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All satellites will experience fault at some point in their lifetime. Fault can be caused by external sources, for example by a single event effect, or internal sources, such as a bug in a flight software. In both cases, nominal operation of the system will be disrupted and actions have to be taken to detect, isolate and recover from fault condition.
Existing literature on electric power systems (EPS) [1] has for the most part focused on lifetime related fault tolerance. They cover, for example, application of new semiconductor devices or control methods to reduce electrical and thermal stresses, or incorporating redundancy in power converters. However, most of the CubeSats failures happen early in the mission lifetime and are attributed mostly to lack of testing [2]. Therefore, it is more beneficial to focus on simpler designs and leave more time to perform thorough ground testing of integrated satellite. However, simpler design can also be made fault tolerant with some clever observations.
A CubeSat orbiting the Earth, or another planet, will spend portion of the orbit in shadow. This can be exploited to power cycle parts, or all, of the satellite, without external watchdog or ground operator intervention. A CubeSat EPS can be separated into two functional units: array power regulator (APR) that is responsible for extracting power from the solar panels and charging the battery pack, and power conditioning and distribution unit (PCDU). Usually only the PCDU needs to be operational throughout the orbit; the APR is only needed when the CubeSat is in the Sun and hence can be powered down in shadow. This is not a new idea and has been exploited in many CubeSats before, such as OreSat and Delphi-C3. However, to the knowledge of the authors, shadow region of the orbit has not been previously utilized as a basis for fault tolerant CubeSat EPS design when operation in shadow is also required.
Satellite architecture of a CubeSat usually follows tree structure with the EPS being at the root and other subsystems “hanging” from it. Each subsystem commonly implements internal power path protection with latching current limiters (LCLs) or resettable LCLs (RLCLs) to protect against faults, such as single event latchups, to isolate and to have means to power cycle portion of the circuit. The subsystems itself are behind (R)LCLs that are controlled at the PCDU. Hence, the fault protection is hierarchical, with parent node of the tree protecting its children nodes. However, as the EPS is the root node of the tree, there is a question about who is going to protect and power cycle it?
To power cycle the satellite, usual solution is to implement an external watchdog in the EPS. The watchdog monitors state of the system and power cycles it in case of detected fault. Additionally, an external reset line can be routed to the watchdog and controlled directly, for example, with the communication subsystem. There are, however, several problems with this solution: 1) the watchdog has to be much more reliable than the system it is monitoring, 2) the watchdog is a separate circuit that adds complexity to the system and hence in the worst case can reduce reliability, and 3) similarly to the EPS, who power cycles the watchdog if something happens to it.
A solution that we are proposing in this presentation is to exploit the shadow region of the orbit to build a fault tolerant EPS that is able to detect and power cycle itself, while keeping the overall system design simple and allow for full operation throughout the orbit. To achieve this, watchdog logic is implemented as part of the APR that is only powered on while in the Sun. APR and PCDU communicate with each other over a bus that also acts as a heartbeat. When the satellite is in the Sun, the APR is able to detect fault and power cycle the satellite. In shadow, the APR is automatically power cycled itself, removing any lockups. EPS implementation for FORESAIL satellites [3] is showcased as a case study.
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	Figure 1: Proposed fault tolerant EPS
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