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Abstract. The discovery of the superconductivity and the understanding of 
electromagnetic properties of high temperature superconducting (HTS) materi-
als allowed the optimization and development of several applications, such as 
electrical machines and drives. Electromechanical conversion devices based in 
HTS materials potentially allows for reduction in devices dimensions or per-
formance improvement for the same active volume, when compared with their 
conventional ones.An axial disc motor with high temperature superconductor 
(HTS) material or conventional aluminium in the rotor and conventional arma-
ture has been designed and developed. This paper describes simulations and 
laboratory experiments performed at liquid nitrogen temperature (77 K) in order 
to analyze the motor’s behaviour and its electromechanical characteristics and 
to define an electric equivalent circuit that allows describing its operation. From 
the obtained results it was observed that the tested HTS behaves as a conven-
tional hysteresis motor even though with a different nature. On the other hand, 
the motor with aluminium  rotor behaves as a conventional induction motor. In 
asynchronous regime, the HTS motor exhibits a constant torque, higher than the 
conventional aluminium one. 
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1 Introduction 

In 1911, Kamerling Onnes found a new state of matter in mercury, which exhibited 
electric resistance when cooled bellow 4.2 K. This was named Superconductivity [1]. 
The interest in these materials was accentuated by the discovery of High Temperature 
Superconductors (HTS) possible to cool by relatively cheap liquid nitrogen (77 K). 
Research on these materials have lead to the optimization and development of several 
power systems. HTS material have been used e.g. in machines, both as tapes or bulk. 
The HTS YBCO compound (with a current density up to 107 A·cm-2 at liquid nitrogen 
temperature) has been applied in electrical machines, such as hysteresis [2], 
reluctance [3], or trapped flux motors [4]. The former present a complex behaviour, 
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showing both synchronous and asynchronous regimes, similar to hysteresis 
conventional motors, although the operation principle is different [2]. The ability of 
trapping high magnetic flux, transporting high current densities, and its diamagnetism 
phenomena and hysteretic ability made HTS materials attractive, presenting reduced 
size and losses, for the same power, relatively to its conventional counterpart [5]. This 
lead to the research question "does polycrystalline HTS hysteresis motors show better 
electromagnetic characteristics than aluminium ones?".  

2 Relationship to Cloud-Based Solutions   

The study of an axial flux disc motor with the rotor in HTS polycrystalline material or 
aluminium , for several poles pairs configurations is preformed in this paper . All the 
obtained results could be shared in a cloud-based system allowing other researchers to 
perform analysis, and providing data backup an on-time data monitoring.  

3 Developed Motor 

Typically, the output power of rotating machine, Pout, may be expressed according to 
(1) [7], where Bg,max is the maximum airgap flux density, Ag,max is the maximum stator 
linear current, Nmec is the rotor speed and V is the active volume. The use of 
superconducting materials allows a higher flux density in the airgap, increasing the 
developed power.  

 (1) 

3.1 Topology 

The built disc motor, is composed by two 20 cm diameter conventional semi-stators 
with 24 slots, a coil pitch of 4 slots, 24 conventional cooper windings each one, a steel 
shaft, a 20 cm diameter rotor disc, which can be aluminium or YBCO, two support 
bearings and fixing screws. The mechanical transmission is carried by conventional 
bearings dryed by ultrasounds. Further details are given in [8]. 

3.2 Electromagnetic Characteristics 

When stator is energized, it produces rotating magnetic field. This field magnetizes 
the rotor. For the aluminium rotor, the behaviour is known. For the HTS rotor, the 
field magnetizes the HTS material, which is penetrated with magnetic flux that is 
trapped in the pinning centres, inducing the same stator’s poles number. Due to this, 
the superconductors' rotor rotates synchronous with stator field, acting as a magnet. 
For load values lower than the maximum motor’s torque, it runs with synchronous  
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velocity. In steady state, there is a constant relative angle between the stator's and the 
rotor's magnetic field, which origins a constant motor torque proportional to the 
product of the amplitudes of two fields with the phase between them.  For values of 
load higher than the maximum motor’s torque, flux flow is present, and the motor 
runs with slip. The torque is proportional to the HTS materials losses.  

