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TASK 1: STATE OF THE ART
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OPERATIONAL CONCEPTS

GEO In orbit servicing
A Access to GNSS via the SSV
A MS2 approach to RDV

Lunar exploration
A Visible spectrum, ISL
A Liaison, CAPSTONE, Gateway

Constellation management
A Two way ranging in ISL to:
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Increase the overall constellation
controllability (e.g. in terms of latency)

(e.g. in terms of both lat

To o o Do
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Increase the overall constellation monitoring

ency and throughput)

Reduce the number of ground stations
Reduce the navigation error
Increase constellation autonomy from ground
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OPERATIONAL CONCEPTS @ & _*

Hohmann Direct Spiral
B

Transfers
A GEO -

A Lunar A\

Propulsion
A Electric
A Chemical

Navigation
A Existing MS2

Close proximity and Docking
A RDV phases
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SINGLE SPACECRAFT

/I/ OR and SK

I CONCEPT OF OPS
A Phases

A Post separation
A Safe mode
A Orbit raising
A Station keeping
A Decommissioning
{ POTENTIAL ARCHITECTURE
A GNSS
A INS
A ISL
A Cameras
A Earth and Sun sensors

/// Navigation to and around the moon

I CONCEPT OF OPS
A Phases

A Launch to NRHO
A Station keeping
! POTENTIAL ARCHITECTURE
A GNSS
LRS
Beacons
Pulsar desction
DSN
Cameras

> > > >
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IN ORBIT SERVICING
/1l GEO RDV o Y

I SCENARIOS
A Inspection
A Station keeping
A Tugging
A Refuelling
A EOL
A Upgrade
A Repair R-bar

A Assemble
A Recycle

I ARCHITECTURE
A Radar
AIR
A LIDAR
A Viscam
A LRF

/f/ Lunar RDV

I RDV SIMILAR + ISL GUARANTEED BY ESPRIT
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l GEO ABSOLUTE POSITIONING: SENSORS CONSIDERED & _*

RF ranging

(NASA) Satellite Laser GNSS (ESA)

Ranging (NASA)

INS

CANS similar
: Star Tracker Aselsan
(National Key Lab (ESA) ( ) Earth Sensor

- Beijing) (ESA/Selex)

(Photo credit in brackets)
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GEO ABSOLUTE POSITIONING REQUIREMENTS @ 9

T N YA V; A

Post separation [m] [m/s]
25 25 0.05 0.05 0.05
Ecc Inc RAAN AOP MA
Orbital raising [-] [°] [°] [°] [°]
1.10° 0.005 0.25 0.25 0.006
Ecc Inc RAAN MA
[-] [°] [°] [°]
CO @ pT 0.00002 0.000025 0.000125
[ Iy \V/VAN
[°] [°]
7.10% 0.006

Station keeping
(Galileo)

Station keeping [e)]( ['o]
(GEO, low) 5.10 7.10

y
-]
5.106

Station keeping U N Vr V/T Un
) 383 5 00 0.05 2
: 4 11. .01 :
Date: 21/05/2021 PROPRIETARY INFORMAT\ON
. Th documentis not to be reproduced, modified, adapted, published, translated in any material form in whole
7 12 Ref:  MUSE4PNT-TASUK-PRE-16-FP n pari d I d to any third party without the prior written permission of Thales Alenia Space. © 2019 THALES ALENIA SPACE CONFIDENTIAL
Template: 83230347-DOC-TAS-EN-006 Th le: Al a Spact

D
ThalesAlenia

s~ SPACE



GEO ABSOLUTE POSITIONING: ARCHITECTURE & f

TRADE OFF '
Galileo Orbit

S o’ 3 L 5 o 3 w

w (O] O] 2 & I0) 0] (]

