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Lunar Surface Navigation Using Gravity and Star Tracker Measure-
ments

Thomas J. Taylor II

(ABSTRACT)

This thesis develops and analyzes a method that uses measured gravity and starlight vectors

to provide position and attitude estimates, given a predefined high-fidelity lunar gravity

field. The gravity field uses provided values for the surface gravity magnitude (g ) and the

East-West (EW) and North-South (NS) deflections of the gravity vector across the lunar

surface. These gravity measurements are location-specific and are shown to be influenced

by nearby craters and other topographic features. Gravity is more concentrated in these

regions, causing the gravity vector to deflect in their direction. The gravity field used in this

study (Lunar Gravity Model 2011 (LGM2011)) was developed specifically for surface use,

resulting in more accurate gravity measurements compared to other models calculated using

spherical harmonic expansions. Future lunar missions prompt the need for new surface nav-

igation techniques. Current position and orientation (POSE) methods employ star trackers

(ST) and accelerometers but do not incorporate the use of an external gravity field. The

Multiplicative Extended Kalman Filter (MEKF) developed in this study uses these sensors

and their data to define a state consisting of the attitude error vector, a, between the esti-

mated quaternion—found using Shuster’s Quaternion Estimator (QUEST) algorithm—and

the reference quaternion, the longitude (�) and latitude (�) positions, and the dynamic ac-

celerometer bias, ba. The MEKF assumes constant state propagation between time steps

and a covariance update influenced solely by the Moon’s rotation. It also assumes that the



reference gravity field is perfectly accurate. However, this assumption introduces inaccura-

cies in the position estimates due to discrepancies between the true measured gravity and

the gravity predicted by the model. These biased position estimates, along with a known

accurate reference position, are then used to solve for the correlated gravity bias in the lunar

gravity field at various waypoints during a surface mission. As a test case, the reference posi-

tion is determined using two-way ranging measurements between the ground system and the

Lunar Pathfinder satellite. These measurements are processed through a combined weighted

batch-to-EKF filter to produce the reference position. A least-squares cost function is then

formulated using the MEKF outputs and reference positions to estimate biases in the gravity

field. The gravity bias algorithms presented are demonstrated to enable successful surface

navigation for a roving mission on the lunar surface.



Lunar Surface Navigation Using Gravity and Star Tracker Measure-
ments

Thomas J. Taylor II

(GENERAL AUDIENCE ABSTRACT)

This thesis develops a method to provide position and system orientation estimates using

gravity measurements and star images, given a predefined model of the Moon’s surface grav-

ity. The star tracker (ST) identifies stars in captured pixel images based on their brightness

and a known star catalog. Unlike the typical assumption that gravity vectors point directly

toward the center of the Moon, the actual surface gravity vectors are deflected slightly by

nearby topographic features, resulting in distinct measurements at different surface loca-

tions. As a result, the gravity vectors become location-specific and useful for identifying

particular surface regions. Future lunar missions require reliable techniques to determine

position on the surface. Although ST’s and accelerometers are already employed in existing

positioning algorithms, they do not incorporate an external gravity field. In this thesis, ST

and accelerometer data are used to define a state vector consisting of the orientation error

vector, the latitude and longitude positions, and the inherent accelerometer bias. While

accelerometers are generally calibrated and have known levels of uncertainty, the unknown

value of ba can significantly degrade gravity-based measurements if not properly estimated.

This bias is estimated through a series of rotations, with measurements gathered over time

to improve accuracy. The Multiplicative Extended Kalman Filter (MEKF) presented in

this study uses gravity and starlight vectors to estimate final position, orientation, and ac-

celerometer bias. Gravity vectors are filtered with respect to a known gravity field, as they

are specific to locations on the lunar surface. Starlight vectors, measured by ST, are used



to estimate the system’s orientation by relating the Moon’s inertial frame to the system’s

body frame. Accelerometer bias is estimated through a series of rotations that track how

gravity measurements from the accelerometer vary with orientation. This thesis also intro-

duces a method for identifying errors in the lunar gravity field by comparing MEKF-derived

position estimates at various surface waypoints with a highly accurate reference position.

