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Abstract

Equatorial low-Earth orbit (LEO) constellations dedicated to high-frequency tropical observation re-
quire sustained orbit maintenance and phase-coherent formation keeping under severely limited propulsion
capability. Missions such as the Time-Resolved Observations of Precipitation structure and storm Inten-
sity with a Constellation of Smallsats (TROPICS) highlight the operational need for altitude regulation
and stable inter-satellite phase distribution over mission-scale horizons to ensure continuous regional cov-
erage. In propulsion-free, drag-dominated configurations, differential drag serves as the primary control
input. However, attitude modulation simultaneously affects orbital decay and relative phase evolution,
yielding a tightly coupled long-horizon control problem under weak actuation.

Conventional periodic feedback schemes compensate drag-induced decay but accumulate drift over
extended durations. Long-horizon optimization and model predictive control (MPC) approaches enforce
recursive feasibility under uncertainty through constraint tightening; however, this mechanism progres-
sively contracts the admissible set and increases computational dimensionality, leading to conservative
control profiles and reduced flexibility. Purely data-driven policies improve adaptability but do not inher-
ently guarantee preservation of orbital energy bounds, geometric phase constraints, or coupled dynamical
structure. The structural difficulty therefore lies in maintaining system evolution within a narrow admis-
sible trajectory manifold in relative orbital element space under persistent density disturbances and weak
control authority.

To overcome this limitation, this paper proposes a physics-constrained diffusion-based control frame-
work that re-formulates long-horizon weak-actuation control as an admissible-manifold learning problem.
Trajectory samples generated under semi-analytical differential-drag dynamics and admissible modulation
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profiles are used to train a diffusion model that captures the long-horizon feasible trajectory distribution
under explicitly imposed orbital-energy and geometric constraints. Constraint consistency is embedded
during training, ensuring that generated trajectories remain within physically admissible domains. Dur-
ing deployment, control sequences are produced through trajectory-level stochastic reconstruction within
the learned manifold, enabling smooth temporal coherence across extended horizons while avoiding recur-
sive feasible-set contraction associated with constraint-tightened MPC. This shift from online constraint
enforcement to generative manifold preservation fundamentally alters the control structure under weak
actuation.

Comparative simulations in representative equatorial constellation scenarios demonstrate an approxi-
mately 25% reduction in the 95th-percentile phase-keeping error and a 20% reduction in RMS semi-major-
axis deviation relative to periodic feedback and long-horizon constraint-tightened MPC baselines under
time-varying density disturbances. Robust performance is maintained across varying density realizations,
and computational complexity remains compatible with onboard implementation.

The proposed framework establishes a constraint-embedded manifold-learning paradigm for long-
horizon control in weakly actuated orbital systems and provides a structurally consistent methodology
for propulsion-free equatorial constellation operations.
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