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Safe Reinforcement Learning for Multi-agent Systems Based on

Relative-degree Decoupling

HUANG Di' ZHANG Si-Lun’

Abstract To address issues in cooperative multi-agent control subject to model uncertainty and external disturb-
ances, this paper proposes a safe reinforcement learning framework based on model relative-degree decoupling. First,
utilizing relative-degree theory in nonlinear systems, high-order state safety constraints are mapped into affine in-
equalities where the control input appears explicitly. Under conditions of convex-polytope parameter uncertainty
and bounded disturbances, a certifiable convex safe action set characterized by the intersection of finite linear in-
equalities is derived to provide an explicit feasible region for online projection and constraint solving. Second, to
overcome the issues of subsequent infeasibility often associated with single-step shielding, a receding-horizon safety
filter incorporating a terminal set is designed. By maintaining a finite-horizon backup control sequence at each time
step, this filter guarantees recursive feasibility and infinite-horizon safety via terminal constraints and a terminal
controller. Finally, a policy decomposition architecture is constructed based on the relative-degree normal form. A
linear quadratic regulator nominal controller provides a stable warm start, while reinforcement learning is only re-
sponsible for compensating for unmodeled dynamics using a parameter-sharing independent proximal policy optimiz-
ation (IPPO) algorithm to learn the compensation. Simulation results on satellite formation attitude control demon-
strate that, under actuator efficiency uncertainty and external disturbances, the proposed method maintains a near-
zero constraint violation rate while achieving faster training convergence and reduced tracking error.
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