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Abstract

Purpose: Very Low Earth Orbit (VLEO) missions operate in a regime dominated by aerodynamic
drag, disturbance torques, and constrained actuator authority. CubeSat deployments can induce angular
rates exceeding 50◦/s, exceeding the validity region of conventional linearized estimation and control. This
paper presents a robust, autonomous, multi-mode Guidance, Navigation, and Control (GNC) framework
for 3U VLEO CubeSats capable of high-rate detumbling, safe software mode transition, and precision
pointing suitable for atmospheric density estimation.

Methodology: The architecture employs a deterministic dual-mode state machine that explicitly
separates high-rate recovery from precision pointing. During Detumble Mode, magnetic control dissipates
rotational kinetic energy while fine-pointing estimation and control are intentionally bypassed to prevent
estimator divergence. Transition to Nominal Mode is governed by angular rate thresholds and sensor
validity checks. In Nominal Mode, a Multiplicative Extended Kalman Filter (MEKF) estimates spacecraft
attitude and gyro bias using star tracker and gyroscope measurements, while a Linear Quadratic Regulator
(LQR) commands reaction wheel torques with magnetic momentum desaturation.

Validation is performed using a high-fidelity C++ Software-in-the-Loop simulator employing a dual-
model architecture. A Truth model simulates spacecraft dynamics using high-fidelity environmental and
disturbance models, while the onboard GNC system operates using reduced-order models representative
of onboard knowledge. This model mismatch ensures realistic evaluation under uncertainty. Monte Carlo
campaigns are conducted across deployment rates, solar activity levels, and actuator limits.

Results: Simulations demonstrate that standard 3U Commercial-Off-The-Shelf actuators (0.3 A·m2

magnetorquers, 2 mN·m reaction wheels) can autonomously arrest deployment rates up to 50◦/s within
approximately three VLEO orbits. Elevated atmospheric density improves detumbling effectiveness. The
architecture prevents estimator divergence during transients and enables stable autonomous mode tran-
sitions. In steady-state, the system achieves pointing accuracy better than 0.03◦ RMS while tracking
atmospheric density variations.

Conclusions: Separating detumbling from precision pointing significantly improves robustness in
drag-dominated VLEO environments. The dual-model validation demonstrates reliable performance un-
der onboard model uncertainty. Results confirm that standard hardware can autonomously recover from
severe deployment conditions and maintain precision pointing, providing a practical framework for future
VLEO missions.
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