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Abstract—Fully superconducting machine typologies allow 

maximizing the advantages of superconductors in rotating 
electrical machines and might be a key in overcoming the power 
density limitations of current technologies. However, their 
realization is facing a challenge since superconductors generate 
non negligible AC losses when supplied by AC currents or 
subjected to AC fields. Deviating the magnetic field from the wide 
surface of the conductor and striation are proven methods to 
significantly reduce magnetization losses in coated conductors. 
However, striation is only effective when filaments are decoupled 
electromagnetically. Winding a copper-plated striated coated 
conductor spirally around a core is a novel method to decouple 
filaments. In this work, cables consisting of such multifilament 
coated conductors are applied in an axial flux synchronous 
machine model and their losses are compared to those of 
superconducting tapes with magnetic leakage flux parallel to their 
wide surfaces. Cables’ models are first verified by comparison 
with analytical and experimental results. Then, these are applied 
in a single slot model previously developed by the authors to 
analyze and compare loss results to those of single tapes carrying 
the same current when exposed to the same surrounding magnetic 
fields. 
 
Index Terms— AC loss, finite element method, SCSC cable, 
Superconducting machines, T-A formulation. 

 

I. INTRODUCTION 
HE use of superconductors (SCs), with their high 
current carrying capacity might lead to increased 
magnetic loading and reduced weight in electrical 

machines [1]–[3]. However, present-day technology in 
superconducting tapes and cables still faces limitations, such as 
the non-negligible superconducting loss in AC conditions and 
material strain/bending limitations [4], [5]. The reduction of 
superconductor AC loss can be achieved through machine 
design and superconductor structural modifications [6]. 
Introducing ferromagnetic materials in the vicinity of the 
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superconductor and strategic coil positioning can help mitigate 
the impact of external magnetic field on SCs ensuring the field 
is mostly parallel to the superconductors flat surface [7] – [11].  

From a structural perspective, the striation of tapes allows for 
a reduction in magnetization losses, which are proportional to 
the conductor width [12] – [15]. However, if a local quench 
occurs in one of the filaments, an alternative current path is 
necessary for stable operation. Current sharing between 
filaments (and increased reliability against quench) can be 
achieved by copper plating the multifilament tape [16]. Yet, 
once the filaments are electrically connected, electromagnetic 
coupling can make the multifilament structure ineffective for 
loss reduction [17]. To decouple the filaments, the striated tapes 
must be spirally wound around a core at short twist pitches, to 
reduce coupling currents decay time [18], [19]. While the Spiral 
Copper-plated Striated Coated conductor (SCSC) cable 
stability against quench is provided by the tapes' copper plating 
and the cable's conducting core. Its low loss at operating 
frequencies up to few kHz is granted by the spiral geometry. 
Both characteristics make the cables appropriate for application 
in electrical machines armature windings where they are 
exposed to alternate fields and currents. 

Regarding their mechanical limitations, SC tapes can only be 
bent over their widest face with strict bending restrictions. This 
means that when inserted in electrical machines, specific 
winding topologies (e.g., distributed windings) become hardly 
realizable. Conversely, superconducting cables can be bent in 
all directions despite their minimum bending radius. In 
addition, the losses in superconducting cables are unaffected by 
the direction of the surrounding magnetic field. This means that 
due to the cable’s twisted geometry, changes of magnetic field 
direction in end-winding regions would have minimal impact in 
superconducting losses.  

This paper proposes a methodology to estimate AC 
performance of SCSC cables in axial flux electrical machine 
armature windings using finite element method (FEM) tools. To 
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estimate losses in SC elements, a high level of detail is 
imperative to guarantee precise results. This makes FEM 
models computationally demanding and time consuming, 
especially when 3D geometries are required such as in axial flux 
permanent magnet (AFPM) machines. Several formulations are 
reported in literature that allow describing superconductors 
using their characteristic non-linear resistivity power law and 
their dependence on surrounding magnetic fields [20]. 
Nonetheless, expedite methods to evaluate the performance of 
superconducting electrical machines are still scarce. In [21] a 
2D model was proposed for faster SC loss analyses in 
superconducting armature windings. This model is constructed 
by acquiring, from a 3D electrical machine simulation, the first 
harmonic of the magnetic field surrounding the superconductors 
along the armature slot borders. In this study, the model in [21] 
is expanded to include a full description of the magnetic field 
harmonics surrounding the SCs and used to analyze the SCSC 
cables’ losses and compare them to those of REBCO tapes. 

