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1. Motivation
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» Space telescope demand and requirements are
Increasing Space Telescope

— Advantages to observing from space (L,) (~2025)

« Goals of characterizing atmospheres of Earth-
like exoplanets!

LUVOIR
(proposed) 3



Costs for Spacecraft Science Missions

Main obstacles are time and fuel costs:

Time Fuel

Instruments deteriorate . Limited fuel on-board for maneuvers

Minimize Av subject to time constraints

Viewing conditions change with .
movement of Earth, Sun, Moon,
telescope
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Thesis Contributions

» Develop Fuel and Time optimal orbital tools and techniques for:

1. Delivery of space telescopes to final orbit

2. Efficient maneuvers for space telescope
operations or observations
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2. Dynamics Background
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Frame Definitions

* |nertial Frame I

Inertial Frame /. — Coordinates (X,Y, 2) from O
Z — Basis vectors X,Y.Z
y | . Rotating Frame /X
' Egﬁqténg — Coordinates (%,y,2) from (&
R — Basis vectors Xx,y,z
x . . .
Earth * Dynamics in rotating frame are

called the Circular Restricted Three
Body Problem



Properties of the CR3BP

R

>
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Earth

T
Equations of Motion J
r z
f=R4d P/O _ 56
dt RVP/O Qy.-l— %Q
[e19)
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Effective Potential “Energy”
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Primary Mass Ratio

ma

H= mi1-+ms 9
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Properties of the CR3BP

R ¥
A - Jacobi Integral (“Energy” Integral of Motion)
C=—(22+9*+2%)+2Q
Ly « Five equilibrium (Lagrange) points
— L,is advantageous for observations
‘ O-¢ . ¢ L* >X . Near Lagrange points, we find.:
Ls L 2 — Periodic/Quasi-periodic orbits
. — Invariant energy manifolds
Ly
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Periodic Orbits in the CR3BP

Inertial Frame
t=0d

(Not to scale)

(ww) z

Rotating Frame
t=0d

Y -300
“730 400
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Invariant Manifolds
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Stable

Stable

Unstable

Unstable

Unstable

22555000

220055
222759001
2555550044
S5 R
o255

Stable

Us

State transition matrix!
found for periodic orbit

b(t,t0) = G2 (1, to)

Monodromy Matrix

r)\l > 1 Unstable
1
(T, 1o) < A2 =3 Stable
A3=M\ =1
\)\5 =X, |As] =

IW. S. Koon, M. W. Lo, J. E. Marsden, and S. D. Ross, Dynamical Systems, the Three-Body Problem and Space Mission Design (2011)
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3. Delivering Space Telescopesto L,

13
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Motivation

 LUVOIR and future space telescopes require bigger primary mirrors

« Easier to segment the mirrors

— Manufacturing costs reduced if
produced in bulk

LUVOIR

« 31m segmented primary mirror
would need 840 mirrors3

14

3J. Shapiro, D. Keithly, G. Soto, D. Savransky, and E. Gustafson, “Optical design of a modular segmented telescope,” Proc. SPIE, Vol. 11116-12, 2019



Cornell University

ldeal Solar Sail Model

Solar Sail acceleration term? R Z
A

as = 7 (f1-n)’h

Solar Sail performance factor

ﬁ L L _ o —
 27GMpo o

__ mp _ Mptms _ Mp
O="A T A T A T

15

2C. Mclnnes, Solar Sailing: Technology, Dynamics and Mission Applications. Springer-Praxis Books, 1999.
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Modular spacecraft Solar sails unfurl Spacecraft are
start on Earth orbits and propel the assembled on a
with mirror as payload. mirrors to L2. Lissajous orbit.

16

4D. Savransky, D. Keithly, J. Shapiro, G. Soto, E. Gustafson, K. Liu, C. Della Santina “Modular Active Self-Assembling Space Telescope
Swarms,” NIAC Final Report (2019)
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Swarms,” NIAC Final Report (2019)
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Sun Earth

o Increase Energy

e Transfer Onto Manifold

e Ride the Manifold

\

a Transfer Onto Lissajous

‘:“ \
o
XN
.

