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e Motivation

* Three classes of autonomous space systems for
the exploration of extreme environments:

- Systems for Small Body exploration
- Next generation EDL systems
- Innovative Space-borne Imaging Systems

e Conclusions

NEO = Near Earth Objects (Asteroids)
EDL = Entry, Descent, Landing
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JPL is part of NASA and Caltech

+ Federally-funded (NASA-owned) . 1j67 Acrfes (includes 12 acres leased
Research and Development Center or parking)
(FFRDC) - 139 Buildings; 36 Trailers

* University Operated (Caltech) « 673,000 Net Square Feet of Office

- $2.3B Business Base Space

* 906,000 Net Square Feet of Non-

« >5,600 Employees :
Office Space (e.g., Labs)
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Over 20 Spacecraft and 12 Instruments
Across the Solar System and Beyond
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Missions in Development
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Missions in Development
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Mission Concept Studies

Europa Langer

y
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Spanning multiple mission regimes

with increasing levels of autonomy

Deep Space
Predictable deep space
environment, precision GNC

e

Spacecraft
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Virtual, High-
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Simulators
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Three classes of high risk — high payoff

technologies for distributed autonomous systems

e Systems for Small Body exploration: Adapt to unknown surface
properties

* Next generation EDL systems: Precision Aeromaneuvering
* Innovative Space-borne Imaging Systems: Global shape control

for precise imaging

— This high level of adaptivity requires new developments in
autonomy, modeling and simulation, testing, HPC, ...
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- N O Missions "

Station Keeping

NEO Capture

artist’s concept

Courtesy of DARTSLab members

©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov



S

Jet Propulsi

=-Autonomy for Primitive Body Sampling benefits

from innovations in sampling technology

Prescribed

S/C Trajectory

S/C Trajectory &

Attitude Dynamics

Small Body
Orbital & Attitude
Dynamics Modeling

S/C Trajectory &

Attitude Control

Sampling Boom
Dynamics & Control

Anchor/End Effector
Dynamics & Control

Multiscale Regolith
Properties Modeling

A A A

Sample Collection
Contact Dynamics
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C) +
Surface sample 1

collection
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Physics of phase transition

M(q)g+C(q,9)q+ K(q)q = f(4,91) g system displacements
o =g(p,0,T) ¢  Phase fraction
1 . . O  Stress
I'=nT,p,j) o
The actuation inputs are the
_ O — _ _ contact force f, the temperature T,
9(0)=¢,,4(0)=4,,7(0)=T,,0(0)=¢ - /
i 0 0 0 0 (wrrentﬁ
Muller-Achenbach-Seelecke model Dano-Hyer model
(o) = HAE 0 =Eys' =Eyle—¢'~a,(T-T,))
Yo PN AN Eg=E, +&(Ey —E,)
¥, =—x.p4x,pt = Ay =, + &y —a,)
X_=-x_p+x,p” S =S4 +<(Sy = S,)
Martensitic phase fraction:
Material heat balance: E=¢T,0,,)= ( o TEAa'ol  +Aao,, (T-T,)+ pAa’T - Y)/pbl

pel =—aS,(T—T,)—ye (1" = 1)+ j(t)— (hy,, —h )%, —(hy, —h )%

Seelecke, S., Muller, I.: Shape Memory Alloy Actuators in Smart Structures: Modeling and Simulation, Applied Mechanics Reviews, vol. 57. no.1, January
2004.

Dano, M.-L., Hyer, M. W., SMA-Induced Snap-Through of Unsymmetric Fiber-Reinforced Composite Laminates, International Journal of Solids and 19

Structures, Vol. 40, pp. 5949-597 . . . . o
PP (@7)26%%3Callforn|a Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov



& zmmezultibody Dynamics with Differential
Variational Inequalities

Generalized Positions ——

Generalized Mass Matrix

Kinematic Differential Equations —

Force Balance Equations

Holonomic Kinematic Constraints —»

Velocity Transformation Matrix

Generalized Velocities

Frictional

Reaction Contact Force

Force ( )
[—ﬁ N

q=L(q)v

M(q)v =1(1,q,v) — g (q.OA+ D _(7,D)" + 7D, + ¥, D))
—

Applied Force '~

2(q.1)=0

Contact Complementarity Conditions —»

. —
0<®'(qn) L 7,20

Coulomb Friction Model > (y,y!)= argmin

T Gap Function, for Contact “1”

Friction Impulse Components, for Contact “i”

Contact Impulse, for Contact “7”
i=12,...,N,
VD + 7 vD) Total Number

WP+t Y - Of.COntacts
/ Friction Dissipation Energy
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& =g it materials control long boom buckling and
improve sample collection capability

F
. J (=N d
e 1 @1 With Without
T Initial Distributed Distributed
SMA Control . SMA Control
=0.1 e = =

o=0(&¢E,T)

ézg(é,O-,T) Fe R m,
T =nT,§,))
f, :

. .

X, X;

NN

A\

collgc mass =2,9998 kg collgC mass = 2,9999 kg

For given applied stress and Joule heat, the phase fractions, the temperature, and strain
can be determined. For given strain and Joule heat, the phase fractions, temperature,
and stress can be determined.

Contact loads and SC angular rates for terrain with slope are higher than those with flat
terrain.
Lateral forces and lateral angular rates are larger for flat terrain but smaller bending

stiffness (more compliant member).
21
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System geometry

i—

Active o =0(¢,x,0)
Tether % =g(x,0,0)
Segment 6 =h(0,x,J)
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P, -{_kll/l/l:/l/lﬁ _I.

@  Center of mass

®  Hinge node

‘l,Body reference frame
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System Level

Multi-body
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Analysis = = = Ground Contact
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22
©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov



@urmhoto/Videogrammetry bending test
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& TherpioEstructural phase transition boom experiments
demonstrate feasibility for sampling

Experiment in Formation

R - Contact event is stable, boom buckling does not
occur, repeated contact events take place without
adverse impact on entire flight system.

oy
"l"lll,
l|i~'=
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& oo Some Simulation Results
Comparison of material stress-strain curve

Comparison of spacecraft body rate vs. time for the . _
during contact for various lengths.

100 m boom case with and without distributed control.
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control
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20

control forques [Nm]

attitude torque [Nm)

Simulati_on Results for 100 m case

x
\
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O uoman ey Simulation Results

No control With control
100 m R R S
1000 m IR R S R - I R S .
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Fly-by mission concept

Sample Canister Capture
T+200m

Laser Ranger/Sterco Vision

Vision System
: . Hyperpolic Flyby if commit Based Tracking
Dart Launch Attitude command not received or reset Track FiﬂL‘IL’d w
Lt < L -
Ve=4m/s Sample Canister 4

Turn to Launch

T-70 sec \ o
: \ _Dart
‘ Vision System R /
- Vdm =75 m/s '\,\ Based Tracking -~ Sample :
o g Canister /
- - I\. l,d;.ul =3 m/s
\,"“' ol 4 ln.”‘!’ \f _ (]ﬁ 1 pws ? "ig “llll X
T-12hr escape = <UD VS 1’1‘ “"__ Intercept Maneuver Burn 20 Maneuver T+140m
’ - \ L lo
“Im (T_'m v ) Ist Maneuver T+20m dV 5y =08 m/s
f.' ’ . dVv =45 m/s
: - e Rate Matching Maneuver Burn
Science rationale: Provided by: Steve Broschart (343D)

e Return a single sample of at least 100 grams or = 500 cm?3 of comet
nucleus surface material

* Characterize the surface region sampled
* Preserve sample complex organics (prevent aqueous alteration)

 Obtaining comet samples from the surface, as opposed to dust ejected
from a comet nucleus, is a high a priority

Pre-Decisional Information — For Planning and Discussion Purposes Only 28
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" Tethered Harpoon Dynamic Simulation Model

Parametric Sensitivity Analysis

A M_sc Spacecraft Mass 2500 kg
y
¢0) Launch height (m) 100
M_h Canister Mass 2 kg
Th S/C Thrust [10, 20, 30] N
Vh S/C horizontal Vel. @t0=[1, 5, 10] cm/s in +x
Vv S/C vertical Vel. @t0=[1, 2, 3] m/sin +y
K Tether Stiffness 1.1343e+04 N/strain
> X C Tether viscoelastic damping 49.24 Ns/strain
de/dt Tether retrieval rate [10, 20, 30] cm/s

B — canister/tether pendulum angle

Note: Parameter range shown
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Harpoon Dynamics Simulation

0 10 20 30 40 50 60 70 80 90 100
x [m]
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Venrtical Distance (y) -n
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Harpoon Dynamics Simulation
Tether Pendulum Mode

Harpoon-sample canister retrieval - examp

| 1 1 1 | 1
§ 01 02 03 04 05

Horizontal Distance (x) - rr

Venical Distance (y) -n

S/C horizontal velocity (Vh) at canister ejection from surface = 10 cm/s
Tether/Canister Retrieval Rate =10 cm/s

Harpoon-sample canister retrieval - examp
] T T
-~
& )
&=
- - —
"-?'
— !ﬁ -
\ i / i i ]
0:0 >~ Lo 20 40 80 80
Horizontal Distance (x) -
31
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o Varying thrust

(_Ip_i\tial tether transient

3

T T

—— 10N

——20N
——30N

1OX10 T T T T T T T T 30 T T
— 10N
95 —20 N ||
——30N
25
o ]
85 . , :
Nominal —0.008 N .
= 8 ‘ . Canister/tether
tether . : pendulum swing
tension 3" angle (6)
(N =+
s i
6 ]
55 -
5 | | | 1 1 | I | | 0
0 100 200 300 400 500 600 700 800 200 0 100 200 300
time [sec]
[ ]

Tether retrieval achievable with reasonable fuel mass

Tether swing angle (8) excursion is smaller with larger s/c
thrust

©2019 California Institute of Technology. Government sponsorship acknowledged.

