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Abstract - This paper discusses the finite element
modelling of hysteresis machines built with high
temperature superconducting materials in the rotor. The
modelling is performed using a two-dimensional finite
element tool, which estimates the current and field
distribution in various parts of the machine. The
operating principles and differences  between
conventional and HTS machines, placed inside a variable
magnetic field, are al'so highlighted.

1. Introduction

Since the early 1970’ s there has been considerable effort
made to discover the optimal incorporation of low
temperature superconducting materials into electric
machines.  Superconductivity is characterized by
extremely low resistivity values and the ability to carry
currents several orders of magnitude greater than
conventional copper wires. The introduction of these
materials into large machines would provide an advance
in terms of efficiency, annual savings, weight, volume,
and performance characteristics.

Initially the efforts to manufacture superconductive
motors failed because of the extremely high cost of liquid
helium, the only available coolant for the temperature
required to allow type | materials to be superconducting.
The discovery of the YBCO compound provided the
needed breakthrough, since cooling could be then be
achieved using liquid nitrogen, acommonly available and
far cheaper coolant. Many prototype machines were built
in an attempt to determine the optimal machine that best
suits the selected application and itsfiner characteristics
The phenomenon of hysteresis is exploited for the
production of torque in machines that are formed from
cylindrical HTS domains in the rotor. These machines
have better torque to volume ratio and power
characteristics when compared to the conventional
hysteresis machines [1]. They are well suited to
applications were weight and size are very crucial.

Finite element analysis is widely used as a modelling tool
for the optimisation of the design of electric machines
and there are many commercially available software
packages. However, the development of modelling tools
that include HTS materials proved a difficult task because
thereis no solid theoretical background, despite the
efforts of the research community, and the additional

calculations for these materials result in an increased
computational effort.

The object of thiswork isthe modelling of different types
of hysteresis machines, performed using the Finite
Element software developed at the Department of
Engineering, Oxford University. The program calculates
the magnetic flux in the machine and the induced current
distribution in the superconducting pieces.

Modelling of a hysteresis machine in operationa
conditions can provide valuable information about further
improvements and recommendations concerning this type
of machine.

The following two sections present a brief introduction
on the principles of superconductivity and the finite
element methodology. Section three presents the
operating principles and modelling of conventional
hysteresis machines. Sections four and five describe the
torque production mechanism and present the resulting
flux modelling of different types of HTS hysteresis
machines.

2. Principles of Superconductivity

Superconductivity was discovered in 1911 by Heike
Kammerlingh Onnes in Leiden University when Mercury
was cooled below 4.2 K. Following this discovery a
whole range of metals and aloys, that are conductors at
normal temperatures, were found to have similar
properties. Superconductivity of the so-called Type |
superconductors is modelled by the BCS theory which
relies upon the coupling of electron pairs to lattice
vibration interactions. However, materials with low
resistivity at room temperature do not become
superconductors at all. Type | superconductors have
found very few practical applications because the critical
magnetic fields are relatively small and the required
cooling could only be achieved using liquid Helium, an
expensive option

The major breakthrough in superconductivity occurred in
1986 when Alex Mller and George Bednorz, researchers
at the IBM Research Laboratory in Switzerland, created a
compound of Lanthanum, Barium, Copper and Oxygen,
with a perovskite structure [2] that became
superconductor at a temperature of 30 K. In 1987 a
research team at the University of Alabama-Huntsville
substituted Yttrium for Lanthanum and achieved a critical



temperature of 92 K [3]. This was the first time a material
(YBa,Cuz0y, aso referred to as YBCO) had been found
to be superconducting at temperatures higher than liquid
nitrogen - a cheap and commonly available coolant. Since
then, many different ceramics have been found to exhibit
superconducting properties. Type-ll superconductors
usually exist in a mixed state of normal and
superconducting regions. This is sometimes caled a
vortex state, because vortices of superconducting currents
surround filaments or cores of normal material. As their
critical temperatures are approached, the normal cores
become more closely packed. As the superconducting
state is eventually lost, they overlap [4].