3
)
’0
‘0
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e A

6 Assembly on Lissajous

()
0

N

()
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Sun

Earth

Cornell University

o Increase Energy

9 Transfer Onto Manifold

e Ride the Manifold
a Transfer Onto Lissajous

6 Assembly on Lissajous

19




Cornell University

Earth Escape Trajectories

« Energy maximization control law®
in rotating frame

max ag(n)- v
n

N
-
2
3
—
-1.501
£ -1.502
©
L4
(0]
c
o
VU -1.503
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o
v
5
-1.504
-1.505

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time since Deployment (Years)

20

5Coverstone, “Technique for Escape from Geosynchronous Transfer Orbit Using a Solar Sail,” JGCD, 2003
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Designing the Sail B = f(my, As,045) = mZ—

p
AS +O'S
Sail Density = 25 g/m~™2
90
8l }
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i
~6| 1 160
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1] wi
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g ge3 PR . 80
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Sun Earth

o Increase Energy

9 Transfer Onto Manifold

e Ride the Manifold

a Transfer Onto Lissajous

6 Assembly on Lissajous

22
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—— Lissajous

= Invariant Manifold

= \/ertical Lyapunov

@ Earth

¢ L2

To Earth

—

0.05 0.00 -0.05 -0.10

X (0.001 AU)

23




6Stanton, “Finding Nemo” Disney Pixar (2003)



6Stanton, “Finding Nemo” Disney Pixar (2003)
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Sun Earth

o Increase Energy

9 Transfer Onto Manifold

e Ride the Manifold

a Transfer Onto Lissajous

6 Assembly on Lissajous

26




Final Orbit - Lissajous

Found through 2-step
differential correction process?

177-day period, about Sun-
Earth L2 ecliptic

(ww) Z

7K. C. Howell and H. Pernicka, “Numerical Determination of Lissajous Trajectories in the Restricted Three-Body Problem,” Celestial Mechanics, Vol. 41, 1988
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sun Earth

o Increase Energy

9 Transfer Onto Manifold

e Ride the Manifold

a Transfer Onto Lissajous

6 Assembly on Lissajous

28




Frequency
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1.0

Atlas V 401 Falcon 9

Launch Vehicles

0.5

0 0

0 500 1000 1500 2000 2500 3000

Spare Payload (kg)

Data taken from Launch Log in: http://www.planet4589.org/space/log/launch.html
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Full Trajectories from Earth to L2

0.35
0.30
0.25
0.20

0.15

0.05
vool B B m

2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75

Frequency

Module Flight Time (yr)

31



Cornell University

Conclusions

« Simulate future launch schedules using 2016-2018 launch data
— 840 modules launched within 6-7 years
— Allinjected into Lissajous within 11 years

« Developed tools to simulate full mission from Earth to L2 Lissajous orbits
— Uses standard Python packages including numpy and scipy
— Design tools for selecting sail parameters coupled with Earth escape times

* Presented conference paper at the 2019 AAS/AIAA Astrodynamics Specialists
Meeting in Portland, ME

— Soto, G., Gustafson, E., Savransky, D., Shapiro, J., Keithly, D. (2019) “Solar Sail Trajectories and Orbit
Phasing of Modular Spacecraft for Segmented Telescope Assembly About Sun-Earth L2” AAS 19-774

32
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4. Simulations of Telescope Operations near L,

33
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Data taken on 07/23/2020 from:
https://exoplanetarchive.ipac.caltech.edu/cqi-

EXO p I an etS ! bin/TbhlView/nph-tblView?app=ExoTbls&config=planets

- 10%
[ ] b.‘: ..:
L ] [ 2l
103
= 104
um'j )
5 L 102
= 510 @
E [ =
S -1 ]
E
£
=3 -101
-2 |
10 E e Imaging
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e Transit
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Semi-Major Axis (AU) 34


https://exoplanetarchive.ipac.caltech.edu/cgi-bin/TblView/nph-tblView?app=ExoTbls&config=planets
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Starshades!