400
time [sec]

500 600 700 800 900

Fuel mass = 4.6 kg

Fuel mass = 9.2 kg

Fuel mass = 13.9 kg

Assumed Isp=220s
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Varying horizontal velocity dispersion

tether ss
tension
(N)

z

5
0

3

(_IE}tial tether transient

5e-2 m/s
le-tmv/s| -]
_____________________ na_l___;—,_O_._O%O_S__N\://__.___ .\
i i i i i i
100 200 300 400 500 600 700 800 200
time [sec]

180
160

140
Canister/tether

pendulum swing

angle (6)

2100
ko)

80

TEA [

40

20

Increasing horizontal velocity dispersion
increases both canister swing angle (6) and
tether tension

T Il
1e-2 m/s
5e-2 m/s ||
1e-1 m/s

Capture/logk
transient

. [l
500

Note: canister swing angle bounded to stay within camera FOV

for visual tracking — especially in close distances
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200 300 400 900 1000
time [sec]
Fuel mass = 4.6 kg
10 N thrust
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Varying departure speed

S/C vertical Vel. @t0= m/sin +y

30 T ! T |_ l. ! ! : '
: : : : : : : — Vi=1 m/s
—2m/s
| | | I .
25 — .................... ................... ................... .................... ................... ................... .................... ..... —
20

Canister/tether pendulum
swing angle (8)

TEA [deg]
s

-
o

o Y
0 100 200 300 400 500 600 700 800 900
time [sec]

.Canlst.etj/tether per\dtljlt;m swing angle(;amplltude is Fuel mass = 4.6 kg
insensitive to (vertical) departure spee 10 N thrust
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Varying tether retrieval rate

10x103 . 120 ! ! ! ' ! ! To—1 omss
T ! T P : : -—2 cm/s
95 0. 2cm/s | : ‘ : -—3cm/s
9 : .
85 80 -
tether length
. = £ 60 7
tension §7s (m) B
(N 5, | _ N |
65 f j 4
Capture/lock ——> _ : : -
55 ' ' _ _
5 I I I | I I i % 1c|)o 200 0 400 500 60 700 800 0 1000
0 100 200 300 400 5( time [sec]
time [s 140 T T T T T T T
—10cm/s
: | 20cm/s
120 i . i . | = 3CMV/S
Canister/tether | |
/ . | 1 Fuel mass = 4.6 kg
pendulum swing angle | |
& 801 |
(6) = | Fuel mass = 2.3 kg
Wl : , Captgre/lock -
Canister swing angle | transient
: . sl —— | 1  Fuelmass=1.4k
amplitude is &
insensitive to tether T |
retr|eva| rate % 00 200 3cIJo 400 500 600 700 800 900 1000

time [sec] 35
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Courtesy of Abhi Jain

36
©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov




Jet Propulsion Laboratory
Califomnia Institute of Technology

What is an E-Glider (E=Electrostatic)?

* The environment near the surface of airless bodies (asteroids, comets, moons) is
electrically charged due to solar wind and photoelectric bombardment.

* Charged dust is ever present, even at high altitudes (dust fountains), following the
Sun’s illumination.

(@ )
VISION:

Enable global scale airless
body exploration with a
vehicle that uses, instead of
avoids, the local electrically
charged environment

& P

CAN WE ACTUALLY DO THIS?

Eliminate atmosphere, reduce gravity 10,000 times ...

©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov
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E-Glider Concept

Electrostatic

force

Solar wind @O
U UONUNIN\NN\r

‘ torque
E-glider #}

Electrostatic

Solar radiation

Electric field

lon/electron emission
needed to compensate for
solar wind fluctuations

38
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Plasma environment

Solar wind @ 1 AU is mesosonic
* lon wake: negatively charged dark side
* Photo e: positively charged sunlit side

Impractical analytical modeling

0.00 0.05 0.10 0.15
- .

PIC analysis data results
Differential charging causes strong
E-fields along the terminator

PIC data courtesy of J. Wang and W. Yu of USC
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Electrostatic flight (1)

o o 0
Hovering along subsolar axis ' T E
Sunlit side = .
Charge/mass ratios: a/m | hovering i
L [C/kg] : | .
* =-10 uC/kg on sunlit side \i [ v
. 10°% ..' soJ = i .
* =-1 uC/kg on dark side 5 ""‘-,]';fl:_}
Stable equilibria at approximately W_ Darkside
1+2 radii height above surface navering
106—4 -3 -2 -1 0 1 2 - - 6 T 8
Electrostatic periodic orbit Hover distance along X  [asteroid radii)
— Electrostatic orbiting
Artificial equilibrium point Alternative approach'
— Electrostatic hovering '
I Natural Electrostatic orbiting
' gfg:?d'c Reduces the required force

©2019 California Institute of Technology. Government sponsorship acknowledged.
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Electrostatic flight (2) Centiuga

Electrostatic
force

* Natural terminator orbit: SRP

Pure Gravity-SRP balance

* Electrostatic terminator orbit: . ......................
E-Force allows offset towards sunlit side
- Greater optical coverage

log,, |QJ/M [C/kg]

N

Radial distance

(asteroid radii)

o

-3 -2 -1 0 1 2 3 4 5 6 7
Axial distance (asteroid radii)
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Plasma interaction

Charged electrodes receive neutralizing current

* Solar wind ions (plasma current)

* Photoelectron emission

Continuous, active charge emission to counteract effect

Electrodes geometries comparison:

Spherical . Thin wire

* High capacitance | - * Low capacitance

« SlLcurrent 4 # \/ * OMLcurrent

* Higher surface J\ /. + Lower surface

* P=10%:10°W/kg |\ 7/ o | ¢ P=102+10°W/kg

¢ V=103:10*V o « V=10°V € limiting

42
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- .
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X [m] w0

e

.15 <0.10 <0.05 0.00
- |
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& oy Spacecraft-induced Plasma Disturbances

I|E|l [V/m]

0102 05 1 2 5 10 30
) = R

Y [m)

$ [V] & [V]
-50 -40 -30 -20 -10 O 10 ‘ Q000 79R 596 394 <192 10
- 3 - =
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Benefits to NASA

Exploration of comets, asteroids, moons and planetary bodies is limited by
mobility on those bodies.

The E-Glider concept directly addresses the "All Access Mobility"
Challenge, one of the NASA’s Space Technology Grand Challenges,
specifically aimed at enabling robotic operations and mobility, in the most
extreme environments of our solar system:

circumnavigate/map, reconnoiter airless bodies at low cost
carry out unconventional in-situ science without necessarily landing on
surface (in-situ plasma measurements at different spatial and temporal
scales, and distributed gravity field measurements)
invented a new area of spacecraft technology: electrostatic flight
technology

may be able to lead to new forms of transportation on the Earth.

Decadal Survey for Planetary Science in the Decadal 2013-2022, The National Academies Press, 400 pp., http://www.nap.edu/catalog.php?record_id=13117

©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov
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HGA with 2-axis gimbal

A 75m
solar
¥ aray
caciils e
' #s
li

Fiyb
Spacecraft

Smart, instrumented Impactor

Orbiters:

* NEAR Shoemaker
(unplanned lander)

* Deep Impact (hard
lander)

« OSIRIS-Rex (fly-by and
sample, launch fall
‘16)

Previous Small Body
landers and orbiters

Landers:

E-Glider in mission
context

e DAS (Phobos 1 & 2, failed)
* PROP-F (Phobos 2, failed)

* MINERVA (MUSES-C/Hayabusa, failed)

* MUSES-CN (Cancelled)
Philae (Rosetta)

* Phobos-Grunt (failed)

MASCOT (Hayabusa 2, en route)

Objectives Observations Measurements Architecture

Determine  surface | Soil competence, | High resolution | Reconnaissance with
mechanical granularity at all | imaging, orbiter, track rover’s
properties scales, gravity gradiometer, motion and interac-

mechanical tester

tion with dust

Search for 1n-situ re-
sources

Chemical and miner-
alogical composition

NIR, GRaND, APXS

Remote sensing
from orbiter, in-situ
characterization  at
selected sites

Characterize risk and | Waves and fields | UV imaging, high- | Insitu
search for mitigation | (e.g., electrostatic | res imaging

approaches field), dust dynamics

Understand and sim- | Simulate  digging,

ulate human activ- | sampling Performance In situ

ities in low-gravity
environment

©2019 California Institute of Technology. Government sponsorship acknowledged.
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Science grade instruments are getting smaller

Quadrupole lon Trap Mass
Spectrometer with 100x

INSPIRE Vector Helium
Magnetometer (0.4U)
(as good as Cassini)

higher sensitivity
- JPL Prototype

Instrument /

Parameter

QIT-MS - JpL

SWIS - JpL uv

Quadrupole lon Trap Mass
Spectrometer

2.5 kg, 2U, isotopic
accuracy <1%, leverages
foldable edge-connected
electronics

Snow and Water Imaging
Spectroscopy
High-throughput, low-
polarization, high-uniformity
spectrometer, 350-1700 nm
spectral range

Courtesy of Julie Castillo-Rogez, JPL

©2019 California Institute of Technology. Government sponsorship acknowledged.

Seismometer

icroscope

300 ~0.01
200 0.25
HOT-BIRD - JPL

Advanced Infra-Red
Photodetector

Thermal sensitivity of 0.2
deg, funded for infusion on
CIRAS

Integration

Time (sec)

0.1-0.2 <1 min.

1.8-2.4 < 1sec.

IntelliCam - JPL

High-Resolution Visible
Camera

Used for science, optical
navigation, and
Autonomous Navigation
demonstration

Micro-
seismometer
Imperial College,
London

Data Volume (kb)

1-10 kb after wavelet
compression

~10-100kb per image
after on-board analysis

Deep Space Camera
(5 megapixel)

Malin Space Science
Systems

Marco.B.QuadreII?é,EJma.gov
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Decadal Science Mapping and Instrument Availability

Building New
Worlds

MEASUREMENTS

Isotopic, elemental,
mineralogical composition

OPPORTUNITY FOR
CUBESAT/SMALLSAT

In situ, extreme
environments

INSTRUMENTS

APXS, TLS, IR Spec, Submm Spec,
UV Spec, Gamma
Ray/NeutronSpec, Dust Spec,
MassSpec

Returned sample (small
bodies)

Sample Return Capsule (possibly
Acquisition as well)

Planetary Habitats
Ocean Worlds

Composition (volatiles,
organics) endogenic activity,
heat budget, environment

In situ

MassSpec, Micro-XRF, Imaging, IR
Spec, Seismometer, heat probe,
radar

Atmospheric structure, fields,

Close proximity, in situ,

Imaging, IR Spec, Mag,

ISRU (composition)

Processes . . Transponders, Langmuir probes,
lasma, dust multiple data points

P P P Mass Spec, TLS, Plasma Spec.

DUStf flel_ds, radlétlons, Dust Counter, Neutron,

Gravity field, orbital .

