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Background CWaRM

Phasing loops leading o a P/2 LRO, in Earth Centered Inertial (ECI) and Earth-Moon rotating (ROT)
frames. An eccentricity of approximately 0.65 places apogee near the Moon orbit radius and
perigee above GEO (gold circle) and the outer Van Allen belt (green circle).
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Background

Relative Trajectory Shapes (VNC) vs. Eccentricity and True Anomaly of Co-normal Impulse (a.y ;o = 243,600 km)

Co—normal impulse (m/s)
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Relative trajectories in VNC coordinates, propagated using the Yamanaka-Ankersen STM. A co-normal
impulse at the VNC origin induces the relative motion, and relative trajectories are shown as a function
of the chief’s eccentricity and the true anomaly of the co-normal impulse.
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Mission Design Method HELIO

SWARM

Target VNC states at true anomaly (v) values
Deputies disperse near apogee to make observations
The swarm contracts near perigee to allow crosslinks and downlink to ground

Here we’ll use 1500 km and 50 km as bounds on the swarm relative motion

Perigee
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Example of a discontinuity in the location of maximum C-bar.
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The true anomaly of insertion
(v,) affects relative trajectory
shape in eccentric orbits

In-plane motion is coupled,
with maximum V-bar
excursion typically larger than
maximum C-bar excursion

For moderate and high
eccentricities, discontinuities
occur in the location of the
maximum c-bar excursion

All examples shown use a
negative C-dot insertion
impulse
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Out-of-plane trends for a positive N-dot insertion at v,,.
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Out-of-plane motion is
decoupled from in plane
motion

For circular orbits, the
maximum N-bar excursion
occurs 90° from the N-dot
insertion impulse

For elliptical orbits, the
maximum N-bar excursion
tends to move closer to
apogee




Maintenance SWARM G

Scale for VNC Plots
" 1500 km

Lunar-perturbed relative trajectory for uncontrolled (left) and controlled (right) example case, with six post-
deployment revolutions shown. The controlled trajectory targets +1500 km V-bar at apogee and -50 km V-bar at
perigee. Color arcs correspond to true anomalies between 0°, 130°, 180°, and 230°, as shown in the plot on the
right. The insets on the left show the trajectory in ECl and ROT frames (at the scale of these insets, the chief-deputy
system can be treated as a point mass). For this figure, forces included are lunar perturbations and J, only.
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Malntenance

Yearly AV per Deputy

In-Plane Maintenance

20 1 * A pair of maintenance burns, with the 15t
Vo (deg)
. atv,

45 * Varied v of 2" burn and calculated yearly

Total Yearly AV (m/s)
[
wn

10 A — 90
—_— 135 AV
>0 50 100 150 200 250 300 350 * Repeated this process for a selection of
v of 2nd Maintenance Burn (deq) Vo values to generate a famin of delta-v
curves
= 45° o o
C- bar C-bar ° r Out-of-Plane Maintenance (not shown)

e Position of relative line of nodes

Insertion, 15t 2"d maintenance Target for max || Scale for VNC Plots maintained with N-dot burns away from
. ,—l . .
maintenance burn burn v-bar 1500 km relative line of nodes

‘[ i * Decoupled from in-plane maintenance

V-b V-b - . . . .

ar ar * N-bar excursion maintained using N-dot
, burns at relative line of nodes
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Mission Design Applications

Design Use Case #1: V-bar and N-bar separations

Orthogonal V-bar and N-bar offsets at apogee Separation components
showing orthogonal V-bar and N-bar offsets at apogee
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Days from perigee

Design use case #1: examples of ~1500 km maximum excursion at apogee in zV and N directions. In-track offset
for 242,000 km semimajor axis and 0.65 eccentricity orbit uses + 4.45 m/s C-dot impulse at perigee. Out of plane
offset of 1500 km uses * 6.5 m/s N-dot impulse applied at v, = 90°.
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Mission Design Applications

Design Use Case #2: Addition of C-bar separations

 In circular orbits, the use of multiple deputies with
insertions separated by half the orbit period (1)

Prograde circular orbit viewed from —N axis

C Li%t @ — r—. enables C-bar separations.
LHAT <7 }% ¢
N = P to+ 4T R * In design use case #2 (a =242,136 km, e = 0.65),
Vo ftHT ]

insertions at v, = 120° and 240° result in symmetrical
C-bar offsets at apogee.

