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Introduction

 Mars Science Laboratory (MSL)
scheduled to be launched in '09

— Mobile Science Laboratory

— One Mars year surface operational
lifetime (687 days)

— Discovery responsive over wide
range of latitudes and altitudes

— Precision landing via guided entry

— Controlled propulsive landing:
Skycrane Touchdown Maneuver

— Mission science will focus on Mars
habitability

— Next generation analytical
laboratory science investigations

Dynamic Environments WorkeHp)




Mars Science Laboratory vs Mars Exploration Rover

MSL:800 kg rover MER: 170 kg rover




Skycrane Touchdown Maneuver

One Body Phase Two Body Phase Two Body Phase Two Body Phase
(Vertical Descent) (DRL/Bridle Deployment) (Constant Velocity) (Touchdown Event)




Requirement & Loads Development

« Touchdown Driving Requirement

The mechanical system surface element
shall be capable of facilitating a safe,
stable landing at terrain angles up to 15
degrees, given an initial vertical velocity of
1 m/sec, horizontal velocity of 0.5 m/sec,
and Z-axis spin rate of [4] deg/sec.

* Touchdown Loads Development

A multi-year development effort has been
successfully conducted leading to an
innovative analytical methodology for the
prediction of rover touchdown design
loads and the assessment of rover
touchdown stability.




Touchdown Loads Analysis Overview

A systematic methodology developed for all TD loads analyses.

Touchdown Design Loads

“Loads Bowl!” Rock Strike
Cases Cases

Landing on Slopes Landing on Rocks

TD Verification Loads

Rock-on-Slope
Cases

Dynamic Environments WarsHop)




Touchdown Design Loads

Explore worst case limit loads from a reasonably bounding set of
ADAMS simulations:

— 1,752 Loads Bowl Cases + 618 Rock Strike Cases
Simulate conservative touchdown conditions
— 3-sigma landing velocity (V, = 1 m/sec, V, = 0.5 m/sec)
— High friction of coefficient (. = 1)
— Rigid terrain stiffness
Compute case-consistent but not time-consistent loads, assumed
to peak simultaneously
Apply a Load Uncertainty Factor (LUF) of 1.3 to account for:

— Changes in mass, geometry and stiffness (wheel, differential,
suspension)

— Uncertainty in damping, rover z-spin and unanticipated load cases
— Not overly conservative for convergence of loads and structure sizing




Touchdown Verification Loads

Develop less conservative limit loads for final margin assessment

Explore worse case by running large no. of ADAMS simulations
— 2,000 to 5,000 of Rock-on-Slope Cases
Perform probabilistic assessment by dispersing key touchdown
performance parameters with known statistical distributions
— Vertical and horizontal landing velocities
— Rover z-spin rate prior to touchdown
— Representative rock and slope field or probabilistic model
Compute time-consistent loads for items with negative margins

Reduce Load Uncertainty Factor (LUF) based on:
— Exploration of a comprehensive set of load cases
— Design maturity in mass, geometry and stiffness

— Model correlation & damping verification by component,
subassembly, subsystem and drop tests

APL




Touchdown Dynamics Model

» A high-fidelity rover model with
“proper” level of idealization
developed in ADAMS:

— Flexible suspension idealized with
beam elements

— Vehicle chassis modeled as a rigid
body with its CBE mass properties
scaled to allocations

— Wheel compliance modeled by a
6-DOF bushing S

— Wheel/ground impact modeled by ©:2serera sone r
a robust torus-to-surface contact R NG L
model with pg =1 By

— Mobility joints idealized by revolute
and spherical constraints




Touchdown Dynamics Model (cont.)

* Descent stage modeled as a rigid
body with its CBE mass properties  rresabes moton
scaled to allocations .

« Each bridle modeled as a tension- "%
only spring-damper element mase ||
— 40 kN/m per bridle, 1% damping 70% damping
« Descent stage control system
modeled by a mechanical analog:

— Control compliance simulated by
an equivalent spring-damper
system.

— Maximum touchdown velocities
prescribed:

V,= 1.0 m/sec, V, = 0.5 m/sec
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Loads Analysis of “Loads Bowl!” Cases

A “Super Bowl” of 1,752 load cases are developed to cover all
the possible combinations of slope angles (0°,5°,10°,15°), slope
orientations (0°-360°, 24 increments), and the clocking of
horizontal landing velocity (0.5 m/sec, 0°-360°, 24 increments).

Slope (0, 5, 10, 15 deg)

- .
cecraft |

1d Launch Vehtle




of Loads Bowl Cases

Example: Cases #1177 to #1752 (touching down on 15° slope)
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Cases #1189 — 15° slope, 180° clocking,
(Vx, Vy, Vz) =

Touchdown Loads of Loads Bowl Cases

(-0.5, 0, 1) m/sec

ADAMSMew model name: skycrn

Cases #1486 — 15° slope, 0° clocking,

(Vx, Vy, Vz) =

ADAMSMew model name: skycrm

(0.5, 0, 1) m/sec
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Loads Analysis of Rock Strike Cases

* To explore “worst” loads, 618 rock
strike cases have been simulated:
— Normal of local rock impact surface

is aligned with impact velocity
vector.

— Normal of local rock impact surface
is aimed at the rover c.g

— Normal of local rock impact surface .
Contact Force

Is almed at the stiffest suspension S — Deactivated
direction. Activated Contact Plane

— Specific wheel impact cases
suggested by the MSL rover
mobility team.

— The local rock impact surface is a
vertical one.

— The local rock impact surface is a
horizontal one.