. L Geophysics Inst., IR Spec, APXS,
Human properties Close proximity, in situ, -
Exploration Regolith mechanical risky environments Transponders, radiations spec,
P . Surface perturbation, radar,
properties

seismometer

Courtesy of Julie Castillo-Rogez, JPL ) } )
Color code: Green = exists; Blue = in development; Red = does not exist yet
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Physics at airless

bodies

*  Microgravity:
challenging for
locomotion

 Cohesion Forces: Can
dominate particle
interactions through
van der Waals forces.

e Solar radiation:
Constantly acting

* Electrostatics: Strongest
at terminator where it
can lead to significant
dust transport

©2019 California Institute of Technology. Government sponsorship acknowledged.

Gravity
Order of
Magnitu
de

1G
01G
1 milli-G

10
micro-G

Challenges of Small Bodies

1999 KW4 Alpha

Acceleration Magnitude (mm/s?)

Total
Surface
Acceleration

1G
0.17G

0.2t0 0.6
milli-G

6-9 micro-G

=

View from -Z ~\;\/ 5 B ,\:_\ = -
03 ~ 40 UG
Stable Orbits

around 433 Eros

Unstable Orbits
around 433 Eros

Earth

1 45 0 05 1 s 2 25 )

Moon

Eros (18 km
( ) [tokawa Total

Surface
Acceleration

I[tokawa
(0.18 km)

1 1
5.65993e-05 6.26974e-05 6.57954e-05 7.48934e-05 7.48934e-05 8.70895e-05
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Day/night charging environment

ZJ
+5 V (red, dayside)
-1000 V (blue,
L EVITATION nightside)
SOLAR WIND + _  OF DUST

— R

UV SOLAR RADIATION
NEGATIVE

W Vs W SPACE
CHARGE
DUST
MANTLE
‘G\ﬁ . S Aster.oid electl.'ic charge ha}s never been mgasured, .
rosiTive  but simple estimates predict that an electric potential
IONS . .
(~1 kV) can be attained on the dark side compared to
Charging on the dayside surface is dominated by the sunlit side, which becomes slightly positively
photoelectrons emitted due to solar UV radiation charged by photoelectron emission. These differences
that create a positive surface potential, while the are enhanced further at the terminator (the day/night
shadowed side accumulates electrons and boundary), when fields could reach ~100-300 kV/m.

acquires a negative surface potential.

Renno, Kok: Electrical Activity and Dust Lifting on Earth, Mars, and Beyond, Space Sci Rev (2008) 137: 419-434 DOI 10.1007/s11214-008-9377-5
Aplin, et al.: Asteroid electrostatic instrumentation and modeling, Journal of Phys- ics: Conference Series 301 (2011) 012008, doi:10.1088/1742-6596/301/1/012008.
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Effect of solar wind and UV

The environment near the surface of airless bodies (asteroids, comets, Moon) is
electrically charged due to interactions with the solar wind plasma and UV radiation.

(n",‘u

sou s 7_“_‘“:_#_‘,.5:{;‘41 ¢ ) Moon
e Vefpedl o 23155
' Py dust

fountains

On the Moon,
electric fields
may reach
~50-150
kV/m.

Credit: M.l. Zimmerman/W.M. Farrell/A.R.

‘ "4 & e
Poppe,https://www.youtube.com/watch ?v=bSXx Mo Aiao e >
al9Hvvc vy DEHI s T L i

- e PP 4 AR T

2 + parvde THET ar?

< (Lo . @ully W

o SontiSF ot

{5 s

r‘:;

28

2

o

s
g Four viewing anghes of 3D cloctrostalic modeling of 1he sutface choct { for 1he &
dawn [afer A ot al 2001). The highost sloctric Sebds ot at the ts v oy
warlace Lopuagraphy on the chectrie o ks D gy

Source:Stubbs et al: A Dynamic Fountain Model for Lunar Dust, LPI, 2005.
Helling et al, Atmospheric electrification in dusty, reactive gases in the solar system and beyond,
xxx.lanl.gov/1601.04594v2

McCoy, J.E. (1976) Proc. Lunar Sci. Conf. 7th, 1087-1112.
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Example: JPL 150 m Solar Sail Charging Analysis

B:= e Nascap predicts differential potentials of many
E tens of volts across thickness of solar sail
I E membranes with an insulating back in solar

wind environments.

e Kilovolt potentials can develop in a
- geosynchronous substorm environment.

N i 4
Potential iso-surfaces Greatest potentials developed on the insulating
surrounding the support structures.

spacecraft e An equipotential spacecraft surface reduces (or
eliminates) differential charging minimizing
threat of small discharges which could damage

Solar Sail: 1 AU . i .
Front — Aluminum ) the thin film sail.
Environment

artist’s concept

Back - Kapton . . e
Hypotenuse = 150 m Ne= 12.8 cm?3 e Solar sail designs should minimize the use of
Spacecraft body: Te= 11.13 eV dielectrics and floating conductors
Aluminum vi= 327 km/s
Solar Arrays front Ei= 558.2 eV
—Solar Cells . - .
Solar Array back sun in +z direction * 3-D, Electrostatic
- Black Kapton Particle-in-Cell
Boom connecting Spacecraft Boom: -4t0-53 V (PIC) code
and Solar Array craft Sail front: 6.5V * Solar Wind protons
- Kapt H . .
apton Sailback: -19V treated as particles
Sail simulated as infinitely-thin Spacecraﬂ' 6.5V * Solar Wind
conducting plate. Solar Array: electrons  treated
front: 6.1t0-6.3V as isothermal fluid
back: 6.5V (Boltzmann

distributed)

Differential ®: ~26 V

Courtesy of Henry Garrett, JPL, and Joe Wang, USC Immersed-Finite-Element PIC (IFE-PIC) algorithm [Lin & Wang, 2003]

©2019 California Institute of Technology. Government sponsorship acknowledged. Maréo.8.Quadrelli@ipl.nasa.gov
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Preliminary system design

e Cube:.12x.12x.1 m
(based on MINERVA)
* Ringdiameter:1m

e Articulating the wings would lead to electrostatic (rather than
aerodynamic) flight.

* Electrified tether strands to harvest energy?

* May need to generate local charges artificially (ion thrusters?)

* Telecom, solar array, battery, minaturized science instruments

53
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TS approactidliiminates the constraint of operating
along the subsolar axis, and could allow to exploit
areas of more intense electric fields in order to
reduce the spacecraft charge needed.

Few regions over the sunlit area allow for charge-
to-mass ratios smaller than the ones needed for
hovering. The terminator region is one of these, as
expected, being the one with the strongest electric
fields.

A moderate spacecraft charge would therefore
allow to “push” the passive terminator orbit
towards the sunlit side and greatly increase the
coverage of illuminated areas on the surface (albeit
still at low illumination angles).

A few pockets of strong electric fields and relatively
low required charge can be found very near the
surface closer to the subsolar point, however
operations in these areas might be tricky, due to the
proximity of both unfavorable low-field, high-charge
requirement boundaries and of the asteroid
surface, which especially for irregular asteroids
might impair this kind of low altitude operation or
cause strong field irregularities.

Electrostatic orbiting is therefore mainly feasible in
the terminator region, with a slight reduction in the
required spacecraft charge compared to hovering.

Orbiting

log , 1OUM [Thg)

Figure 1.6: Charge-to-mass ratio required for orbiting (above) and axial electric field
(below) in the z — r plane

Electrode temperature

w
g
L))

w
—
o

w
o
L

Electrode temperature [K]
<t
nRo

0 -4
log 0 Electrode radius [m]
log 10 Electrode length [mf
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Potential Map & Artificial Equilibrium Points
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S Hsvering

Hover positions with varying S/C charge/mass ratio

'esents the asteroid - The dotted line represents the p
10 | ;

Species densities along X axis

'ese1n0t§ the asteroid - The dotted line represents the p
1

; . Solar wind electrons
+ Negative charge, stable positions

!
A ' Solar wind ions
- Negative charge, unstable positions | - p
+ Positive charge, stable positions E 1 07 : Photoelectrons
§ 10°5 - - Positive charge, unstable positions .6 :
> ' Ao 5 '
2 ' £ 2 10° :
E 1 ”~ Q i
= I © [ : |
O 106 : ki | :
: g 107 "
1 o ' !
I w I
] I
10’7 ] 104 1 1 L 1 L 1
-4 -3 -2 -1 0 1 2 3 4 5 6 7 8 -4 -3 -2-1 01 2 3 4 5 6 7 8
Hover distance along X [asteroid radii] Distance along X [asteroid radii]

e Virtually all equilibrium conditions are met with a negative spacecraft charge

* There are some stable equilibrium points over the sunlit side.

* Assuming that the charge is kept constant, the spacecraft would not experience drift
either towards or away from the asteroid. This may relax some requirements for the
charge control system to be employed.

* The maximum charge to mass ratio required for levitation over the sunlit region
seems to be in the order of 10~ C/kg, which is a reasonably achievable value, while
still needing very high electrode potentials, but especially at great heights this is not
as high as the values calculated in the Phase 1 previous analyses.

* |t seems that hovering at altitudes in the order of = 10+ 100 m would be possible,
assuming that voltage and power issues are properly addressed. 56
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S overing with solid wings leads to very large power

Power vs N @ optimal electrode dimension

Power vs electrode dimension for different N sphere (blue) - cube (red)

sp?g;g (blue) - cube (red) - N increases towards botto 10°
.l
_ 107 '_‘10.-.1
S =
& 10° / g
3 ' S
a 7 /. & 40
10 Z
10° 5 . ) 10°
10™ 10" 10° 10" 0 2 4 6 8
Radius or equivalent radius [m)] Number of electrodes

* Spherical and cuboid electrodes were considered

* The general advantage of these kind of electrodes is their high capacitance, which allows for
reduced potentials.

* Low potentials are very desirable, because they imply lower currents, lower power and less
secondary parasitic effects such as sputtering, secondary electron and radiation emissions,
and heating.

* On the other hand, a big drawback of these electrodes is their high surface area, and
therefore their high current collection and often prohibitive power consumption.

* Even with optimal conditions the required power for hovering with these kind of electrodes
turns out to be in the order of 102 + 10* W, which is still impractical.
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& i5veriig with thin wire wings leads to much lower power

Flectrode Potential

* These electrodes have opposite pros and cons
wrt. the spherical/cuboid ones: while they have
very little surface area (and therefore current
collection), their capacitance is relatively low, and
they require higher potentials.

