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Abstract

Absolute attitude estimation sensors provide high-accuracy pointing capabilities for CubeSat oper-
ations. However, with average commercial units costing approximately 40 000 USD, they represent a
prohibitive size, weight, power, and cost bottleneck for financially constrained emerging and educational
space missions. This paper presents the design, development, and comprehensive terrestrial evaluation
of an ultra-low-cost star tracker prototype tailored for nanosatellites, providing a highly economically
attractive alternative for such constrained missions.

To overcome the tracking limitations of previously developed low-cost sensors under dynamic condi-
tions, the hardware architecture is built around a Raspberry Pi Pico 2 W paired with a global shutter
camera and an f/1.4 lens to mitigate rolling shutter and motion blur artifacts. To ensure seamless satel-
lite integration, a custom carrier PCB was developed to conform to the standard PC/104 CubeSat form
factor, enabling direct transmission of attitude data to the spacecraft bus via I2C.

To ensure reliable performance, the system executes a four-stage attitude determination pipeline. First,
image pre-processing and stellar feature extraction are performed, followed by geometric transformation.
Star identification is then achieved by evaluating two state-of-the-art catalog matching algorithms: the
multilayer voting algorithm and the improved grid algorithm. Utilizing an in-memory pre-processed
catalog, these algorithms demonstrate high resilience to positional noise, magnitude (Mv) variations,
and the introduction of false stars. Finally, the spacecraft attitude is resolved using a Singular Value
Decomposition (SVD) algorithm.

For system calibration, the effectiveness of the World Coordinate System (WCS) and Brown-Conrady
camera models was compared to identify the optimal approach. The SVD attitude solution was first
benchmarked against real orbital imagery from the NASA STEREO HI-1 mission. Subsequently, ter-
restrial night sky tests evaluated pointing accuracy under both static and dynamic conditions, alongside
critical operational metrics such as memory footprint, power consumption, and processing time.

Results demonstrate that the synergy of the global shutter sensor and noise-resilient algorithms effec-
tively overcomes the limitations of previously developed low-cost star trackers, which characteristically
fail at slew rates exceeding 0.4◦/s. Achieving sub-arcminute precision, this fully integrated architecture
provides a highly accessible prototype for attitude determination. Furthermore, the system preserves
sufficient computational headroom to support Space Situational Awareness (SSA) applications in future
work.
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