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ABSTRACT The current capacity of high-temperature superconductors (HTS) has encouraged several
applications of these materials in electric power systems. These applications in electrical machines represent
a promising solution for more compact and efficient designs. Despite no measurable resistance in the
superconducting state, HTS could experience losses under time changing transport current or magnetic
field. Therefore, loss estimation is a key input for the design. Maxwell’s equations in the T-A formulation
form can be used to model and estimate losses in the superconducting tapes of an electrical machine.
This formulation requires the current as a function of time in each superconducting tape as an input.
A methodology to calculate this current distribution is presented in this article. The procedure introduces
a previous step in the building model process and allows a better connection of the machine design with
the estimation of losses in the superconductor in order to get a more efficient machine. The approach is
applied to a 10 MW superconducting generator, where over one thousand tapes cross-sections are modelled
in 2D. The superconductor’s non-linear behaviour and critical current density anisotropy are considered.
Losses are estimated for different designs and a sensitivity analysis is presented for different temperatures
and frequencies, in addition to other alternatives to reduce losses.

INDEX TERMS AC losses, superconducting generator, high-temperature superconductors, T-A formulation.

I. INTRODUCTION

The electrical properties of high-temperature superconduc-
tors (HTS) can provide good solutions to several prob-
lems in electric power systems. Their zero resistance could
lead to a reduction in energy loss and their high current
capacity into a size and weight reduction in power com-
ponents and machinery [1]. HTS attributes have encour-
aged research in several applications like electrical machines
[2], [3]; energy storage [4] and transmission [5]; and fault
current limiters [1], [6].

The increasing worldwide energy consumption and renew-
able generation have driven strong research on supercon-
ducting generators for wind turbine applications, where HTS
could increase power density towards better multi-megawatt
solutions [7]-[11]. Even with no measurable resistance,
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HTS materials experience energy dissipation when they
are exposed to changes in current or magnetic field [12].
As a consequence, most of these applications involve so far
only HTS tapes in the rotor/field winding, which carries
DC-current. In stator coils, they could experience higher
losses. Moreover, they have to operate under cryogenic tem-
peratures to keep the superconducting properties. Under this
condition, the cooling efficiency has a great impact on the
refrigeration power required to handle energy dissipation.
Therefore, loss estimation becomes a key factor in the design
of the machine, strongly influencing the practical and eco-
nomical realization of such applications [2], [13].

Analytical solutions have been developed to estimate
losses in single tapes [14], [15] and infinite stacks of super-
conducting tapes [16]-[18], under transport current or exter-
nally applied magnetic field. However, these expressions do
not fully represent the real behaviour of the losses in super-
conducting coils located in the stator of an electrical machine,
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since they will be exposed to a rotating magnetic field and AC
transport current. As a consequence, a finite element method
application is required based on Maxwell’s equations and
considering the superconducting non-linear behaviour. Not
only can this model estimate losses in the superconducting
coils, but it can also improve the overall machine towards a
better design solution.

This publication is based on a design study of a super-
conducting generator for a wind turbine application, which
uses permanent magnets in the rotor and superconduct-
ing coils in the stator. Electromagnetic behaviour and loss
estimation are assessed by means of T-A formulation of
Maxwell’s equations, implemented in the commercial soft-
ware Comsol Multiphysics. The current as a function of time
in each superconducting tape is determined by following
a proposed methodology, which is guided by the building
model process. Symmetries are used to enable simulating
the machine’s cross-sections by considering every HTS tape
and its non-linear behaviour. This approach is applied to
three possible designs, each one of them with different stator
configurations. Electromagnetic improvements are proposed
in this publication to enhance energy dissipation behaviour
in the superconducting coils. In this work, we first present
the proposed modelling approach in section II, followed by
a description of the three designs under study and its mate-
rial’s basic characteristics in section III. Finally, electromag-
netic behaviours and estimation of losses are analyzed in
section IV, where sensitivity studies are conducted over dif-
ferent speeds/frequencies and average operating temperatures
of the coils. All the results and findings are summarized in the
conclusion and a validation of the T-A formulation against
measurements is presented in the Appendix.

Il. MODELLING APPROACH

The models in this publication are a 2D representation of
the cross-section of an electrical machine. This means that
the end-effects (winding heads) in the machine are not con-
sidered. We estimate the total losses by multiplying the 2D
results by the effective length of the electrical machine.