Type I1-Superconductors have the ability to carry large
current densities in the order of approximately 10°
A/mn? under no external field, which is much higher

than a standard copper wire. These super-currents can

therefore be realised in small superconducting segments
without any dissipation and consequently such devices

can be amaller, as well as offering significant energy

savings, when compared to conventional motors. The
great disadvantage of Type-ll materials is their fragile
nature, which makes them difficult to fabricate. When

using HTS materials in motors, the design should be done
with extreme care to minimize mechanical stresses in
these delicate materials. However, when they are suitably
combined with other materials, they can become very

durable.

3. Finite Element Modelling

In the literature, a number of Finite Element modelling
tools for electric machines can be found that deal with
HTS materials. However, none of them have yet been
developed to cope with three-dimensional problems,
mainly due to the vast computational effort that is
associated with the properties d superconductors. For
some very simple cases with suitable geometry and
uniform applied fields, analytical solutions can be derived
[5,6]. The requirements for a modelling tool that can deal
with any motor design are to use the conventional
techniques for normal materials, such as iron and current
sources, and additionally account for the characteristics
of the superconductors. These are demagnetisation and
the tendency of these materials to adjust their current
distribution to counter-balance changes in he external
field. Furthermore, complex geometries of the motor and
variable fields in both space and time should be
accounted for. The latter is a very important when
modelling hysteresis pre-magnetized and trapped field
synchronous motors. The majority of Finite Element
Modelling tools that have been developed make use of
numerical procedures to deal with multiple materials of
arbitrary shape in order to generate field and current
distributions [7-12]. The final solution is derived from an
iterative procedure that minimizes an energy function of
the appropriate form subject to constraints imposed by
boundary conditions, continuity equations and properties
of the superconductive materials. The main difference
between these models is in the iterative procedure that is

used for the minimization of the energy function, where
gradient descent algorithms and simulated annealing
technigques have been proposed. For the purposes of this
study, the Finite Element Modelling tool that was derived
a the Department of Engineering of the Oxford
University is used. The main points of the developed

algorithm are summarized below, but are explained in
detail in reference [13]. It consists of two principle parts:
The magnetic field solution, which is calculated using

conventional techniques, and the current distribution in
the superconducting segments, which is determined using
Lenz law together with the critical state model of the type
Il HTS material. Time is handled using a finite difference
approximation, making the treatment of the problem
magnetostatically. Thermal effects are not considered as
well as the operating temperature of the motor. The
guantity to be minimized is an energy factorial that is an
integral function of the magnetic vector potential with
adjustable parameters. The principle of the finite
elements technique is to discretise the domain into a
network of nodal points. In each of the constructed
elements, the field and current distributions are estimated
using an interpolation technique. Finaly, the field
distribution is obtained from the solution to a set of linear
equations. The boundary conditions are set through a
recursive ballooning algorithm, which adds the least
number of additional layers in an effort to keep the
computational time to a minimum. Some genera
considerations about the design and material properties
were noted throughout the structure of the examined HTS
machines. Materials such as iron are considered to have
linear properties and are modelled with high values of

relative permeability. This approximation is valid only
for low magnetic fields sufficiently far from magnetic
saturation. The induced critical current in the
superconductors was assumed to be constant, and not

varying with temperature and external field.

The basic geometrical characteristics of the machines are
assumed constant during all the simulations. The stator

was designed with equal number of poles and geometry
so that the externa magnetic motive force can be
considered equal in al simulations. Another parameter
that was not considered during the analysis is the volume
of the rotor. A detailed study for conventional and HTS
hysteresis motors revealed that the optimum torque is
generated when ratio of the outer to inner circle radiusis
approximately 0.8 [14,15].

An obvious result of the stator design is that the external
field does not sustain any crucial role in the analysis of

the motors [14]. The variable of the analysis becomes the
penetration parameter k, defined as

— BO
k_—ancR (@)}
where Jc is the critical current density of the
superconductor, R the rotor radius and B, the external
field at the centre of the rotor. This parameter is
indicative of the degree of flux penetration in the solid
cylinder.



