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Abstract— Trapped flux magnets made by stacking high tem-
perature superconducting tape portray an easy assembly with al-
ready available materials, high mechanical resistance, provided 
by the substrate and improved thermal stability, which enhances 
the trapped flux compared to bulks. This allowed reaching the 
world record of 17.7 T. The presented analysis expands previous 
work with wide superconducting tapes showing further possible 
improvements in this kind of devices in order to be used as source 
of magnetic flux in electrical motors, substituting permanent 
magnets. The aims are to increase the trapped magnetic flux dur-
ing magnetization and decrease the leakage flux at the edges of 
the magnet during the operation of the machine. This is expected 
to be achieved by either introducing new materials in-between 
the individual tapes, such as ferromagnetic layers, or modifying 
the composition of the substrate. The results of simulations using 
the H-formulation as well as experimental measurements are 
presented. 
 

Index Terms— Superconducting magnets, high temperature 
superconductors, numerical simulation, magnetization processes, 
magnetic flux leakage. 

I. INTRODUCTION 

HE application field of rotating electrical machines can be 
manifestly expanded by increasing the magnetic flux den-

sity levels in the airgap under which they operate. In a first 
approximation, the power density of the machine escalates lin-
early with this magnitude [1] and hence, the introduction of 
superconducting technology may enable high torque, low 
speed devices, especially suitable for aircraft propulsion [2] 
and wind generation [3] applications. Nonetheless, despite the 
advances in material technology and manufacturing methods 
that happened in recent decades, commercialization of this 
kind of devices has not happened yet. 

The complexity associated with the electromagnetic, ther-
mal and mechanical requirements needed to operate these ma-
chines and the corresponding decrease in reliability may be 
one of the reasons for this outcome. In this sense, stacks con-
sisting of pilled-up superconducting tape, firstly proposed as 
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field source for compact nuclear magnetic resonance equip-
ment [4] could ease some of these demands [3]. Once induced 
using a normal field, current vortexes circulate in the super-
conducting layers as long as cooling is provided [5]. In this 
manner, flux levels one order of magnitude above the ones 
provided by the state-of-the-art permanent magnets have been 
achieved in laboratory conditions [6], prompting the question 
of their applicability in this same role, –flux source– in the ro-
tor of synchronous machines. 

However, the electromagnetic conditions inside a rotating 
electrical motor differ from those laboratory ones for station-
ary magnets. First, the supercurrents must be induced in the 
stacks before operation, preferably without adding further el-
ements to the machine. A way of achieving this would be to 
utilize the stator mounted winding located at the other side of 
the airgap. Pulse magnetization techniques can be used if its 
conductors are conventional ones [7]. On the other hand, for 
stator coils also wound from superconductor material, field 
cooling magnetization seems the only reasonable choice. In 
this case, concerning a fully superconducting machine, the 
flux trapped by this later magnetization approach is limited by 
the DC capacity of the stator superconducting coils minus a 
safety margin to avoid quenching triggered by local imperfec-
tions [8]. This magnetizing flux is inversely proportional to 
the reluctance of the full magnetic circuit, which encompasses 
in a rotating electrical machine at least the stator yoke, the al-
ready mentioned airgap, the rotor yoke and the stacks them-
selves. Classical conventional configurations also feature sta-
tor teeth. The reduction of this total reluctance that limits the 
magnetization level by using tapes featuring a strongly ferro-
magnetic substrate was considered in [9], with no improve-
ment observed since the bigger permeability also increases the 
leakage flux. 

Another difference between the operation of stationary 
magnets and the ones used in rotating electrical machines lies 
in the fact that the discrete distribution of teeth, if present, and 
stator winding coils modulate the main flux component in the 
airgap, yielding high frequency harmonics with significant 
amplitude. That is, stacks mounted on the surface of the rotor 
would experiment an AC environment. The normal compo-
nent of this flux produces in the stacks heating [5], which re-
duces their performance and must be removed by the cooling 
system, whereas the tangential components alter the macro-
scopic current vortexes, yielding demagnetization [10].  

