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Abstract

Digital twins for advanced reactor concepts must perform online parameter inversion under sparse sensing
and non-stationary dynamics, conditions in which Kalman variants and four-dimensional variational schemes
lose accuracy. We present an adjoint-based differentiable physics framework that couples reverse-mode auto-
matic differentiation through an implicit differential-algebraic plant model with Tikhonov-regularised L-BFGS
optimisation, yielding analytical parameter-sensitivity matrices for gradient-based inversion. The framework
is built around a fourteen-state closed-Brayton gas-cooled reactor twin retaining six-group point kinetics
with three reactivity feedbacks, recuperator and radiator thermal capacitances, duct friction, and a power-
management-and-distribution shaft controller. We benchmark the method against the Ensemble Kalman
Filter, the Unscented Kalman Filter, and a finite-difference 4D-Variational baseline across full-observation
steady-state, full-observation transient, and partial-observation noise-scan scenarios, and we compare every
estimator against the Cramér—Rao lower bound. On the transient scenario the proposed method recovers the
reflector reactivity coefficient with 7.5% relative error, against 10.2% for 4D-Var and approximately 19% for
the sequential filters; on the partial-observation scenario it reaches 0.4%—0.55%, a 1.6x to 5x reduction over
the same baselines. The regularised adjoint estimators attain near-CRLB empirical variance with a residual
relative bias of order 5x107. Sequential filters retain an advantage only on the controlled full-observation
steady-state single-parameter case, where they are theoretically Best-Linear-Unbiased optimal. By bring-
ing differentiable physics and adjoint sensitivities into closed-Brayton gas-cooled reactor digital twins, the
proposed framework offers a more accurate and statistically more efficient route to online identification of
safety-critical parameters under partial observation and transient excitation, supporting the progression of
advanced-reactor digital twins from passive monitoring toward intelligent supervisory control.
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