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Abstract: In their applications in electrical machines, high-temperature superconductors (HTSs) are
mainly used as inductors in synchronous machines due to the AC losses which can lead to high
cryogenic costs. In this work, we show the possibility of their use as armature windings, handling
some precautions. The approach is based on the combined use of modeling and measurements. The
construction and the preliminary tests of a handmade prototype of an axial field HTS synchronous
machine are presented. Several tests have been conducted at liquid nitrogen temperature. The
measurements have been confirmed by modeling results. The preliminary tests on the prototype, in
both modeling and measurements, are very promising.

Keywords: HTS armature winding; axial flux synchronous machine; electric model; AC losses;
modeling; measurements

1. Introduction

Superconducting machines are an important area of research related to applied su-
perconductivity, in particular with the development of high-temperature superconductors
(HTSs), presenting low cryogenic costs. For large power applications, the use of supercon-
ducting materials can provide high performances in terms of efficiency and power density.
Indeed, such materials can withstand high current densities with very low losses.

The commonly encountered structures of HTS machines are similar to those of con-
ventional ones. The majority of HTS AC machines produced are synchronous, in which the
superconducting part is limited to the field coil [1–3]. A reduction in mass of up to 40% can
be achieved for large power machines [4–6].

Original machine structures have been developed using HTSs in a massive form (bulk),
as superconducting magnets replacing permanent magnets [7,8], or as superconducting
screens to obtain a certain spatial modulation of the magnetic field [9,10].

Fully superconducting machines use superconducting materials in both the armature
and the inductor windings. This type of machine has more advantages, such as increasing
the current density of the armature, reducing the Joule losses and decreasing the thickness
of the air gap (the cryostat enclosing the whole machine), which makes it possible to
achieve higher power densities and efficiencies. However, AC losses are still a significant
brake on their development, even though the feasibility and efficiency have been proven
through various prototypes: totally superconducting [11,12], or hybrid including perma-
nent magnets-type inductors and superconducting armatures [13–16]. Twisted filament
high-temperature superconducting tapes and MgB2 wires seem to be potential candidates
for such structures [17].

In this work, we present the implementation and the tests of a prototype of an axial flux
synchronous machine with a superconducting armature. An integral modeling approach
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has been developed to determine the critical current of the coils and the global quantities
characterizing the machine. We describe the different measurements carried on the proto-
type and provide some results, obtained through both modeling and measurements, that
are complementary to those presented in a previous work [18].

2. The HTS Synchronous Machine Prototype and Its Test Bench

With an external diameter of approximately 30 cm, the prototype is composed of
a permanent magnet rotor and a stator carrying three-phase superconducting windings
cooled with liquid nitrogen (Figure 1). The rotor consists of four permanent Nd-Fe-B
(Nd 2Fe14 B)-type cylindrical magnets mounted on a ferromagnetic yoke at the middle
radius, forming four magnetic poles (p = 2). The cylindrical yoke, made of E24 mild steel,
is sized to avoid magnetic saturation. The superconducting armature constitutes three
superconducting coils mounted on a Fe-Si ferromagnetic yoke, at the middle radius, in the
air gap (absence of notches). The superconducting coils are made of an AC type DI-BSCCO
(dramatically innovative BSCCO) tape manufactured by Sumitomo Electric. In such tape,
the BSCCO filaments are twisted inside a silver matrix, presenting low AC losses [19].
The coils are of a pancake form, where the turns are insulated using Kapton film. The
ferromagnetic yoke is laminated in the radial direction to limit eddy current losses. The
machine is installed vertically and the superconducting armature is immersed in a cryostat
filled with liquid nitrogen (77 K). The permanent magnet rotor is at room temperature,
driven by an asynchronous motor powered by a variable frequency-controlled inverter.
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Figure 1. The HTS synchronous machine prototype and its test bench.