* The reduction in power consumption is however : ,
proportionally much more significant (more than _

3 orders of magnitude decrease in power with b S
the same charge and plasma conditions).

* Assuming that the necessary potentials can be
achieved, this can easily bring the system power
budget in the nanosatellite range of feasibility.

* The required power levels are very easily
achievable, being mostly below 1 W for a wide
range of electrode dimensions.

* >50m of equivalent length would be needed if Figure 1.8: Electrode potential (above) and power consumption (below) in hover with
the potential is to be kept below 100 kV. This o e et
would be bulky but not unachievable, especially if
multiple loop electrodes are arranged all around
the spacecraft (e.g. 8 loops 2 m in diameter could
be enough).

09, Electrode length [m
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E-Glider DSENDS Simulations

Uncertain environment,
risk mitigation

g

Environment
1

U4

Performance &
Risk Assessment

Polyhedral gravity,
no SP or E-field
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Implementation of E-Glider model in JPL’s DSENDS simulator

time: 6150.0

©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov
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Electrostatic Inflation Experiments

i 1] electrostatic
/ repulsion

g
conducting

membranes /‘

Collapsed Potential
Initial State Activation
107

internal
rib

Electrostatically

Inflated

* 1mx 1m Plate
* 2mx 2m Plate

& + 10m x 10m Plate
o — Infinite Plate
=

‘@

=

[

=]

(o)

2

& s

o 10t

0 0.2

Plate Sebaration Distance, m

a) GEO Along Track Configuration

0.6

0.8

Minimum required surface

charge density for electrostatic

Inflation

at GEO for a range of plate areas

Courtesy of Hanspeter Schaub, UC Boulder

Proposed
future

experiments
in JPL Bell Jar

http://mesa.jpl.nasa.gov/Vaccuum Breakdown Facility/
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@ California Institute of Technology OV E RV I E W
e Motivation

* Three classes of autonomous space systems for the
exploration of extreme environments:

- Systems for Small Body exploration

- Next generation EDL systems
- Innovative Space-borne Imaging Systems

e Conclusions

NEO = Near Earth Asteroids
EDL = Entry, Descent, Landing

©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov
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Entry

i 4 Pilot
Chute
1270 km y

Deployment
Above
Surface Mach 20 ¢

275 km

Peak Deceleration
Heat-Flux Peak

Back Cover
Release and
Main Parachute
Deployment

Main
Parachute
Deploys
100 m/s

Descent

Separation

Heat

Shield EDI Data

to Orbiter

Montgolfiere
-

Deployment

Robotic exploration of Titan

QOrbiter

Operational
Scenario

140 km

80 m/s
Descent

and Filling

Montgolfiere
Filled

Data to Orbiter
When in View

Side Drift with Winds

Data to Earth z\

Surface
Sample
Analysis

artist's concept

Pre-Decisional
Information — For
Planning and
Discussion Purposes
Only

S
A/
-
2m/s
Descent
28 km

1 m/sec

Tethered

Surface Sample

1 m/sec -—=
100 m
= /

Target Crater

Montgolfiere
Neutral Buoyancy

2 m/sec

0 m/sec
Neutral
Horizontal
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Conceptual Titan Aerobot Delivery Phases
/ Deploy supersonic chute, start Terminal Descent
*%

/ Jettison backshell and supersonic chute

Pre-Decisional
Information — For
Planning and Discussion
/ Deploy subsonic chute, jettison heatshield Purposes Only
Entry phase <« | Senserange and velocity, generate terrain map with radar
Deployment-lnflation phase / Determine landing area based on current position, velocity, and available propellant
/ Sense range and velocity, generate terrain map with both Lidar and Radar
d Scan landing area. Designate a safe landing site away from hazard
Site search phase Sonde deployment phase
/ <«lartist’s concept), (artist’s concept)
2 \4 ,
~— ~—
~—~ ~—~
3 N =
artist's concept é — — . .
Site Evaluation Phase o
(artist’s concept) —
~—~
N—
Hovering Phase
(artist’s concept)
jimy
Nt —
~ LIDAR/RADAR ~
S— N—"
S— S— . '
~— artist's concept
artist's concept
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© Hitan Setostat and sonde design are challenging due to the
need to operate in the extreme environment
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of 3-m Mylar
balloon
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S e Biomorphic Cooperation enables

LEADER

autonomous science data collection
[\

Potential

—— . Field

(b _ Controller
Blimp GN&C Command Strategy /

/ +«— | for best Science /

Sonde GN&C |
Sonde GN&C

Sonde GN&C

om blimp

Survivability
Strategy
obstacle potential field radius 1 (m)

8 T T T T T T T P T
mu =
mu =05
: : : mus=
/

Sonde GN&C

Environmenta
Measurements
Hazard Evaluation

Goal: to demonstrate active cooperation control of herds of rovers,
amphibious vehicles, and balloons/blimps with increased autonomy
in extreme environment exploration. .
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Low Density Supersonic Decelerator

N

artist’s concept
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1e real stuff...
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& srwen ey \Why a variable geometry decelerator?

Mach ~ 20 - ’ Entry MSL pitch maneuver:
Altitude ~ 131km °e°'°y Supersonic Chute ballast mass ejection
/ Deploy Subsonic Chute
Mach ~ 2 §
Altitude ~ 8km Jettison Backshell,

Supersonic Chute v
o

Determine Altitude, 4~
Velocity, Hazards I~

" Descent

» Initiation
ﬁ _-_ 'Dlvertl
} 0

* Mars entry: Mach 20 — Mach 2 in 160 seconds
 Issues: Heat flux, deceleration, landing accuracy

Objective: To design a generic entry vehicle that can vary its
aerodynamic characteristics to modulate heat flux, deceleration
load, and improve maneuvering capability.

©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov



S=¥fision 3: Variable geometry decelerators

(a) Front view

Variable
geometry
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@ “Regiited stress distribution implies different control
force allocation

due to geometry change and
due to geometry change only

uniform pressure

° - -
Stress (MPa)
+280.0
Siégg Stress j ;\:gao)
+1133 (b)
+716.7 (a) (b)
Meridional|
. Meridional
L]
Cone angle = 70 © (d)
Cone angle =60 Cone angle = 70
; Now can couple
structure
i with trajectory
§ : 71
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Assumptions of dynamic model

- The vehicle 1s rigid and axially symmetric, but of varying geometry;

- The vehicle exhibits only small perturbations about a nominal flight condition;

- Motion restricted to the longitudinal plane (i.e., side-slip angle=0);

- the planet is spherical and rotating at constant rate;

- The atmosphere density is modeled by an exponential model of the form p = p, exp(—f,h)

- Forces acting are gravity, lift L:[SSL

where p, 1s the reference density and f, the scale height.
J pr: and drag D=T

- :
h=Vsiny

.V cosycos
0 0= 4 4
S rCcos@
S< |
& . Vcosysiny
S .
< J

L a=q+7+osiny +(Q+80)cosy

Thermal balance
— Qin — Qex

mp,.c,

6

©2019 California Institute of Technology. Government sponsorship acknowledged.

0, =cpV

kinetics

1

Q. =4rnS ekt

SC
2D ]sz =¢,pV?

; D : .
(V=-""- gsmy+C,
m

?_Lcoscr_i O_V_z cos Y+ C
mV vi® or K
, Lsmmo V .
W= ——cosycosy tang+C,
mVcosy r |
\g=M/I,

n time rate of change of average convective heat input per unit area
at the stagnation point

radiative heat flux
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@Camm institute of Technology Example of Guidance Law for Constant Drag Tracking

Error
.e , . 2 . )
e, =D — an > ¢p Tt ZCDCUD(’D +wpe, =0 Error dynamics

\ D+2{,w,D+w,(D-D,,)=0

: D , 3 .
D ==-2¢c,pV—=2¢c,pVgsiny—c,[,pV siny
m
D=-a7y-b,
a,=c,pVcosyg+pBV?)

oD D D e : P ;
b =2c | pV—+pV —+pV — )+ 2¢,gsin }/(pV + pV )+ c,V° [, sin ;/(pV + 3,0\/)
m m m

Commanded bank angle

V}./Cmd +[g _V }COS}/
r

L/m

Commanded flight-path-angle

ZCD(UDD + a)f) (D— D, )—bl . 1

Cmd = COS

}/ Cmd -

a,

73
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& =rzsr@suidance law based on dynamic plant inversion
successfully achieves aero-maneuvering goals

w ! 4 1 4 L4
Begin
Supersonic
gm i Parachute )
— | i Deplo
o ! '
™ e Control '
'5 10r E‘ Range : “
' |
o -J: ' A : 4
0 i 200 400 i 600 800
5 time [sec]
L 7 1
x1 i
10 :p L4 L 4 ; A 4
o~ :
B = [ ] et -
= ! .
E st | Tracking .
= . Reference
5 . Heat Flux
¥ 0 | M M
0 200 400 600 800
time [390]
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ﬁmmpumn Laboratory g Begin of Terminal Descent

eromaneuverin g Pfeggétmg

Dispersion
at Chute Deploy

Cone of Max.
Glide Capability .

" ¢— wind

___________

__________________

Wind Offset
Touchdown

Development of an autonomous feedback control system, which uses an
actively controlled parafoil and an image-in-the-loop architecture to
precisely land the spacecraft on a specific planetary surface location even

............................... if the wind and atmospheric density parameters are unknown.

©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov



Parafoil Assisted Terminal Descent Phase

Deploy hypersonic chute, start Terminal Descent (10-12 km altitude, mach 2.2)

Jet Propulsi
Cahlomsa Instituge of
‘ ? / Jettison backshell and hypersonic chute (7-9 km altitude)
/ Deploy subsonic chute, jettison heatshield (7-9 km altitude, mach 0.8). 130 sec to touchdown
Sense range and velocity, generate terrain map with radar (7-9 km altitude
Entry phase ] 8 8 P ( )
/. Compute landing area based on current position, velocity, and available propellant
N Sense range and velocity, generate terrain map with both Lidar and Radar (1.5 km altitude)
- Scan landing area. Designate a safe landing site away from hazard
—
N
= Energy management phase
N~—~
— | LIDAR l
S— S—
\/
S— v
= Turn phase E
~— | RADAR
Ss—

Landmg Flare

SR
... :‘ .. .‘— h..\
s F ‘!b@%m» P

76
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Comparison between decelerators

" DROP ON MARS FROM

. SKMALTITUDE - o Comparison of maneuverability
N \ R characteristics of three types of high-lift
N R PARACHUTE - - decelerators during terminal descent on

SO Mars starting at 8 km altitude.