This reference is computed using a lunar satellite, specifically the Lunar Pathfinder in this

study. The MEKF and reference positions are then used to isolate position errors arising

from inaccuracies in the gravity model. The correlated gravity bias method developed in

this study demonstrates its effectiveness in producing accurate position estimates for lunar

surface navigation.
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�i�?�2 �b�i���`�H�B�;�?�i �p�2�+�i�Q�`�- �i�?�2 �K�2���b�m�`�2�/ ���+�+�2�H�2�`�Q�K�2�i�2�` �;�`���p�B�i�v�- ���M�/ �i�?�2 �;�v�`�Q�b�+�Q�T�B�+ �Q�m�i�T�m�i�b�X �L�B�M�;

�2�i ���H�X �/�2�7�2�M�/ �i�?�2�B�` �m�b�2 �Q�7 �i�?�2 �l�E�6 �Q�p�2�` �� �i�`���/�B�i�B�Q�M���H �1�E�6 �/�m�2 �i�Q �B�i�b �H�Q�r�2�` �2�b�i�B�K���i�B�Q�M �2�`�`�Q�`�b

�7�Q�` �M�Q�M�H�B�M�2���` �b�v�b�i�2�K�b ���M�/ �M�Q�i �?���p�B�M�; �i�Q �7�B�M�/ �i�?�2 �C���+�Q�#�B���M �K���i�`�B�+�2�b�X �h�?�2�v �7�B�M�/ ���M �2�b�i�B�K���i�B�Q�M

�2�`�`�Q�` �Q�7 �i�?�2 �B�M�B�i�B���H �T�Q�b�B�i�B�Q�M �r�B�i�?�B�M �j�y�y �K�- ���M�/ �i�?�2 �2�b�i�B�K���i�B�Q�M �2�`�`�Q�` �Q�7 �i�?�2 �B�M�B�i�B���H ���i�i�B�i�m�/�2

�r�B�i�?�B�M �9�y�ô�X �h�?�2 �2�b�i�B�K���i�B�Q�M �T�`�Q�+�2�/�m�`�2 �/�2�b�+�`�B�#�2�/ �B�M �i�?�B�b �b�2�+�i�B�Q�M �T�`�Q�p�B�/�2�b �� �;�Q�Q�/ �K�2�i�?�Q�/ �7�Q�`

�i�?�2 �B�M�B�i�B���H�B�x���i�B�Q�M �Q�7 �i�?�2 �b�v�b�i�2�K�- �#�m�i �B�i �B�b �M�Q�i ���+�+�m�`���i�2 �2�M�Q�m�;�? �Q�p�2�` �H�Q�M�; �/�m�`���i�B�Q�M�b �i�Q �T�`�Q�p�B�/�2

�b�m�7�7�B�+�B�2�M�i �T�Q�b�B�i�B�Q�M �p���H�m�2�b�X



�R�3 �+�Ñ�ž�ÿ���¶�� �l�Y �`�¶�&�Ô�¶�' �ñ�Å �H�Ô���¶���ž�������¶

�k�X�k�X�9 �G�m�M���` �S�Q�b�B�i�B�Q�M�B�M�; �l�b�B�M�; �a�m�M�@�"���b�2�/ �*�2�H�L���p

�h�?�2�`�2 ���`�2 �K�m�H�i�B�T�H�2 �b�Q�m�`�+�2�b �Q�7 �B�M�7�Q�`�K���i�B�Q�M �i�?���i �+���M �#�2 �m�b�2�/ �7�Q�` �+�2�H�2�b�i�B���H �T�Q�b�B�i�B�Q�M�B�M�;�X �S�2�M�;�-

