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EXTENDED ABSTRACT

1 Introduction

Multibody dynamics methodologies represent an indispensable tool for the kinematic and dynamic description of mechanical
interaction among rigid and flexible bodies. However, when such interactions come from events of a different physical nature,
the estimation of the whole phenomena can be extremely complicated. In this study, we propose a novel Matlab/Simulink-based
architecture for the integration, under general multibody codes, of the multi-physics analysis devoting particular emphasis to the
interaction between the mechanical, magnetic, and analog electronic domains, tacking efforts from two novel implemented bi-
directional co-simulation routines based onto Spice® and ESRF Radia® engine. A common approach toward these arising
aspects is to narrow the complexity of the numerical modeling through the isolation of the main macro-domains, and thus solving
the different phenomena through dedicated languages, tools, and algorithms [1]. However, in applications where the strict
interdependence between the different physical domains and scales cannot be decoupled the introduction of a complete
multidomain co-simulation architecture is required necessary [2], [3]. Matlab/Simulink® certainly represents the most advanced
graphical programming environment for the simulation of dynamic systems, being developed for the analysis of multipurpose
and general nature problems, the proposed co-simulation algorithm exploits the capabilities of a system-level environment in
order to integrate under a single dynamic model, whose core is designed into the multibody ambient, several device-level
simulators implemented respectively for the electronic and magnetostatic analysis through the equivalent circuit methodology
(ECM) and the 3D finite volume modeling (3DFVM). To test and validate the proposed methodology, a micro-electromagnetic
actuator is taken under analysis, the numerical results obtained by the multi-physics model are compared with the experimental
relatives reported by Kim et al. in [4].
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Figure 1: (a) Proposed multi-domain co-simulation architecture; (b) General representation of a multibody model.

2 The multibody dynamics formulation
The equation of motion (EOM) characteristic of a general multibody system as depicted in Ficure 1.b, is given by:
Mg+ ®jA=f (1)

Where M is the global mass matrix of the system, g the vector of natural accelerations, <I>g the constraint vector of the kinematic
topology, A the vector of Lagrange multipliers and finally f is the generalized force vector. The main target of the proposed
architecture is to integrate, on the bases of the reached configuration enclosed in the generalized coordinates vector g, a classic
force element, which does not introduce state variables and algebraic constraints, that comes from the interaction of the analog
electronics and the magneto-static fields. This approach essentially integrates the generalized force vector f according to
Equation (2).
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Where fmecn is the purely mechanic generalized force vector, instead Fyqg1, Fe F,;3 represent the general force elements
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coming from the electro-magneto-mechanic interactions.

3 The proposed multi-domain architecture & the Matlab/Python-based co-simulation routines

Figure 1.a depicts with a block diagram representation the proposed implementation logic behind the co-simulation multi-scale
and multi-physics modeling technique. The core of the model developed in Matlab\Simulink, discretizes the time of the
simulation interfacing the different physical domains. The kinematic and dynamic aspects are studied through a complete
Multibody model of the full device assembly, the Mathematica open-source package: ESRF Radia solves the static and dynamic
electro-magnetic fields through a 3D FVM algorithm, and finally the equivalent circuit properties are integrated and solved
through the Spice engine. The core of the proposed multi-domain algorithm is constituted by the two novel Matlab/Python-based
co-simulation routines. In detail the analog electronic domain is integrated through the Matlab Engine API for Python that
through the PySpice module executes the NGSpice engine and solves the continuously updated circuit Netlist and allows the
extraction of all the voltages and currents at every nodes and branches of the circuit. The magneto-static domain instead, is
integrated through the Wolfram Client Library for Python that interpretate the 3D FVM magnetic model implemented via
Wolfram language and embedded into a Python module that calls through the Matlab Engine API for Python the ESRF Radia
solver and allows the extraction of all the magnetic fields intensity, magnetic forces and torques in every position of space.

5 A case study

The mechanical dynamics of the micro electromagnetic actuator (Figure 2.a) is studied as a validation test and implemented via
Multibody analysis. In detail the device is constituted by three main micro-coils that are embedded in parylene layers, the
circulating current induces in each coil an electromagnetic field that interacts with the field generated by the relative NdFeB
permanent magnet and actuate the coil itself. The frame composed of a Fe core and a silicon substrate guides the field lines and
improve the performances. Figure 2.b shows the capabilities of the proposed methodology and depicts onto two different graphs
the laser-based displacement measure obtained at different level of applied current (on the top-right corner) and the obtained
numerical trends of the estimated deflection amplitude due to a 1Hz square wave excitation in the amplitude range of [10; 190]
mA with a step of 20 mA (bottom-right corner). Further and in-depth dynamical analysis will be presented in the related paper.
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Figure 2: (a) Multi-domain architecture applied to the micro actuator; (b) Experimental and numerical results comparisons.

6 Conclusions

Multi-physics analysis represents a promising solution for those applications whose design and comprehension require the co-
simulation among strongly coupled physical domains. The main strengths of the proposed methodology are represented by the
Python and Matlab/Simulink-based bi-directional co-simulation routines. The work introduces an improvement in the simulation
capabilities of complex and strongly coupled devices, with particular emphasis on the coupled analysis between Multibody
dynamics, analog electronics, and magneto static/dynamic phenomena.
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