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Complex Control Systems
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Abstract: Rapid control prototyping (RCP) and hardware-in-the-loop (HIL) integrate control algorithm
design, real-time modeling and simulation, automatic code generation, and engineering verification and
validation. They are important approaches in HIL simulation, safe and repeatable testing of hazardous
operating conditions, and high-assurance verification of complex control systems. First, the roles of
RCP/HIL within the V-model development and the hierarchical X-in-the-loop (XiL) verification
framework are clarified. Then, key technologies are examined and compared, including model-based
development, automatic code generation, real-time simulation, hardware interfacing and real-time
communication, online monitoring and parameter calibration, and testing, fault injection and coverage
assessment. Furthermore, the verification objects, real-time constraints, and domain-specific requirements
of RCP/HIL technologies are compared across representative engineering applications. Finally, future
directions are discussed, with emphasis on real-time model fidelity and computational efficiency,
numerical stability, closed-loop interface stability, test coverage, and digital twin integration. This review
provides methodological and technical guidance for hierarchical verification, high-assurance development,
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and practical deployment of complex control systems.
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