4. Conventional HysteresisMachine

The rotor of aconventional hysteresis machine can be
constructed using a simple solid iron cylinder, but the
optimum configuration consists of a tandem of non-
magnetic material covered by a thin layer of
ferromagnetic material, as shown in figure 1. This outer
layer of ferromagnetic magnetic material should also
have alarge hysteresis|oop.

Figure 1 -Flux plot of a conventional hysteresis motor

The operating principle of this machine assumes large
hysteresis losses and infinite resistivity of the ring
material. Whilst hysteresis |osses are undesirable in most
electric machines, here they are responsible for the torque
production. The rotating field of stator causes hysteretic
behaviour to the rotor materials. The relationship between
the air gap flux density B set up by the stator, the
magnetic field density H and the corresponding excursion
around the hysteresis loop is shown in figure 2. This
angle q is therefore determined by the hysteresis loop of
the ring material and remains constant.

B(t)A Air gap flux density A Hysteresis loop

Figure 2 - Graphical derivation of the hysteresis angleq

In a conventional hysteresis motor with a ferronmagnetic
ring rotor of outer diameter D, and inner diameter D; and

effective length ¢, the developed torque per prismatic
volume D2¢ for this motor is estimated [16] as
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where p is the number pole pairs of the stator, K, and v
are parameters that characterize the properties of the
magnetic material and the shape of the hysteresis loop.

5.HTSHysteressMachine

Type |1 superconducting materials have been proposed as
a replacement to conventional ferromagnetic materials in
the rotating part of hysteresis motors. For small sized
machines there is the possibility to use single grain
material for the construction of the entire cylinder, where
as for large devices many different pieces stuck together
appear as amore viable option.

When the cylinder is placed in a variable magnetic field,
the fluxons that exist in the mixed state of type Il
materials start to move until they are pinned into new
stable positions. Their movement induces a supercurrent
in the cylinder, which in turn becomes magnetized. The
two fields interact to produce a torque that has a
magnitude equal to the product of the magnitude of the
two fields and the sine of their displacement angle. The
torque exhibits steady behaviour up to synchronous
speed, independent of the rotational frequency of the
field.

Figure 3 shows the finite element calculation for a HTS
cylinder placed inside a rotating field for a high level
value of the penetration parameter k = 1.2. The induced
supercurrents in the cylinder, entirely in the zdirection,
are two regions on the opposite side of the material,
shaped like crescents.

Figure 3 — Flux plot for a bulk HTS cylinder of high
penetration K= 1.2 parameter

According to (1), increasing of critical current density Jc
decreases de parameter k. Lower values of the k
parameter result in a smaller penetration of the external
field in the inner parts of the cylinder. Figure 3(a) and



3(b) shows the similar plots for a penetration parameter
k = 0,5 and k = 0,05 respectively. According to these
results when Je is increasing less flux penetrates in the
HTS material. As it can be seen from Figure 4(b), alarge
part of the central area of the solid cylindrical motor does
not contain any magnetic flux and thus does not play any
significant part in the developed torque. Thus, the centre
of the cylinder does not have any substantial part in the
operation of the motor.

Penetration factor k = 0,05

Figure 4 — Bulk HTS cylinder inside a rotating field

Although the modelling of a solid HTS cylinder is a good
example for the demonstration of the hysteretic
phenomena in rotating machines, a more viable
engineering redlity is the hysteresis machines with a HTS
hollow cylinder or HTS segments replacing the bulk HTS
cylinder. The bonding of HTS segments with iron, which
is shown in figure 5, becomes a very durable composition
and is able to withstand mechanical stresses.

The generalized equation estimates the produced torque
from a hysteresis machine due to the Lorenz interaction
between the induced currents in the superconductor, J.,
and the external applied field B. The elementary per
volume Lorentz force on level r of the rotor is
J..B(r,g)drdg .