In this work, the T-A formulation is used to study the elec-
tromagnetic behaviour and estimate the losses in the super-
conducting tapes. This formulation has already been used in
previous studies to model cross-sections of superconducting
electrical machines with a few hundred tapes [19]-[22]. This
methodology requires the current as a function of time in
each superconducting tape. For problems involving electri-
cal machines, this input is traditionally computed with an
external software/model. Therefore, a direct connection of the
estimation of losses with the basic machine design is not easy
to achieve. Here, we follow an approach that estimates the
required current distribution as a step to build the numerical
model. This allows us to estimate losses, calculate torque
and propose design improvements with the same program.
Since the cross-sections of the electrical machines under
study involve thousands of superconducting tapes, some sym-
metries are considered to reduce the size of the problem.
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A. T-A FORMULATION

This formulation of Maxwell’s equations was introduced
in [23] and it has been used for modelling several super-
conducting devices [24]-[26]. In this approach, the magnetic
vector potential A is computed in the entire geometry as:

Vx(leA)=J (1
"

where J is the current density, u is the permeability of the
material and A is defined as B = V x A (B, magnetic flux
density). T, defined as J = V x T, is only computed in the
superconducting domain as:

B

V x VxT)=——
(oHTS ) o7

2
In this publication, an auxiliary cylindrical coordinate sys-
tem is used to easily define permanent magnets properties
as well as north and south directions. The resistivity of the
superconducting material is modelled with a power-law E-J
relation [27]:
E n—1
c
Je(B)

g
Jo(B)

3

PHTS =

In this expression, we assumed a critical electric field E, =
1 x 107*Vm~! and a value of n = 25. The critical current
density as a function of magnetic flux density (J.(B)) will be
defined in the following section, where the superconducting
tape used in the electrical machine design is described.

The T-A formulation is particularly useful for simulat-
ing rare earth barium copper oxide (REBCO) tapes. The
high aspect ratio of these HTS tapes allows using a thin
strip approximation, where the cross-section of the conductor
is collapsed into a 1D object in a 2D model [23], [24].
This reduces the computation time. Following this approach,
we can compute the current directly by integrating the current
density in the tape cross-section (S, delimited by the path 3.5):

I://JdS://VdeS:del 4
S S aS

The above mentioned integral can be further reduced by
assuming a 1D element, which yields the following expres-
sion [25]:

I =(T) — T»)s, (5)

where § is the thickness of the superconducting layer of the
tape, T and T, are the current potentials at the extremes of
the layer. Hence, the current in the HTS tape is enforced by
assigning appropriate values to 77 and 7>.

The validation of this modelling technique is presented
in appendix, where losses were estimated for a circular coil
with sinusoidal transport current and compared with mea-
surements from [28].
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FIGURE 1. Zoom-in one pole pair of an electrical machine.

B. SYMMETRIES

The cross-sections of the 10 MW superconducting generators
under analysis have several thousands of tapes, permanent
magnets and magnetic materials with non-linear B — H rela-
tion. Moreover, we model the resistivity of the HTS tapes by
using the aforementioned E — J power-law relation, where the
critical current density depends on temperature and magnetic
field amplitude and direction. The number of degrees of free-
dom (DOF) arising from modelling the whole cross-section
of these electrical machines is very large. Therefore, the sim-
ulated models are reduced to one pole pair as it can be
observed in Fig. 1, where the whole cross-section of a 20 pole
pairs electrical machine is shown. A zoom in one pole pair
is depicted in blue (north and south poles are in black and
gray colors). Continuity periodic conditions are taken in the
upper and lower boundaries of this pole pair. Hence the whole
cross-section can be re-built in the post-processing through
rotation of the computed solution.