II. SCSC CABLE MODELLING 
Due to the high aspect ratio of 2nd generation superconducting 

tapes, it is possible to assume that current flows in the 
superconducting layer tangentially to the tape surface [22], [23]. 
This means that the T-A formulation with the thin sheet 
approximation can be applied allowing a significant reduction of 
computational complexity of the model, by reducing the number 
of degrees of freedom of the HTS domain [20]. The SC 
dependence on the applied magnetic field and its characteristic 
resistivity are defined in FEM by the Kim model in (1) and the 
E-J power law in (2) [24], [25]. 

 𝐽!(𝐁) = 𝐽!"
#

#$|𝐁| '!⁄  (1) 

In (1) Jc0 is the critical current density at self-field, and B0 the 
magnetic field that lowers the critical current density Jc by half. 

 	𝐄 = 𝐸" )
|𝐉|

*"(𝐁)
*
(-.#) 𝐉

*"(𝐁)
 (2)  

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.  

A. The T-A formulation 
The numerical model is constructed by defining in the tape 

domain, ΩSC, the potential vector T, and in all other domains ΩA 
the magnetic vector potential A, as in (3). Through the defined 
relations, Faraday’s law can then be solved in FEM (4) [26]. 
 ∇ × 𝐓 = 𝐉 in Ω/0     ∇ × 𝐀 = 𝐁 in Ω1  (3) 

 ∇ × 𝐄 = −𝜕𝐁 𝜕𝑡4  (4) 

Current is applied in the tapes by imposing Dirichlet boundary 
conditions at its edges. The value for T at each edge of the tape 
T1 = 0 and T2 = I/𝛿	 is obtained by integrating J over the cross-
section of the layer as in (5) [27].  
 ∬ 𝐉 ∙ 𝐧𝑑𝑆	 = ∮ 𝐓 ∙ 𝑑𝑙	

3 = (𝑇# − 𝑇4)𝛿	
	
/  (5) 

TABLE I 
STRIATED COATED CONDUCTOR AND REBCO PARAMETERS 

 
Parameter Striated coated 

conductor 
REBCO tape 

Ic* (A) 35 162 
B0* (mT) 150 150 

n* 21 21 
Tape width (mm) 2 4 

Number of SC filaments 10 1 
Width of filaments (mm) 0.155 - 

Copper width (µm) 50 - 
Tape thickness (µm) 95.6 95.6 

*Measured at 77 K 

  
(a)               (b) 

Fig. 1. Illustration of one pitch of the SCSC cable, modelled by 
the thin sheet approximation in 3D (a) and 2D models (b). 
 

In (5) L denotes the path formed by the boundary edges of 
the conductor, and δ is the thickness of the superconductor. In 
this study, constant temperature operation at 77 K was assumed 
for all models. 

B. 3D and 2D model for magnetization loss estimation 
The specifications of the multifilament coated conductor, and 

the REBCO tape are stated in Table I [21], [28]. The considered 
SCSC cable has two tapes per layer and a total of four layers of 
striated coated conductors. The cable core diameter, Dc, and its 
twist pitch, Lp, are 3 mm and 4.7 mm respectively. 

The focus of this work is to present a methodology for SCSC 
cable loss estimation in armature windings, thus, cables found 
suitable for a test setup were considered in this study. For the 
practical realization of superconducting armature windings, 
SCSC cables with tapes of increased critical currents and higher 
number of filaments would be a more suitable choice. 

The geometry of one pitch of the cable is shown in Fig. 1a. 
Here, only superconducting filaments are modeled, since the 
operating conditions allow assuming the current flows mainly 
in the SC layers. The 2D cable geometry, shown in Fig.1b, 
corresponds to a cross section of the 3D model, through a plane 
normal to the cable axial direction (z-axis in Fig 1a). 