Accuracy (Position and Velocity) 5 5 8 10 7 8 10 5 8 10 7 3

§ Accuracy (Attitude) 8 9 9 9 0 4 8 9 9 9 0 4

g Acceleration estimation accuracy 7 7 7 7 1 7 0 7 7 7 1 7

§ Time to First Fix (TTFF) 8 7 6 6 5 4 3 7 6 6 5 4

S'_j Time estimation accuracy 8 5) 9 9 9 5 6 3 © 9 9 5

Coverage 9 2 7 9 ) 8 6 0 7 9 5 8

© g Accommodation (SWAP) 6 6 7 7 9 7 3 6 7 7 9 7

=Reacll Complexity 6 5 7 7 2 8 3 5 7 7 2 8

% g Cost 2 8 7 7 8 9 2 8 7 7 8 9

[8) Reliability and risks 7 7 6 7 4 7 7 7 6 7 4 7

" On-ground Operational Complexity/Management 9 7 9 2 7 0 9 7 9 2 7 0

S Infrastructure (ground) 8 8 8 3 8 1 8 8 8 5 8 1

'ﬁ Infrastructure (space) 5 8 5 5 5 8 1 8 5 5 5 8

g- Customer benefit 7 4 8 6 6 0 7 4 8 6 6 0

Customer acceptability (System reliability and TRL) 1 b 7 8 5 9 1 5 7 8 5 9

Total 540 so6 473 [ 367 B ¢ 4+ | EEH
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GEO ABSOLUTE POSITIONING: SELECTED ARCHITECTU@ & _*

/ll Based on conducted trade-off Architecture 2 is
the selected architecture:

/Il Advantages:

+ .

Expected Accuracy

A High position and v_elocny accuracy th_ank_s to_GNSS _ Position 10-30m (3,)
A Low ground operational complexity (high likelihood to increase :
satellite autonomy) Velocity 0.01-0.12m/s
A Highly accurate time estimation from GNSS T8t X/Y. 3
A GNSS has been shown to be effective beyond the geo belt so it Attitude 1‘[8? U(Z é »)
can be used for the whole mission 1(Z3,)
/Il Disadvantages:
A Risk of external GNSS interference
A Increased TTFF due to GNSS cold/warm start procedure.
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GEO RELATIVE POSITIONING: SENSORS CONSIDERED @ & f

Optical Flow Sensor

Radar Beam

Relative GNSS (ESA)

RADAR/LIDAR (NASA)

Visible light Camera
IR Camera (i3systems)

(Photo credit in brackets)

Date: 21/05/2021 PROPRIETARY INFORMATION )
. This document is not to be reproduced, modified, adapted, published, translated in any material form in whole Th I Al i
/// 15 Ref: MUSE4PNT-TASUK-PRE-16-FP or in part nor disclosed to any third party without the prior written permission of Thales Alenia Space. © 2019 TANLESALUERE S C= GolARIENTIAL a eS en Ia

Template: 83230347-DOC-TAS-EN-006 Thales Alenia Space

Loy SPDCE



1116

GEO RELATIVE POSITIONING REQUIREMENTS @ & _*

el ame
par amet e

Relative position
knowledge

100 m 50 m 50 m 5m 0.2m

Relative velocity

0.03 m/s 0.03 m/s 0.02 m/s 0.02m/s 0.003 m/s
knowledge
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ARCHITECTURE FOR GEO RDV
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NAVIGATION HIGH LEVEL ARCHITECTURE

REALWORLD (HW)

Sensors
Scheduling

CHASER

Clock

Modes

ON-BOARD CHASER NAV

Transition
Navigation mc :
Executive i | estimation | !
H
¥

CHASER ABSOLUTE NAV FILTER

INERTIAL SENSORS

RX GNSS
MU !
H Rate GYROs

Corrections or aiding data for:

RELATIVE SENSORS

Orbit - Clock
determination - Thrusters [+mechanisms)
- INS
- GNSS
Absolute
translation state
+ Clock
1 ‘ Rotation
| Absolute
: rotation state
) :
| :
Y H