C. MODELS

We propose an approach where the stator coils current distri-
bution is computed in a basic model by connecting a load to
the generator, taking into account the current in each HTS
tape is needed as an input for the T-A formulation. Once
we have the current distribution, the load is disconnected
(resistive model) and superconducting coils details are added
(superconducting model). As a consequence, we built one
model to make design improvements and one to estimate
losses in a single process. A brief description of the building
model procedure is presented in Fig. 2. An additional super-
conducting model is considered in this section, which allows
reducing the computation time by modelling only one coil
group cross-section as HTS material.

e Resistive model: the geometry of the cross-section of
the coils is typically homogenized when modelling con-
ventional machines. Each coil cross-section is repre-
sented by a homogeneous block with approximately
the same electromagnetic behaviour as a fully detailed
cross-section [29]-[31]. Therefore, we develop first
this simplified resistive model (without the supercon-
ducting material) based on this approach. Initially,
a resistive load is connected to the model and cur-
rent flows as a result of induced voltage in the coils.
These induced currents are the necessary input for the
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T-A formulation. In the following step, we feed the
induced current distribution into the same model, dis-
connect the load and adjust the amplitude to the nominal
power of the machine if necessary.

The induced currents, arising from the connected resis-
tive load, can include several harmonics that can be ana-
lyzed by using Fourier Transform. However, we assume
that the amplitude of the harmonics is too low to generate
an important impact on the estimation of losses as they
could be significantly reduced in this or previous stages
of the design. Moreover, the main objective of our study
is not related to harmonic content analysis or mitigation,
but to electromagnetic modelling and loss estimation.
Therefore, we only consider the fundamental signal.

In this model, the torque density and the general elec-
tromagnetic behaviour can be analyzed. Since the com-
putation time is within the range of minutes, several
improvements and re-runs can be quickly done.

o Superconducting model: once we have the current dis-
tribution, we can import it into a model that considers
the HTS material. We replace the homogenized coils
cross-sections by detailed stacks of tapes, use the T-A
formulation and impose the current distribution with (5).
The electromagnetic behaviour and loss estimation can
be directly analyzed in each HTS tape of the machine
by using this model. However, the computation time is
still too high (in the range of days) with conventional
commercially available computers.

e Model with only one coil group considered as HTS
tapes: as it will be shown in the following sections,
the electromagnetic behaviour in each group of phase
coils cross-section is very similar (shifted in time and/or
space). As a consequence, we can model only one group
of coils with details. This model allows us to estimate
losses in all the superconducting tapes within a rea-
sonable time (in the range of hours) with conventional
commercially available computers.

Ill. MACHINE DESIGN AND MATERIALS

The electrical machine under study is a 10 MW synchronous
superconducting generator, where the rotor is equipped with
permanent magnets and the stator superconducting coils are
made with REBCO tapes. We consider only the supercon-
ducting material is operating under cryogenic temperatures;
trying to reduce the cooling power requirements and taking
into account losses in the magnetic material can increase
under low temperatures [32]. A brief description of the mate-
rials used in the model is presented in this section, as well as
several alternative designs.

A. SUPERCONDUCTING TAPE

The stator coils are wound with a 4 mm HTS REBCO tape
manufactured by SuperPower Inc, more detailed informa-
tion about it can be found in [33]. This tape is modelled
by considering only the superconducting layer surrounded
by a homogeneous medium with a resistivity of 12 m and
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Resistive model with star
connected resistive load:
current distribution
calculation.

Resistive model with
calculated current
distribution: Torque

density calculation and
design improvements.

Superconducting model:
electromagnetic
behaviour and losses can
be directly analysed in
each HTS tape.

Model with only one coil
group considered as HTS
tapes: Losses can be
estimated for all the
coils. The computation
time is reduced.

FIGURE 2. Diagram of the building model process.

TABLE 1. Lift factor parameters for different temperatures [34].

T Lo k Beo b

30 6.2 007 323 141
40 529 010 186 1.12
50 412 017 126 096
65 244 061 059 0.77

vacuum permeability (o = 47 x 107 Hm™!), taking into
account that the resistivity of the superconducting material is
several orders of magnitude lower than the resistivity of other
materials forming the tape.

In this article, we consider a critical current density of
3MAcm~2 at 77K and an average temperature of 65K.
Since the tape’s critical current density depends on temper-
ature (T7') and magnetic field (B), we use a lift factor that
models the anisotropic dependence on the local magnetic
field [34]:

J.B,T) Lo(T)
- - - ©)
J(T7K) [k(T 2B} +B2 (1)
(1 T B )

In this equation, J.(B, T') is the critical current density for
a given temperature and magnetic field, L is the lift factor
and the parameters: Lo(T), k(T), B.o(T) and b(T) express
the temperature dependence according to table 1 [34]. B and
B are the parallel and perpendicular (to the flat face of the
tape) components of the magnetic flux density. We compute
these parallel and perpendicular components by employing
the dot product between the magnetic flux density and unitary
vectors defining normal and tangential directions to each
tape.
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FIGURE 3. B-H curve of M330-50A at room temperature.