�G�B�- ���M�/ �C�B�H�B�M �/�2�b�+�`�B�#�2�/ �� �T�Q�b�B�i�B�Q�M�B�M�; ���M�/ �Q�`�B�2�M�i���i�B�Q�M �K�2�i�?�Q�/ �7�Q�` �H�m�M���` �`�Q�p�2�`�b �m�b�B�M�; ���M �B�M�+�H�B�@

�M�Q�K�2�i�2�`�ö�b �T�B�i�+�? ���M�/ �`�Q�H�H �Q�m�i�T�m�i�b ���M�/ �K�2���b�m�`�2�/ �b�m�M �/�B�`�2�+�i�B�Q�M �p�2�+�i�Q�` �B�M�b�i�2���/ �Q�7 �i�?�2 �T�`�2�p�B�Q�m�b�H�v

�K�2�M�i�B�Q�M�2�/ �b�i���`�H�B�;�?�i �p�2�+�i�Q�`�b �(�k�j�)�X �A�M�b�i�2���/ �Q�7 �� �i�v�T�B�+���H �a�h�- �i�?�B�b �K�2�i�?�Q�/ �m�i�B�H�B�x�2�b �� �b�m�M �b�2�M�b�Q�`

�r�B�i�? �i�?�`�2�2 �T���`�i�b�, �i�?�2 �Q�T�i�B�+���H �H�2�M�b�- �T�?�Q�i�Q�2�H�2�+�i�`�B�+ �b�2�M�b�Q�`�- ���M�/ �i�?�2 �b�B�;�M���H �T�`�Q�+�2�b�b�Q�`�X �h�?�2 �`�2�@

�b�m�H�i�B�M�; �b�m�M �/�B�`�2�+�i�B�Q�M �p�2�+�i�Q�` �B�b �7�2�/ �B�M�i�Q �i�?�2 �Z�l�1�a�h ���H�;�Q�`�B�i�?�K �/�2�7�B�M�2�/ �B�M ���T�T�2�M�/�B�t �� �Q�7 �(�k�j�)

�i�Q �/�2�i�2�`�K�B�M�2 �i�?�2 �`�2�b�m�H�i�B�M�; ���i�i�B�i�m�/�2 �[�m���i�2�`�M�B�Q�M�X �S�2�M�;�- �G�B�- ���M�/ �C�B�H�B�M �m�b�2 �i�?�B�b �B�M�7�Q�`�K���i�B�Q�M �i�Q

�/�2�7�B�M�2 �� �b�B�K�m�H�i���M�2�Q�m�b �T�Q�b�B�i�B�Q�M�B�M�; ���M�/ �Q�`�B�2�M�i���i�B�Q�M �U�a�*�S�P�V �K�2�i�?�Q�/�- �r�?�B�+�? �i�`���M�b�H���i�2�b �i�?�2 �M�Q�M�@

�H�B�M�2���` �+�2�H�2�b�i�B���H �T�Q�b�B�i�B�Q�M�B�M�; �T�`�Q�#�H�2�K �B�M�i�Q �� �H�B�M�2���` �[�m���i�2�`�M�B�Q�M ���i�i�B�i�m�/�2 �/�2�i�2�`�K�B�M���i�B�Q�M �T�`�Q�#�H�2�K�X

�h�?�B�b �K�2���M�b �i�?���i �i�?�2 �T�Q�b�B�i�B�Q�M ���M�/ �Q�`�B�2�M�i���i�B�Q�M ���`�2 �b�Q�H�p�2�/ �i�Q�;�2�i�?�2�` �B�M�b�i�2���/ �Q�7 �B�M�/�B�p�B�/�m���H�H�v�X

�h�?�2 �[�m���i�2�`�M�B�Q�M �`�2�b�m�H�i�B�M�; �7�`�Q�K �i�?�2 �K�2���b�m�`�2�/ �b�m�M �/�B�`�2�+�i�B�Q�M �p�2�+�i�Q�` ���M�/ �i�?�2 �B�M�+�H�B�M�Q�K�2�i�2�` �`�Q�H�H