No starlight enters telescope directly
« Off-axis exoplanet light collected

Maintains constant separation distance s along
target star line of sight (LOS)

Potential imaging of exoplanets almost 10 billion
times dimmer than their star!

Tight tolerance in lateral direction
e Can’t move >1m from LOS
« Bad diffraction = No Picture ®

Target Star

¥ Exoplanet

Limited fuel on board

Telescope

Also moving

35
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Halo Orbit

36
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4.1. Starshade Formation Flying

37
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Establishing a Line of Sight

* Euler Angles!
— Frame is centered on the Telescope

— Rotate by two angles to align with the
target star

» Functions of known quantities!
0= Q(Aa /87 w,, rT/O)
qb — Cb()\aﬁawata rry O)

Location of Target Star Time Position of Telescope

- : (On Halo Orbit, it’s
(Ecliptic Coordinates) Periodic!)

Star Parallax

(Measure of Distance) 38
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Starshade Kinematics
e Starshade needs to be at constant
separation s from telescope
[rS/T]B — 8b3

« Perfect formation flying:
» Keep up with changing line of sight

\

-

rs/0 =r(s,0,0,rp/0)

IVS/O - V(Sa 95 ¢a é: éa I'r/0, IVT/O)

IaS/O — 8(3797 ¢9 9.7 éa é: Q.b-, rT/Oasz/OaIaT/O)

\_ _J 39
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Starshade Dynamics

» Forces pull Starshade off nominal track

d? T d? T d?
az¥s' /s = getsr/jo = gers/o

Forces on Starshade We know this!
due to Sun and Earth Perfect formation
flying acceleration

» For short time periods, assume differential
forces (RHS) are constant

Iasf/s = Af

o>
o

T

A

by

Second order differential equation equal to a constant is projectile motion!

I'si/s

Sl

40
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Deadbanding Simulation

Time Elapsed: 0.00 minutes

1.5
Lateral Diff. Force
1.0 * Maneuvers cause
plumes which reflects
o.5] light
E 0.0 . .
5 » Long drift time between
burns = longer
-0.5 uninterrupted
observations
-1.01
-1.5 T r . : ‘
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

n (m)

Based on Flinois, T., et al (2020) “Starshade Formation Flying II: Formation Control ” JATIS 41



Simulation Metrics

« Averaged over a full observation (assume 5 hours)

1. Av (AV) obs
2. Avin Lateral Direction (AVL) obs
3. Number of Thruster Firings N
4. Drift Time between Firings (ALD)obs
. _ N{Am),ps
5. Fuel Usage per Day () obs = =5
6. Fraction of Observation Time Spent (Fp)obs = N(AtT)obs
Firing Thruster P/obs tobs

42
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Parameterizing These Metrics
A ]

* What parameters affect these metrics?

M; = f()\aﬁaia AtP)

Metric

« These parameters affect the relative
location of the Starshade to the Earth,
Sun, Moon, etc.

Ecliptic Latitude (B)
+4+++
+4+++
+4+++
+4+++
+4+++

» Important because we care about I\ >
lateral components to LOS

« Gravity pulls in different directions Ecliptic Longitude (A)

and magnitudes depending on
location/configuration 2. Repeat (1) over all times t --- play as a movie!

