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A FAST EVALUATION METHOD FOR SPACECRAFT LOW-THRUST COLLISION AVOIDANCE
MANEUVERS BASED ON DIFFERENTIAL ALGEBRA

Abstract

With the advancement of electric propulsion technology, an increasing number of satellites, exemplified
by Starlink, employ continuous low-thrust control for station-keeping and orbital transfers. Simultane-
ously, the rising density of space objects necessitates efficient low-thrust collision avoidance strategies,
which demands both high control accuracy and computational efficiency. Existing methods fall into two
main categories: indirect methods and direct methods. Indirect methods rely on simplified linearized
dynamics, offering computational efficiency but failing to account for high-precision perturbations, thus
providing only qualitative results. Direct methods, such as the pseudospectral approach, optimize dis-
crete control variables through nonlinear optimization. While capable of optimizing maneuvers under
high-fidelity dynamics, they require extensive numerical integration, making them unsuitable for onboard
real-time applications.

To balance accuracy and efficiency, this paper proposes a fast evaluation method for continuous low-
thrust collision avoidance maneuvers based on Differential Algebra (DA). DA is widely used to construct
mappings that quantify the sensitivity of a dynamic system’s final state to its initial conditions and
model parameters. In this work, thrust magnitude and direction are parameterized using piecewise fifth-
order polynomials, with their coefficients treated as DA variables. Additionally, integration step sizes for
different maneuver phases—pre-maneuver, during-maneuver, and post-maneuver—are also included as
DA variables, allowing flexible adjustment of thrust initiation and termination times. This formulation
provides a comprehensive parametric representation of low-thrust maneuver process. By performing
numerical integration within the Differential Algebra Core Engine (DACE) framework, the relationship
between maneuver parameters and the final conjunction state is efficiently constructed. When a maneuver
strategy changes, the updated conjunction state is obtained via direct polynomial evaluation, eliminating
the need for repeated numerical integration.

The proposed method is applied to scenarios with variable thrust magnitude and direction, and its
accuracy is validated under high-fidelity perturbation environments. With a third-order DA expansion,
the model achieves an evaluation error better than 15 meters per day compared to the HPOP model.
Furthermore, in maneuver optimization, it improves computational efficiency by an order of magnitude



over pseudospectral methods based on numerical integration. Simulations confirm that the approach
effectively models low-thrust collision avoidance maneuvers while enabling rapid and accurate evaluation
under constrained onboard computational resources. However, accuracy degrades with increasing thrust
magnitude and maneuver angles. To mitigate this, higher-order expansions can be used at the cost of
reduced efficiency. Future research will focus on optimizing expansion order selection to achieve the best
trade-off between computational efficiency and accuracy.