+]  PARAFOIL
. LD=125

The comparison is done in terms of the lift-
SR to-drag ratio, for an average Martian wind
 parawiNg condition.
- L/D=25

CROSS-RANGE
IN KM =

1992 tests demonstrated autonomous GPS-
assisted flight of Spacewedge on Earth in the
presence of winds roughly equal to the vehicle
airspeed from 3500 m to within 120 m of target.

©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov
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high L/D
decelerator)

(controlled

MSL (uncontrolled
decelerator + propulsive)

Maneuverable range (ability to
reach landing area)

Up to 40 km (potentially further
in favorable wind conditions)

Constrained to 2 km

Controlled Descent Time

Up to 10 minutes

40 seconds

Spacecraft Mass

Medium (includes aero surface
+ control lines)

High (includes fuel, subsonic
decelerator, gimbaled engines)

Error ellipse

Potentially 1 km

6 km

Wind disturbance errors

Potentially< 1 km (controlled
full descent)

5 km (error incurred during
uncontrolled deceleration
phase)

Site selection options

High (select many from a 20-40
km radius from 8 km altitude)

Low (select few within a 1 km
radius from 2 km altitude)

Site evaluation capability

Process 100’s of images over

Process several images over 20

several minutes

seconds

Hazard assessment

Detailed  (opportunities
multiple images of each site)

for | Coarse (limited in images and

processing time)

Cancellation of lateral dispersion

Significant (reduced to < 1 km)

Small (limited to available fuel)

Benefits
for Science

©2019 California Institute of Technology. Government sponsorship acknowledged.

High L/D vs. Propulsive Capabilities

high L/D (controlled decelerator)

MSL (uncontrolled decelerator
+ propulsive)

Science during flight

- precise topographical measurements
along glide path

- coordinated multi-instrument
observations

- observation of vertical layered features
(canyons, crater walls)

Less  opportunity to  take

measurements.

Spacecraft mass

Greater science payload

Constrained by need to carry fuel

Landing
constraints

€rror

Significantly higher precision enables
multiple missions to same target site

Return to site ruled out by larger
errors

Site selection options

Access to higher quality sites via pre-
selection in flight

Site choices severely limited

Site
capability

evaluation

Enhanced science criteria for site
selection (rock distribution, sizes, surface
roughness, possible water content)

Less opportunity

78
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e Tt RANGE VS. BANK ANGLE

Range of bank angles

. in deg.
L/D=0.25 For 20m/s wind along -Y
[}
LD =025
1 LD =025
23
- 45
67 o
- 89
-0.1
’ -0.2
-0.3
-0.4
| :
5 -05
-0.6
-0.7
-0.8
-0.9
“1F :
—é —1?8 —1?5 —1?4 —1f2 —‘; —O.IB —0.‘8 —074 —0%2 (I)
z [km] -0 -10 y [km]

y [km]

For L/D=0.25, only very large bank angles (>60°) can complete a 180° turn
in a 20m/s wind. Range capability is limited to < 2km downrange and <1km crossrange.

©2019 California Institute of Technology. Government sponsorship acknowledged.
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O RANGE VS. BANK ANGLE

Range of bank angles

. in deg.
L/D=1.25 For 20m/s wind along -Y
LD=125
‘ - ] LD =125
23 —
- 89

E

= =

z [km] -10 -10 - -8 -6 —'i:[km] -2 [} 2

For L/D=1.25, only moderately large bank angles (>40°) can complete a 180° turn
in a 20 m/s wind. Range capability is limited to < 8km downrange and <5km crossrange.

80
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Ok e Tkt RANGE VS. BANK ANGLE

23

- 45

67

-+ 89

. Range of bank angles
L/D=2.5 For20m/s wind along -Y i
UD=25
3
ig . LUD=25
67
89
0:__, \
o
It
6
_al
z [km] -0 -0 y km] i e -iy[km] > 0 2

For L/D=2.5, small bank angles (~20°) can complete a 180° turn in a 20m/s wind.

Range capability is limited to < 8km downrange and <8km crossrange.

©2019 California Institute of Technology. Government sponsorship acknowledged.
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sion Laboratory

e OVERVIEW
* Motivation

* Three classes of autonomous space systems for the
exploration of extreme environments:

- Systems for Small Body exploration
- Next generation EDL systems

- Innovative Space-borne Imaging Systems

e Conclusions

NEO = Near Earth Asteroids
EDL = Entry, Descent, Landing

©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov



Califomia Institute of Technology EVO I u ti O n Of S p a C e Te I e S CO p e S
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S Tt Tl ol ol L T LT

Hub_ble NGST Inflatable Formation Granular
Design Design Concept Flying
Structureless

2,500 Kg/sq.m 25 Kg/sq.m 2.5 Kg/sq.m  0.25 Kg/sq.m <<<1 Kg/sq.m

array (Bekey, P.l.)
©2019 California Institute of Technology. Government sponsorship acknowledged. Marco § Quaslte @il eaRBBY.nasa .gov



Summmmey |ntegrated STOP/RF modeling

Zernike Polynomials Used To Describe Wavefront Aberrations
W1 = .-
L1 Primary Reflect ressuriz

70 z," 7,
28.4mx25m x 0.5 mil/membrane

Torus (Cold Rigid.) piston or constant term tilt about y axis tilt about x axis

"2:’/ ey 7 ’ 10.5°F x 12 mil wall
: e 1 £ | / 57D x 12 mil wal
Side Spt. Struts (Cold Rigid. «. %Ié - /

23.1 mx20°< x 12 mil wall

Z,
7,2 A astigmatism with axis at
astigmatism with axis at +g/4 focus shift 0or /2
y 9 9
Solar Array Spt. Struts (Al Rigid) 7. 7/ 7!
6.9m x 5" x 5 mil wall triangular astigmatism, base 3rd order coma along 3rd order coma along y
along x axis X axis axis

Bottom Spt. Strut (Cold Rigid

8.2m x 14”2 x 12 mil wall —

Solar (Hi Eff Si Cell) Array Blanket “ 1’ ZJ

6.9m x 2.6 m (alaITSAT)

z;?
Subreflector Spt. (Gr/F: triangular astigmatism, base zZ*
along y axis

39m

: \ Subreflector (Gl/Cyanate)
S/C Buss (Al 1.65m,e=0555

3.5m x 2.5 m & (in structural model)

0.015¢g i
thrust

LEN P )

10,0 -

5.0

* Fluorinated Polymide film with
ripstops.

» mm-level surface accuracy needed by
microwave RF-loop (1-40 GHz) must

deal with unavoidable manufacturing

errors. 84
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Torus deformation [mm]

ar into a paraboloid

Vs. Time [s]

DYNAMICS

wiii S nflating a lenticu
867 dof case:
pressure deflection error (exact-JPL)
[N/m?] exact JPL
m m mm percent 5 |
4670.0000 0.4814 0.4640 17.4188 3.618 e
467.0000 0.2136 0.2119 1.6657 0.780 my
81.1400 0.1183 0.1179 0.3893 0.329
7.2850 0.0528 0.0527 0.0581 0.110
0.9112 0.0264 0.0264 0.0188 0.071
AG,, (u,6u)-Au= I hydQy { pAli-Su+AS-SE+S-SAE + pAn- Su+ Af, - 5u

Stiffness matrix

(wrinkling not
accounted for):

Ktotal = Km + Kg + Kp +Kf

FCral Length v iNabion Freaoure for Diiferent Arestio s
ns 10
m
iz l \
— "'\ 27580405 .
= BEANN geometric pressure
=122 ectrecafpeaiatacncaiacacg ‘\.:.‘\:\
w4 ; ; : ; \\\\ : mate”al fO”ower
—124F ¥ .......... gresmenees FRR R ; | ; _\\ \\T:f_:-_.,__
S Wi ¥ Wi - PRUSONE SOVUN i b e e e —
o L B 1. . . h : 10} ‘\-'\:“\i;':;fv,
_123_....5 ....... - .E. ....... B
: S U Focal Length [m
I e | e L L CRTEEETE - tma . = .
P P | Vs. Inflation
B : A I Pressure [N/m?]
= R R for different
- : L pre-stress levels ,
-as -3 =5 = - - 10" 10" 10° 10’ 10° 107 85
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Stable inflation is critical for deployment

Boom Lengths during
ambient and vacuum
inflation tests
displayed non-smooth
dynamics

meters

Plum Brook —July 05
20m vacuum :

minutes 86
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©==Br&cision inflatable-rigidizable antennas

4x epeed

87
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& =%erPrecision Control of Free-Flying Optical Modules
Provides Massless Virtual-Truss Structure

Sunshade Primary E-S Membrane

Reflector: 25m Dia. f/10 Laser Range — Bearing & Primary  Shape

Measurement Metrology Module:

500m from Primary at Center of Curvature

...........................‘
..o°'. o*

Starlight o

Relay Mirrop'“
MOdUIe R
— ¥

E — Beam Shape
Control Module éi Off-Axis Focal Plane Module:

Secondary — Tertiary Stages — Wave
Front Corrector — Focal Plane Detectors

Formation Controlled Off-Axis Gregorian Gossamer Telescope
Secondary & Tertiary Reflectors Form a Wavefront Corrector

Labeyrie: Standing wave and pellicle: a possible approach to very large space telescopes, Astronomy and Astrophysics, 77, L1-L2, 1979.
Mettler E., Breckenridge W.G., and Quadrelli M.B.: Large Aperture Telescopes in Formation: Modeling, Metrology, and Control, JAS, vol. 53, no.5, 2005.

Telescope Concept Courtesy of Bekey Designs, Inc, and M. Dragovan Univ. Chicago.
©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov




&zt o upling Multiple Time and Space Scales

- translation resolution/accuracy ~ mm to microns
- baseline or focal length ~ meters to kms
- angular resolution/accuracy ~ 1 arcsec.