B. MAGNETIC MATERIAL

The magnetic material used in the design of the electrical
machine is M330-50A. Measurements of the magnetic and
electrical properties are presented in [32] and the relative
permeability uploaded in the model is shown in Fig. 3.
We assume that the magnetic material will be at room tem-
perature, taking into account that only the superconductor
is operating under cryogenic temperatures in the proposed
designs.

C. MACHINE CROSS-SECTIONS AND MAIN PARAMETERS

The first machine design under study is based on distributed
coils located in a stator with iron teeth. Each coil is assumed
as a racetrack coil and four coil layers are stack one on
top of the other inside a slot in one phase for one pole
pair. These coils are connected in series. The whole machine
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TABLE 2. Main parameters of the superconducting generator.

Number of slots 120
Number of pole pairs 20
Number of slots per pole pair 6
Remanent induction of permanent magnets 1.28T
Number of coils per phase per pole pair 4
Number of turns per coil 50
Peak current in each coil 1414 A
Nominal electrical frequency 3.33Hz
Target nominal power 10 MW

FIGURE 4. One pole pair cross-section of the first and second machine
designs, from left to right: design with iron teeth and slotless design.
Phase A is depicted in blue, B in red and C in green. The direction of the
current is indicated in a circle close to the coils.

cross-section has 20 pole pairs and is designed with an effec-
tive length of 2.4 m to achieve a rated torque of 10 MN m.
A summary of the characteristics of this machine is presented
in table 2. The second design is very similar to the previous
one. It uses the same coils, number of turns, number of pole
pairs and magnets. However, the stator winding is designed
as an airgap winding, so it has no teeth and is distributed with
coils in two layers. This design has an effective length of
3.7m to achieve a rated torque of 10 MN m. The geometry
of one pole pair cross-section for both designs is presented
in Fig. 4.

The third design is also similar to the first one, but the tape
is assumed to be 2 mm wide instead of 4 mm. For this reason,
each phase in one pole pair is composed of 8 coils stacked
in groups of four. Each group of coils is separated inside the
slot to decouple the magnetic field and reduce magnetization
losses. The same lift factor and HTS parameters are used, but
the tape’s critical and transport current are reduced by half.
The shape of the slot is modified to better guide the magnetic
field from rotor to stator and to provide a low reluctance path
for the self field to turn in the magnetic material and not
so close to the stacks. This design has an effective length
of 2.3m to achieve the same rated torque. One pole pair
cross-section of this design is shown in Fig. 5.
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FIGURE 5. One pole pair cross-section of the third design. Phase A is
depicted in blue, B in red and C in green. The direction of the current is
indicated in a circle close to the coils.

IV. RESULTS AND LOSS ESTIMATION

In this section, estimation of losses and magnetic field
behaviour are presented for the three machine designs. The
resistive model approach is followed in each case to get the
appropriated current distribution in the coils of the machine,
which is then imported into the T-A formulation to compute
losses in the HTS tapes.

A. BEHAVIOUR OF THE COILS OF EACH PHASE STUDIED
WITH THE SUPERCONDUCTING MODEL
The main advantage of the superconducting model is that
losses can be estimated and electromagnetic behaviour can
be analyzed in each superconducting tape cross-section of
the generator. Hence, this could be the first approach to study
the superconducting machine. However, taking into consider-
ation the aforementioned characteristics and geometry of one
pole pair for the different designs, a similar electromagnetic
behaviour (shifted in space and time) can be expected for the
different coils of all the phases. To verify this hypothesis,
we compare the normalized current density and magnetic
field behaviour in the different coils cross-sections at dif-
ferent time instants. As it is shown in Fig. 6 for the first
design, the current penetration and magnetic field behaviour
is similar in the different phase coils cross-sections (rotated
in space for the different phases) when the current in each one
of them reaches its maximum and zero values (shifted in time
for each phase).

