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Mars Robotic Exploration
A rich history of scientific discovery and operations experience

Orbit Determination

xperience

C——

Updated predictions
(state, etc.)

Image: JPL / Caltech

2017-09-27 © 2017 — California Institute of Technology. Government sponsorship acknowledged. jpl .nasa.gov



Comparison of EKF and UKF for Robotic Missions to Mars

Trajectory Scenarios
Different phases of a Mars mission

Approach ‘

Tracking up to E-1 day
TCM @ E-2 days

Orbit
4072 km alt.

233 km alt.

E-5 days Duration: 1 day

. Burn #2
TCM @ E-16 days Burn #1

Tracking up to E-13 days Measurements

E-45 days
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Kalman Filtering | Reality |
i Parameters Ty 1 = f(Zx, Wy, tk)l

| Measurements Y = E(fk, tr) + \7kj

Linearized Model
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b = K (HURS Mg+ (By) iy )

2017-09-27 © 2017 — California Institute of Technology. Government sponsorship acknowledged. jpl .nasa.gov



Comparison of EKF and UKF for Robotic Missions to Mars e e e

Kalman Filtering | Reality |

Batch Extended (EKF) | Parameters L1 = f(fk, Wi, tk)'
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Linearized Model
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Kalman Filtering | Reality |
Batch Unscented (UKF) .-~ . | Parameters Ty 1 = f(Zx, Wy, tk)'
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Example Trends
Sometimes exhibited, sometimes not...
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Approach Results: E-45 days

100-km, 1-m/s errors, Doppler pass every 3 days

. . : Pass Pos. Err. Time per
Uncertainty ellipsoids @ Mars Dur. (km, RMS) Tter. iter. ?S)
& Linear

2 hrs 84.6 o* 0.7

4 hrs 71.2 o* 1.1

6 hrs 48.7 8* 1.4
Extended

2 hrs 57.6 3% 0.9

4 hrs 39.9 4 1.5

6 hrs 15.8 5 2.1
Unscented

2 hrs 55.3 5 8.6

4 hrs 14.4 3 19.7

6 hrs 9.6 3 39.4

*Case exhibits ’decaying walk’
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Approach Results: E-5 days
6-hr Doppler passes every 2 days

Uncertainty ellipsoids @ Mars
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State Pos. Err. Time per
Error (km, RMS) Iter. iter. (s)
Linear

500 km

5m/s 59.4 3 0.5
100 km

1 m/s 56.7 4 0.5
50 km
0.5 m/s 60.5 4 0.5

Extended

500 km

5m/s 57.0 4 0.8
100 km

1 m/s 58.3 4 0.8
50 km
0.5 m/s 59.1 5 0.8

Unscented

500 km

5m/s 37.4 7 7.3
100 km

1 m/s 21.8 6 7.3
50 km
0.5 m/s 22.0 3 7.3
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Orbit Results: High Alt.

Pass Pos. Err. Time per
1-km, 10-cm/s errors Dur. (m, RMS) Iter. iter. (s)
- Li
Uncertainty ellipsoids @ 2-days 05 Tirs 559 1near40** 09
2 hrs 232 4 1.0
. Cont. 12.1 6 1.4
. Extended
000, | 0.5 hrs 167 40** 1.0
2 hrs 206 2% 1.3
~0.05 Cont. 12.6 3 2.2
Unscented
0.5 hrs 187 3 7.9
2 hrs 46.5 4 9.5
0.0Q Cont. 21.5 9 16.0

-0.05 V' *Case exhibits 'decaying walk’

**(Case reached maximum iterations
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Orbit Results: Low Alt.

2-hour Doppler passes

0.004 _0.002
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State  Pos. Err. Time per
Error (m, RMS) Iter. iter. (s)
Linear
10 km
1 m/s — - -
1 km
10 cm/s 0.4 8.1
100 m
5 cm/s 1.2 8.7
Extended
10 km
1 m/s ~ — —
1 km
10 em/s 3.5 12.6
100 m
5 cm/s 1.1 12.8
Unscented
10 km
1 m/s 6.6 41.5
1 km
10 cm/s 1.9 42.3
100 m
5 cm/s 0.6 41.5
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Conclusions
Observations & Recommendations

- Batch Linear KF
« “Small” errors, “short” time spans

+ Very powerful with operator experience

- Batch Extended KF
* Improves on LKF (usually)

. f
\34 ];L'

- Be careful with measurement subsets imaige: JPL | Caltech
- Batch Unscented KF

» Generally more robust (errors, sparse measurements, nonlinearities)
* No need for partial derivatives
* Improved covariance assessments
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