1 arc-second = 1/3600th of 1 degree
equivalent to the angular diameter of
one dime at 3.6 km

- dynamic ranges in frequency (bandwidth): milliHz to >kHz
- actuation and disturbance forces ~ milli to micro Newton

- max. acceleration levels ~ micro-g’s

Enabling Large Virtual Structure Telescopes:

- Super-precision formation control enables
Large lightweight telescopes

- 25m to 125m apertures for astrophysics and

planet imaging

- Reflective and diffractive gossamer
primary aperture technologies
- Autonomous RF and Laser range/bearing and
shape metrology
- Advanced MEMS developments for:
- u-thrusters (uN FEEPS, PPT and colloidal)
- G&C sensors (u-gyros, p-accelerometers)
- active wavefront correction and imaging

Space scale coupling

a

Granular
spacecraft

Formations

Constellations

Fleets

Time scale coupling

©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov



& sorronson taberaer
DYNAMIC RANGES
DISTRIBUTED SENSING, ESTIMATION & CONTROL

L V- 1 Reference Figure Combiner S/C
l nm I Guide Star Tracker

COMBINER S/C

COMBINER S/C

Full State Data  RF &
<4————  Optical Links

Predicted

Fine Guidance Star Ref 3-D Global 3-D Relative Position/Velocity

Phasing/ Target LOS ; Figure Global State Estimation
P 0.1 Hz Figure 0.1 Hz Propagation Inertially Referenced Figure From All S/C
ath Length Comp/ || m arc-s nm >1 kHz
Delay Line BW >100Hz 0.5 Hz
nm nm/s
Tracking / Nulling
Compute Delta <
Relative geth — s
LV 4 Values BW > 100 Hz O In_ternal S/C noiseljitter
Absolute + Disturbances
. nm & sub arc-s
Relative Values
Maneuver iglatilwte &R . i — Duplex Laser Metrology — > 1 kHz RE &
Sequence & So’ufe Reterences z »RF Relative Position Sensor p Optical Links
Protocol
rotoco's LV--? Starlight Mirror Tip/Tilt To / From Collectors & Combiner
goF Relative Values 1 Hz
bal arc-s
Commands Absolute 1 Hz 6-DOF Full State u-g | Star Tracker Common
To Each & IMU Guide Stars
Collector mm, mm/s, arc-s, arc-s/s Estimator 10 Hz T
0.01Hz \ Moments
S/C 6-DOF \ 3-Axis At;':::e
Controller —» | MagneticBrg B COLLECTOR S/C _
BW = 0.05Hz - 0.5 Hz Reaction Wheels
M 6-DOF DynamIC'%nslauon
6--DOF ™ BW=001Hz- 01 Hz
Electric/Plasmd _Forces, mN : : mm
Propulsion Torques, mN-m
Thrusters

90
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What we are trying to do

91
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=== \lision 4: the orbiting rainbo

Inspired by Nature... @

®)

Vision: “..use light
manipulation technology to
create an artificial rainbow

or aerosol with useful
electromagnetic

properties...” )

= The New Era of Granular Spacecraft

The Orbiting Rainbows Paradigm:

. avoid any physical structure and sensing/actuation hardware on the primary, so all

things are done "at-a-distance" on an amorphous cloud, and all operational complexity
is done outside the primary

. use at-a-distance trapping and manipulation
. relax the requirements on the cloud control by doing the best possible job with

adaptive optics and in software via robust computational imaging algorithms

92
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@i The Orbiting Rainbows paradigm

Three things make Orbiting Rainbows unique:

* avoid any physical structure and sensing/actuation
hardware on the primary, so all things are done "at-a-
distance" on an amorphous cloud, and all operational
complexity is done outside the primary

* rely on optical trapping and manipulation to enable
that action "at-a-distance" (yes, also with the help of
other mechanisms such as electrodynamic trapping
and confinement)

* relax the requirements on the cloud control by doing
the best possible job in software via robust
computational imaging algorithms

©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov



Science goals that would be enabled:

=EEEE Many benefits to NASA

2 $ . « Angular resolution
~AID
» Collecting area ~
D2
> R, .« Conventional
' — designs stabilize
< Gra"“'a’> by rigid frame
D » Single spacecraft
platform limits
2,500 Kg/sq.m 25 Kg/sq.m 2.5 Kg/sq.m  0.25Kg/sq.m <<<1 Kg/sq.m dimensions

Detection and spectroscopic
imaging of exoplanets

Detector array in the IR, UV, and X-
ray (UV/Optical/IR Surveyor, X-Ray
Surveyor, Far-IR Surveyor).

Inverse radar scattering and
tomography of asteroids and

Addresses several NASA’s Space Technology Grand
Challenges:

- TAO4, Robotics and Autonomous Systems.

- TAOS, Science Instruments, Observatories, and

comets Sensor Systems.
Microwave repeater - TA12, Materials, Structures, Mechanical Systems and
Sunlight energy harvester Manufacturing.

Source: 1999 NIAC on Extremely large yet ultralightweight space telescope and array (Bekey, P.l.) 94
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A granular imager in operation

Laser Source

Laser Sourg@ure” corrector

Focal .plane

Sun shade

©2019 California Institute of Technology. Government sponsorship acknowledged. Marco.B.Quadrelli@jpl.nasa.gov




@ Th& Granular Imager is a Game Changer

The Granular Imager has the following advantageous features:

- Scalable to large aperture sizes (> 10 m) that allows for very high ground imaging
resolution in visible and infrared.

- Ultra-light weight provided by elimination of heavy metering structures, leading to
simple and low cost designs.

- Enables reflective, refractive, and diffractive imaging architectures.

- Reconfigurable aperture that allows for retargeting by non-mechanical means.

- Simple to package, transport and deploy.

ey
o
'

TTT] T T P R L L S

It has the potential to revolutionize

NASA imaging technology for

astrophysics and remote sensing, as it

] can enable new imaging systems, fine

| target search, large apertures allow for
= unprecedented high resolution,

-
(=]
w
T
1

Jry
o
(8]
T
1

-
o
-
T
|

o
T

aperture Mass [kg]
T
|

: hyperspectral imaging, adaptive
10/ systems, spectroscopy imaging through

P 5 1 A 0 4 A S 6 £ 401 limb, and stable optical systems from
10 10’ 10° 10°

effective diameter [m] Lagrange-points.
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& w=Piffraction pattern from disordered assembly
leads to strong focusing potential

The intensity of the signal is more collimated
when:

- The distribution of apertures is randomized
- The separation between apertures increases
- The number of apertures increases

Focusing is achieved by modulating the phase
of the distributed radiators so as to obtain a
conic phase surface = shaped aerosol lens.

Comparison of Optical Transfer function and Modulation
transfer function for filled aperture (top) and cloud aperture
(bottom).

i ) Pupil densification techniques (Labeyrie, 2012) would allow
at 10 light years, using a 150 apertures the recovery of the energy diffused in the halo.

regularly distributed over 150 km.

A simulated raw image of an exo-earth

Other practical uses of disordered optics
Bt 8 ol prnples of optice o CpiealStelr nterterometry include disordered and turbid lenses

Vellkhoop et al, Exploiting disorder for perfect focusing, arXiv:0910.0873v1

Choi et al: Overcoming the Diffraction Limit Using Multiple Light Scattering in a Highly Disordered Medium, PRL 107, 023902, 2011 97
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S| ength/Time Scales involved

Micro-fabricated reflective grains

Focal length
>

<
g4 Telescope Pointing

L& | Aperture
' Diameter/
F::.ll'.' oscillations

Fill factor/Diffusion Hade
- > Yegtyy
. LY
Temporal and spatial scales h
. . . _ el :
translation resolution/accuracy ~ mm to 1..||l| Grain EM
microns oy Scattering
» baseline or focal length ~ meters to kms %.|.
« angular resolution/accuracy ~ 1 arcsec i . \ Grain
« dynamic ranges in frequency (bandwidth): "ot Grain leneth
milliHz to >kHz 3 v thickness eng
« actuation and disturbance forces ~ milli to —>
micro Newton Cloud Thickness/Orbital effects

« max. acceleration levels ~ micro-g’ s

98
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@z Granular Imager Telescope Concept

&  Units = <
Science
Camera

Independent
aerosol reflectors

99
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et PropulsipnesLaboratory

‘ontiguration of Orbiting
Granular Imager

Earth

i
0]
o
c
[

I
ahan
5

Ihigets
’s
"
il

Trapping
system

------------------- cience camera

ASQ T T IS S R A A

Optical Trapping
System

Yese

Control System
and Detector

Collector
& __Units .
Science
Camera

Optical Trapping
System

Not to scale

Independent granular
(aerosol) reflectors

100
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ez What is the cloud made of?
how does it work?

Particles illuminated by a Gaussian laser beam experience two optical forces: a
scattering (levitation) force and a gradient force, in the Rayleigh regime (r << A):

- (a/2) grad|E|?= (4na/c) grad| . 221 F. = lo/c Scattering Force ,
a e r . n _1
- 2 Refractive Index, n =2 kr)* 2
_ 2 n°+2 ’ ( ) ] &
Irradiance, | = (c/8m) | E| polarizability Wavelength A, k=2n/7» 3 n’+2

For any particle of a
given
size/shape/refractive
index, the
electromagnetic
energy is minimized
when the particle is in
the bgigi tect recinn | e ¢ ]

‘ Particles are assumed to
S be made of crown glass
(p=1060 kg/m?3), rod-like
/ with a flat mirrored
surface along the length.

A=2.5um X 50pum
TIHINN M=1le-13 kg
s s wo J=le-24 kgm?

Reflection/refraction Minkowski

force on pencil of rays at dielectric Fray,; =

interface: 101
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Fabrication of Reflective Grains
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& =rpREdption for cooling/alighment achievable by

Geometric
Optics Ray
Tracer Model

_—

Lift

P Torque

W

Scattering & Polarization
force model for control |:>

Gradient/scattering force on a
Rayleigh Particle (r << A)

+
| Scatter
1

< L Fe=(0/2) grad|E|?= (4na/c) grad|
= / 4 F. = Io/c Scattering Force
LV
Y2 1 N
—~ , e K\ >
E e
; ALY IS A ,013 Laser |nten5|ty proflle

feedback control of light intensity

force efficiency

— Scattar
—Lift
1}
05t
" \J
05 i J
-200 =100 100 200

0
attack angle (deq) &

Desired grain
alignment

005 0.1 0.15 02 025
Time [sec]

! 1 B2 Pt

! }I' ! M 0 0 10 :i,jo g [116 ] 10° Im 3 11(‘) .,-
" ‘h ' I\" e ime [sec _
":;}ﬁ,? éi}" ! J' t,mﬁ"\ﬁl o 5'1:’ -
' -
e ‘M a 'J"{'i fEs _
n,, "'.ﬁ i "'h -

System design parameters:

what type of lasers
laser power

laser irradiance
how many lasers
cloud fill factor

©2019 California Institute of Technology. Government sponsorship acknowledged.
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@ == Pistability & Critical Intensity Predicted

_____________________________________________________

....................................................

