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Abstract— The use of superconducting AC windings in 

rotating electrical machines is usually avoided due to the non-

negligible hysteresis losses of superconductors. However, if these 

AC losses are mitigated, their implementation may allow to 

further increase the power density of electrical machines. This 

paper proposes a methodology for evaluating the AC losses in 

superconducting tapes when applied to the realization of slotted 

stator windings in AC electrical machines. In particular, the 

approach allows to reduce the computational requirements 

when the geometrical nature of the considered superconducting 

electrical machine requires 3D finite-element models, as in the 

case of axial flux machines. The machine is first simulated with 

a 3D FEM model without superconductors. Then, using a 2D 

single-slot FEM model, the superconducting AC losses are 

computed. The methodology is applied to a case study of an axial 

flux permanent magnet machine with AC superconducting 

stator windings. The model is validated by comparing the 

magnetization and the transport current losses estimated in the 

superconductors by the FEM simulations with those by 

analytical formulations. 

Keywords—electrical machines, power density, 

superconductors, finite element method, T-A formulation. 

I. INTRODUCTION 

High-temperature superconductors (HTS) have started to 
be investigated as potential alternatives to conventional 
conductors in energy applications. The reason is that their high 
current carrying capacity and near-zero power loss in DC 
conditions make them particularly attractive for the realization 
of low-weight, high-power energy conversion devices. The 
expectation that higher power densities can be attained with 
superconducting electrical machines has also led in recent 
years to several funded projects for transportation and energy 
generation. Demonstrating prototypes were developed for 
offshore wind generators [1] – [3]. For transportation 
electrification, there has been a growing interest in propulsion 
motors for future electrified aircraft [4] – [6]. 

Superconducting machines can be built in both partially 
and fully superconducting configurations [7]. In the former 
one, the superconductors (SCs) are integrated into either the 
stator or the rotor of the machine. 

Conversely, fully superconducting machines utilize SCs in 
both the rotor and stator circuits. These superconducting 
materials are commonly used as tape or wire coils in 
substitution of conventional copper conductors or magnetized 
bulks to replace permanent magnets [8].  

Most of the superconducting AC electrical machines 
developed to date feature a partial configuration, where the 
superconducting circuits are restricted to the rotor side and 
carry DC currents for the machine excitation due to having 
intrinsic near-zero resistivity in DC conditions [9]. However, 
using SCs on the rotor implies significant challenges to keep 
them at cryogenic temperatures, such as adopting rotating 
cryocoolers. These drawbacks could be overcome if SCs were 
applied to the armature conductors located on the machine 
stator. However, in the armature windings of AC machines, 
the SCs are supplied with time-varying currents and are 
exposed to variable magnetic fields. Such operative conditions 
bring the SCs to manifest non-negligible hysteresis loss [10].  

The accurate estimation of superconducting AC losses is 
essential for realizing practical designs of electrical machines 
with superconducting windings. The cryocooler must deliver 
the required cooling power to extract the heat incurred by the 
windings and maintain the superconductors within cryogenic 
temperatures. Indeed, excessive heating of the SC coils risks 
the disruption of the superconducting state, potentially 
causing irreversible damage to the SCs. 

Different formulations can be found in the literature to 
estimate losses in the SCs and account for both the 
superconductor non-linear resistivity and its dependence on 
the surrounding magnetic fields [11], [12]. However, great 
detail is imperative to accurately compute power losses in 
superconducting materials. The tiny dimensions of SCs, 
together with their high width over thickness aspect ratio, 
make these non-linear models usually complex and 
computationally demanding to be applied in finite element 
method (FEM) simulations of rotating electrical machines 
[13]. This complexity is further exacerbated if 3D geometries 
and moving meshes are mandatorily required, such as for the 
design and analysis of axial flux machines. This would make 
machine design optimization processes requiring several FEM 
simulations highly impractical.  

In order to provide more expedited methods compatible 
with machine design methodologies, the authors proposed in 
[14] a 2D single-slot model suitable for SC loss computation 
and application assessment in armature windings of axial flux 
superconducting machines. 

This study was carried out within the “Superconducting electric 
machines and crYogenic power electronics for high efficiency, reliable and 

power-dense eNERGY conversion (SYNERGY)” project – funded by 
European Union – Next Generation EU within the PRIN 2022 program (D.D. 

