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AUTONOMOUS OPTICAL LUNAR NAVIGATION

Renato Zanetti,∗Brian Crouse† and Chris D’souza‡

The performance of optical autonomous navigation is investigated for low lunar orbits and
for high elliptical lunar orbits. Various options for employing the camera measurements are
presented and compared. Strategies for improving navigation performance are developed and
applied to the Orion vehicle lunar mission

INTRODUCTION
Autonomous navigation in proximity to the Moon presents challenges not found in near-Earth navigation.

The most obvious difference is the absence of GPS as a possible measurement. During the Apollo era,
navigation relied on tracking and state updates from the ground. The Orion program, however, is required
to navigate autonomously from the ground. Due to absence of an atmosphere on the Moon, optical terrain
navigation is a viable option and has produced good results in past studies [1, 2, 3].

Orion will have two star trackers and digital cameras onboard. The star trackers are required to detect
both stars and terrain features on a single image. The digital cameras are primarily designed for proximity
operations and docking, but they are potentially usable for surface feature tracking. The star trackers and
cameras images will be processed to determine known features on the lunar surface. The position of the
features in the image will provide azimuth and elevation information in the camera’s own body-fixed frame.
Strategies to include measurements in the navigation filter include:

1. Processing the unit vector obtained from the azimuth and elevation.

2. Processing the apparent angle between a landmark and a known star.

3. Processing the elevation between the lunar horizon and a known star.

While strategies 1 and 2 provide the same information, each have advantages and disadvantages. The ele-
vation between the landmark and a known star is a scalar measurement. As such, it is attitude independent
and is therefore immune to attitude estimation errors and camera misalignments. In order to avoid introduc-
ing errors due to relative misalignment between cameras, it is preferable that the same camera capture both
the landmark and the star. However such a solution is strongly limited by the field of view (FOV) of the
sensors. The mentioned measurements’ sensitivity to the spacecraft’s position have inverse proportionality
to the distance to the Moon. However, it is expected that the landmark solutions will perform better closer
to the lunar surface (where it is easier to capture the landmark) while the star-horizon elevation approach
will perform better further away from the lunar surface (where it is easier to determine the horizon and the
substellar point).

In this paper, models for all the above mentioned measurements are presented, together with trade studies
to determine a mission strategy for their utilization. Studies were conducted for two trajectories: low lunar
orbit (LLO) and highly elliptical lunar orbit. The Orion LLO is a 100 km trajectory that will be used while
the astronauts are on the lunar surface. The high elliptical trajectory is used by Orion during its trans-Earth
injection (TEI) 3 burn sequence.
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OVERVIEW OF METHODOLOGY
The analysis was done with linear covariance (Lincov) techniques [4, 5]. This approach has the advantage

of obtaining statistical properties of the estimation error in a single run and it is therefore very useful during
the initial stages of navigation system design. The Orion CEV is still under development, and many of the
vehicle and orbit specifications are continuously changing. Lincov analysis provides the capability for quick
analysis of many variations of the navigation parameters.

OVERVIEW OF RESULTS
Figure 1 shows the position accuracy obtained by processing star elevation measurements. The two lines

show elevation measurements from the landmark and the horizon. It can be seen that at low altitudes pro-
cessing landmarks is preferable, while at higher altitudes horizon elevation measurements are recommended.
Figure 2 shows the performance of the optical navigation filter during the TEI sequence.

Figure 1 Star-landmark vs. star-horizon performance.
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Figure 2 TEI navigation performance.
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