Below Above Critical Intensity
Glass Hemisphere sitting on bottom of quartz chamber

Hemisphere Density > Heavy Liquid Density
980 nm laser beam (~ 200 mW)

Laser “ON”: Hemisphere moves to Laser “OFF”: Hemisphere

center of beam and rocks relaxes toward equilibrium
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@ ez Eight Patch Granular Imager Concept

Eight 10 m F/10 Patches Concept

* Each patch diameter: 10 m
 Each patch FNO: 10
* Compressed beam diameter: 50 mm (200:1)

Optical Bench design is scalable to different sized patches

105
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Vialti-Stage Control System Architecture

To be an effective imager with a useful point spread function (PSF), the wave fronts
reflected from the parabolic surface of the cloud must be corrected. It is unlikely that a

single deformable optic will have both the range and control accuracy to correct for such
roughness.

Granular Cloud Sub-Aperture PSF

Shaping Coarse Alignment Rieiee Contcl Deconvolution

> — @ .

* Fast Steering Mirror (FSM)

- Need multistage WFSC

— Provides tip/tilt (jitter) Sparse apertures make
correction. system scalable
T)p?ic; Dela_y Gne- ___________________________ - Provides Miq'Spaﬁal i — s . o9
Frequency (figure) i .:: S . L = i ___'.‘_ E
correction. u@r I

e Optical Delay Line

— Provides patch-to-patch

coarse alignment . ‘ ‘

(phasing).
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Granular Imager Contrast vs. Fill Factor

e Fill Factor is the percentage
of the aperture that is un-
obscured.

 Wave-front Error (WFE) is
the difference in the phase
of light from an ideal flat
wave-front.

* The PSF of a granular
imager is controllable for
Fill Factors > 0.3, with the
current AFTA WFS&C
Architecture.

* Electric Field Conjugation
(EFC) was able to control
both phase and amplitude
errors with a granular
imager if aberrations are
within the capture range of
the control system.

Contrast

Contrast vs. FillFactor

102

|

| |

——Phase Errors ON §
——Phase Errors OFF

Pupil Plane Image Plane

|

Aberrated Pupil Aberrated PSF

: »" :‘ =S
% o) =
\
e

Corrected PSF

4 .‘: g
3 —_— /
\

DM Corection

0.5

0.6 0.7

Fill Factor

0.8 0.9

Fill Factor = 1.0

Contrast
~1010

Fill Factor = 0.5

@
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~10°%
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$=z==Elgud control would be multistage
(Corral/Cool, Flatten, Orient)

For Any Size/Shape
Particle, the
Electromagnetic Energy is
minimized when the
particle is in the Brightest
Region

Stage 1. Gradient force Stage 2. Flatten the cloud with
corralling of the particles push-broom line beam

Y \ R
\// VoV
Raster b 2 v |
Plane / bean

o o @ o <
Voeam /| o o L, oe o
ri (a [+] %
_— o {964 z % o aug 7
pmqgﬂ
o

R Gt g

//,; 13/:1 ol on o ogse

N <

/ / \ Ybeam
b 4

Stage 3. Precession cooling

@@

Light intensity
For a radius of 1 micron, Z] modulation by
the irradiance becomes feedback loop
of the order of 13 kW/m?, a would drive grain
CW laser power level which is alignment Dincion e

within the range of commercial

| in the visible band Although the radiation pressure force on a macroscopic body is weak, a
.asers .m € VISIble band, few milliwatts of focused laser power are sufficient to achieve a force in
|nC|Ud|ng Nd:YAG laser at 532 nm. the piconewton range.
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& =rmegrfigurations for electrodynamic trapping
with variable lateral confinement field

Bz |

B,

Need back- More damping is beneficial for trapping stability
plate and ' T m NO damP"‘gr Ex=0. 1%5 R with damplng, Ex 01V ]
lateral : N N w=2.47 rad/s C b W=3 C LT S S—_—""—
Confinement o CRargd | ) X 02} st rininas 0.1 7 _

field for i =3 ] RNl
effective cloud =~ | | 5 A O W T T WO T O
shaping . 00 T T T T T T~ T I O S O O N

o . d -0.1 0 0.1 0.2 0.3 04 05 0.6 0 0.05 0.1 0.15 0.2 0.25 03
X X
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= Stability of cloud in Paul trap

2 Figure 11

Figure 11. Two rings configuration, axes values in meters [m].

(w1

0 : H : - : : : H : L

Trajectory : : : i
#* START i : ‘é}

E_sin
+

Figure 9. Simulation (b) C = 0.5, Ey max = 0, Exmax = 0. The top figure describes the relation of space and
time divided into its decoupled variables. Both x- (red) and y-direction (green) of the motion are Figure 12. Stable motion of 5 particles confined to plane in Paul trap.
reduced by the damping effect. The x- and y-dimensions are in meters [m].
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& =10 Granular Imager Telescope in formation

200 — -
Wavefront corrector
180 —

: S | “/andsciencec‘amera
160 e Il e N
140
120

00— ;
Electrode Ring 1

Z[m]

80— ) e
7 » - — > Confined cloud
%71 Electrode plate -

20— - \ '

- Bus

- X Im1l
20~ 200
180
15
160
10 -
140
S 120
E oL E 100
= N
80
sk
60—
10— 40
20
A5
ok
20 | i i | i I I I I I i
20 15 10 5 0 5 10 15 20 -20 -15 -10 -5 [} 5 10 15 20
X [m] X [m]
Figure 6. Prototype configuration for 10 meter Granular Imager with Electromagnetic confinement
rings.
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* Blind Deconvolution is the extraction
of target information from an image
when the system’s point spread
function (PSF) is either unknown or
poorly known.

 Employs a constrained iterative
algorithm to estimate the system’s
PSF.

e Algorithm uses multiple images to
estimate the system PSF.

 Target scene and system PSF may be
recovered.

Spatial Filter

©2019 California Institute of Technology. Government sponsorship acknowledged.

| B |

i npe

i 1 Plain Mirror
[

(a) Nlustration of Lab Experiment Setup

n-going optical i |mag|ng experlments

00:00 -00:43
MMST Image Series Deconvolution Process

- We can do imaging through the cloud!

Main Setup

.............................................................

CD Re-imaging

Lens
X\ Ghitters
lLlILIL Ypaqu
BN , Beam Splitter o
:Bg.\m Splitter 0 phtte Curved Surface

.............................................................

-

(b) Main Setup
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Stop
ND Filter

Reflectors
sandwitched
between 2 lenses

Diode Laser

Optics and trapping tests

1072 |

(635nm)

I'/A\l

Lens: f=125mm, D= 2"
Camera

Stop: 1.5" Iris diaphragm

“Star” Images at Different Focal Distance (1/2) 1073

1st Measurement: Increasing Reflectors — Camera distance —————

g

Reflectors — Camera distance

-

Modulation

1074

- Fi

Hex Reflectors
——Mirror

0 0.5 1 1.5
Frequency (x Nyquist Rate)
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California Institute of Technology

Laser “ON”: Hemisphere moves to
center of beam and rocks

Laser “OFF”: Hemisphere
relaxes toward equilibrium

©2019 California Institute of Technology. Government sponsorship acknowledged.

gning grains with light

Fig. 3. Glitter elements, each has a diameter about 0.3mm, are randomly placed at the bottom of a water filled chamber, with a cover slip placed on the top to suppress
the surface tension of the water. Laser hits the array with an angle 6, = 45°. A frame sequence that is extracted evenly from a 3 minutes video shows rocking motion
of the glitter elements.

Fig. 4. A resin hemisphere with diameter about 1.2 — 1.5mm is placed in a water filled chamber, with a cover slip placed on the top. Laser hits the array with an angle
, = 45°. A frame sequence that is extracted evenly from a 6 minutes video shows a very slow rocking motion of the resin hemisphere.

Fig. 5. Glitter clements, each has a diameter about 0.3mm, are randomly placed at the bottom of a water filled chamber, the chamber is open on the top, 10% isopropyl
alcohol is added as surface tension suppressant. Laser hits the array with an angle 6, = 45°. A frame sequence that is extracted evenly from a 2 minutes video shows
planar motion of the glitter elements(reference lines are drawn on each image for better showing the motion).

Laser

Fig. 6. A resin hemisphere with diameter about 1.2 — 1.5mm is placed at the bottom of a water filled chamber, the chamber is open on the top, 10% isopropyl alcohol
is added as surface tension suppressant. Laser hits the array with an angle 8, = 45°. A frame sequence that is extracted evenly from a 1.5 minutes video shows planar
motion of the resin hemisphere.

—_— ' ‘eu_

Laser

Fig. 7. A glass hemisphere with diameter of 1mm is placed in a chamber filled with Sodium Polytungstate, the chamber is open on the top. Laser hits the array with an
angle 0, = 45°. A frame sequence that is extracted evenly from a 2 minutes video shows planar motion of the glass hemisphere.

Marco.B.Quadrelli@jpl.nasa.gov
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& === OR-going radar imaging experiments

-+
RX TX :

Planar
antenga £ntennapod - sty

Horn antenna

Network
Analyzer
(VNA)

3 Cat e L Horn
i = antenna
k oPe Cross-track o ™~
RF transmities [» |
! Along-trac Lr S~ P "’
I _j; N Rotary Table .

RS232

1512/521

Step-by-step molor

. L. Source -
* Experiments initiated at JPL N%_
* Rod-Reflector-Antenna TDB Theory é i 03 .
separation distances of ZS « o+i2kpl  rotation 02
n €
about 1-2 m - - = o
* Rod is rotated at steps of 5 deg. T Total path 0 Refiector-Pixel -
£
between 0-360 deg. 0 RxRetecor oy
® Plane w0
* Network analyzer Sensor reflec £,
programmatically captures 03
. ' 02 0 0.2
wideband frequency response x-axis - image plane (m)

* Frequency of 1-6 GHz is used
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Lo ey Ambitious science missions realized iff sufficient
data returned
Cassini MRO

(max) (max) Source: Joe Lazio, 2018

Direction of Increasing
Data Richness

_
Data for Science

-
waet®
e® e
e® "o
.
-

o..
.
----
......
........
.....