The instantaneous losses can be computed in the n”” coil of
phase A as:

Pas(Wm™) =8/E~Jdl @)
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FIGURE 6. Behaviour of the normalized current density (//Jc(B)) and magnetic field (red arrows) in the cross-section of each phase coil when the current
of each phase is maximum (top) and zero (bottom) for the superconducting model of the first design.
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FIGURE 7. Instantaneous losses in the first racetrack coil, from left to
right in Fig. 6, for each phase of the first design.

The losses computed with (7) in the first coil (from left to
right) of Fig. 6 for the different phases are plotted in Fig. 7.
As can be observed, they have the same periodic shape shifted
in time. Losses in the rest of the coils behave in the same way,
which can be expected given the above mentioned magnetic
field and current density distribution.

From these results, we can say that the electromagnetic
behaviour and losses can be analyzed with the same accuracy
when the calculations of one phase coil group are extrapolated
into the other phases. Therefore, we can model only one
group of coils as superconducting material and homogenize
all the other coils cross-sections. This allows us to keep the
same general electromagnetic behaviour and reduce compu-
tation time.
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FIGURE 8. Magnetic flux density norm in T for one pole pair of the first
design, when phase A current is maximum (time=0.375 s).

B. DESIGN WITH IRON TEETH
The magnetic flux density norm in the cross-section of one
pole pair for this first design is shown in Fig. 8 and the
instantaneous losses are presented in Fig. 9. The windings
are numbered from left to right. The coils with higher losses,
located closer to the rotor, also experience a higher current
penetration and a higher perpendicular magnetic field.
These results show a strong relationship between losses
and magnetic field. For instance, if we analyze only the
self field (Fig. 10) and consider the interaction between two
coils, the perpendicular (to the flat face of the tape) mag-
netic field between the coils is reduced, since both carry
the same current. However, when we consider 3 or more
coils, the perpendicular magnetic field increase in the first
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FIGURE 9. Losses in the coils of phase A for the first design, in Fig. 4 the
first coils from bottom to top numbered from left to right as A1, A2,
A3 and A4.
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FIGURE 10. Basic schematic behaviour of the self field in the coils
cross-section for the first design.

and last windings of the array. The magnetic field norm can
further increase in the first ones since these are closer to
the rotor. However, the last ones are closer to stator iron
and partially shielded by coils 1 and 2. This causes a lower
magnetic field around the last coils, where we have lower
losses.

To estimate the losses, we analyze only the second period
of the sinusoidal cycle. The first half cycle includes a transient
behaviour that does not represent the AC operating regime
of the HTS tapes. The overall behaviour of the losses can
be better appreciated in Fig. 11, where the average power
dissipation in the cross-section of phase A coil group is
shown. This power density is calculated in each point of the
tapes as:

1 2T
T /; E . Jdt ®)

In this figure, we can observe that coil 1 has the highest
average dissipation. Hence it could be under higher thermal
stress. To calculate the losses in phase A coil group, we can
integrate the dissipation in all the coils of this phase:

27 4

0uim™) = [ Y Panat ©)
n=1

T
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FIGURE 11. Average power density dissipation (W m—3) of the phase A
coil group for the first design.

0.8

0.6

FIGURE 12. Magnetic flux density norm in T for one pole pair of
the second design, when phase A current is maximum (time=0.375 s).

The total losses in the superconducting windings can be
obtained by multiplying the result of (9) by the number of
coil groups (6), the number of pole pairs (20), active length
of the machine (2.4 m) and nominal frequency (3.33 Hz). This
results in a total loss of 46.85 kW.

C. SLOTLESS DESIGN

The model for the second design is built by following a
similar approach. The superconducting model yields the
same behaviour per coil group in this design too. Therefore,
we focus on the first four coils cross-section (from bottom to
top), depicted in blue in Fig. 4.

The magnetic flux density norm in the cross-section of one
pole pair is shown in Fig. 12 and the instantaneous losses in
the four coils cross-section are presented in Fig. 13. The coils
have been numbered from left (closer to rotor) to right (closer
to stator) and from bottom to top.