3.3 Simulations 

The motor was simulated with a commercial 2D finite elements program (Flux2D 
from Cedrat). The 2D limitation implied the simulation of a linearized version of the 
motor, considering longitudinal infinite continuous periodicity to avoid edge effects. 
All the non-HTS materials, (copper, aluminium  and steel) were defined using Flux2D 
libraries. The HTS material was parameterized based in the E-J power law, with the 
parameters indicated in Table 1. HTS motor was analysed for 1, 2 and 4 pole pairs.  

Table 1. Measured and predicted electrical parameters from experimental tests 

Critical Electrical Field Ec 10-4 V⋅m-1 

Critical Current Density Jc0 4,4x107 A⋅m-2 

Induction B0 = B1 106 T 

Exponent n 15 

Additional Resistivity ρ0 10-13 Ω⋅m-1 

 

Transient dynamic simulations were performed. Motor startup is shown in Fig. 1 
a), and force dependence on imposed velocity in Fig. 1 b), for no load conditions. 
From Fig. 1 a), it is possible to confirm that the motor with aluminium rotor exhibits 
an asynchronous behaviour while the motor with YBCO rotor presents synchronous 
behaviour. From Fig. 1 b) it is possible to conclude that both motor’s developed a 
linear force proportional to the pole pairs, being higher for the YBCO motor, when 
compared with the aluminium. In YBCO motor, for synchronous speed the linear 
force tends to zero, due to the no-load assumed conditions.  

3.4 Experimental Tests 

In order to develop a model for the motor blocked-rotor, no-load and load tests were 
performed for aluminium motor while for the HTS rotor only blocked-rotor and load 
tests were performed, as this is a synchronous motor. The experimental apparatus 
consisted in a 3-phase power transformer; electrical and mechanical power measuring 
modules; and a DC machine, load cells and optical sensors for mechanical torque and 
speed measurements using the mechanical power module. During tests only the disc 
motor was immersed in liquid nitrogen inside a styrofoam box. All the apparatus are 
shown in Fig. 2.  

 

 



454 D. Inácio et al. 

 
a) Time evolution of the linear velocity 

 

 
b) Static characteristic of linear force VS imposed linear velocity 

Fig. 1. Obtained FEM simulations for a) transitory dynamic and b) permanent regime condi-
tions, for 1, 2 and 4 poles pairs in linear HTS and Aluminium  motor, no load conditions 

The motor was supplied by a wye connected 23 V, 50 Hz source for 1, 2 and 4 pair 
poles configuration. The mechanical load was based in a DC generator (controlled by 
two DC power supplies and a control resistor) driven by the motors’ shaft and feeding 
a resistive load. 

 
 
 

 
 
 
 
 
 
 
 
 
 

 

Fig. 2. Experimental apparatus for axial flux disc motor’s tests 
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The classic equivalent electrical circuit of the motor with aluminium rotor is shown 
in Fig. 3. From [9], the HTS rotor’s motor can be described using the equivalent elec-
trical circuit present in Fig. 3, where rs, rr and rfe are the semi-stator’s winding, the 
rotor’s equivalent and the equivalent iron losses resistances while Xs, Xr and Xm are the 
semi-stator’s, equivalent rotor’s and magnetizing reactance’s.1. 
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Fig. 3. Equivalent circuit for Aluminium motor and HTS (YBCO) polycrystalline bulk motor 

Results from the blocked-rotor, no-load and load tests of the aluminium rotor (line 
current, I, line tension, Uc, the 3-phase electric power supplied, Pele, the measured 
torque, T, and the mechanical rotor’s velocity, N,) were used to determine the 
parameters of the equivalent electrical circuit, and are synthesized in Table 2. 

Concerning the HTS motor, parameters derivation was based in the parameters of 
aluminium motor since the HTS motor has the same semi-stators and supply system. 
The value of the magnetic losses, rfe, was calculated based upon a similar induction 
motor case and considered the same for the both cases.  