���M�/ �T�B�i�+�? ���`�2 �i�?�2�M �m�b�2�/ �i�Q �/�2�i�2�`�K�B�M�2 �i�?�2 �7�B�M���H �T�Q�b�B�i�B�Q�M ���M�/ �?�2���/�B�M�;�- ���b �b�2�2�M �B�M �6�B�;�m�`�2�k�X�d

�h�?�2 ���H�;�Q�`�B�i�?�K �m�b�2�/ �B�M �6�B�;�m�`�2�k�X�d�B�b �B�M�7�H�m�2�M�+�2�/ �#�v �i�r�Q �i�v�T�2�b �Q�7 �2�`�`�Q�`�b�, �b�v�b�i�2�K �2�`�`�Q�` ���M�/

�`���M�/�Q�K �2�`�`�Q�`�X �a�v�b�i�2�K �2�`�`�Q�` ���`�B�b�2�b �7�`�Q�K �K�B�b���H�B�;�M�K�2�M�i �B�M �i�?�2 �`�2�[�m�B�`�2�/ �`�Q�i���i�B�Q�M �K���i�`�B�+�2�b�- �r�?�B�H�2

�`���M�/�Q�K �2�`�`�Q�` �`�2�b�m�H�i�b �7�`�Q�K �x�2�`�Q�@�K�2���M �:���m�b�b�B���M �r�?�B�i�2 �M�Q�B�b�2 �B�M �i�?�2 �b�B�K�m�H���i�2�/ �K�2���b�m�`�2�K�2�M�i�b�X

�h�?�2�v �/�Q �M�Q�i �m�b�2 ���M �2�t�i�2�`�M���H �;�`���p�B�i�v �`�2�7�2�`�2�M�+�2 �i�Q ���B�/ �B�M �i�?�2�B�` �+���H�+�m�H���i�B�Q�M�b�X �h�?�2 �2�t�T�2�`�B�K�2�M�i���H

���M�/ �b�B�K�m�H���i�B�Q�M �+�Q�M�/�B�i�B�Q�M�b ���`�2 �/�B�b�+�m�b�b�2�/ �B�M �/�2�i���B�H �B�M �(�k�j�) ���M�/ �r�B�H�H �M�Q�i �#�2 �+�Q�p�2�`�2�/ �?�2�`�2�X �h�?�2

���p�2�`���;�2 �M���p�B�;���i�B�Q�M �2�`�`�Q�`�b �B�M �?�2���/�B�M�; ���M�/ �T�Q�b�B�i�B�Q�M ���`�20:1123� ���M�/8:546 �F�K�- �`�2�b�T�2�+�i�B�p�2�H�v�X

�h�?�2�b�2 �2�`�`�Q�`�b ���`�2 �?�2���p�B�H�v �/�2�T�2�M�/�2�M�i �Q�M �M�Q�B�b�2 �B�M �i�?�2 �K�2���b�m�`�2�K�2�M�i�b�- ���b �B�b �i�v�T�B�+���H �7�Q�` ���M�v

