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Mars 2020 EDL — “7 Mi

NASA/JPL-Caltech

Cruise Stage Separation
Time: E - 10min
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Parachute Deploy
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Radar Lock
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Mars 2020 Supersonic Parachute — Risk Reduction R (oo
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How could we dramatically reduce cost and risk from the parachute subsystem?

Eliminate the parachute.

Santa Clara, CA, Aug. 29 — Sept. 2, 2022 5
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Small High Impact Energy Landing Device (SHIELD)

 Vehicle concept under development at NASA JPL
* Minimum complexity - eliminate subsystems wherever possible
- Small, mostly passive ballistic rough lander for Mars

 Only two EDL events:

» Subsonic drag skirt deployment
- Heatshield jettison

« Crushable material attenuates final impact deceleration

Wikipedia

- ~5 kg payload, ~1,000 Earth g’s

» DS2 comparison:

» 3.6 Kg entry mass
» ~30,000 Earth g’s

Edwards and Matthies, 2021
6
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ssions to the Martian Surface

Low-Cos

* Mars Sample Return: © . AKECKINSTITUTE FOR SPACE STUDIESREPORT

» Top priority at Mars for the next decade

+ $3.8-$4.4B, multiple missions

- Community interest in low-cost science missions to continue regular
mission cadence during & after MSR

- Keck Institute for Space Studies report, Low-Cost Science Mission Concepts for

Mars Exploration Workshop A STRATEGY: FREQUENT. AFFORDABLE. BOLD

* Networks of small rough landers are promising mission architecture

» Atmospheric science, seismology

Co-deliver passive probes to entry via single carrier spacecraft

* Further reduce complexity

a , , N
Maneuver design & uncertainty e
> guantification for co-delivery of R
network of passive ballistic probes

\l J

Santa Clara, CA, Aug. 29 — Sept. 2, 2022 Culbert, Enlmann, Fraeman, 2022
/
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SHIELD EDL Timeline

& S

- N

Entry
Stowed in aeroshell

5 6 km/s at 125 km

Y - | .
Drag skirt deployment

Mach < 0.9

a )
Heatshield Jettison

> 4 s after drag skirt

J

4 )
Landing

Impact speed < 50 m/s
Assumed spherical Mars

\_

/

Santa Clara, CA, Aug. 29 — Sept. 2, 2022 SHIELD images: Giersch et. al, 2022 9



Nomlnal Event Timing

» Constraints define range of acceptable event times

« Select nominal values for EFPAs of: —12°,—18°, —24°

Table 1: Summary of SHIELD EDL requirements

Parameter | Requirement

Mach number at drag skirt deployment <09

Time between drag skirt deployment and heatshield jettison >4s
Impact velocity < 50m/s

20

(-
o)

altitude, km
[
(-

-~ @cceptable

B E+140.0 5 @ dep|0y
+150.0 s + jettison
ol [E+226.2s i

0.0 0.2 0.4 0.6 0.8 1.0
velocity, km/s
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Uncertainty. Quantification

P

» Apply representative uncertainties

frequency

 EFPA: Gaussian, 30 = 0.2°
 Velocity: Gaussian, 36 = 2 m/s

» Density: 2010 Mars Global Reference Atmospheric Model (Mars GRAM)

» Drag coefficient: Uniform, +/- 5%

-

threshold, Is sufficient to command

\

A timer, triggered by deceleration

—DL events within requirements.

~

/

. 140 T YO = —12°
140 T Yo= - 12 | = —18
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100 - |
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0 T — ‘ | - T T T 0 - T T T T T
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Mach number at drag skirt deploy landing error, km

\

Drag skirt deployment only
provides about 3 km of control

authority, not enough to moderate

downrange error”.

/
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Regional Probe Networks
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Assump, rl(r)n
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* Precision landing not required, but network should achieve desired distribution
* Probes are co-delivered by a single carrier spacecraft on an entry trajectory
» Probes separate from the carrier mechanically within 20 days of entry

» For regional networks, assume EFPA of -12 deg

Parameter Dispersion
atmospheric density p MarsGRAM
entry velocity magnitude V) 30 =2m/s
entry flight-path angle 300 =0.2°
probe ballistic coefficient 8 +5%
jettison speed V; +10%

Santa Clara, CA, Aug. 29 — Sept. 2, 2022 13



Llnearlzed Targetln c
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* Linearize relationship between jettison velocity V;
and changes in landing site coordinates Axgg

» Numerically evaluate Jacobian

distance, km

0 50 100 150 200 250 300 350 400
500 l 1 ‘ 1 ‘ 1 1 1 1 1 l-8
» Take least-norm solution to solve for jettison velocity —e— downrange error o
: : : : R | o d V. |
given desired change in landing site B K
400 4 —®— crossrange error :
----- crossrange V; L 6
» Works well for separations < ~100 km, fails for larger o % % Fa .
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e -4§
S 200 - <
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Large-Scale Probe Networks
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Large-Scale Networks Setup

» Carrier entry flight-path angle of -18 deg

» Target sites with increasing offsets in along-track and cross-track

« 5,10, 15, 25 deg along-track

* 5, 10, 15, 30 deg cross-track

» Numerical nonlinear optimizer generates jettison velocities at fixed times

- E-3 days for along-track

- E-18 days for cross-track
» Quantify error when applying maneuver under uncertainty
« Same assumptions as before

 Targeting trade study plots in backup slides

Santa Clara, CA, Aug. 29 — Sept. 2, 2022
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Monte Carlo Analysis: Along-Track Performance

» Separation 3 days before entry, carrier EFPA of -18 deg
» 29% of the 25.52 deg cases miss the planet entirely!