In Fig. 2 a SC filament is depicted with the 2D model 
variables. Note that the current defined in the 2D model, Jz, is 
perpendicular to the model plane. Furthermore, the tapes’ width 
is increased by a factor of 1/cos(θ), where θ is the angle between 
the coated conductor and the cable axis (θ = 64º). This means 
that the considered critical current in the 2D model must also 
be increased by the same factor, hence, Ic2D becomes Ic/cos(θ). 

xz
y

x

y
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Fig. 2. Illustration of one filament of the SCSC cable with 
representation of the considered variables. 

 
Similarly, the computed variables E and J used to evaluate 

the losses must be corrected by a factor of cos(θ).  
The T-A formulation is applied in FEM to both 2D and 3D 

models, to estimate the cable’s AC loss with an externally 
applied alternate magnetic field Hm(t) = H0 sin(ωt+ϕ), in the 
y- axis direction. For the magnetization loss simulation both 
values of T1 and T2 are defined as zero. The considered 
magnetic field amplitude is varied between 10 mT and 100 mT 
and its frequency f is set as 112Hz in agreement with results in 
[28]. Note that since the considered cables measured coupling 
time constant, τc = 1/2π fc, is 0.05 ms the characteristic 
frequency fc, above which filaments are coupled is 3183Hz [28]. 
This means the filaments remain uncoupled for the considered 
operating conditions in this study, making cable losses mostly 
hysteretic [29]. In this situation, loss estimation in 2D, i.e., 
without representing the twisted geometry, provides results 
close to those obtained in 3D models.  

The current distribution is plotted for both models in Fig. 3 
for a magnetic field amplitude Bm of 100 mT. Since the 2D and 
the 3D models’ current density profiles agree, and E-J 
parameters are the same, then the losses must also agree. The 
magnetization losses (per cable meter) for different values 
magnetic field amplitude are shown in Fig. 4. with the 
experimental results reported in [28]. Analytical results for 
magnetization losses for SC tapes under applied transverse 
magnetic field, QBI (6) are also shown for comparison [30]. 

 𝑄'5 = 𝜇"𝑤4𝑓𝐽!𝛿𝐻"𝑔 )
6!
6"
* (6) 

In (6) w is the superconductor filament width, and H0 is 
amplitude of the applied magnetic field, Hc is the characteristic 
field, Hc = Ic/wπ, and g(x) is given in (7). 
 𝑔(𝑥) = (2 𝑥⁄ ) ln	cosh(𝑥) − tanh(𝑥) (7) 

Regarding the analytical results shown in Fig. 4, nf QBI 
corresponds to the contribution of QBI for all filaments. The 
result given by 2/π nf QBI has an added factor of 2/π to consider 
the portion of the tape that is impacted by external magnetic 
field considering the cable spiral structure [18]. In electrical 
machines, it is realistic for the armature windings to experience 
magnetic leakage flux densities ranging from 10 to 100 mT 
during standard operation [31], [32]. In these conditions, 
experimental and analytical results support the 2D model. In the 
remaining analyses, the 2D model is used for SC performance 
estimation as it allows calculating AC losses with reduced 
computational complexity and simulation time. 

 
(a)                            (b) 

Fig. 3. Normalized current density amplitude |J|/Jc, computed 
in the 2D (a) and (b) 3D SCSC cable models (Bm = 100mT).  

 
Fig. 4. Simulated magnetization loss results for SCSC cable 
with varying amplitude of external magnetic field and 
experimental results from [28]. 

III. AC LOSS ESTIMATION IN ELECTRICAL MACHINE 
ARMATURE WINDINGS  

The introduction of superconductor models in 3D electrical 
machines simulations is highly unpractical. High detail required 
in the tapes’ mesh and the non-linearity of the material’s 
resistivity make 3D models exceedingly demanding [33], [34]. 
The authors proposed in [21] a 2D model to replicate the 
working conditions of the superconductors in electrical 
machine stator coils to facilitate the SCs analyses. According to 
electromagnetic studies on the 3D electrical machines equipped 
with conventional copper conductors, the field surrounding the 
superconductors can be represented in a 2D cut plane of the 
armature slot. This means the superconductor can be analyzed 
with a 2D model, when the magnetic field solution obtained in 
3D models is imposed through boundary conditions. 