�K�2���b�m�`�2�K�2�M�i �K�Q�/�2�H�X



�l�Y�l�Y �Q���Ñ�¶�� �H���é�ž�� �T�ñ���Ô���Ô�ñ�é�Ô�é�Ì �K�¶���Ñ�ñ�²�� �R�N

�6�B�;�m�`�2 �k�X�d�, �h�?�2 �B�/�2���H �a�*�S�P ���H�;�Q�`�B�i�?�K �m�b�2�b ���M �B�M�+�H�B�M�Q�K�2�i�2�` ���M�/ �[�m���i�2�`�M�B�Q�M �Q�m�i�T�m�i �+���H�+�m�H���i�2�/
�m�b�B�M�; �b�m�M �p�2�+�i�Q�`�b �B�M�b�i�2���/ �Q�7 �b�i���`�H�B�;�?�i �p�2�+�i�Q�`�b �i�Q �2�b�i�B�K���i�2 �T�Q�b�B�i�B�Q�M ���M�/ �Q�`�B�2�M�i���i�B�Q�M�X �a�m�M
�p�2�+�i�Q�`�b ���`�2 ���M ���p���B�H���#�H�2 �b�Q�m�`�+�2 �Q�7 �B�M�7�Q�`�K���i�B�Q�M �Q�M �i�?�2 �H�m�M���` �b�m�`�7���+�2�- �T�`�Q�p�B�/�B�M�; ���M�Q�i�?�2�` ���i�i�B�i�m�/�2
�/�2�i�2�`�K�B�M���i�B�Q�M �K�2�i�?�Q�/�X �U�6�B�;�m�`�2 �`�2�T�`�Q�/�m�+�2�/ �7�`�Q�K �(�k�j�)�V



�k�y �+�Ñ�ž�ÿ���¶�� �l�Y �`�¶�&�Ô�¶�' �ñ�Å �H�Ô���¶���ž�������¶

�k�X�k�X�8 �.�m���H�@�1�E�6�@�"���b�2�/ �*�2�H�L���p

�s�B�2�- �u���M�;�- ���M�/ �G�B �T�`�Q�p�B�/�2 �� �/�m���H�@�1�E�6�@�#���b�2�/ �`�2���H�@�i�B�K�2 �*�2�H�L���p �U�_�*�L�V �K�2�i�?�Q�/ �B�M �(�k�9�)�X �:�2�M�2�`�@

���H�H�v�- �H�m�M���` �M���p�B�;���i�B�Q�M �K�2�i�?�Q�/�b �m�b�2 �2�B�i�?�2�` ���#�b�Q�H�m�i�2 �Q�` �`�2�H���i�B�p�2 �T�Q�b�B�i�B�Q�M�B�M�;�X ���#�b�Q�H�m�i�2 �T�Q�b�B�i�B�Q�M�@

�B�M�; �K�2�i�?�Q�/�b �`�2�b�m�H�i �B�M �T�Q�b�B�i�B�Q�M ���M�/ �?�2���/�B�M�; �2�`�`�Q�`�b �i�?���i ���`�2 �#�Q�m�M�/�2�/ ���M�/ �/�Q �M�Q�i ���+�+�m�K�m�H���i�2

�Q�p�2�` �i�B�K�2�X �_�2�H���i�B�p�2 �T�Q�b�B�i�B�Q�M�B�M�;�- �b�m�+�? ���b �i�?�2 �A�L�a �/�2�b�+�`�B�#�2�/ �B�M �a�2�+�i�B�Q�M�b�k�X�k�X�k�@���k�X�k�X�j�- �T�`�Q�p�B�/�2�b

�?�B�;�? ���+�+�m�`���+�v �Q�p�2�` �b�?�Q�`�i �T�2�`�B�Q�/�b �#�m�i �H�2���/�b �i�Q �H���`�;�2�` �2�`�`�Q�`�b �i�?���i ���+�+�m�K�m�H���i�2 �Q�p�2�` �i�B�K�2�X �*�Q�K�@

�#�B�M�B�M�; �i�?�2�b�2 ���#�b�Q�H�m�i�2 ���M�/ �`�2�H���i�B�p�2 �T�Q�b�B�i�B�Q�M�B�M�; �T�`�Q�+�2�/�m�`�2�b �m�i�B�H�B�x�2�b �i�?�2 ���/�p���M�i���;�2�b �B�M �#�Q�i�?�X �h�?�2

���H�;�Q�`�B�i�?�K �m�b�2�/ �i�Q �+���H�+�m�H���i�2 �i�?�2 �b���i�2�H�H�B�i�2 �`�2�7�2�`�2�M�+�2 �T�Q�b�B�i�B�Q�M �B�M �a�2�+�i�B�Q�M�j�X�N�b�B�K�B�H���`�H�v �2�K�T�H�Q�v�b

