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Abstract

With the continuous advancement of space exploration missions, spacecraft swarm control technol-
ogy (SSCT) is poised to become a pivotal enabler for achieving more complex and intelligent spatial
tasks. In deep space exploration missions, SSCT enables multi-point collaborative observation and long-
term dynamic monitoring of targets, thereby acquiring comprehensive and multi-dimensional data. SSCT
enhances system fault tolerance, offering superior robustness compared to single spacecraft systems by pre-
venting mission failure under external environmental disturbances or spacecraft malfunctions. However,
the self-recovery capability of spacecraft swarms during single-spacecraft failures remains weak, necessi-
tating further dynamic structural adjustments to the swarm configuration prior to practical deployment.
This paper focuses on complete spacecraft swarm systems, analyzing reliability fault-tolerant remediation
strategies (FTRS) under random single-spacecraft failures.

The SSCT system exhibits strong topological coupling characteristics, where random single-node fail-
ures may induce system instability through neighborhood interactions. Specifically, such failures manifest
as connectivity degradation in information topology networks and violation of formation coordination
constraints in physical configurations, triggering multi-domain coupled cascading effects. These complex
failure modes render traditional single-point repair-based reconfiguration strategies inadequate for system-
level stability recovery. Consequently, this study proposes a dynamic topology reconstruction-based FTRS
to restore both network structure and physical configuration consistency in SSCT systems. Furthermore,
it quantitatively reveals the relationship between node centrality metrics and Lyapunov stability margins,
providing general design recommendations to prevent unstable motions in spacecraft swarm systems. The
main research contributions are outlined as follows:

1. A multi-layer recursive grouping architecture is proposed to partition large-scale rigid-body space-
craft swarms into multiple independent non-overlapping sub-swarms (subsystems). A hierarchical hypergraph-
based scale-free network model is developed for spacecraft swarms, establishing connections between
Laplacian matrix eigenvalues of hypergraphs and the post-failure network connectivity /stability.

2. The effectiveness of fault recoverability conditions for analyzing post-node-failure network restora-
bility is theoretically verified. Graph theory-based dynamic topology reconstruction methods and dynamic
swarm maintenance mechanisms are established. Network structure reconfiguration and spatial position



adjustment control are implemented, achieving FTRS that restores swarm configuration and consistency
at both network and physical levels.

The obtained results advance understanding of fault-tolerant control in SSCT systems and derive
universally applicable reliability FTRS. This work provides reliable references for SSCT control design,
demonstrating a 20



