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Abstract

Lunar landing test vehicles are developed to test landing algorithms, validate structural and avionics
systems, and observe thrust and structural behavior during surface contact. To ensure precision, these
tests must be conducted while minimizing external terrestrial influences. A successful test requires fault-
tolerant altitude and attitude estimation. Due to the absence of atmospheric reference and challenging
environmental conditions on the Moon, traditional estimation methods are affected by sensor failures,
measurement noise, and outlier data, leading to unreliable navigation information. For a lunar landing
test vehicle to land safely and accurately, precise and fault-tolerant altitude and attitude estimation is
essential.

To overcome these limitations, this study develops a robust altitude and attitude estimation algorithm
using redundant sensors such as an Inertial Measurement Unit (IMU) and a radar altimeter. The algorithm
optimizes sensor fusion with a Kalman filter, performs real-time outlier detection using Mahalanobis dis-
tance, and employs a Multiplicative Extended Kalman Filter (MEKF)-based attitude estimation method
to ensure that the IMU’s z-axis remains consistently aligned with the vertical direction. Quaternion-based
methods are used to enhance the consistency and accuracy of attitude calculations. Additionally, the sys-
tem operates with multiple IMUs in parallel, providing different estimation outputs. The Kalman filter
continuously evaluates the health of the estimations and monitors sensor reliability, utilizing a switching
mechanism to select the most trustworthy sensor data. For altitude estimation, the Two-Stage Kalman
Filter is employed to correct IMU bias errors, improving error management and accuracy. The redun-
dant sensor selection mechanism dynamically selects the most reliable measurements through continuous
evaluation of sensor outputs, using adaptive weighting and threshold-based validation. Furthermore, the
system’s performance is continuously monitored, and in the case of anomalies, sensor prioritization is
adjusted in real time through a fault-tolerant estimation health assessment framework. The proposed
method effectively minimizes estimation errors, mitigates the effects of sensor failures, and ensures a
reliable landing profile for lunar descent operations.

The results demonstrate significant improvements in altitude and attitude estimation accuracy while
enhancing robustness against measurement inconsistencies and external disturbances. By providing a
validated and adaptive estimation framework, this study contributes to the development of safer and more
reliable lunar landing systems. Future work aims to validate the algorithm under different environmental
conditions and integrate it into high-fidelity lunar lander simulations for real-world lunar landing scenarios.



