization Environment (EVE)




Summary

» Earth Entry System conducted 4 successful drop tests at UTTR

» On-board instrumentation was used to reconstruct the as-flown trajectory
and aerodynamics using NewSTEP

» Test objectives were met
* Acquired aerodynamic data
e Estimate of ground impact conditions

> Findings:
* Extracted a set of static aerodynamic parameters that are within the uncertainties of the
aerodynamic database
* Evidence of low-amplitude attitude oscillations that are not captured in simulations

* Reconstructed trajectories have a higher angle of attack, higher impact velocity and
shorter flight time than simulation results

* Determined ground impact conditions .
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Comparison of EES to other Earth Return Vehicles
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Genesis (2001)
eSpin Stabilized (15
RPM)

eEntry: 11 km/s, -8.3°
¢1.5m Diameter, 60°
sphere-cone
eParachute Descent

ePeak Deceleration: 30
G

*48 x 15 km landing
ellipse

Not Included: Varda (2023)

Stardust (2006)
*Spin Stabilized (13.5

RPM)

eEntry: 12.8 km/s, -8.2°
¢0.8 m Diameter, 60°
sphere-cone

eParachute Descent

ePeak Deceleration: 40
G

*44 x 76 km landing
ellipse

OSIRIS-Rex (2023)

eSpin Stabilized (12
RPM)

eEntry: 12.7 km/s, -8.2°

¢0.8m Diameter, 60°
sphere-cone

eParachute Descent

ePeak Deceleration: 40
G

*58 x 14 km landing
ellipse

MSR EES (Current)

eSpin Stabilized (5
RPM)

eEntry: 11.6 km/s, -22°

¢1.25 m Diameter,
52.5° sphere-cone

eNo Parachute

ePeak Deceleration
123 G

®22 x 17 km landing
ellipse

» EES does not utilize a
stabilizing parachute

* Aeroshell cone angle modified
to balance volume and
aerodynamic stability

>~ EES has a very steep Entry
Flight Path angle

* Done to reduce landing ellipse;
but at expense of high

heating/deceleration
environment
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POST?2 Simulation Architecture

»POST2 integrates various
subsystem models into flight
mechanics Sim Mass Properties

* Models are checked out with Gravity Model .,

developers ,

* Simulation Inputs Document
provides centralized document for S eete sohsystens

initializing sim inputs Sim Inputs -
. . . _ Document - models into iii‘ectory :

Aerodynamics
Database

POST2

Dispersed Sté.te
e Configure simulation to desired File

Monte Carlo scenario i
* Outputs post-processed for '

engineering analysis (e.g. Atmosphere t
aerothermal) and scorecard Model

generation

42 Handoff File

Stability Metrics
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Accelerations, Angular Rates, Initial Condition

Equations of Predicted
Motion Measurement
Prediction Step

\ 4

State . Measurement
Correction Residual
Correction Step

Best Estimated
Trajectory

Parameter
estimation
approach
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