104 02/02/2022 Ministero dell’Universita e della Ricerca). This manuscript 

reflects only the authors’ views and opinions, and the Ministry cannot be 
considered responsible for them. 
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Fig. 1. Case study AFPM machine: (a) 3D sketch of the 10-pole 12-slot 
single-stator double-rotor configuration, (b) stator with core-wound tapes. 

The approach consists of an initial simulation of the 3D 
machine model with standard copper conductors. By the 
magnetic field in the air gap and stator back iron regions, the 
spatial variation of the magnetic field on the slot edges is 
derived and applied to the 2D slot model, where the 
conductors are modeled using the superconducting 
formulations. In [14], the temporal evolution of the magnetic 
field in the 2D model is included by considering only the first 
time harmonic of the magnetic field spatial distribution. 

This paper proposes an improvement of the method 
presented in [14], considering the magnetic field spatial 
distribution and temporal evolution at each mesh point of the 
slot boundaries. In this way, the 2D slot model replicates the 
magnetic field surrounding the SC coils of the 3D machine 
model more accurately. As in [14], the SCs are also modeled 
using a thin-sheet approximation with the T-A formulation. 

II. MULTI-STAGE AXIAL FLUX PM MACHINE 

CASE STUDY 

To evaluate the applicability and accuracy of the proposed 
methodology, a 10-pole 12-slot axial flux permanent magnet 
(AFPM) machine with core-wound coils is considered as a 
case study. Fig. 1a shows the 3D sketch for the considered 
multi-stage machine configuration, having a single-stator and 
double-rotor with permanent magnets. 

Figure 1b presents a detail of the stator core with an 
example of conducting tapes positioned in a core-wound 
configuration. This machine type and winding layout have 
been selected for this case study because they may allow an 
easier future prototype realization for reduced machine 
dimensions. 

TABLE I. MAIN DESIGN DATA OF THE AFPM MACHINE 

Parameters Values 

Rated power (kW) 20 

Rated speed (rpm) 1200 

Magnet thickness (mm) 8 

Magnet polar pitch (p.u.) 0.778 

Airgap thickness (mm) 1 

Outer Diameter (mm) 375 

Inner Diameter (mm) 150 

Total Axial length (mm) 164 
 

 
Fig. 2. Air gap flux density in rated load condition. 

 
Fig. 3. Electromagnetic torque of the AFPM machine with copper windings. 

Indeed, one of the drawbacks of superconducting tapes is 
their limited bending radius, which must be respected to 
preserve their mechanical integrity and electromagnetic 
properties. From this perspective, conventional distributed 
winding layouts are not the best option for applying SCs, 
mainly because of the multiple overlaps among the end-
windings that make the conductors path not always 
straightforward. On the other hand, it is expected that toroidal 
windings present less criticalities on the bending radii, both at 
the inner and outer machine diameters. Moreover, the multi-
stage axial flux machine with single-stator double-rotor 
configuration allows exploiting both sides of the toroidal 
winding layout. 

For this study, both tooth and core winding layouts could 
have been chosen to respect the superconductors bending 
limitations. However, core wound coils (as shown in Fig. 1b), 
were considered more suitable to limit slot leakage 
perpendicular magnetic flux hitting the SC tapes surfaces, 
which heavily impacts the conductor performance and 
hysteresis losses. 



 

Fig. 4. FEM model of the stator core and a detail of the slot with the surface 
elements used to model the conductors. 

 

Table I lists the main data for the AFPM considered for 
this research activity. It has to be remarked that this machine 
has been designed by the authors using conventional sizing 
equations for copper wounded axial flux machines [15]. It can 
therefore be considered as a case study for applying the 
superconducting formulations, as well as for the development 
and validation of the proposed modeling approach and of the 
AC loss estimation in the superconductors. However, further 
design refinements and optimization, that are beyond the 
scope of this paper, will be required for a prototype realization. 

