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Modeling of HTS coils with complex geometries by using the T-A homogenization in 3D 1 st
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The modeling and analysis of superconducting coils is an essential task in the design stage of most HTS based devices. These calculations allow verifying basic estimations/assumptions, proposing improvements, and computing quantities (such as AC losses) that are not easy to calculate with analytical approaches. Typically, 2D finite element analysis is used for this purpose. However, these 2D models are usually a representation of infinitely long or axially symmetric geometries. Therefore, they cannot be used to analyze end effects and complex 3D configurations. In this work, we use the T-A homogenization in 3D for the analysis of superconducting coils with complex geometries where a 2D approach can not provide accurate analyses and verification of assumptions. For these complex geometries, the modeling methodology allows an easier implementation in commercial software (COMSOL Multiphysics) than the currently available 3D H homogenization.

I. INTRODUCTION

The electrical properties of high-temperature superconductors (HTS) have inspired several applications in different fields such as electrical machines [START_REF] Snitchler | 10 MW Class Superconductor Wind Turbine Generators[END_REF], [START_REF] Dolisy | Fabrication and test of an axial-field HTS rotating machine with integrated magnetic coupling[END_REF], [START_REF] Frauenhofer | Basic concepts, status, opportunities, and challenges of electrical machines utilizing high-temperature superconducting (HTS) windings[END_REF]; fault current limiters [START_REF] Okakwu | Application of Superconducting Fault Current Limiter (SFCL) in Power Systems: A Review[END_REF]; magnets for scientific research [START_REF] Berrospe-Juarez | Estimation of Losses in the (RE)BCO Two-Coil Insert of the NHMFL 32 T All-Superconducting Magnet[END_REF]; energy storage [START_REF] Rong | Developmental Challenges of SMES Technology for Applications[END_REF] and transmission [START_REF] Fietz | High-Current HTS Cables: Status and Actual Development[END_REF]. The design of these devices usually requires an electromagnetic analysis that allows establishing rated characteristics as well as studying the behavior under different operating conditions. Moreover, losses in the superconducting tapes and wires must be estimated to design the cooling system. These AC losses can be decisive for the practical and economic realization of superconducting devices.

Several analytical solutions have been developed to estimate losses in HTS tapes [START_REF] Brandt | Type-II-superconductor strip with current in a perpendicular magnetic field[END_REF], [START_REF] Norris | Calculation of hysteresis losses in hard superconductors carrying ac: isolated conductors and edges of thin sheets[END_REF], and infinite stacks of tapes [START_REF] Mawatari | Critical state of periodically arranged superconductingstrip lines in perpendicular fields[END_REF], [START_REF]Critical State in Superconducting Strip-Array Systems with Transport Current[END_REF], [START_REF] Mikitik | Analytical Methods and Formulas for Modeling High Temperature Superconductors[END_REF]. However, these solutions are only valid under specific operating conditions such as AC transport current or externally applied magnetic field. Therefore, they can not be directly used to estimate losses in most superconducting machines and equipment. For these reasons, a finite element model is typically used to analyze the electromagnetic behavior and estimate hysteretic losses in the HTS tapes.

There are two main formulations of Maxwell's equations that are commonly used to model superconductors by using the finite elements method (FEM). The first one is based on the magnetic field strength (H) and has already been used to study numerous applications [START_REF] Shen | Review of the AC loss computation for HTS using H formulation[END_REF], [START_REF]Overview of H-Formulation: A Versatile Tool for Modeling Electromagnetics in High-Temperature Superconductor Applications[END_REF]. The second one was introduced in [START_REF] Zhang | An efficient 3D finite element method model based on the T-A formulation for superconducting coated conductors[END_REF] and is based on the current vector potential (T) and magnetic vector potential (A). This T-A formulation is mostly used to analyze superconducting layers by applying a thin strip approximation. The approximation allows a reduction of dimensions that decreases the number of degrees of freedom and computation time. Therefore, it has been used to study the cross-section of magnets [START_REF] Berrospe-Juarez | Estimation of Losses in the (RE)BCO Two-Coil Insert of the NHMFL 32 T All-Superconducting Magnet[END_REF] and electrical machines with hundreds and thousands of tapes [START_REF] Benkel | T-A-Formulation to Model Electrical Machines With HTS Coated Conductor Coils[END_REF], [START_REF] Huang | A Fully Coupled Numerical Method for Coated Conductor HTS Coils in HTS Generators[END_REF], [START_REF] Vargas-Llanos | T-A formulation for the design and AC loss calculation of a superconducting generator for a 10 MW wind turbine[END_REF].