Relative orbital motion cycles in opposite direction

Relative motion Insertion

Max range from

In plane relative motion viewed from -N axis

Separation components

showing symmetrical C-bar offsets at apogee target Vo BV, (V, N, Cunit | Chief
~600 km c-bar 1600 % E—— T 713360 v, (V,N, C) vector) v, Range, (V, N, C
separation at 12008 = 7 V-bar {13300 Deg, (km) Deg, m/s, (none) components)
apogee SR i h Deg, km, (km)
pog : g 400 C-ba Niso g, Km,
e -ﬁ_ o .,E,, 4;’0 128 & Cbar 180°, (1100, O, - 120°,2.75,(0,0,-1) 215°, 1500,
elative motion 20 - | E T
-2.75m/s c-dot S 800 /oot eon 2 10 4oz 300) Loy
SLZA0TAR - By = 2 +Cbar  180°, (1100, 0, 240°,2.75,(0,0,-1) 145, 1500,
- T e A g 300) (1350, 0, -600)
- =
g = +V-bar 180°, (600,0,0)  0°,1.6, (0, 0, -1) 180°, 600,
-400 N (600, 0, 0)
-800 Pl s s PR
2 0 2 4 6 +N-bar 180°, (0, 600, 0) 90°, 2.7,(0, 1, 0) 180°, 600,
Days from perigee (O' 600' O)
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Mission Design Applications

3D perspective
TA=135"

-N perspective
TA=135"

Design Use Case #3: Larger C-bar offsets with asymmetrical insertions

Deputy 1, -C-bar |

Distance from origin (km)

1600 ; ;360
1200 | VNC Offset | — 300
§ —\/-bar i
800 ' N-bar 5240
400 | Cbar | 5180
0 i ———=1120
400 Deputy 17 Range from origin | 1 gq
-800 FEONrRIR e ] = TIve Ancmaly o
1600 ; ' Deputy 2, +C-bar - ; 360
1200 Deputy 2 aligned with Deputy 1 300 —
800 . ‘ in +V distance $240 B
a0 [ Deputy2 180 @
{ +C-bar ofiset g i =
0 == =3 120 ~—
-400 | i 60 =
800 Ei ol e i 0 g
@]
1600 Deputy 3, +V-bar | 360 <:(
1200 | :300
800 | Deputy 3 offset on +V axis 1240 g
400 3180 =
0 1120
-400 60
-800 ° 1 0

‘d 6 8“.107A‘124771‘4
Days from perigee
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* Asymmetrical insertions enable larger C-bar
offsets than in Design Use Case #2

* Design Use Case #3 uses insertions at apogee
and perigee to create 750 km C-bar separations
atv=135°

* The configuration evolves more quickly than
Design Case #2’s symmetrical configuration

Relative motion target
v, (V,N, C)
Deg, km

Insertion
v, AV, (V, N, C unit vector)
Deg, m/s, none

Deputy

1
2
3
4

135°, (550, 0, -600)
135°, (550, 0, 150)
135°, (750, 0, 0)
135°, (0, 750, 0)

0°, 4.45, (0, 0, -1)
180°, 0.88, (0, 0, -1)
190°, 0.95, (0, 0, -1)
70°,7.25, (0, 1, 0)
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Mission Design Applications HELIQ

Design Use Case #4: Symmetrical offsets at v = 135° and v = 225°

Deputy 4, N-dot at perigee

-N perspective . . .
TA= 225° 1600 EE zgg * N-dot insertions at perigee or
12007 / VNC Offset k| i -
.y Toet. 27"l oo apogee enable symmetrical N-bar

offsets twice per rev

1
|
JE |
I N-bar |
| o C-bar
0 +

Range from origin
= = - True Anomaly

00t | * In Design Use Case #4, equal and
T o Ml | S o e = 1 opposite offsets occur at v = 135°
2 0 2 4 6 8 10 12 14 and v = 225°

Days from perigee

True Anomaly (deg)

Distance from origin (km)
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o
o

N perspective — _

TA= 225° E 1600 y Deputy 4, N-dot at apogee ;| + 360 .
= 1200 VA VNC Offset // l‘ 300 9 Relative motion Insertion
:gﬂ T 7 : R L s 1_ 20 = target v,, AV, (V, N, C unit
o Nbar| . —— E! © v, (V,N, C) vector)
£ E | _ C-bar [ 180 = Deg, km Deg, m/s, none
(@] E — ~— g
S & 1120 <
qq__] Range from origin Deputy El < 1 225, (550, 0, 600) 0,4.2,(0,0,-1)
o 400+ '/ True Anomal Nbarofiset / 7 %
5 800 . ) L TUemmomsy . = Z A o B | 2 225, (550,0,-150) 180, 0.88, (0, 0, -1)
v
a -2 0 2 4 6 8 10 12 14 3 225, (750, 0, 0) 170, 0.95, (0, 0, -1)

Days from perigee 4 (Two 225, (0, 750, 0) 0,11.5, (0, 1, 0)
options) 225, (0, 750, 0) 180, 2.4, (0, -1, 0)
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Mission Design Applications

Design Use Case #5: Near-regular tetrahedron at apogee

* Tetrahedra provide a useful geometry for many
multi-satellite swarms

-N perspective

3D perspective
Apogee

Apogee

* Design Use Case #5 has the goal of creating the
largest near-regular tetrahedron possible while
meeting the 1500-km max distance constraint

