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Abstract

With the increasing complexity of spacecraft systems, higher demands are placed on the reliability,
autonomy, and safety of their energy systems. This paper addresses the challenges of autonomous
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functional verification for spacecraft energy systems by proposing a solution based on digital twin
technology. Firstly, the coupling relationships among subsystems (solar array, battery pack, power
controller), their interactions with the external environment, and the internal coupling within the
power controller of a satellite power system were analyzed in detail to construct a high-fidelity model
structure. Secondly, from the perspectives of mathematical modeling and functional implementation,
arefined simulation model of the power controller was developed, including shunt, charge, discharge
regulators, and bus value acquisition modules, with an analysis of its operating modes and state tran-
sitions. Finally, the subsystem models were integrated to form a complete digital twin simulation
model of the power system. System-level simulations were conducted using the on-orbit environment
of a specific satellite at the autumnal equinox as external input parameters. Simulation results demon-
strate that the constructed digital twin model can achieve full regulation of bus voltage, and the power
controller effectively manages battery charging/discharging and surplus power distribution, verify-
ing the model’s dynamic response capability and high fidelity under various operating conditions.
This research provides theoretical basis and technical support for on-orbit health management, fault
diagnosis, and autonomous operation of spacecraft energy systems.
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Figure 1. The coupling relationship diagram among each subsystem and the interaction relationship
diagram with the outside world
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Figure 2. Coupling relationship diagram of the power controller subsystem
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Figure 3. High-fidelity model structure block diagram of satellite power supply system
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Figure 4. State transition diagram of the satellite power supply system’s working mode
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Table 1. Input and output quantities of the shunt regulator simulation model
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Figure 5. Simulation model of the split regulator
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Table 2. Input and output quantities of the charging regulator simulation model
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Figure 6. Charging regulator model
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Figure 8. Bushar value module simulation model
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Table 5. Satellite simulation system indicators
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Figure 9. System-level simulation of external input parameters
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Table 6. Hardware parameter description of the battery subsystem
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Table 7. Telemetry parameters generated by the digital twin model of the power supply system
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Figure 10. Output results of the satellite power supply system model
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