Table 2.   Measured and predicted electrical parameters from experimental tests 

Parameter Aluminium YBCO (HTS) 

Polar Configuration 2 4 8 2 4 
rs [Ω] 0.25 0.25 0.25 0.25 0.25 
Xs [Ω] 0.317 0.346 0.325 0.317 0. 346 
Xr [Ω] 0.317 0.346 0.325 0.348 0.004 
rr [Ω] 0.038 0.045 0.039 0.371 0.134 
rfe [Ω] 40.2 41.7 46.1 40.2 41.7 
Xm [Ω] 52.79 12.95 3.26 52.02 13.01 

 -- -- -- 0.0098 0.0103 
 -- -- -- 46.85 88.29 

 

The theoretical analysis of the HTS motor, allowed defining the magnetization re-
actance, Xm, rotor’s resistance, rr, and rotor’s dispersion reactance, Xr, as indicated in 
(3) – (5). The parameters used in (3) – (5) are detailed in Table 3. 
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 (3) 

 (4) 

 (5) 

The analysis of equivalent circuit present in Fig. 3, allows conclude that the input 
impedance, , is given in (6), being  the stator’s impedance,  the transversal 
impedance and  the rotor’s impedance. 

 (6) 

From the blocked rotor test, it’s possible to obtain . Solving (5) in order to  
it’s possible to obtain the values of  and , which are present in Table 1. Using 
the values indicated in Table 3 and equations (3) – (5) it’s possible to predict the 
values of Xm, rr, and Xr. They are indicated in Table 2 for 2 and 4 poles. As is possible 
to observe, the impedance is inversely proportional to the square of the number of pair 
poles. For 8 poles the current “asked” to the power supply exceeds the maximum 
available (25 A). For that reason, we only perform the experimental tests for 2 and 4 
poles. 

Table 3.   Parameters of axial flux disc motor 

Parameter  Value Units 

Outer rotor’s radius ro 100 mm 
Inner rotor’s radius ri 10 mm 
Airgap lg 5 mm 
Rotor’s thickness tr 10 mm 
Winding factor kw 0.5 - 
Number of turns, per phase Nph 528 turns 
Frequency f 50 Hz 
Number of phases m 3 - 

The theoretical electromechanical characteristics were computed, based on the 
experimentally obtained parameters and using the theoretical analysis above 
described, and compared with the experimentally obtained characteristics in tests. In 
Fig. 4 is shoed the comparison between the torque produced in the aluminium rotor’s 
motor and YBCO rotor’s motor. As is possible to observe, the experimental 
characteristics tend to evolutes coherent with the theoretically predicted ones.  
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Comparing with the simulated results, it’s possible to conclude that the studied 
motor behaves as expected, however with lower values of torque. It is also important 
refer that the predicted quantities are related with the torque electrodynamically 
developed, or internal power, while the measured ones refer to the available quantities 
in the motor’s shaft, which differ from the first ones by the mechanical losses. The 
main mechanical losses are the viscosity friction in the liquid nitrogen and the friction 
in the conventional bearings working at low temperature that should be included in 
the theoretical prediction. 

 
 

 
 
 
 
 
 
 
    
 
 
 

Fig. 4. Comparison between theoretical and experimental developed torque for aluminium 
rotor’s motor (left side) and YBCO rotor’s motor (right side) 

4 Conclusions 

Flux2D simulations allowed confirming that, for different configurations of poles, the 
HTS motor exhibits a synchronous behaviour in steady state and the developed force 
increase with the poles pair, inversely to synchronous speed.  

The comparison of simulated, experimental and theoretical results allows conclude 
that all the characteristics are consistent each them, being possible to observe both 
synchronous and asynchronous regimes of the HTS motor. The comparison of the 
developed torques between the aluminium and HTS rotors showed that even for insuf-
ficient operating conditions, due to current supply limitation, the motor in bipolar 
configuration with the HTS rotor a has a higher torque developed compared with the 
aluminium one. Nevertheless, in tetrapolar configuration, the developed torque in the 
former is lower when compared to the conventional motor.  
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