43
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( t=0d ) - 0.150
0.050
(AV)ops
0.010 (mls)
. N 400 0.050
Rotatmg Frame Z 200 —_—
(Centered at L2) 3 o - BV
o] m/s
— % il (mls)
e 30.00
-400 o
E
o -‘3 10.00 N
y = 25200 \ - - 5.00
\ . T —400°00 W 2
’ N\ -%' - 100.0
w
30.0 (AtD)obs
15.0  (min)
Inertial Frame 80.0
Centered at Solar System z :
( Barycenter) ’ il
y 3.0 (ko)
5.000
[NOT TO SCALE]
1.000
(fp)obs
A\ X 0.050 (%)
\_ 0 100 200 300
/ 44

Ecliptic Longitude (deg)
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Table 3 Station-keeping simulation case study results with optimal time for observation scheduling using both case 1

Results

signifies averages over a 5 hour observation for a given mission time.

(left) and 2 (right) keepout conditions. Stars with one column had the same results for both keepout conditions. We

also tabulate the difference in using the optimal versus worst observation times for each metric. The operator { J.p,

beta Pic Gl 832 51 En GJ 179 47 UMa | HD 219143
A 82.54 308.62 67.31 72.44 149.07 23.74
B() -74.42 -32.47 -24.31 -15.93 31.06 54.55
Si (pe) 19.75 4.97 29.40 12.36 13.80 6.55
f o (d) 330 200 300 180 300 180 35 135
st (d) 270 170 190 190 5 180
Optimal - Worst _ Case 1 +2 | Case | +2 | Case | | Case 2 | Case | - Case2 | Case 1 +2 | Casel +2
N -3 -16 -7 -6 -3 -7 -22 -23
(AL ) ons (Min) +4.08 +18.08 1482 | 4391 | +6.26 | +4.61 +39.70 +42.69
(AV) g (Mm/s) +6.64 +2.07 1196 | 4377 | +634 | +4.66 +2.00 +3.14
(AU Yohs (MM/s) | 319 -15.14 568 | 523 | 691 | -6.04 -5.33 -10.86
{1 yons (kg/d) | 4092 [ -5.60 -1.79 | -0.81 -0.89 | -0.96 -9.50 -10.22
{fpobs (70) +0.01 -2.98 -1.22 | 088 | -1.16 | -1.01 -4.32 -4.84

Soto, Savransky, Morgan (2020) “Analytical Model for Starshade Formation Flying with Applications to Exoplanet
Direct Imaging Observation Scheduling” JATIS [submitted]
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Ecliptic Latitude (deg)
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What Causes these Patterns?

Acceleration and Gravity cancel out
in the lateral direction

Star we care about

Lat. Diff. Force (um/s?)

0 50 100 150 200 250 300 350

Diff. force mostly in axial direction
(this is where Sun, Earth, Moon net
gravity points)

Direction and magnitude of
differential force:

Af=fs —Tago

| v

Mostly gravity forces  Mostly halo
acceleration

Depending on Telescope-Star
configuration relative to the Earth,
Sun, Moon positions:

— Forces are mostly in the axial
direction

— Forces cancel out

46
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Halo Orbit Phasing T

At, =0d
400
Mfi — f()\7 /67 ta AtP) E 220—_
—200]
« CR3BP equations independent of time _400%\/
. . 250 ~ 0
— Inject telescope at different vw,,,‘,’-z-"?sog,so _400_300-2“:33\«\\
locations of halo orbit at mission
start time

Inertial Frame

Starting point affects the direction of
differential force

Selection affects when certain
stars see favorable conditions
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Halo Orbit Phasing Effects

» * Tuning this parameter affects
metrics

— Can use lateral differential
force as a proxy

w w
(=] (L]

N
wu

Lat. Diff. Force (um/s?)
°

Hold time constant, animate
through orbit phasings

M; = f()\aﬁﬂ;%)

N
(=]

Ecliptic Latitude (deg)
&

=
=}

100 150 200 250 300
Ecliptic Longitude (deg)

wu

(-]

48
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Halo Orbit

D h aS I n g Table 4 Station-keeping simulation case study results with optimal halo orbit phasing using both case 1 (left) and 2
(right) keepout conditions. Stars with one column had the same results for both keepout conditions. We also tabulate