The overall performance of the sized machine has been 
verified by means of 3D FEM simulations with copper 
conductors. The 3D study was carried out using a copper 
wound armature, due to the high computational time required 
to simulate the same machine with superconducting coils for 
the intrinsic computational complexity introduced by the SCs 
formulations. In the developed FEM model, the copper 
conductors are here modeled as ‘flat’ current conducting 
elements having the same dimensions as the SC tapes (see 
Fig. 4). In this way, the resulting magnetic field distribution 
into the slot is expected to be more consistent with that 
generated by superconducting tapes carrying the current. It 
goes without saying that this similarity is valid for simulations 
only, since copper conductors having the same dimensions as 
the SC tapes would not be suitable to transport the same 
current values. 

The air gap flux density results in rated load condition and 
the electromagnetic torque obtained by the 3D model of the 
AFPM machine with copper conductors are shown in Fig. 2 
and Fig. 3, respectively. The conducted FEM simulations are 
performed with all the current imposed in the q-axis, i.e., in 
maximum torque condition. Note that since the current is 
imposed in the armature coils in this model, the main 
difference between the superconducting and the copper 
machine models are the conductor losses and the resulting 
phase voltage for the same phase current. 

For the 2D slot model simulations, superconducting 
REBCO tapes are considered, and their defining parameters 
are stated in Table II [16]. The tape width and height listed in 
the table refer to the geometrical dimensions of the whole 
coated tape. The thickness of the superconducting layer is 
1.6µm only, as depicted in Fig. 5.  

For the machine considered on case study, the maximum 
slot current at rated performance is equal to 910 A. 

TABLE II. REBCO COATED CONDUCTOR PARAMETERS AT 77K 

Ic0 
(A) 

B0 
(mT) 

n 
Tape width 

(mm) 
Tape height 

(µm) 

162 140 21 4.01 95.6 

 

Fig. 5: Sketch of a coated SC REBCO tape [16]. 

Therefore, to limit the current in each conducting element 
well below the critical current value for the considered 
REBCO tape (see Table II), it has been assumed that each slot 
has 9 conductors, as illustrated in Fig 4. 

III. SUPERCONDUCTOR MODELING 

A. Superconducting state characteristics 

Superconductors are characterized by three main 
parameters, dependent on the material: a critical temperature 
Tc, a critical magnetic field Hc, and a critical current density 
Jc. Surpassing any of these critical values causes the loss of 
the superconducting state. 

In FEM, the relations (1) and (2) are defined on the 
superconducting domains to characterize the material 
behavior. In detail, the critical current density dependence on 
the applied magnetic flux density is introduced through the 
Kim model in (1) [17]. 

 ����� � ��	
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In (1), Jc0 is the critical current density in self-field 
conditions, and B0 is the magnetic flux density that lowers the 
critical current density Jc by half. Both these constants depend 
on the tape materials. Usually, they are provided by the 
manufacturer, or they can be obtained through experimental 
tests on samples of the SC tape. 

The non-linear relation between the electric field and the 
current density in superconductors is defined in (2) through 
the E-J power law [18]. 
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In (2), E0 is the critical electric field, defined by convention 
as 100 µV/m, and n is the superconducting exponential 
constant, which defines the steepness of the transition between 
the superconducting and resistive state (that can also be 
interpreted as a measure of tape quality). Notice that to 
estimate the AC losses, the critical current density dependence 
on the temperature is not considered in this model, and the 
temperature is assumed to be constant at 77 K. 

B. T-A formulation 

Although coated conductors consist of multiple layers 
[19], the model applied in this study adopts the thin-sheet 
approximation. It is assumed that all the current in the tape 
flows exclusively in the superconducting layer, which 
provides the lowest resistivity path. 



Thus, the tape structure is simplified to a single SC layer 
of negligible thickness, i.e., a surface in 3D models or a line 
in 2D models. Consequently, layers such as copper, silver, and 
the substrate (steel) are excluded from the FEM model. 

This approximation applies to REBCO tapes due to their 
high aspect ratio (see Table II), thereby enabling the 
assumption that all the current flows tangentially to the tape 
surface [20], [21]. In the literature, it was verified that the thin-
sheet approach remains valid for a supply frequency lower 
than 150 Hz and a current lower than the critical current. For 
currents exceeding the material critical current, the impact of 
the resistive copper layers on the tape losses should be 
considered [22]. For frequencies higher than 150 Hz, 
magnetization losses in copper layers will no longer be 
negligible [23]. However, for the operative conditions 
considered in this study, the losses in the remaining 
conducting layers of the superconducting tape can be 
neglected. 