�i�r�Q �K�2�i�?�Q�/�b �i�Q �2�b�i�B�K���i�2 �i�?�2 �b�i���i�2�- �#�m�i �B�i �m�b�2�b �� �#���i�+�?�@�i�Q�@�1�E�6 �7�B�H�i�2�` �B�M�b�i�2���/ �Q�7 �+�Q�K�#�B�M�B�M�;

�i�r�Q �1�E�6�b�X

�h�?�2 �/�m���H�@�1�E�6�@�#���b�2�/ �K�2�i�?�Q�/ �/�2�`�B�p�2�b �� �+�Q�M�i�B�M�m�Q�m�b�@�/�B�b�+�`�2�i�2 �M�Q�M�H�B�M�2���` �b�i���i�2 �b�T���+�2 �K�Q�/�2�H �m�b�B�M�;

�� �b�i���i�2 �p�2�+�i�Q�` �Q�7 �i�?�2 �M���p�B�;���i�B�Q�M �b�v�b�i�2�Kx s�- �� �b�v�b�i�2�K �T���`���K�2�i�2�` �p�2�+�i�Q�`x p �- ���M�/ �Q�#�b�2�`�p���i�B�Q�M

�p�2�+�i�Q�`~y
k
�X �h�?�2 �b�i���i�2 �p�2�+�i�Q�` �+�Q�M�i���B�M�b �i�?�2 �?�2���/�B�M�; ���M�/ ���i�i�B�i�m�/�2 �[�m���i�2�`�M�B�Q�M �B�M �i�?�2 �M���p�B�;���i�B�Q�M

�7�`���K�2�- ���H�Q�M�; �r�B�i�? �i�?�2 �+�Q�M�b�i���M�i �;�`�v�Q�b�+�Q�T�2 �#�B���b�X �h�?�2 �T���`���K�2�i�2�` �p�2�+�i�Q�` �+�Q�M�i���B�M�b �i�?�2(�; � )

�T�Q�b�B�i�B�Q�M ���M�/ �i�?�2 �M�Q�`�i�? ���M�/ �2���b�i �b�T�2�2�/ �Q�M �i�?�2 �H�m�M���` �b�m�`�7���+�2�X �h�?�2 �b�v�b�i�2�K �i�?�2�M �`�2�+�2�B�p�2�b

�+�2�H�2�b�i�B���H ���M�/ �b�T�2�2�/ �Q�#�b�2�`�p���i�B�Q�M�b �r�B�i�? �B�M�+�H�m�/�2�/ �K�2���b�m�`�2�K�2�M�i �M�Q�B�b�2�X

�h�?�2 �/�m���H�@�1�E�6 ���H�;�Q�`�B�i�?�K �m�b�2�b �i�r�Q �1�E�6�b �r�Q�`�F�B�M�; �B�M �T���`���H�H�2�H ���M�/ �� �b�i���i�2 �2�b�i�B�K���i�Q�` �r�Q�`�F�B�M�;

�#�2�i�r�2�2�M �i�?�2 �b�v�b�i�2�K �T���`���K�2�i�2�` �i�B�K�2 �m�T�/���i�2 ���M�/ �i�?�2 �K�2���b�m�`�2�K�2�M�i �i�B�K�2 �m�T�/���i�2�X �h�?�2 �T�`�Q�+�2�b�b

�2�[�m���i�B�Q�M ���#�Q�m�i �i�?�2 �b�v�b�i�2�K �T���`���K�2�i�2�` �p�2�+�i�Q�` �B�b �� �H�B�M�2���` �2�[�m���i�B�Q�M�- �r�?�B�H�2 �i�?�2 �T�`�Q�+�2�b�b �2�[�m���i�B�Q�M�b

�7�Q�` �i�?�2 �b�i���i�2 �p�2�+�i�Q�` ���`�2 �M�Q�M�H�B�M�2���`�X �h�?�2�`�2�7�Q�`�2�- �i�?�2 �C���+�Q�#�B���M �r�B�i�? �`�2�b�T�2�+�i �i�Q �i�?�2 �b�i���i�2 �p�2�+�i�Q�`
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