)’I | iJ
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“The Da Vinci Code” of Rock Strike Cases

« Example: Cases #1101 to #2624 (rock normal aligned with velocity)

24 0L o « Normal vector of impact

\\\// surface parallel to impact

wieeL . velocity vector

WHEEL 4

« 288 cases total

« Case mnxy

m = 1, Impact at outer wheel rim
m = 2, Impact at inner wheel rim
n=1to 6, wheel ID

WHEEL 2

WHEEL 5 (xy-1)<15 = clocking angle of V,; from

rover +X axis in degrees

Example: Case 2104

Impact at inner wheel rim /
Impact at wheel 1
WHEEL 3

WHEEL 6
V, @ 45° from rover +X
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Touchdown Loads of Rock Strike Cases

Wheel-1 Drive Actuator, Abs. Max. Loads Comparison of 610 Cases (FS1288+AB12+CG-P1B+CG-V6+FS

6000 . . . .

2
288)

Fx (shear) Fy (shear) Fz (axial) rss<Fx,Fy> (shear)

1 2
m - .- @m0 O - e e

Peng/Ortiz (12-Apr-06)
T

2000 T T T

Mx (bending)

My (bending) Mz (torsion)
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Loads Analysis of Rock-on-Slope Cases

345° 0° 45
330° ‘ 30 . .
31s° \ / 45 Rock/Slope Configuration
Case #
300° 60
146530
285° \\ //( 75 146590
‘\ _ Case # wi Case #
srpa SLOPESVH 141430 154030
CLOCKING 141490
255° “// \\:‘105'* wil wil
240° / \ 120°
225° 135° Case #
210° 150° 161530

195° jgge 165° 161590

wil

Case #146590 — 15° slope at 0° clocking

Case #
118990




Touchdown Loads of Rock-on-Slope Cases

Loads Bowl Case #1189 with Loads Bowl Cases #1540 with
wheel #3 Impacting a rock wheel #1 Impacting a rock

ADAMS/\iew model name: skycm

45000

4000‘0: == Maximum wheel |0§d.S ° Based on a prellmlnary
. are smaller than original
| case #1189 without rock study, the touchdown loads

; of single-rock-on-slope
cases will be bounded by
the loads bowl cases and
rock strike cases, as shown

on next slide.
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Comparison of All Touchdown Loads

Abs. Max. Loads at Wheel-1 Drive Actuator of All Touchdown and Traverse Cases

8000 T T T T
BOOO o 1]
3
% 4000 | R " e M| B -
O
L
2000ff81 (1B (1<l (1 B (I -
Fx (smear) Fy (s_hear) Fz (axial) rss<Fx, F7> (shear)
B =705 TO® 705 [_]TD Loads Bow'™ [ TD Rock Strike®"® [l initial TD Rock-on-Slope®

2000 T T T T

Mx (bending) My (bending) Mz (torsion) res<Mx, My> (bending)
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Sensitivity Study of Touchdown Loads

* TD Loads vs. Landing Velocity — Loads reductions approximately
linear with landing velocity magnitude reductions.

Vv & Vh (m/sec) | 1.00 (-0%) | 0.75 (-25%)| 0.5 (-50%)

0.50 (-0%) -0% -17% -45%

0.25 (-50%) -9% -23% -51%

» TD Loads vs. y;— Conservative loads predicted with p = 1

Wheel-1 Drive Actuator, Abs. Max. Loads from 288 First Strike Cases
6000 T . . .

Fx (shear) Fy (shear) Fz (axial) rss<Fx Fy> (shear)

B u=01 [l mu=1[Jmu=5[_]mu=1 [ _Jmu=10 B mu=100 [l mu=1000




TD Stability Analysis — 15° Slope Cases

MSL Touchdown Stability Study - Loads Bowl, 15-Degree Slope (576 Runs)
o ; 4 H T

20 : V, = 1.0 m/sec, V,, = 0.5 m/sec

i, CasE #1190 ..

15

Number of Cases

%s 16 17 18 19 20 21 22 23
Maximum Angle from Rover-Z to Gravity Vector During Touchdown (deg)

Mean =17.1294 , 3*Sigma =3.909, Min. =15.2332, Max. =22.5422
100

o

=

Q : : i : : i

S : : : : : : :

B A0
o

. : : : ; ; : :
15 16 17 18 19 20 21 22 23
Maximum Angle from Rover-Z to Gravity Vector During Touchdown (deg)
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TD Stability Envelope — Loads Bowl Cases

» Four full sets of loads bowl runs (i.e. 4 x 3480 = 13,920 runs) were
conducted to explore stability envelope with V, = 0.5 m/s & pg = 1.

« Max. angle from rover-z to gravity is used to check the TD stability.

1.25

1.00

nominal Vv

0.50

(oas/w) AN\

0 5 10 15 20 25 30
Slope Angle (deq)

- stable - marginal to unstable - unstable
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Summary

* Innovative touchdown design loads development and intensive
sensitivity studies successfully conducted leading to:

— Significant understanding of touchdown loads and stability
— Sufficient confidence to proceed to rover design and test
* Preliminary design loads delivered on schedule to support PDR'’s
— 1,752 Loads Bowl Cases + 618 Rock Strike Cases + 1.3 LUF
» Passed 2 touchdown loads reviews with an important conclusion:

— “... the design loads and loads uncertainty approach is
acceptable, and the planning and execution of the verification
loads testing and analysis should commence.”

e Future Work
— Model verification and loads validation by tests
— Probabilistic touchdown loads assessment
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