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Positioning on Earth has consistently been a crucial and complex challenge. Inertial Navigation Systems (INS) serve
as essential tools for determining the position of moving platforms but face two primary limitations: the accumulation
of navigation errors over time and the dependence on accurate initial conditions. While GNSS satellites have
revolutionized positioning on and near Earth, their effectiveness diminishes with distance from the planet, necessitating
alternative methods. In such cases, celestial observation and star-based positioning become vital solutions. Star
trackers—high-precision sensors capable of identifying and locating celestial star patterns—play a pivotal role in this
context. When integrated with inclinometers and chronometers, they form a positioning system capable of calculating
geographic latitude and longitude through sensor data processing. This study investigates the underlying mathematics
of this approach, models various error sources (including star tracker accuracy, inclinometer and chronometer precision,
sensor alignment, and gravitational modeling), and analytically evaluates their impact on positioning accuracy. The
findings provide valuable insights for optimizing system configurations and error budgeting in the design of advanced
positioning systems.
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Table 1 Parameter values in simulation

parameter symbol value unit
accelerometer accuracy o 100 ng
a
sensor alignment accuracy o 0.01 degree
e
pointing accuracy of star sensor o 15 arcsecond
¢
roll accuracy of star sensor a, 100 arcsecond
gravity deviation from vertical
50
direction g &7
timekeeping accuracy o, 0.5 second
latitude 1) 35 degree
longitude A 50 degree
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Table 2 Comparison of analytical and statistical simulation results
analytical statistical analytical statistical

error source
value of N value of TN value of [ value of [

(m) (m) (m) (m)
o, 637 640 637 636
- 1112 1110 1112 1123
e

o, 463 461 463 466

v, 0 0 0 0
o, 319 318 319 319
o, 0 0 190 192
all items 1399 1402 1412 1416
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Fig.5 Position estimation error at non-zero roll, pitch and yaw angles. Upper-left: positioning error vs. roll angle at zero pitch and yaw. Upper-right:
positioning error vs. pitch angle at zero roll and yaw. Lower: positioning error vs. yaw angle at roll and pitch equal to 10 and 15 degrees respectively
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