The electric method is used to characterize the HTS coils, separately, inside the machine.
The electric model, E(J), and the critical current (Jc) of the superconductor are characterized
in DC using a direct current source and a nanovoltmeter, as presented in Figure 2. The
characterized sample is supplied by a direct current, I, and the potential difference (U)
across its terminals is measured. The critical electric field (Ec) is set to 1 µV/cm. The critical
voltage (Uc) of the sample is the product of the critical electric field with the length between
the voltage taps (L) and the critical current (Ic = Jc × S), where S is the tested sample



Condens. Matter 2023, 8, 94 3 of 10

section and Jc is the current giving the critical voltage [20]. The E(J) dependency is generally
expressed using the power law given in Equation (1), where n is the creep exponent.{

U = Uc

(
I

Ic(B)

)n
⇒ E = Ec

(
J

Jc(B)

)n

U = E× L ; I = J × S
(1)
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3. Numerical Modeling

Experimental characterization using electrical methods, as described above, only
allows us to measure global quantities (U, I) which are further used to determine local
quantities (E, J) with the assumption of the uniformity of the distribution of both E and
J. However, the local quantities can vary significantly due to the strong dependency of
the critical current density (Jc) to the magnetic field (B). Modeling is thus necessary, and
numerical methods are unavoidable in most cases, due to the complexity of the geometries
and the nonlinear behavior of superconductors. In our works, volume integral methods
have proved their efficiency to model such systems which are in multi-conductor config-
urations characterized by multiscale dimensions, where the air regions are consequent.
Indeed, the volume integral methods allow us to discretize only the active parts of the
modelled systems.

The magnetic vector potential (A) and the magnetic field (B) are evaluated using

integral equations involving the volume and surface current densities (
→
J ,
→
k ) [21,22]:
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The surface current densities (
→
k ) are used to model permanent magnets and ferromag-

netic materials, with finite linear and nonlinear permeabilities [22]. The method of images
is used when the permeability is considered infinite, which is the case in this work.

The E(J) relation of the superconductor is modelled using power law (1), and the
anisotropic dependency of the critical current density to the magnetic field is modeled
using relation (3), where Jc0 is the zero field critical current density, and k, β and B0 are
parameters depending on the considered HTS.

Jc(B‖, B⊥) = Jc0

1 +

√
k2B2
‖ + B2

⊥

B0

−β

(3)

The ferromagnetic yokes are sized to avoid magnetic saturation; the superposition
principle is then used for the magnetic field calculation. The PM rotor motion is modeled
using a multi-static approach to evaluate the global quantities at different rotor positions.
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4. Results and Discussions

The specifications of the different parameters of the machine are given in Table 1.
The U(I) curves are measured in the HTS coils inside the machine, in the configuration
presented in Figure 3, corresponding to the worst case where the characterized coil is facing
a permanent magnet. The coils (a, b, c) are fed with the currents Ia = I and Ib = Ic = −I/2,
corresponding to a functioning point in a three-phase system. The coil (a), fed by the current
I, is the one characterized. The results are presented in Figure 4. With a global criterion, the
critical current is reduced to 33.7 A, while it is about 70 A for the tape constituting the coils.
Using a local criterion (max E), the critical current density drops to about 27 A (obtained
through simulations). Figure 5 shows the repartition and the magnitude of the electric field
in the coil. As can be noticed, locally, the maximal value of the electric field in the coil
corresponding to a current supply of 33.7 A is 3.5 times its critical value. A relatively large
difference is obtained between the values of the critical current obtained using the local
and global criteria, highlighting the importance of the modeling.

Table 1. Parameters specifications [23].

Parameter Value

BSCCO tape Ic @ 77 K (self-field) 70 A
Width/Thickness 2.8/0.33 mm

HTS coils

Ic @ 77 K (self-field) 43.3 A
Number of turns 63
Inner/outer radii 25/50 mm

Thickness 3.1 mm

Nd-Fe-B magnets Remanence 1.25 T
Radius/Thickness 50/10 mm

Armature iron yoke Thickness 20 mm
Inner/outer radii 25/152 mm

Rotor iron yoke Thickness 10 mm
Inner/outer radii 25/140 mm
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the computed and measured critical currents.