- Shallow EFPA, long coast time = high sensitivity to error

3004 nominal separation: 175- i nominal separation:
il o 4720 150 - e 4.72°
250 9.40° 9.40°
>~ 14.02° . 0
> 200 : > 14.02
- o
O 25,52 S 100 B 25.52°
5 150- = .
— L :
= 56% of 25.52° cases =
100° iii o — 50 HH
- nEEN |I|I :
0 - EEE Fmﬂmﬂﬂﬂﬂl—lﬂ'ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ' 0 o H=
0 100 2(?0 300 400 500 ~16 ~14 —1?2 ~10
landing error, km EFPA, deg
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AIong-Track Separat! Trajectories
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» Along-track separation 3 days before entry, -18 deg EFPA
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Monte Carlo Analysis: Cross-Track Performance
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ol

« Separation 18 days before entry, carrier EFPA of -18 deg

» Lower error across the board, no cases miss the planet

 Larger maneuver = large EFPA dispersions - large landing error
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Monte Canal i aneuve xecution gy

e -

- Remove maneuver dispersions, all else equal
» Along-track: no cases miss planet, 25.52 deg case still performs terribly, other cases reasonable

» Cross-track: all cases perform well, consistent with nominal single-probe analysis

60 -
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3001 ¢
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Conclusmn
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» Co-delivery of a network of small rough landers is a promising architecture for low-cost Mars missions
» Under current assumptions, SHIELD has ample margin to rely on time-triggered EDL events

- Within about 100 km, maneuver design is approximately linear and probes can be passively co-
delivered to a consistent network shape

* In the 100-1000 km range (up to about 15 deg separation), maneuver design is nonlinear but probes
can still be passively delivered with rough accuracy

» Above about 1000 km, the generated trajectories become too sensitive for passive targeting

» Other approaches:

- Significantly reduce expected maneuver (jettison) execution error
 Allow carrier spacecraft to perform multiple maneuvers during approach, allow separation earlier than 20 days

» Multiple carrier spacecraft
- When optimizing, avoid long atmospheric coast phases and constrain range of probe EFPAs

Santa Clara, CA, Aug. 29 — Sept. 2, 2022 23
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Varying Separation Timing

« Cross-track separation, EFPA of -18 deg

jettison speed, m/s
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Varying Separation, Distance

» Separation 3 days before entry

jettison speed, m/s
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Development time (years)
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Linear Relationship, > Linearized Targeting
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£
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Design of Exa

ample Network
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Nominal Network Parameters and MC. Dispersions

-~ . -

Table 2 Properties of nominal network, jettison velocity and timing, and nominal targeting error

A

pair downrange, km crossrange, km V; - F, ms~! V;-0, ms~! V;-h, ms~! ¢ j»days nominal errors, km

A 59.292 0 0.00826 0.893 0.450 0.821 3.095, 3.804
B 14.823 14.823 0.0152 0.392 0.920 3.136 0.804, 0.841
& 14.823 -8.558 -0.0153 0.108 -0.994 1.651 0.370, 0.399

Table 3 Monte Carlo analysis input dispersions

Parameter Dispersion
atmospheric density p MarsGRAM
entry velocity magnitude Vy 30 =2m/s
entry flight-path angle vy 30 =0.2°
probe ballistic coefficient S +5%
jettison speed V; +10%

Santa Clara, CA, Aug. 29 — Sept. 2, 2022 3%2
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Shape and Center Error Params Definitions
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Fig.7 Three example networks, illustrating center error vs. shape error
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Regmnaj_. Network Monte Carlo Results
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Table 4 Statistics of relative landing site separation distances

Parameter Mean Min. Max. 30

center error €., km 5.309 0.012 26.344  12.102
shape error &5, km 2.285 0.366 6.055 2.859
min. separation, km  21.741  20.000 24.113  2.363
max. separation, km 118.808 103.312 137478 17.011
avg. separation, km  52.168  46.583 59441  5.924
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Heat flux

- -

« SHIELD TPS baseline is PICA (Phenolic Impregnated
Carbon Ablator)

- Max allowable heat flux in the range of 1200 W/cm~2

- Peak heat flux analysis: 120- i o R
0= =
 Sutton-Graves heating 1004 | | Yo= —24°
- Convective heat flux at the stagnation point for fully-catalytic > g0 -
surface 3
S 60 -
" u n n t
- Based on this preliminary analysis, SHIELD comes 40 -
nowhere near this value for any considered EFPA,
thanks to its low ballistic coefficient 20"
0 — T T T T T
30 35 40 45 50 55

peak heat flux, W/cm?
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