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Abstract

Autonomous landing on sloped terrain poses significant challenges for small, lightweight spacecraft,
such as rotorcraft and landers. Unlike larger spacecraft, these vehicles have limited processing capabil-
ity and payload capacity, which makes advanced deep learning methods and heavy sensors impractical.
However, flying insects, such as bees, exhibit remarkable landing capabilities despite relying on minimal
neural and sensory resources. Their control strategies offer valuable inspiration for spacecraft landing
solutions.

Flying insects heavily rely on optical flow for navigation and landing. By maintaining a constant
flow divergence—a measure of vertical velocity divided by height—they achieve smooth landings where
both velocity and height decay exponentially to zero simultaneously. However, adapting this bio-inspired
strategy for spacecraft landings on sloped terrain presents two key challenges. First, conventional global
estimates of flow divergence average the influence of the sloped surface, which makes them insensitive to
terrain inclination. Second, the nonlinearity inherent in flow divergence estimates for landing control can
lead to instability when employing conventional linear controllers for spacecraft landing.

To address these challenges, this paper proposes a nonlinear control strategy that leverages two distinct
local flow divergence estimates to regulate both thrust and attitude during vertical landings. The control
law is formulated based on Incremental Nonlinear Dynamic Inversion (INDI) to handle the nonlinear
characteristics of flow divergence. The thrust control ensures smooth vertical landing by keeping a constant
average of the local flow divergence estimates, while the attitude control enables a soft touchdown on
sloped terrain by utilizing their difference. To validate the proposed approach, numerical simulations are
conducted using a simplified 2D spacecraft model. Multiple landing scenarios are tested with varying
surface slopes and flow divergence setpoints to assess the method’s robustness and its effect on landing
dynamics, respectively. The results demonstrate that the vehicle successfully achieves stable landings,
with both velocity and height decreasing exponentially to zero at almost the same time. Moreover,
regulating local flow divergence enables effective attitude adjustment based on terrain inclination, which
ensures a controlled and soft touchdown on inclined terrain.

This paper introduces a bio-inspired landing strategy that enables lightweight spacecraft to perform
smooth, controlled landings on sloped terrain using local optical flow divergence estimates. The proposed
nonlinear control law effectively addresses terrain inclination and nonlinear flow divergence, which pro-
vides a lightweight alternative to traditional landing methods. This approach enhances the feasibility of
autonomous planetary landings for resource-constrained vehicles.
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