Most of the FEM-based models used to study superconducting devices are 2D. They usually represent the cross-section of an infinite long or axisymmetric arrangement. Therefore, the end effects are not considered. Moreover, complex geometries and operating conditions can not be fully studied with a 2D model. For instance, the transport current (without externally applied magnetic field) operating condition in a saddle coil (figure 1) presents a complex 3D behavior of the current. In the middle of the straight section, the current flows parallel to the x-axis. However, the curve section works as a transition zone for the current vector from the x-direction to the y-direction, by following the winding/position of the tapes. This end effect can not be analyzed by using a 2D model.

Due to the complex behavior of the current density (J) in 3D geometries, the cartesian components (J x , J y , J z ) are not suitable for representation purposes. A possible way to overcome this problem is to use the norm of J. However, we will not be able to appreciate the two fronts of currents in opposite directions during the AC cycle. Therefore, we use the dot product between the current density vector and a tangential vector parallel to the winding direction (e t ):

J e t J c (B ∥ , B ⊥ ) . (1) 
In figure 2 we represent the current density behavior in the same saddle coil for an AC transport current with a peak value of 100 A and frequency f = 50 Hz, when the current is equal to zero, and after the first half period of the sinusoidal cycle. The current density penetration and behavior is very similar in the middle of the straight and circular sections. There is only a small difference between the inner and outer part of the curved section (indicated with green arrows in figure 2). This small difference is an effect of the self-field of the coil, which tends to be higher inside the coil than outside. According to these results, a 2D model that represents the middle of the straight section of the saddle coil can provide a good approximation of the current density behavior and a first estimation of the AC losses. However, these kinds of assumptions can only be validated with a 3D approach. For these reasons, several efforts have been made for the development of tools and methodologies that allow 3D modeling of HTS coils [START_REF] Ando | Development of a Design Method for Superconducting Electromagnets Using Racetrack Coils[END_REF], [START_REF] Zhao | The Establishment of an Analytical Model for Coreless HTS Linear Synchronous Motor With a Generalized Racetrack Coil as the Secondary[END_REF], [START_REF] Gong | Threedimensional analysis of the magnetic fields and forces in a coreless HTS linear synchronous motor[END_REF], [START_REF] Zhang | Dynamic loss and magnetization loss of HTS coated conductors, stacks, and coils for high-speed synchronous machines[END_REF], [START_REF] Xu | 3D finite element modelling on racetrack coils using the homogeneous T-A formulation[END_REF]. As part of these efforts, in 2014 the 3D H homogenization was introduced with the model of a racetrack coil [START_REF] Zermeño | 3D modeling and simulation of 2G HTS stacks and coils[END_REF]. However, the implemented approach requires the use of high resistivity layers in the homogenized domain, which make the building of the geometry and of the mesh more complex. Five years later, the 3D homogenized T-A formulation was proposed by Huang et al. [START_REF] Huang | Effective 3-D FEM for large-scale high temperature superconducting racetrack coil[END_REF], who used it to calculate the AC transport losses of HTS racetrack coils. In this work, we expand the current knowledge by using the 3D T-A homogenization for the simulation coils with complex shapes such as racetrack, saddle and twisted coils. The modeling approach is based on normal vectors that follow the shape of the 3D geometry. Therefore, this general definition allows an easy implementation of the model despite the complexity of the geometry. 
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 1 Fig. 1. Distribution of the current density components inside one-fourth of a saddle coil when the current reaches the maximum value. From top to bottom: x-component (J x ), y-component (J y ) and z-component (J z ). The total current density is depicted in light blue arrows at the bottom.

Fig. 2 .

 2 Fig. 2. Current density behavior in one-fourth of the saddle coil computed with the 3D T-A homogenization model, for AC transport current (f = 50 Hz and I peak = 100 A) when the current is equal to zero, and after the first half period of the sinusoidal cycle. The current density is normalized with the critical current density by using equation (1) to reflect the two fronts of current (positive and negative) in the direction tangential to the winding.
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