? eS u It S the difference in using the optimal versus worst halo orbit phasing times for each metric. The operators { ). signify
averages oyer a 5 hour obsgrvation for a éivcn mission fime and é?‘,‘ averages over all mission times.

verage the metrics twice 1or ea

phasing:
ta Pic i) 837 4f 51 En Gl 179 47 UMa HD 219143
PY V/IOF fa¥al falata vaftfion
A\ A'AV] | CAVIL UNMNOUIN VCALITVT
At p g (d) 110 20 . . 130 130 30 150
Atpoom () ° Ovyer futurg,missiaon times 20 120 60
Optimal - Worst Case 1 +2 | Case]l Case2 | Case ] | Case2 | Case ] | Case2 | Case | | Case 2 | Case | | Case 2
(N -5.23 -0.00 -0.8 -1.44 -5.00 -6.83 4933 | -10.89 | -11.09 | -3.31 -5.09

({AED Yot (min) +|3.26(M;}5)n+;|)495) 412,66 | +12.97 | +11.47 | #1327 | +20.17 | 42027 | +11.55 | +14.02
({AV),5,0; (MmM/S) #1362 | 098 | -0.17 | 4320 | +-3.19 | -5.82 | -2.80 | -2.53 | 242 | +5.28 | +4.26

({AVL Yohs e (mm/fs) | 0.98 030 | 089 | 301 | 496 | 427 | 628 | -681 | 702 | -127 | 249

({1 pons e (kgid) +0.41 298 | <295 | 2367 | 384 | -4.42 | 432 | -447 | 451 | 4053 | -0.59

({Fodobaye (%) 0.25 108 | -114 | -1.36 | -145 | -151 | -1.76 | -1.70 | -1.75 | +0.20 | 029
Soto, Savransky, Morgan (2020) “Analytical Model for Starshade Formation Flying with Applications to Exoplanet 49

Direct Imaging Observation Scheduling” JATIS [submitted]
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Conclusions

« Analytical model for starshade kinematics and dynamics

« Simulate starshade deadbanding maneuvers within a full end-to-end mission
simulator

« Create metrics used for optimizing fuel usage within timing constraints

Soto, Savransky, Morgan (2020) “Analytical Model for Starshade Formation Flying with Applications to
Exoplanet Direct Imaging Observation Scheduling” JATIS [submitted]
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4.2. Starshade Slew Maneuvers

51
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Thruster Models

\ Target Star i TerstSter” H
<>9 ° <> Impulsive Thrust Model

Retargeting

Chemical Propulsion

Station-Keeping

e * Instantaneous changes in velocity
att andt,

* Solved as boundary value problem
(BVP) using collocation algorithm

__Aw
Am =mg(l —e 90Tsp)

52
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Impulsive Fuel Costs Av = f(i, j, At, to)

403.43
75
221.41
65
121.51 AU T f(/l!bJ At)
=55
>
g 66.69
3 a5 2 _
£ 36.60 < » Before: 12 minutes to
% % & compute map at every
® 20.09 decision step
25
o2 «  Now: single map generated
15 - offline for any target list
-5180 -120 -60 0 60 120 180 [_43.32

Star Angular Separation ¢ (deg)

53

Soto et al (2019) “Parameterizing the Search Space of Starshade Fuel Costs for Optimal Observation Schedules.” JGCD
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Continuous Thrust Fuel Costs

Optimal control law to minimize energy

Fuel cost is directly a function of fuel
mass used

Am =~ f(wvAt)t())mO)

Slew Time (d)

90
80 -
70 -
60

50
40
30

Fuel Mass upon Initiating Maneuver = 1.00

20
-180 -120 -60 O 60 120 180

Star Angular Separation (deg)

o
N

o
=

o
o

o @ 8
IS 3] o

o
w
Fuel Mass Used (% of Total Mass)

(63
AN




Interpolation Errors

8
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— Frequency

(4]
Q

— Mean of Absolute Value
t| = Median of Absolute Value |- -

8

Frequency of Errors (Percentage of Calculations)
w
Q

-20 -15

|
N
(4]