The T-A formulation is applied in FEM by defining in the 
tape domain the potential vector T in (3). 

 ∇ � � � � (3) 

In all other domains of the model, the magnetic vector 
potential A is defined as in (4). 

 ∇ � � � 
 (4) 

These two equations can then be used to solve Faraday’s 
law [24]. 

 ∇ � � �  !
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To apply the current in the tape, Dirichlet boundary 
conditions are imposed at its edges. Since T can be obtained 
by integrating the current density J over the cross-section of 
the layer, then by Stokes theorem, the value for T at each edge 
of the tape T1 and T2 is obtained by (6) [25]. 

∬ � ∙ %&' � ∬ �∇ � �� ∙ %&' � ∮ �&) � �*
  *+�, 
.

 
/

 
/  (6) 

In (6), L denotes the path formed by the boundary edges of 
the conductor, and δ is the thickness of the superconductor. 

IV. 2D SLOT MODEL 

The 2D slot model is based on the magnetic field 
information derived from a 3D FEM simulation of the 
complete electric machine. Considering the geometric 
symmetry of the machine, each slot will be subject to similar 
magnetic field evolution for a complete rotation of the rotor. 
Hence, for the analyses on the magnetic field surrounding the 
conductors, only a single slot has been analyzed, assuming 
similar conditions for all the others. 

By means of preliminary 3D FEM simulations on the 
considered axial flux machine with copper conductors, it has 
been verified that the magnetic flux distribution into the slot 
is not significantly altered along the slot length in the machine 
radial coordinate, i.e., along the z-direction according to the 
reference frame reported in Fig. 4 and Fig. 6 [14]. This means 
that in the 3D FEM model, a single cut plane can be defined 
at the middle slot length to retrieve the information of the 
magnetic field acting on the slot edges. This information can 
then be applied to the cross-section model of the slot to 
perform straightforward analyses. 

 
Fig. 6. Stator slot model in 3D (left) with highlighted in red the cut plane for 
defining the boundary conditions to be applied in the 2D slot model (right). 

 
Fig. 7. Slot model methodology flow chart. 

Therefore, the resulting SC losses obtained by the 2D 
single slot model can be extended to the whole machine, 
multiplying by the slot length and total number of stator slots. 

Fig. 6 shows on its left side a 3D sketch of a stator slot 
with the 9 surface conducting elements, together with the cut 
plane for the slot cross-section definition (in red). For each 
mesh node lying on the boundaries of the slot cross-section 
(which is represented in the dashed blue line in Fig. 6), the 
tangential magnetic field Ht (x,y) is obtained. Applying this 
procedure for each time step of a 3D transient FEM 
simulation, the time evolution of the magnetic field for each 
of the mesh nodes Ht (x,y,t) is retrieved. Obviously, higher 
mesh densities and small time steps in the resolution of the 3D 
FEM model result in higher accuracy in the definition of the 
magnetic field on the slot edges. Despite the longer solving 
time for the initial 3D model, the enhanced accuracy in the 
magnetic field definition will reflect in more accurate analyses 
using the 2D single slot model.  

In the 2D slot model, the acquired magnetic field is 
imposed as boundary condition for each mesh point on the slot 
edge. Since the mesh density that can be defined for 2D FEM 
models is usually thinner compared to those adopted in 3D 
models, and the time stepping shorter, the magnetic field 
information Ht (x,y,t) obtained by the 3D analysis has to be 
interpolated for the remaining mesh nodes and time steps. At 
this point, since the magnetic field conditions have been 
defined, the conducting elements are modeled in the 2D slot 
model by applying the superconducting formulations reported 
in Section III. 

It has to be noted that by defining the tangential 
component of the magnetic field along the slot borders, the 
total current inside the slot is also defined. 



 
 (a) 

 
 (b) 

Fig. 8. Magnetic flux density color shade map and Bx, By surface plot arrows 
in the cut plane of the 3D machine slot (a), and in the 2D slot model (b). 

The magnetic field on the full 3D machine and 2D slot 
model are the same, and by Ampère’s law, the slot current is 
also the same. The full methodology for the superconductors 
AC loss estimation is summarized in the diagram in Fig. 7. 