In this design, the current penetration in all the four coils
cross-section is more uniform, as it is shown in Fig. 14. More-
over, the average power density dissipation (Fig. 15) is better

208773



IEEE Access

C. R. Vargas-Llanos et al.: T-A Formulation for the Design and AC Loss Calculation

80 ‘
Coil Al
70 Coil A2
Coil A3
601 Coil Ad

2 P W
(=} S (=}
T T T

Instantaneous losses (W/m)
[}
S

Time (s)

0.6

FIGURE 13. Losses in the coils of phase A for the second design, in Fig. 4
the first coils at the bottom numbered from left to right and bottom to
top, as Al, A2, A3 and A4.
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FIGURE 14. Behaviour of the normalized current density (J/Jc(B)) and
magnetic field (red arrows) in the cross-section of the coils of phase A for
the second design, when the current in the coil group is maximum.

distributed. Only coil number four experiences slightly higher
losses compared to the others. This behaviour supports the
aforementioned analysis regarding the interaction between
only two coils.

To calculate losses in phase A coil group, we can integrate
again the dissipation by using (9). The total losses in all the
coils of the machine can be obtained if we multiply by the
number of coil groups (6), the number of pole pairs (20),
active length of the machine (3.7 m) and nominal frequency
(3.33 Hz). This results in a total loss of 39.81 kW.
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FIGURE 15. Average power density dissipation (W m—3) of the phase A
coil group for the second design, in Fig. 4 the first coils from bottom to
top in blue.

0.5

FIGURE 16. Magnetic flux density norm in T for one pole pair of the third
design, when phase A current is maximum.

D. DESIGN WITH IMPROVEMENTS IN SLOT SHAPE AND
COILS POSITION

In this section, we change the superconducting tape in the first
design from 4 mm to 2 mm wide to reduce losses. The same
parameters are used and the transport and critical current are
reduced to half. Initially, the number of coils is increased
from 4 to 8, stacked in the same position and connected in
series. A similar electromagnetic behaviour was obtained,
with roughly 44 % reduction in the losses of the HTS coils
(total in coils, 26.11 kW), in comparison with the first design.
However, the coils closer to the rotor still experience a much
higher energy dissipation.

In order to reduce the effect mentioned in Fig. 10, we sep-
arate the 8 coils inside a slot, as can be observed in Fig. 5.
An angular separation was kept between both sub-groups of
four coils. This introduces a high reluctance that can decouple
the magnetic field. Moreover, the shape of the slot was modi-
fied by trimming the corners, in order to provide a better path
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FIGURE 17. Losses in the 8 coils of phase A for the third design. In Fig. 5
the first coils at the bottom, numbered from left to right and from bottom
to top.
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FIGURE 18. Behaviour of the normalized current density (J/Jc(B)) and
magnetic field (red arrows) in the cross-section of the coils of phase A for
the third design, when the current in the coil group is maximum (both
coils sub-groups are printed closer for a better comparison).

for the magnetic field to turn in the magnetic material. The
coils were also put a bit deeper in the stator and the area of
the stator iron closer to the rotor was increased to guide better
the magnetic field from rotor to stator.

The same modelling methodology was repeated for
this new design. The magnetic flux density norm in the
cross-section of one pole pair can be observed in Fig. 16.
The Instantaneous losses in the eight coils cross-section are
shown in Fig. 17, where the coils have been numbered from
left (closer to rotor) to right (closer to stator) and from bottom
to top. As can be appreciated, the losses of the different
sub-groups are very similar.

In this design, the current penetration is also similar
between sub-groups, as can be observed in Fig. 18. Moreover,
a good distribution of the average power density dissipation
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FIGURE 19. Average power density dissipation (W m—3) of the phase A
coil group for the third design (both coils sub-groups are printed closer
for a better comparison).

is achieved (Fig. 19), in comparison with the first design.
However, coils number one and five still experience higher
dissipation in comparison to the other coils in the group. This
behaviour could be related to the horizontal array and the
magnetic field contribution coming from the rotor.