In order to avoid those problems created by AC fields, the 
simpler surface mounted stack configuration used for the sim-
ulations in [8] and tested in [11], can be modified by adding 
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ferromagnetic material around the trapped-flux magnet, that is, 
burying the magnets inside the rotor yoke. The rotor yoke 
shields them producing a mostly a DC electromagnetic envi-
ronment in what is known as an interior mounted magnet con-
figuration. Based on this idea, a novel rotor layout specifically 
tailored for stacks operating in a fully superconducting syn-
chronous motor was proposed in [12]. However, the rotor 
yoke’s ferromagnetic material reduces the reluctance between 
the center and the edges of the magnet, increasing again the 
leakage flux, as seen in [12]. 

Thus, the aim of this work is to widen the results published 
in [9] by studying using numerical means the magnetization 
process and the leakage flux of an interior mounted supercon-
ducting stack inside an electrical machine in order to maxim-
ize its linked or useful flux. Furthermore, a solution is pro-
posed consisting of modifying the stack’s magnetic permeabil-
ity across its width. Experimentally, this can be done adding 
ferromagnetic layers between tapes that only cover selected 
portions (the center of the stack), but in the long term what it 
is envisioned is modifying the composition of the substrate it-
self, following some works by manufacturers [13]. Compared 
to [9], in which the magnet performance was assessed sur-
rounded by air or partially enclosed in ferromagnetic material 
(in a configuration similar to the one used in surface mounted 
permanent magnet motors), here the full magnetic circuit of an 
elementary machine with interior mounted magnets and open 
ends, as proposed in [12], is evaluated. With this aim, the rest 
of the paper is organized as follows: Section II summarizes the 
finite element model used, Section III presents the simulated 
results on a heterosubstrate stack, compared in Section IV 
with some experimental measurements obtained by means of a 
scan probe using in this case ferromagnetic layers. Finally, 
Section V yields the conclusions. 

II. FINITE ELEMENT MODEL 

The H-formulation is applied to obtain the electromagnetic 
state during the magnetization process in a surface depicting 
the cross section of a basic segment of an electrical machine 
[14]: 

 
(1) 

 

In (1) the state variable to be solved, the magnetic field H, 
is a vector in that same plane, H=[HX HY]T and the derived 
quantities electric field and current density, E=[Ez] and J=[Jz] 
respectively, are perpendicular. 

In the superconducting regions, the stacks, ρ in (1) is im-
plemented by means of the E-J power law: 

 

 
(2) 

 

The stack regions have been modelled as a homogeneous, 
that is, behaving as an isotropic bulk with the critical current 
correspondingly scaled down. Since in this work 

 and , an inaccuracy is expected to 
be introduced by the computations from the independence of 

Jc with the angle of incidence of the magnetic flux density B. 
Nevertheless, the ferromagnetic regions surrounding the stacks 
cause that both the linked and leaked flux are predominantly 
normal within the stack and thus this minimizes this error to 
an estimated 5% variation, according to previous works [9]. 

The simplified geometry simulated is shown in Fig. 1. 
Comprises two half poles of a simplified machine having in-
ternal mounted stacks with open ends, as in [12]. This is the 
minimal span that can be simulated using magnetic insulation 
as a boundary condition around the whole area, since the mag-
netic flux density during the magnetization process is symmet-
rical with respect to the center of each pole and thus parallel to 
these boundaries. Further characteristics of the geometry are 
shown in Table I. 
 

TABLE I 
GEOMETRIC AND ELECTRIC CHARACTERISTICS OF THE SEGMENT 

Stator external diameter 236 mm 
Stator internal diameter 214 mm 
Stator winding distance to center 101.5 mm 
Stator coil cross section 2.8 x 7 mm 
Airgap length 12 mm 
Stack thickness 5 mm 
Rotor yoke external diameter 190 mm 
Rotor yoke internal diameter 150 mm 
Machine length 175 mm 
Angle of the circular section 36 deg 
Coil turns 6 
Temperature of operation 40 K 
Magnetizing current range 0.2 - 2.4 kA 

 
Regarding the material properties input in the computation, 

iron-cobalt alloy Vacoflux 50, having a magnetic flux density 
saturation value of 2.35 T [15] is used in the stator yoke, 
whereas standard silicon steel M270-A35 fills the rotor iron 
regions surrounding the stacks. American Superconductor 
AMSC (RE)BCO tape is considered for the stacks. This tape 
features very good characteristics for stacking since it is man-
ufactured in a width of 46 mm and yet portrays an engineering 
current density of 4.49·108 A/m2 (391 A/cm-width) at 77 K 

 
Fig. 1.  Geometry simulated comprising two half-poles of an electrical motor. 
The superconducting stacks embedded in the rotor yoke are depicted in blue. 

