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Fig.2 Electric-magnetic-mechanica coupling relationship

of the lift solenoid valve
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Fig.3 The geometric model of the lift solenoid valve
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Establishment of Dynamic Equivalent Magnetic Network Model and
Multi-Field Coupling Calculation Method for Magnetic Lift CRDM
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Chongqing 400044 China
2. Science and Technology on Reactor System Design Technology Laboratory
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Yang Yun'
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Abstract The magnetic lift control rod drive mechanism (CRDM) is a critical electromagnetic actuator for
regulating nuclear reaction rates. Its dynamic process is complex to predict due to the cross-coupling among
current response, magnetic circuit saturation, and motion state. The latest equivalent magnetic network (EMN)
model exhibits inaccuracies and relies on flux distribution during modeling, lacking generality. In multi-field
coupling analysis, researchers often employ multi-software collaborative or semi-simulation methods, which
incur significant time and hardware costs. This paper proposes a dynamic equivalent magnetic network (DEMN)
model and a multi-physics field coupling calculation method considering transient current changes and
saturation.

Firstly, the structure of the magnetic lift CRDM is introduced, and its lift solenoid valve is selected to
analyze the electromagnetism-mechanics coupling during dynamic processes. Then, the mechanism is partitioned
using orthogonal grid lines, and mesh units of multiple media are consolidated into a single medium to unify the
reluctance calculation formula. During dynamic changes, only the grid size or position in the motion region is
altered, thereby eliminating redundant modeling and reducing computational errors caused by mesh discrepancies.
A connection relationship and calculation method for branch reluctance are established to address the
misalignment between fixed and moving mesh units, facilitating continuous armature movement. A multi-physics
field coupling calculation method is proposed by combining circuit models and kinematic formulas, which
consider transient current changes and saturation. Finally, Compared with 3D finite element analysis (FEA) and
experiments, the DEMN model and the proposed multi-field coupling calculation method are verified.

3D FEA results show that the magnetic density distribution, inductance, and electromagnetic force are

highly consistent with the DEMN results, where the maximum error of inductance is 5.7%, and the maximum
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error of electromagnetic force is 3.4%. The experiments show that linear and saturated inductance variations are
similar. The calculation accuracy of the release and suction currents under various loads exceeds 91%.
Additionally, the dynamic results closely align with experimental results, with motion time calculation errors at
28 A and 40 A currents of 0.99% and 2.99%, respectively.

The conclusion is as follows. (1) By using orthogonal grid lines, the unified calculation of reluctance is
achieved, accelerating the modeling speed. (2) By changing the grid size or position of local areas, the dynamic
changes of the EMN model are achieved, avoiding the problem of repeated modeling in the multi-field coupling
calculation process and reducing the calculation errors caused by differences in mesh partitioning. (3) Compared
with FEA, the proposed DEMN model requires less computational resources and shorter computation time while
ensuring accuracy. Compared with the experimental results, the effectiveness and accuracy of the DEMN model
and multi-field coupling calculation method are verified. It can be extended to EMN modeling, performance
analysis, and rapid optimization design of the entire CRDM.

Keywords: Reactor, control rod drive mechanism, equivalent magnetic network, multi-field coupling
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