A. Numerical analyses 

Figure 8 shows the color shade maps for the flux density 
norm |B| and the flux density arrow surface, Bx and By, in the 
analyzed stator slot. In detail, Fig. 8a shows the results on the 
slot cross-section defined by the cut plane in the 3D model of 
the complete machine with ‘flat’ copper conductors. The 
simulation has been conducted considering both the rated 
current in the conductors and the permanent magnet 
magnetization. According to the procedure described the 
information on the magnetic field on the slot edges in the 3D 
model has then been imposed on the 2D slot model as 
boundary conditions, and the superconducting tapes were 
introduced. The results in terms of |B| color shade map and Bx 
and By arrows for the 2D single slot model with 
superconducting tapes are displayed in Fig. 8b. 

By comparing the results in Fig. 8a and Fig. 8b, it is 
verified that the method used accurately describes the 
magnetic flux density in the 2D slot model, particularly in 
proximity to the conducting elements. The arrow plots in 
Fig. 8 also confirm that the magnetic leakage flux into the slot 
mainly flows straight through the slot width (x-direction 
according to the model reference system displayed in the 
figures), except for the top and bottom slot regions that are, 
respectively, affected by the presence of the slot opening and 
the stator yoke. 

The results confirm the appropriateness of considering 
core-wound windings for realizing a superconducting axial 
flux machine. In fact, the tapes orientation into the stator slot 
that better matches the bending purposes around the stator 
core is shown in Fig. 1b and Fig. 4. This tape orientation also 
allows to maintain the magnetic flux density almost parallel to 
the tapes, significantly reducing the impact on the 
superconductor losses [26]. 

B. Losses estimation in SCs using the 2D single slot model 

and comparison with analytical methods 

A superconductor carrying an AC current presents a non-
negligible transport loss contribution (PT). Similarly, when the 
superconductor is operated in the presence of an external 
magnetic field, it presents magnetization losses (PM) [27]. The 
literature on superconductivity reports analytical formulations 
that are often used to estimate these loss components in SCs. 
In detail, the Norris equation is used for the transport losses, 
while the Brandt formulation is applied for magnetization 
losses [28], [29]. Therefore, these analytical formulations are 
here considered for assessing the accuracy of the proposed 2D 
single slot model in estimating the losses in superconducting 
tapes when used for AC windings of electrical machines. 

However, it has to be considered that Norris’s formulation 
is valid only for SCs with AC transport currents and in self-
field conditions, while Brandt’s formulation is valid for SCs 
immersed in a time-varying magnetic field but without 
transport current into the conductor. For this purpose, two 
analyses were done using the developed FEM models. The 
first one aims at determining only the magnetization loss 
component that originates from the magnetic flux produced 
by the permanent magnets on the machine and that invests the 
superconducting tapes positioned into the stator slot. In this 
case, the magnetic field is determined from the 3D AFPM 
model when the machine slot current is set to zero, and the 
permanent magnets have a remanent flux density Br = 1.1 T. 
The second case analyzed aims to determine the transport loss 
component. In this case, the FEM model is simulated by 
applying the rated current to the superconductors and no 
magnetic field from the permanent magnets. This is done by 
setting the magnet remanence Br to zero and imposing a rated 
slot current of 910 A in all slots.  

The magnetic field amplitude perpendicular to each tape 
surface (y direction in Fig. 8) is evaluated to compute the 
analytical losses PM (W/m) given by Brandt’s equation for 
magnetization losses [29]. This solution, for a 
superconducting strip subject to an alternate external magnetic 
field applied perpendicular to the tape, is stated in (7). 

 01 � 2�3+4��,5�6 �7	
7�
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In (7), w is the superconductor width, f is the frequency of 
the applied magnetic field and H0 is its amplitude, Hc is the 
characteristic field, Ic0/wπ, and g(x) is given by (8). 

 6�8� � �2 8⁄ � ln cosh�8�  tanh�8� (8) 

For the simulation where only applied current is 
considered, the transport loss analytical solution PT (W/m) is 
given by Norris’ equation for a tape carrying an AC current 
in its hysteretic stage [28]. The solution is stated in (9). 