The approximate path of the linked flux is indicated by the wide arrows. 
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and self-field (Fig. 2). Its thickness is 87 μm and the super-
conducting layer is deposited on a Ni-5 at. %W substrate [6]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The time-stepping simulation reproduces a field cooling 

magnetization of the stacks, performed following the three 
stages depicted in [8]. Initially, the machine is de-energized. 
The currents in the two stator coil sides shown in Fig. 1 are 
then ramped up, being the stacks kept above the critical tem-
perature. In the second one, the rotor is cooled down, in this 
case to 40 K, and finally, the last part consists of ramping 
down the currents in the coils. Supercurrents are then induced 
in the stacks opposing the variation of the decreasing flux. 

Seven different levels of magnetizing current have been 
employed in the simulations, ranging from 0.2 to 2.4 kA. Two 
different stack morphologies have been processed following 
the results of [9]. The first one with the same relative magnetic 
permeability in the full stack equal to 10. This value is ob-
tained experimentally from [6] for the same material in high 
field conditions. The other configuration consists of a refined 
design with a value of 1 only at its sides (see Fig. 1), top and 
bottom, which spans a distance of 5 mm. 

The constructive process of such a magnet with different 
magnetic permeability across its surface would consist either 
of introducing central ferromagnetic layers between tapes, 
with inert ones surrounding them at the sides, or there might 
exist the possibility of growing the superconducting layer on a 
composite substrate, following [13], with slight ferromagnetic 
one at its center, such as Ni-5 at.%W, and having mainly non-
magnetic material at the edges (such as Ni-9.5 at.%W with a 
Curie temperature below 25 K). In this work this latter option 
is studied by FE analysis, whereas the first is utilized to obtain 
some experimental results. 

III. SIMULATED RESULTS 

The results of the computations carried out with the original 
and modified stacks are presented in the two points of this sec-
tion. 

A.  Flux Leaked through the Edges of the Stack 

Fig. 3 presents the results of integrating the magnetic flux 
density during the magnetization procedure across the iron 
yoke surface facing one stack. The upper blue line represents 
the flux level induced by the coils and follows the classical 
evolution of the magnetic circuit saturation, whereas the lower 
red line is the value at the end of the simulation, when all the 
magnetomotive force comes from the stacks. Clearly this flux, 
that represents the linked or useful one, decreases as the satu-
ration of the stacks increases. This is caused by the effect of 
leakage paths. At the magnetizing current of 2.4 kA the per-
centage of flux lost is 52 %. Correspondingly, the bottom 
dashed curve shows the flux leaked in the whole stack airgap, 
calculated as the absolute value of the normal flux minus the 
actual normal flux on the iron yoke. It is obvious that leakage 
increases with saturation of the stack. 

 
The cause of such increase can be ascertain examining the 

magnetic flux and current distribution in the stack area after 
the magnetization procedure. Fig. 4 a) illustrates the electro-
magnetic state of the stack’s top area (dashed line in Fig. 1) af-
ter magnetization with a 0.8 kA current. The color scale repre-
sents magnetic flux density in the air and iron region areas, but 
also in the center of the stack, where no currents are present. 
The red-blue scale displays instead the supercurrents induced 
in the stack, in this case outward-bound from the depicted 
plane (they return at the bottom of the stack not shown here). 
Smaller arrows represent the circulation of the magnetic flux 
density, whereas an arrow line has been added along its right-
hand side edge to show the direction of the flux on that sur-
face. Although supercurrents are present just in the outmost 
millimeter of the stack, some flux leakage is shown by the in-
verted arrow at the upper corner. The phenomenon is exacer-
bated when the current reaches 2.4 kA, the saturation of the 
stack increases and the maximum of current moves further in-
to it (Fig. 4 b)). 