Integrated over the entire material volume V of the HTS
material, the torque becomes

T=v¢ xc\)z xJ; ><B(r,q)>drdq 3)

\%

where ¢ is the effective cylinder length. According to
reference [14], equation (3) can be transformed to

T= gE.RSJCBO.I (k) 4

The dimensionless parameter | (k) represents the degree of
the influence of the flux penetration parameter k on the
torque. Additionally, it is an indication of the coupling
between the magnetization of the rotor and the external
applied field, and depends sinusoidal on their angle q,
showed in figure 6.

Figure 5 —Layout of the segmented HTShysteresis machine

The induced currents in the superconductor domain are
induced with opposite sense, flowing only in the z
direction inside the domain. The boundaries between the
two distinct areas are curved shapes that invade only a
fraction further that the stator generated field boundary.
Figure 6 displays a snapshot of the flux distribution of a
superconducting hysteresis ring inside a sinusoidal stator
field, for k = 0.56.

Figure 6 - HTS hysteresis machine



The important factor thus in a hysteresis machine is the
penetration of the HTS segments from a variable external
field, which is the driving force of fluxon movement and
consequently the movement of the rotor. Therefore,
materials that exhibit Meissner type behaviour, repulsing
the magnetic field, are not suited for hysteresis machines.
The selection of the HTS materials is a critical factor for
the design of a good hysteresis motor, as the stator
generated field should be estimated accordingly.

6. SegmentedHT SHysteresisM achines

Due to the difficulties that exist in the fabrication of large
grains of HTS materials, there exist the possibility of
joining a number of smaller HTS segments to form a
hysteresis machine.

The introduction of multiple smaller segments of HTS
materials results in a decrease of the rotor magnetization
because the currents in each domain are confined into
smaller loops.

Additionally, an increased number of segments result in
an increased amount of hysteretic losses and as a
conseguence higher torque. This optimisation problem is
addressed in [17], and the authors found that for
decreasing values of the penetration factor k the highest
torque is obtained from rotors with more segments.
Different hollow rotor configurations are tested, with 2,4
and 6 HTS segments of equal size and geometry. The
segments are considered electrically isolated, so that there
is not current flowing amongst them. They are placed
inside a generated field from a stator with the same
configuration as in the previous section. A flux plot for a
histeresis machine with a rotor composed by 2 HTS
elementsis shown in figure 6.

HTS segment 2

Figure 6 - Flux plot for a hysteresis machine with a
rotor composed by 2 HTS segments

The induced super-currents are only axially penetrating
the material, and the total current in each segment equals
to zero.

A snapshot of the derived flux plots for the configuration
of 4 and 6 HTS segmentsis also presented in figure 7.

4HTS segments o=

Figure 7 - Flux plot modelling of multi-segment
hysteresis machines

The currents in the superconducting segments are induced
so that they oppose any temporal variation of the external
magnetic field.

7. Conclusions

The flux modelling of hysteresis machines with the
incorporation of high temperature superconducting
materials in the rotor was presented in this paper. The
principle behind the operation of this type of motor is the
movement of the vortices under a time variable extemal
magnetic field. This induces supercurrents in the domain,
which in turn becomes magnetized. The interaction of the
magnetization with the external field is responsible for
the devel oped torque.

Contrary to the conventional hysteresis machine, which
does not have any flux in the inner rotor parts, the
maximum torque in a hysteresis model is found when the
magnetic field penetrates a fraction further that the centre
of the domain [14]. Thus the HTS material should be
selected according to the geometrical characteristics of
the machine and the utilized external field.

Despite the recent advances in the fabrication of
superconducting materials, still there exists an inherent
difficulty for the construction of single domain pieces



suitable for the cylindrical part of the motor. Thus, it
becomes possible to join multiple materials for the rotor
fabrication. The finite element modelling of multi-
segments machines was utilized to demonstrate the flux
and induced current distribution in such motors. Thus
given the construction characteristics and utilized
materials, valuable recommendations on the
maximization of the torque production could be made.
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