* The deputies form a near-regular tetrahedron at
apogee; away from apogee, the tetrahedron
loses its near-regular geometry

1600 ‘ 360
12004 /-’ } .
800 |
|
4005 180
|
R ; - w Relative motion target Insertion
m .
| —" ke v, (V,N, C) v, AV, (V, N, C unit vector)
:; 8004 At apogee 0 e °
g . Deput;es 1 & 2 have aligned offsetsin V-bar and + Deputy 3 establishes the N-bar height of the tetrahedron g Deg' km Deg' m/S, none
g opposite offsets in C-har + Deputy 4 crosses the V-axis offset from the Chief in V-bar 250 g
8 0 ——— Depuiyz T = Deputy 4 Fi— < 1 180°, (1000, 0, -325) 120°,2.7, (0, 0, -1)
P/ /] A /] ECTRN-
£ 1.7 i1 E7 | PEd | -
o = -— S = o " 2 180°, (1000, 0, 325) 240, 2.7, (0,0, 1)
+ . I P |
e ‘ = = ———
RN T s " 3 180°, (750, 550, 0) 80°, 3.4, (0, 0.81, -0.59)
- e ) I ’/ “f | ./
-800 o ‘ ool ol PR S P P () nr il 0
o 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 4 180°, (325, 0, 0) 0°1,(0,0,-1)
Days past Perigee
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Mission Design Applications

Design Use Case #5: Near-regular tetrahedron at apogee

L0 ey B 70 * Tetrahedra provide a useful geometry for many
os TR 300 multi-satellite swarms
06 240 * Design Use Case #5 has the goal of creating the
g 180 largest near-regular tetrahedron possible while
L 0.4 . . .
= . meeting the 1500-km max distance constraint
0.2 .
— N\ | et o * The deputies form a near-regular tetrahedron at
-N perspective o2 oz o8 o8 1o apogee; away from apogee, the tetrahedron
Elongation 0

loses its near-regular geometry

Evolution of Tetrahedron Metrics

1.0 N
c ":"K;
o 08 ; == 5
o 06 -
5,0 07 AN // / Note: see Analysis Methods for Multi-Spacecraft Data, ch. 13
= O 7 . . . .
E iy \\\\I P for a discussion of planarity, elongation, and scale

-2 || s Elongation N

=5

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Days from Perigee
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HelioSwarm

Inner tetrahedron of chief

and deputies 6,7 & 8

Outer tetrahedron of chief
and deputies 1,4 &5

s Deputy 1
[ wemm Deputy 2
—_—

Deputy 3

Chief or | Relative motion target

Deputy | v,(V,N,C)
number | Deg, km

Chief 0-360°, (0,0, 0)
1 180°, (1275, -180, -225)

Q.
P—
3

Deputy 4
“F e Deputy 5

Range from Chief at Origin (km)

2 180°, (-1525, -175, -75)
e waye 3 180°, (600, 1200, 100)
R T e T 4 180°, (750, -900, -250)
Days from start of Science Phase
) — ) 5 135°, (800, -325, -300)
!—IelloSV\{arm reference. mission swarm design, . T
illustrating the formation of multiscale tetrahedra,
orthogonal alignments, and crosslink approaches that 7 135°, (110, 60, 10)
recur in every cycle of true anomaly. 8 135°, (110, -20, 10)

Additional placement
VI (VI NI c)
Deg, km

0-360° (0,0, 0)

155°, (625, -150, -600)

No secondary target

No major secondary function
155°, (150, -550, -275)

155°, (825, -400, -250)

1807, (0, 20, 50)

180°, (-100, 50, 20)
180°, (0, -10, 60)

* The HelioSwarm mission concept provides an example
application of multi-satellite swarm design in P/2 LRO

e HelioSwarm uses multiple deputies to form tetrahedra and
orthogonal offsets near apogee, contracting near perigee to
enable data crosslink and downlink via the chief

Insertion
v, AV, (V, N, C unit vector)
Deg, m/s, none

N/A

90°, 4.1, (0, -0.24, -0.97)

2807, 3.3, (0, 0.21, 0.98)
90°/270°, 6.5, (0, £0.98, -0.2)
120°/300°, 3.9, (0, +0.75, -0.65)
2407, 3.3, (0, 0.62, 0.78)

240°,0.9, (0,1,0) (two-step
270°, (0. 0.-1) insertion)

200°, 0.3, (0, 0.559, -0.825)
225°,0.4, (0, -0.87, -0.49)
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Conclusion

VNC targeting provides a convenient framework for relative motion design in
eccentric P/2 LRO

Relative orbits in P/2 LRO require maintenance due to significant gravitational
perturbations

Expansion of swarms near apogee allows for extended periods of science data
collection, and contraction near perigee allows for data crosslink and downlink

AV budget is reasonable — as low as 7 m/s/yr per deputy for v, near perigee

» Selection of VNC targets enables multi-satellite missions to form recurring 3-
dimensional geometries to meet mission goals
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