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Abstract

The validation of Guidance, Navigation & Control (GNC) systems is critical for precise spacecraft
positioning and attitude determination. Testing on flight hardware often relies on proprietary Processor-
In-The-Loop (PIL) toolchains, limiting accessibility for early-stage teams. This work presents the Modular
Orbital Simulation Stack (MOSS), an open-source framework enabling closed-loop, cycle-accurate PIL
validation of GNC algorithms under stochastic measurement conditions.

MOSS leverages a host-target architecture, with model dynamics, sensor noise injection and visual-
ization executed on a host machine, while actuation control algorithms, hardware abstraction, and state
estimation are deployed to an ARM Cortex-M4 target. Communication between the plant model and
target allows processor profiling under closed-loop feedback and measurement uncertainty rather than
isolated task execution.

A proof of concept was implemented to assess computational capabilities. A Proportional-Integral-
Derivative (PID) controller was developed to execute a Hohmann transfer maneuver from a 200 km to
2000 km circular low Earth orbit under simplified two-body assumptions. Gaussian noise was applied to
the emulated accelerometer data, and an extended Kalman Filter (EKF) was implemented on the target
controller for spacecraft state estimation from noisy feedback. The controller computed burn delta-v
parameters using the estimated state, while the host model propagated an equatorial orbit and visualized
the body’s trajectory in three dimensions.

Target processor performance was characterized using the on-chip Data Watchpoint and Trace (DWT)
cycle counter to obtain instruction-level timing for each control iteration, and total load over the mission
duration. Over a simulated maneuver mission duration of 44.52 hours, varying the clock frequency pro-
portionally decreased the Central Processing Unit’s (CPU) load from 97.9% at 16 MHz to approximately
0.00001% at 170 MHz, confirming deterministic scaling across operating conditions. Compared against
conventional testbeds which provide task-level profiling, MOSS leverages on-chip hardware cycle counters
for instruction-level characterization.

Results demonstrate that EKF-based spacecraft state estimation and control can be accurately profiled
under measurement uncertainty, on resource-constrained ARM Cortex-M targets with an open-source
toolchain. Moreover, MOSS is modular and hardware-agnostic, enabling future capabilities for cross-
compilation, higher-fidelity dynamics, and more complex GNC algorithms including nonlinear and optimal
control architectures.

By decoupling plant model propagation from embedded execution, MOSS bridges the gap between
algorithm design and real-world performance. The resulting framework provides accessible GNC validation
for rapid prototyping, allowing academic and resource-constrained teams to characterize processors prior
to hardware-in-the-loop integration.