 0B � C	DE�	F

G H�1  J�ln�1  J� K �1 K J�ln�1 K J�  J+L(9) 



TABLE III.   FEM AND ANALYTICAL AC LOSSES 

Model 

FEM Analytical 

2D Slot model 
(W/m) 

PT 

(W/m) 
PM 

(W/m) 

Applied current 0.273 0.234 - 

Applied field 0.134 - 0.118 

TABLE IV.   2D VS. 3D LOSSES AND SIMULATION TIME 

Slot model P (W/m) Simulation time 

2D [14] 2.09 3m 50s 

2D 1.24 20m 40s 

3D 1.52 14h 28m 51s 

 

In (9), i is the ratio between the transport current and the 
critical current at self-field, It/Ic0 and f is the frequency of the 
supply current. In the FEM model, the tape losses per unit 
length P (W/m) are determined by the time integration of the 
instantaneous AC loss over one cycle (10). 
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Table III reports the analytical solutions with the slot 
model results, showing coherent values and validating the 2D 
model. 

V. 3D SINGLE SLOT MODEL 

To further verify the accuracy of the 2D slot model 
approach in evaluating the SC losses, the methodology has 
also been extended to a 3D single-slot model. In detail, from 
the 3D FEM model of the complete AFPM machine initially 
solved with copper conductors, the magnetic field distribution 
is derived, in each mesh point in the x, y, z coordinates of the 
analyzed armature slot, and for all the simulation time instants. 
The resulting matrix Ht (x,y,z,t) is applied to the 3D single slot 
model through magnetic field boundary conditions, and the T-
A formulation is used for modeling the superconducting tapes. 

The AC losses evaluated for the nine SC tapes using the 
2D and the 3D single slot models are listed in Table IV. The 
computing time for the expanded 2D model proposed in this 
paper is higher due to its detailed magnetic field representation 
compared to the model in [14]. However, applying the 
expanded 2D model reduces the relative error to the 3D model 
from 38% in [14] to 18%. The losses estimated by the 
expanded 2D model are lower than those from the 3D 
simulation and the method in [14]. Nonetheless, the expanded 
model shows consistency in the magnetic field representation 
with the result obtained in the 3D model, which is essential for 
evaluating superconducting tape performance. 

The 2D model provides the advantage of lower 
computation time, while the 3D model presents a more 
rigorous magnetic field representation. The difference 
between the 2D and the 3D models can be attributed to using 
different meshes and the time stepping in each model. Note 
that the end-windings are not included since this model is only 
used to evaluate the losses inside the slot region. When the 
end-windings are included in the 3D model, the magnetic field 
surrounding the tapes outside the slot region will no longer be 
parallel to the conductor surfaces, and most likely, this will 
cause an increase in losses in the superconductors. 

VI. CONCLUSION 

This paper presents a method for expediting loss 
computation considering superconducting AC windings in 
electrical machines that, for their geometrical nature, require 
3D simulation models. Specifically, the 2D slot model 
previously developed in [14] is expanded to provide a more 
accurate description of the magnetic field time- and spatial 
harmonics in the stator slot of AC electrical machines. The 
proposed 2D modeling approach allows to restrict the FEM 
simulation only to the slot and the SC elements, avoiding 
dealing with moving mesh for the rotor and other non-linear 
materials such as the laminated iron core. 

The full machine is first simulated in 3D using applied 
currents on surface copper conducting elements. The 
information about the tangential magnetic field along the slot 
edges and its time variation is derived and applied to the 2D 
single slot model, where SCs are modeled using the T-A 
formulation. As case study, this research uses a preliminary-
sized axial flux permanent magnet motor with 
superconducting stator winding. The proposed method is 
validated by comparing the estimated transport and 
magnetization losses in the superconducting tapes with those 
computed by analytical formulations reported in the literature. 
This methodology provides an efficient procedure for loss 
estimation in the design of superconducting AC electrical 
machines, and it can be used to estimate the cooling power 
required for superconducting AC windings. Furthermore, the 
2D single slot model can also be exploited to investigate 
practical methods to mitigate the effects of the applied 
magnetic field on the SC tapes, such as shields, flux diverters, 
and different tapes positioning inside the armature slot. 
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