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Exploratory rover missions will serve as precursors NAV
to sustained surface operations.
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Precise absolute localization of lunar rovers is critical to support long-range
traverses, science targeting, and safe operationsin challenging terrain.

VIPER rover onboard
Mark-1 lander3

FLIP rover onboard
Griffin-1 lander?
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Rover Localization: Vision
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Depends on illumination
and map quality
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Rover Localization: Satellite-Based NAV

& Doppler and ranging

OR
Dual one-way ranging

dedicated ranging code and
clock synchronization.
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[Assu mes satellites broadcast
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Rover Localization: Minimal Infrastructure LAB

& (Constraints applied to this work h
R * Agnostictoillumination or map quality
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\ Sso
‘\ ~~d ¢ Satellite does not broadcast dedicated ranging code
\\\ * Consider clock bias/drift
\ . : :
\ 9 Rover is moving )
\

/ I’._; (©) (0) (©)

Stanford University



NAV

Contributions LAB
Lander-aided differential Doppler
& using minimal infrastructure
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Measurements LAB
/7 Vg How do we model
& ephemeris errors?
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Broadcast Ephemeris LAB
- ‘ 3D RMS position error ,
Broadcast satellite Fg =15+ 0rg o oS e
state is imperfect. Vg = vg + dvg ?
org

Apply a first-order Gauss-Markov (FOGM) 8%y, = 6v
process to acceleration error 6a,° °p

‘ 3D RMS velocity error

Position error [m]
SRS

Satellite/Lander 3 Q
Satellite c((Str — §t,) 1 ]
c(6t, — dty) 1
Lander : :
c(8t, — oty) 1 %
Satellite X opn @ 3

How do we consider this state without estimating it?

Time [hr]
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Schmidt-Kalman Filter NAV

LAB
Extended Kalman Filter!1°] Schmidt!'l: Consider effect of errors due to
uncertain parameters.
Predict
reA|c R Partition into estimated (x) and consider (c) blocks.
Xk|lk-1 = f(xk—1|k—1;uk—1) "X
. X =1, ] X¢ = 0Xepp
Pyk—1 = FxPy_qk—1F + Qr_1 _'PC p
P — XX XC]
-PC.'X' PCC
Update

Force consider-block Kalman gain to zero.

Yk = Zk — h(fk k— ) — [Kx] —
|k—1 K K, K.=0

Xk = Xije—1 T Ki Yk

Considers the effect of ephemeris errors
Pyix = Prjr—1 — Kk(HkPk|k_1 + CD on the estimated states but does not

correct the considered parameters.
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Navigation Assets NAV
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Observability

2D Example
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Define G, as the effective Fisher

information matrix for rover position.

Observability metric:
o2(@) = w76y 'n

o(uy) > o(uy,)

[15] Ober, 2002
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Mission Scenarios

Exploratory mission
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Localization Performance with and S-only Eﬁ\é

Mission A: Constant LOS Time: 0.00 h
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Ablation on Measurement Configuration LAB
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Ablation on Measurement Configuration (1 MC Run) Eﬁ\é

Measurement Configurations

Odometry only Satellite Lander Satellite + Lander Differential Sat. 4+ Lander
: 10 N Ground truth ] % Y ] LY %
; t T b path “.‘ ‘\‘ ‘\‘ A
S g E—Lz %, Rover start L ¥ AN L ¥ 1 20
= X o« > ;
o = -4 = -
) .
Q. o <16 e N |
O N e i,
- — :
~15 ~10 ~15 ~1.0 ~15 ~1.0 —15 ~1.0 ~L5 ~1.0 =
East [km] East. [km] Fast [km] East [km] East [km] =y
200 10 &

A LN )

0 -] + \/‘F

North error [m]

Top-down
error

—100
—200 T T T T v 0
—200 0 200 —200 0 200 —200 0 200 —200 0 200 —200 0 200
East error [m] East error [m] East error [m] East error [m] East error [m]
S
(=] = 200 1
| - =,
= R —
v g
= [ —
Q. = —200 4 : : 1 : ‘ + ! ! . . 1 ; :
: 0 10 20 0 10 20 0 10 20 0 10 20 0 10 20
Time [hr] Time [hr] Time [hr] Time [hr] Time [hr]
Stanford University

14




.. .. NAV
Localization Performance for Mission B LAB

5
Distance from lander {km;S
107 0 2 4 6 10
. . 1 T
— Diff. S + L — Satellite i
- U 40 Diff. S + L — Odometry i
5 /'/ s 35 - --- Lander radio horizon |
/ A Y No lander signal !
/ N\ = 30 Satellite occultation ;
v [ == 7 1
= 1 L - | ODTS update !
== | 1 < : !
2 0 : * | = 257 : !
= i 1 [<b} 1
= 1 / = I
- \\ ,’1 ks 20 :
\ ’ ‘,‘:: 1
\\\ ,” ;J-E :
—51 \\\\\ ’;”’ D‘* 15 i :
o R -7 :
10 1 [
% Lander ---- Lander radio horizon i
—— Mission A (constant LOS) No lander signal 97 : : i
—107 [— Mission B (departure)] ©  Rover start — ' — ‘ '
Mission C (drive-by) o Rover end 0 9 10 _ 15 20
I , , ‘ , Time [hr]
—10 -5 0 5 10

East [ki]

15 Stanford University




Localization Performance for Mission C
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Conclusions LAB
Lander-aided differential Doppler reduced
& sensitivity to satellite clock and ephemeris errors.
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