-10 -5 1] 5 10
Percent Error in Av

Impulsive Maneuvers

15

20

Frequency in 200 Trials (%)

15.0

12.5

10.0 |

7.5 -

5.0

2.5 -

Pa

—-250-200-150-100 -50 O 50 100 150 200

Percent Error of Interpolation

Continuous Thruster Maneuvers

55

Soto et al (2019) “Parameterizing the Search Space of Starshade Fuel Costs for Optimal Observation Schedules.” JGCD
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4.3. Observation Scheduling

56
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Halo Orbit

57
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Keepout Constraints

40 - [E— ]
" -
90° 45°
| |9 gsen
o _— QbEa,rth > 45° .
- n
g 20 L E— | ¢Moon > 45°
s T o
E —I -l ﬁbOtherPlanets > 1 .

4

0 50 100 150 200 250 300 350
Days Since MissionStart

58

Soto et al (2019) “Parameterizing the Search Space of Starshade Fuel Costs for Optimal Observation Schedules.” JGCD
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Keepout Constraints

403.43
221.41
121.51
66.69

36.60

Slew Time At (day)
Av (m/s)

20.09

411.02

46.05

5
—-180 -120 -60 0 60 120 180 43.32
Star Angular Separation ¢ (deg)
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Cost Function

Maximize Prioritize stars Prioritize stars
Minimize completenes_s that haven'’t been designated for a
fuel use for for each star | observed yet revisit

N

C :[cl Avm,;n]+[02 (1-— Co)]— [c3 f um] +[C4 f T'efu]

J = arg min(c)
J

Savransky et al (2010) “Analyzing the Designs of Planet-Finding Missions” PASP o0
Soto et al (2019) “Parameterizing the Search Space of Starshade Fuel Costs for Optimal Observation Schedules.” JGCD
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Observation Schedule

75

Start

-150 -120°

-75°

Completeness

0.04 0.06 0.08 0.10 0.12 0.14
0 4 8 12 16 20 24 28 32
A v (m/s) 61

Soto et al (2019) “Parameterizing the Search Space of Starshade Fuel Costs for Optimal Observation Schedules.” JGCD



Normalized Frequency

0.6

o
(0]

o
'S

o
w

e
N

e
]

0.0 -

Cornell University

=#= Random Walk (¢ =24.52,0=1.17)
=@= Max Comp (p=23.55, 0=0.69) -—
—e— Linear) (i = 28.35, 0= 1.56) > 0.1751

0.100

0.075 1

0.050 1

0.025

Normalized Yield Frequency (N

0.000

== Random Walk (u =5.53,0=2.37)
=—@= Max Comp (u=6.09,0=2.57)
=g= Linear) (¢ =6.89,0=2.52)

20 22 24 26 28 30 32 34 0 2 a 6 8 10
Number of Observations Unique Detections

Soto et al (2019) “Parameterizing the Search Space of Starshade Fuel Costs for Optimal Observation Schedules.” JGCD

12

14

62

16



Cornell University

5. Conclusion
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Minimize Costs under Operation Constraints

Time Fuel

Can assemble 31-meter mirror with Use solar sails to eliminate fuel costs
840 segments in under 11 years of mirror segment maneuvers

Careful scheduling of observations of Minimize fuel costs of lateral starshade

targets when configurations are deadbanding maneuvers during an
favorable observation

Applied keepout constraints for Explored the parameter space of
observations, imposed on fuel cost retargeting maneuver fuel costs in a
matrix and scheduler mission scheduler

64
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Future Work

Solar sail multiple shooting

Add more optimization variables + non-ideal sail
parameters

Attitude control of fully assembled sailcraft

Formation flying metrics

Parameterization: angle from gravity force to target
star

Starshade low-thrust maneuvers for slews

Work on different parameterizations
New techniques for achieving minimum fuel case
Dynamic scheduling of starshade slews
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