1E+04 (bits/s)

* Increase use of Ka band (32 GHz) over X band (8 GHz): Factor ~ 4x improvement
116  cf. Cassini, Juno Radio Science
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S

popsen ooy Djstributed Swarm Antenna Arrays
for Deep Space Applications

Task objectives
To demonstrate that:

N tiles forming a distributed, free-flying swarm
array can be phased to provide a coherent
beam in Ka-band,

a promising radiofrequency distribution
methodology is feasible to enable a phased
array with performance (mass, power, data
rate) comparable to MRO

Task description

Investigate the feasibility of constructing a deep
space reconfigurable high-bandwidth
communication system using swarms of
interconnected or free-flying satellites

It is desirable to develop a capability that can
enable an antenna array of transmit-antennas that
require high EIRP, autonomous, distributed,
reconfigurable, on-demand Ka-band
communication systems.

This capability will improve entire classes of future
JPL missions, with benefits to key challenges in
multiple directorates.

Combine TX/RX architectures would also benefit
science

* Alarge swarm would be assembled in multiple

launches, using the Cubesat Nanorack. Could be
part of Mars campaign of Mars human
exploration.

* On-going miniaturization in power electronics

would make a business case.
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& icsbronusion aboraor SOA Comparison

Comparison with the state of the art Reflector R

* While monolithic apertures are in use today, larger Ray:
apertures (membrane, gossamer, or inflatable type) will
suffer from: Lower fault-tolerance, Structural vibrations, ‘ Famens”
Structural misalignments and tight planarity, Thermo- | Feed Iasnaiasnasnad
structural stability, Ageing and creep, Continuous (8) Reflector—ray OPiCS ) pesec wrar—non. St s

calibrations, Deployment complexities, Sub-mm-level
surface accuracy in the primary, Unavoidable systematic
manufacturing errors, Material outgassing and surface
contamination

* Advantages of distributed over single aperture: electronic
beam steering, spatial power combining, lower power
density in the transmit system components, graceful
degradation capability

* Disadvantages of distributed over single aperture: Fuel cos
to control and reposition spacecraft, Sensor ranging
limitations, Requires accurate ACS, Need to cohere beam b
compensating for phase difference, Accurate clock needed
for precise phasing, Side lobes due to geometric distortion
in antenna pattern.

deep space Ka-band

for comm/science' 4m, 5Kg, 34HGz 2.5 m dual reflector, 22 6.5 AU, 3 m array, 10 2.5 m dual reflector, 0.8 m, 32 GHz, 35 W,
: uplink, 32 GHz kg, 32 W, 2.8 mrad, 6 Mbps, 1 mrad, 1.15 db 34HGz uplink, 32 GHz 2.88 Mbps
downlink, 33 W, 0.16 Mbps EIRP loss downlink, 2.5 W
deg beamwidth output
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& sronsmen e Distributed Phased Array Architecture

Swarm array Centralized
node

e Replacement for MRO

e Single chief spacecraft coordinates with all
N deputy spacecraft

e Performance of MRO matched using N=30
MarCO CubeSat-class deputy spacecraft

chief

CubeSat Swarm - MRO Comparison M deputy
= 15
Z
o)
°§‘ 10 Q
> Sl | MRO | MarCO CubeSat
= o
.g 5 ‘é Size S/C Fairing  30x20x10 cm3
%3 % Launch Mass 2180 kg 14 kg
Eo E Tx Power 35W 2W
O ©
o E Antenna Size  3m 60 x 30 cm?
e s & AntennaGain 56 dB 40 dBic
o
E 10 Antenna type Parabola Reflectarray
10 20 30 40 50 60 70 80 90 100 110 120 Deploy Yes Yes
Number of CubeSats antenna?
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& ooy | grge Aperture MRO Architecture

e MRO electronics + large deployable mesh
reflector antenna Astromesh

e Antenna heritage:
— Galileo 5m Harris reflector (failed to deploy)
-  SMAP 6m AstroMesh (L-band, LEO orbit)
— NISAR 12m AstroMesh (L/S band, LEO, Phase C)
- BioMass 12m Harris (P-band, LEO, Phase C?)

CubeSat Swarm - MRO Comparison

= 15 25
S i-"; o Example: Antenna for 10X Data Rate Increase
=" B | MRO | MRO+AstroMesh_
:‘é 5 ‘3 Size S/C Fairing  Astromesh stow
'7: E Antenna Mass 23 kg 55 kg (est*)
£ o g Tx Power 35W 35W
% g Antenna Size  3m 9.5m
x s a Antenna Gain 56 dB 66 dB
% 10 Antenna type Composite  AstroMesh

3 4 5 6 7 8 9 10 11 12 Questions MRO bus sufficient for control?

Antenna Diameter (m) S/C pointing system adequate?

120 * Assumes 0.75 kq(lmz mass densﬂg/rc |ncludin%Jboom (/TBC)
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& ssoronsion Labersor Key Metrology Options

Technology Accuracy (RMS error) TRL | Comment Available to
Cubesats

Range Bearing

RF 4%x1073 m (4mm) | 3x10~* radians high Yes

Metrology (1 arc minute)

Optical 1x107° m 1x107° radians high | MSTAR No

Metrology (Imicrometer) (2 arc second)

LIDARs Approx. Imm Approx. arcminute | low Vision-based | Yes

RF ranging | 1x107®m - low | ENSCO Yes
(Imicrometer)

e Star tracker would provide 1 arcsec RMS error

[1] E. Mettler, W. Breckenridge, M. Quadrelli, “Large Aperture Space Telescopes in Formation: Modeling, Metrology, and

Control”, The Journal of the Astronautical Sciences, 2005. N
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L)
ot Inatts of Tachnology Swarm Array Error Analysis
California Institute of Technology
RF Metrology Optical Metrology
p Array Power vs N, with RF metrology ) Array Power vs N, with Optical metrology
0 0, T T T TR TR eeaees
LT et 3s i
00 e - e -
- Ay =
=25 7 e T25 -~
= 5 5 ;
@) S20F T eeeessesaenanesnnaee Z 20 /
Al PO < ,
>\ EISE /o0 e EIS [
CG < | A e < |
= 10 104,
j - Ka Band (Theoretical Limit) Ka Band (Theoretical Limit)
< < * Ka Band (Actual) <lf * Ka Band (Actual)
“If X Band (Theoretical Limit) ’ X Band (Theoretical Limit)
* X Band (Actual) * X Band (Actual)
0+ 0+
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Number of Agents (N) Number of Agents (N)
0» Array Loss vs N, with RF metrology Array Loss vs N, with Optical metrology
() r oomernarassresressassesssessssssssessssssessersersessetsessesssesressassssrsssssssssssssassssnesnes
.5 -5
m : : Arriy L ve N ol Opiesl metosbopy
v o =
3 £ 10 - Ka Band 2 10
- + X Band =
> & g
© z 2
E ]S ........ . l s
. A A T 20 . . :
0 10 20 30 40 50 60 70 80 90 100 0 0 20 30 40 S0 6 70 30 9% 100
Number of Agents (N) Number of Agents (N)
. N+ N(N —1)exp(-o;) 1
122 ic limit:  limI[ = lim 22 1= lim| —+| I-— |exp(-0,) |=exp(-o,
Asymptotic limit: lmI'=lm lim p(=0y) p(=0y)
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@uetmmmmomor,PreIiminary swarm path-planning results show promise to efficiently
California Institute of Technology .
and autonomously reconfigure large array

A distributed guidance and control algorithm for the
reconfiguration of the robotic swarm allows to solve for
collision-free trajectory generation by considering the
following discretized and convexified optimization

problem:

T-1

min [l k]| At Yi=1,....} N (6)
u, :
k=1

subject to

Xk + 1] = Ag(R;. oe)x;[k] + Bouy[k] + cq(Rj. @), k=1,..., -1 j=1....1 N (T)

A ‘ * Mars orbit Orbiting Swarm
Q k| € Upax k=1.....T =1, j=1....N (8)
x,:lJ—X,.,u i=1, N (9)
xi[Tl=xj¢ j=1,...,1 N (10
N=10 elements collision-free trajectories, [%;[K] = % [K)]TCTClx;[k] = x[k]] = Reall| C[%;[K] = % (k]| (11)
considering an objective function that minimizes the k=1...T, i>i i=L...N-1
control efforts and the overall distance. — Druasistionnl Componeste ¢ -
g Final -
paraboloidal ™"
reflector e
Initial shape S :
- “rectilinear - < oy
stack " S ~
- 107 e — - - ' 0 00 X 30 400 X 600 00 X
g1
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- Angle 1-2
. . . 1 . * Angle 2-3
Preliminary swarm path-planning results tsssih i p | . Aogl 34
: . . LIV VT gle 4-
show promise to efficiently and s e e
autonomously reconfigure large A | W
. 1575 i,
interconnected arra ) .
Earth y = . ¥¥€%%|A{L‘ULHH L | ':l Q‘“f}*n*br
@ o '|z|||i |T|| \““ W
1.565 Y “‘ {H J | | | |
i \ ‘ ‘ ‘
1.56 (| ‘ ‘ ]
1.555 . . ‘ . )
0 0.2 0.4 0.6 0.8 1 1.2
Orbit completed
(a) Open configuration
Mars -
e Niare orbit Orbiting Swarm 15713
Q i 1.5712 s e ﬂgi;i
:. o J Angle 3-4
* We have also developed swarm reconfiguration 15711 | ey Angle 4-1
— — —0.01% error
algorithms with functionalities including collision- 1571 | : = :
avoidance, and a simulator for tethered proximity —
operations, assuming the swarm elements are S 1 5708
mechanically connected. £
* Figure shows the relative angle between tethers 1o
for open and closed configurations of the swarm 1.5706 |
away, assuming the elements of the array are 15705 +
connected by tethers, indicating a more precise 15704 H|
system response in the closed configuration. 5703 L ! I ! { ! |
' 0 0.2 0.4 06 0.8 1 12

124
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Orbit completed

(b) Closed configuration
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Three elements of a Vision of autonomy in extreme
environments:

- robotic exploration of Small Bodies

- adaptive aero-maneuvering

- the new era of granular spacecraft

The high level of adaptivity in these exciting areas
requires significant developments in autonomy,
vehicle design, modeling and simulation, and testing

Thank you for your attention!
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