A. 2D Slot model 
To apply the proposed methodology a non-optimized 10-pole 

12-slot AFPM machine (shown in Fig. 5a) was designed by the 
authors using conventional sizing equations [35]. This topology 
was chosen since it can be realized with toroidal core wound 
coils, easily respecting the SCs bending limits. Additionally, a 
multi-stage structure will allow for better exploitation of the 
stator flux. The 3D motor study is performed with an imposed 
slot current of 910 A (in the 9 conducting elements) at a supply 
frequency of 100 Hz. The slot model methodology is illustrated 
in Fig. 5b. To ensure the representation of all magnetic field 
harmonics, the field in the armature slot is acquired at each 
mesh point of the slot boundaries at each time step the 3D FEM 
motor study solved with conventional copper conductors. 
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(a) 

 
 

 

(b) 

Fig. 5. 3D sketch of the 10-pole 12-slots single-stator double 
rotor case study AFPM machine (a) and (b) armature slot model 
in 3D (left) and 2D (right), the boundary for acquiring the 
magnetic field conditions is marked in blue dashed line.  

 
The acquired field is imposed in a 2D model where the T-A 

formulation is applied to the superconductors to estimate their 
AC losses. Note that by defining the tangential component of 
the field along the slot borders, through Ampere’s law, the total 
current inside the slot is also defined. This is feasible because 
the same current is being applied in the 3D model to the 
conducting elements and in 2D to the superconducting tapes.  

B. Numerical simulation results 
The results of the magnetic flux density color shade map |B| 

and flux density arrow surface are plotted, for the REBCO tapes 
and for the SCSC cables in Figs. 6a and b. In Table II are listed 
the estimated losses, computed by the slot model, for the SCSC 
cables and for SC tapes positioned parallel and perpendicularly 
to the machine’s leakage magnetic field.  

The resulting losses for the SCSC cables are higher than 
those calculated for the REBCO tapes when the external field 
is parallel to the tape’s surface, and lower than those for tapes 
perpendicular to the external magnetic field i.e., rotated 90º 
relative to the position shown in Fig. 6a. Since the 
superconductor performance is greatly impacted by external 
fields perpendicular to the surfaces of the tapes and filaments, 
this result is expected.  

In case of applied magnetic fields, SCSC cables outperform 
other non-spiral REBCO conductors (such as Roebel cables and 
twisted stacked tape cables) or single REBCO tapes since they 
are less affected by the direction of the applied field, resulting 
in low AC losses. However, when the tape surface can be 
arranged parallel to the magnetic field, Roebel cables or 
REBCO tapes may be more advantageous in terms of low AC 
loss and high critical current. 

TABLE II 
SCSC CABLES AND REBCO LOSSES COMPUTED IN THE 2D 

SLOT MODEL 
Model P (W/m)  

SCSC Cables 4.91 

REBCO tapes ∥ field 1.24 

REBCO tapes ⊥ field 18.1 
 

 

(a) 

 

(b) 

Fig. 6. Magnetic flux density color shade map and Bx, By surface 
plot arrows in the 2D slot model with the superconducting tapes 
parallel to the leakage field (a), and with SCSC cables (b). 

IV. CONCLUSION 
This paper presents a methodology to estimate losses of 

different superconducting tapes/cables in electrical machines’ 
armature windings that, for their geometrical nature, require 3D 
simulation models. Superconducting stator coils made of SCSC 
cables and REBCO tapes were considered. Using the T-A 
formulation, 3D and 2D models of SCSC cables were 
developed and loss results were compared with experimental 
data in literature and analytical solutions. 

The cables losses in electrical machines armature windings 
were analyzed for a case-study AFPM and their performance is 
compared to that of superconducting REBCO tapes with 
different orientations inside the stator slots, showing the 
applicability of SCSC cables in armature windings of electrical 
machines.  

The developed 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 laminated iron cores, when superconducting 
elements are considered. 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 different 
superconducting materials in electrical machines AC windings.  

Stator iron

Rotor iron

xy
z
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