The no-load voltage obtained in a coil (phase) is shown in Figure 6. The large airgap
filters space harmonics, providing a quasi-sinusoidal voltage, despite the structure of the
machine. The magnitude of the no-load voltage is proportional to the frequency (the
rotor speed). The Behn-Eschenburg model, based on the assumption of the first space
harmonic, described in Figure 7, can thus be used to study the behavior of the synchronous
generator, where Rs and Xs are the resistance and reactance of a stator phase (one coil in
this case). Both are nonlinear, depending on the current. The resistance Rs accounts for
all the losses that occur in the superconducting coils [24]. The dependence of Xs on the
current is related to the nonlinear behavior of both the superconductor forming the coil,
and that of the ferromagnetic parts. Due to the large distance between the HTS coils, they
are magnetically decoupled. For low current values, the self-inductance of a coil is of about
3.7 mH. Considering a resistive load, the load voltage variation with the load current is
given in Figure 8, for a rotating speed of 750 rpm, corresponding to a frequency of 25 Hz.
The measurements fit well with the Behn-Eschenburg model results, where the resistance
Rs is neglected.
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The resistance Rs is thus much lower than the reactance, and for low values of the
current, it can be neglected. This is also highlighted in Figure 9, representing the time
evolution of the short-circuit current in the machine in response to a variation in the
frequency (rotation speed of the rotor). As we can see, a time constant of several seconds is
observed. A short-circuit fault could therefore be very dangerous for such a machine. The
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association of the machine, in motor mode, with a power converter for its control can also
be problematic.
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The evaluation of AC losses is of major interest for this type of application. Unfortu-
nately, the measurement of AC losses in the rotating machine environment is challenging
and remains a technical issue to overcome.

With the HTS coils being decoupled, we measured the AC losses in a coil above a
ferromagnetic plate, as shown in Figure 10a. The coil is fed with a sinusoidal current and
the voltage in its terminal is measured with voltage taps located as far as possible from
the current leads. Figure 10b show the evolution of the total AC losses with the current,
including the losses in the iron plate, at a frequency of 10 Hz. The separation between the
iron losses and the AC losses in the HTS coil is made by using a copper coil of the same
structure [23–25].
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As expected, the iron losses are much greater than the AC losses in the HTS coils. The
measurements are made at a frequency of 10 Hz, and one can reasonably extrapolate these
results to higher frequencies for which the hysteresis losses remain predominant (hysteresis
losses are proportional to the frequency).

The presence of the permanent magnets will obviously affect the AC losses in the
HTS coils by decreasing the critical current. However, this effect is moderated by the
structure of the machine, where the magnetic field is mainly parallel to the tape surfaces
(superconducting plane) due to its canalization by the iron plates of the stator and the rotor.

For an estimation of the efficiency, one has to also consider the eddy current losses
in the permanent magnets caused by the magnetic reaction of the HTS coils. However,
they are expected to be lower than the iron losses. Given this, for a current of 20 A and
a frequency of 20 Hz, one can expect a rated power of about 600 W, with total electrical
losses below 5 W. To evaluate the overall efficiency, the mechanical losses on the machine
bearings also have to be considered.

Another way to estimate the electrical losses in the superconducting part is to evaluate
the elements of the electric model given in Figure 7. The results of the short-circuit test
provide a time constant of the current evolution in a coil, which is the ratio between the
inductance and the resistance Rs. The resistance, and thus the losses, can be deduced
from the time constant if the inductance is correctly evaluated. This also needs a correct
determination of the starting current. The results of the short-circuit test provide a time
constant of about 15 s. With the inductance of a coil being about 3.7 mH, the resistance Rs
is then about 0.25 mΩ, giving a power loss of 0.1 W in the coil for a current of I = 20 A,
which is coherent with the measurement presented in Figure 10b.

Notice that Rs accounts only for the losses in the superconductor. To consider the
hysteresis losses in the iron parts, one may complete the Behn-Eschenburg model by adding
an equivalent resistance (Rf) parallel to the voltage source, as presented in Figure 11.
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5. Conclusions

In this work, we presented the experimental tests carried out on a laboratory-scale
prototype of an axial flux synchronous machine with a superconducting armature. Nu-
merical and experimental approaches are combined to characterize the machine. The
obtained results are promising, highlighting the possibility of the use of high-temperature
superconductors as armatures in electrical machines. The important electrical time constant
of the machine makes short-circuit faults very dangerous in this type of machine, and can
limit the possibilities of association with a frequency converter for a control in motor mode.
The measurement of AC losses in the rotating machine environment remains a technical
issue to overcome. An original approach is proposed for their estimations.
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