RENDEZVOUS NAV FILTER

TARGET

LVLH
>
estimation
o

TG RX GNSS
IsL
Rotation state
ISLor TM

Relative
VNPU ‘I
Relative
translation state
+ Rel Clock
Target

Absolute

Rotation
Relative rotation

state
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IN ORBIT SERVICING OF GEO PLATFORM & _*

/1l Solar Electric propulsion to GEO

/1l Servicing
A Inspection, Station keeping, Tugging, refuelling, EOL,
upgrade, repair, assemble, recycle etcé

/Il Absolute Navigation
A GNSS i receiver design, increase use of SSV
A IMU
A Cameras

GEO 35786 km

100 m 2 km 10 km

/Il Relative Navigation

Vobar O

I DURING NON-COOP RDV
A Bearing Only RN, Range Only RN, Full Pose RN

A Cameras
{ DURING COOP RDV 5 km

A Cameras, RGNSS
A BORN (S1), RORN (S2), FPRN (S3), + RGNSS ISL

Aided RN

R-bar
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LUNAR RDV ABSOLUTE POSITIONING REQUIREMENTS @ & _*

+.

MTO

Station Keeping
(high)
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LUNAR RDV ABSOLUTE POSITIONING: ARCHITECTURE

TRADE OFF

g i
k=] . = E
2 ] £33
il e | 7 7 4 ] ]
Mlain sensor: INS
Main sensor: STR
Main sensor: Clock & GNS5
al| 7 5 2 6 2 4
6| 8 5 | 4 g ] 7
6| a | 4 3 6 | 4 7
2| o 6 5 ] ] ]
7| 8| 4 3 6 & ]
a| o 1 g ] a a
E gl o |1wo|1w]|1w0]|10]f10
E aflw]| 2 |1w0|1w0|w]s
& 7o |7 g | s
1|10 | 2 7 7
Total | 293 | 396 | 398 | 490 | 452 | 469
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LUNAR RDV RELATIVE POSITIONING REQUIREMENTS @ & _*

el ame
par amet e

Relative position
knowledge

100 m 50 m 25m 5m 0.2m

Relative velocity

0.08 m/s 0.08 m/s 0.08 m/s 0.02 m/s 0.01 m/s
knowledge
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LUNAR RDV RELATIVE POSITIONING ARCHITECTURE
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NAVIGATION HIGH LEVEL ARCHITECTURE

REALWORLD (HW)

Sensors
Scheduling

Navigation

Executive

ON-BOARD CHASER NAV

" CHASER DATA

Thrust nominal

behaviour
CHASER CHASER ABSOLUTE NAV FILTER | & orientation]
MO
Clock corrections
Clock orbit
Time
Position, Velocity, Clock
perer €/NO, Pseudoranges,
Doppler shifts
GNss. RF chain GNSS Rx
Cams = Doppler shift estimation
Thrust estimation .
state + Clock
Cameras Distance wrt Earth I
Distance wrt Moon H
Bodies Position, Velocity ! Torelative
! navigation filter
Raw visible Position wrt Moon i
. — i
images Position, Velocity f
[ e .
detection Attitude
Position, Velocity,
RF receivers Clock, C/NO,
range-rate
Ka-band =
signals e Beacons Rx
Doppler shift estimation
i Non-gravitational
i . _accelerations Attitude
i H Corrected attitude
H Attitude
i| RaecYROs |i  Angularrate
i s
H Gyroscope calibration
Absolute angular state
Star field STRs
To relative

navigation filter
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LUNAR RENDEZVOUS

/Il RDV with Lunar gateway in NRHO

/1l Via

I DIRECT TRANSFER
A ~3.5 days
A Greater propellant consumption

I LOW ENERGY TRANSFER

4.5 km

19 km
150 km

A ~41 days £
A Less propellant consumption §
/Il Absolute Navigation
A GNSS, IMU, Cameras + Lunar Beacons IVO Moon §$
o
N
/Il Relative Navigation
A Cameras,
A RORN (S1-3), FPRN (S4/5), ESPRIT Aided RN (S1-5)
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