It must be noted that an increase of Jc in the superconductor 
would shift the supercurrents back towards the edges of the 
stack, hence slightly reducing the leakage flux. The conclusion 
is that in order to operate stacks or bulks of superconducting 
material between iron parts, the optimal performance is 
achieved under heavily unsaturated state. 
 

 
 

Fig. 3.  Increased leakage flux through the stack as its saturation rises. 

 
 

Fig. 2.  Superconductor characteristics used in the model. 
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B. Improvement of Magnetization by Variable Relative Per-
meability of the Substrate across the Stack 

The results of the magnetization procedure for the improved 
stack with reduced magnetic permeability at its sides are 
shown in Fig. 5 and compared to the ones in Fig. 3. Contrary 
to [9], with this hypothetical configuration, the trapped flux 
can be increased, since, first, it doesn’t increase much the re-
luctance of the full magnetic circuit. This effect is shown in 
Fig. 5 by a similar magnetizing flux for the same current in 
both cases. Secondly, the edge leakage, which so much re-
duced the trapped flux in [9], is limited since both sides of the 
stacks, where this effect happens, portray a lower magnetic 
permeability.  

Overall, this ideal configuration lowers the magnetizing 
flux only a 6 %, has little effect at lower saturation values of 
the stack, for magnetizing currents of 0.2 and 0.4 kA. Howev-
er, for higher magnetizing fluxes, it improves the linked flux 
by two percentage digits, with a 61% increase for the latest 
case, 2.4 kA. 

 

 

IV. EXPERIMENTAL RESULTS 

Experimental measurements of the magnetic flux density 
0.75 mm above the surface of an elemental stack have been 
taken with different configurations by a Hall probe. The area 
scanned is limited to 16 x 16 mm, and hence not the whole 
trapped field can be depicted. More details about the meas-
urement device can be found in [16]. 

Three configurations of an AMSC 46 x 46 mm two-layer 
stack have been studied (Fig. 6). The first one consists of just 
two layers of tape, the second one added a NiFe 100 μm layer 
in-between them, covering its full surface, whereas the last 
one featured an insert of the same material, with a dimension 
of 19 x 19 mm, just covering the center of the stack.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Zero field cooling has been applied to magnetize all the 

samples. The maximum magnetizing flux was chosen as 110 
mT in order to avoid fully saturating the first configuration. 
Fig. 7 portrays the flux profile around the central part of the 
stack for the two stacks with ferromagnetic material between 
the tapes. A clear improvement in the maximum trapped mag-
netic flux density is shown for the case with the insert. The 
average values measured in the area under the scan were 34.2 
mT for the case without ferromagnetic material, 48.6 mT for 
the full ferromagnetic layer and 54.6 mT in the latter case, fea-

 
a)                                         b)                                  c) 

Fig. 6.  The three stack configurations experimentally studied. All are com-
posed of two layers of AMSC tape. The scanned area only spans their center. 

 
Fig. 5.  Comparison of the magnetizing and linked flux between both stack 
configurations. 

a) 

 
b) 

Fig. 4.  Distribution of magnetic flux density (color scale) and the current 
density (red-blue scale) around the top of the left stack after magnetization 
with currents of 0.8 kA a), and 2.4 kA b), showing the leaking flux. All arrows 
depicting the magnetic flux circulation are at the same scale. 
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turing just the insert. This constitutes an increase of trapped 
flux of 12 % on the measured surface. 

 

 

V. CONCLUSIONS 

The state-of-the-art trapped flux magnets cannot work in the 
airgap of a rotating electrical machine due to losses and de-
magnetization caused by the harmonics present in that envi-
ronment. Interior mounted solutions, also used in conventional 
machines, suffer increased leakage with saturation as the sur-
rounding ferromagnetic material provides low reluctance paths 
along the surface of the stack. Arrangements with hetero-
genous layers, having a different magnetic permeability be-
tween its sides and center, can solve this problem. In the long 
term, this variation of permeability could be included during 
the manufacturing process by modifying the substrate itself. 
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Fig. 7.  Magnetic flux density profile around the central part of a two-layer 
AMSC stack for the two cases featuring ferromagnetic material in-between the 
tapes. Dashed lines indicate the profile at ± 1 mm from the central one. 