Losses in the superconducting coils are estimated by fol-
lowing the same procedure. In this design, the total loss in the
coils is 15.73 kW. This means approximately a 40 % addi-
tional reduction. However, the positions of the coils inside
a slot followed only a heuristic approach which aimed at
verifying the impact of the magnetic field behaviour in the
losses. Since it brought a high reduction in losses and a
better distribution of the average power density dissipation,
a formal optimization process can be done by considering the
angular separation of the coils sub-groups (to decouple the
magnetic field between the coils) and the radial location of
the coils. The objective could be to minimize the losses in the
HTS material (increasing the efficiency of the machine) and
to maximize the torque density (decreasing machine length,
materials and price). This multi-objective optimization pro-
cess is proposed as future work and it can be carried out with
one resistive and one HTS coil model by updating the current
distribution, calculating torque density and losses on every
step.

E. BEHAVIOUR OF THE LOSSES FOR DIFFERENT
FREQUENCIES AND TEMPERATURES

All the results presented so far considered a temperature of
65K and a frequency of 3.33Hz. To verify the impact of
these variables in HTS losses, we performed a sensitivity
analysis by repeating computations in a parametric study for
the three designs. The performance for different frequencies
and an average temperature of 65K is presented in Fig. 20.
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FIGURE 20. Behaviour of the losses in each design for different
frequencies and an average temperature of 65 K.
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FIGURE 21. Behaviour of the losses in each design for different
temperatures and a frequency of 3.33 Hz.

This figure shows a linear increase in the losses in kW with
the frequency. This linear nature reflects a similar electro-
magnetic behaviour per cycle, repeated at different speeds for
different frequencies.

The performance for different temperatures and a nomi-
nal frequency of 3.33 Hz is presented in Fig. 21. This fig-
ure shows a big increase in the losses in the first and second
design when the average temperature increase over 68 K. This
behaviour is probably related to current saturation in the coils
and the non-linear dependence of the critical current density
on the magnetic field and temperature. Losses in the third
design have a more steady behaviour. This means a safer
operation of the coils in case of transient increase of tempera-
ture and it could allow us to operate normally at temperatures
higher than 65 K, where higher cooling efficiencies can be
achieved.

V. CONCLUSION

The electromagnetic behaviour of synchronous supercon-
ducting machines was analyzed. The T-A formulation was
used and the current distribution was addressed by follow-
ing a proposed methodology based on the building model
process. This allows us to improve superconducting machine
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FIGURE 22. Comparison of the losses estimated with the T-A formulation
and measurements for a circular coil [28].

designs by reducing the losses in superconducting coils with
a detailed analysis.

The modelling approach was implemented on a 10 MW
generator with permanent magnets in the rotor and supercon-
ducting coils in the stator. Three solutions were considered.
First, a design with iron teeth and four coil layers per slot
was analyzed. Then, a slotless solution was modelled and
a small reduction in losses was achieved. Based on these
two results, a new design was proposed. In this last solution,
the electromagnetic behaviour and losses in the machine
were improved by changing the shape of the slot, location
of the coils and width of the HTS tape. We show with this
design study implementation that the proposed methodology
can address the design of the machine and the estimation of
losses in the HTS tapes with a single building model process.
Moreover, a design optimization was proposed as future work
to increase machine efficiency (minimizing losses in the HTS
coils) and reduce cost (reducing the length of the machine)
based on this modelling approach.

Finally, a sensitivity analysis was conducted over the nom-
inal frequency of the machine and the average temperature
of the coils. This study shows a linear increase of losses
in kW with the frequency under constant temperature. The
first and second designs experience a large increase of losses
with temperatures higher than 68 K. The third design has a
more steady behaviour of the losses in case of disturbances
in temperature. These results are useful for the design of the
cooling system and provide guidance for coils operation and
future applications.

APPENDIX

The T-A formulation has been used in this article as a mod-
elling technique for superconducting coils. To validate this
approach against measurements, we estimated losses in the
coil presented in [28]. This is a circular coil with an internal
diameter of 60 mm and an external diameter of 67.8 mm,
made with 24 turns of a 4 mm tape. It was modelled as an
axisymmetric problem and we considered a critical electric
field E. of 1 x 107 Vm™! and a value of n = 25. Further
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information about the coil, tape and measurement technique
can be found on [28], [35].

Losses were estimated for a sinusoidal transport current
with a frequency of 36 Hz without an external magnetic field.
The amplitude of the current was changed in a parametric
study from 20 A to 100 A. Fig. 22 shows a comparison of the
losses estimated with the T-A formulation and measurements
conducted in [28]. As can be observed, the model is in good
agreement with the measurements.
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