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Coil Optimization for High Temperature
Superconductor Machines
N. Mijatovic, Student Member, IEEE, B. B. Jensen, Member, IEEE, A. B. Abrahamsen, V. M. R. Zermeno,
C. Træholt, and N. F. Pedersen

Abstract—This paper presents topology optimization of HTS
racetrack coils for large HTS synchronous machines. The topology
optimization is used to acquire optimal coil designs for the excitation system of 3 T HTS machines. Several tapes are evaluated and
the optimization results are discussed.
The optimization algorithm is formulated to minimize the cost
for the coils wound with one type of HTS as well as multiple HTS
types. It could also be used to minimize other parameters, e.g. space
required for the coils. The results are inherently highly dependent
on the HTS properties, which at 20 K seem to be in favor of the 1 G
tape. The maximal HTS savings achieved allowing multiple current
supplies in the excitation system are investigated and estimated to
be in the range of 50% for highly nonlinear J-B dependence HTS
tapes.
Index Terms—HTS coil optimization, HTS machines, topology
optimization.

I. INTRODUCTION

H

IGH temperature superconducting (HTS) applications
are currently limited to a few main areas, such as advance
medical diagnostics tools (MRI and NMR) and high energy
particle research (accelerators). Large scale HTS applications
have been thoroughly demonstrated in the energy sector, e.g.
HTS cables, Superconducting Magnetic Energy Storage and
HTS machines. Yet their commercialization is still limited by
the cost of the HTS materials.
Optimization of the superconducting devices is crucial in
order to make them competitive in a free market. At present
the two main HTS candidates suitable for industrial applications are first generation (1 G) BSCCO and second generation
(2 G) Coated Conductors. The price and performance of the
HTS conductors depend strongly on the type of HTS material
including: magnetic field dependent critical current density
, manufacturing procedures, availability and quantity.
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Fig. 1. Conceptual design of one pole-section for salient (left) and non-salient
(right) synchronous machines with conventional and air-gap armature windings
respectively. The magnetic steel is gray, the armature winding is dark red, the
thermal insulation (vacuum chamber, spacers, radiation shield) is blue, and the
space for the HTS coils is yellow.

The HTS price is usually the dominating factor of any system
employing HTS. Optimization of the HTS usage and cost is
therefore one of the main tasks of any superconducting system’s
designer. In the case of the electrical machines, many designs
have been optimized for different applications ranging from air
industry to utility companies [1]–[3].
We have employed the constrained Finite Element topology
optimization in order to obtain improved HTS coil designs.
Doing so it is possible to minimize the amount of HTS needed
and hence the cost of HTS, or even to pinpoint a combination
of HTS tapes with different properties in order to minimize the
cost of the HTS machine.
II. METHODOLOGY
First the model of the HTS machine will be discussed, in order
to formulate the topology optimization problem for the HTS
coils in a machine. After that, details of the design of the HTS
coils, HTS tapes, and most important constraints for the HTS
coils will be reviewed. Finally, the formulation, implementation,
and results of the topology optimization are described.
A. HTS Machine Design
Recommended HTS machine designs vary depending on the
application that the machine is intended for. The common characteristic for all HTS machines, and one of their main benefits,
is the power density which could be significantly larger than in
conventional machines [4].
The two main designs, which the HTS synchronous machines
are gravitating towards, are salient pole machines with conventional armature windings and non-salient multi-pole machines
with air-gap armature windings [4], [5]. Both designs are shown
and described in the Fig. 1.
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The magnetic field is established by the HTS excitation
winding. A cryostat for thermal insulation between the armature windings at room temperature and the HTS excitation
windings at cryogenic temperatures is necessary. Given that the
radial thickness of the cryostat is crucial for the machine design
and directly responsible for the increase in required MMF, it
is important to have a good estimate of the cryostat thickness
necessary for operational temperatures between 20 K and 80 K.
The choice of material for the cryostat could be stainless steel
(SS) or composite materials. The advantage of SS is the ease
of manufacturing, and the advantage of the composite material
is zero eddy current losses. The conduction and radiation heat
transfer need to be suppressed with a vacuum chamber and multilayer insulation (MLI). The heat transfer through the mechanical and electrical connections also needs to be minimized. It
could be assumed that for temperatures above 60 K a cryostat
thickness of 20 mm can be achieved and for temperatures between 20 K and 60 K a cryostat thickness of 50 mm is necessary,
due to the additional MLI and tighter heat inflow restriction because of lower cooling efficiency at lower temperatures.
Armature designs for HTS machines have been and still are a
topic of a debate. Some arguments in favor of the air-gap armature design are removal of teeth saturation and higher armature current loadings. The advantages of air-gap armature
windings have not yet been proven commercially and it was reported [6] that the air-gap armature winding involves several
challenges, which still needed to be addressed e.g. cooling, mechanical integrity, assembly, and eddy current loss. However, if
the trend for development of the compact machines continues,
the air-gap armature winding’s inherent advantages over conventional slotted armature windings will make the air-gap armature a more favorable choice.
It is also possible to draw some electromagnetic parallels
between air-gap and conventional armature windings in slots.
Having slotted configuration windings allows very small electromagnetic air gaps, but it also effectively decreases the radial
flux path surface of the armature steel. This is taken in to account in conventional analytical machine design by the Carter
coefficient, which modifies the effective air-gap to account for
the effects of the iron teeth and slots dimensions. Bearing this
in mind the model in Fig. 2 can also be used to analyse conventional slotted armatures by altering the inner radius of the stator
steel according to the Carter coefficient.
B. HTS Coil Design
HTS tapes, both 1 G and 2 G, are manufactured as a thin
tapes (0.1 mm–0.4 mm) of different widths (where 5 mm is
the most common) [7]–[9]. In order to estimate the impact of
very high engineering current densities in the HTS 2 G tapes,
it is assumed that coated insulation is applied. This yields
cross sectional areas of only 1
for insulated tapes which
allows compact coil designs. This tape would correspond to
the most expensive tape and it is currently available in limited
lengths. Extended tape lengths are currently only available for
the 1 G tapes, which adds additional constrains on large scale
applications.
Due to the mechanical limitations, the preferred coil layout
for the HTS tapes is racetrack coils. Commercially available
HTS tape can also be purchased in insulated form (usually
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Fig. 2. Simplified model of a synchronous HTS machine with air-gap winding.
The magnetic steel is gray, armature winding is dark red, thermal insulation
(vacuum chamber, spacers, radiation shields) is blue and space for HTS coils is
yellow. The units of x and y axes are [m].

Fig. 3. Estimated engineering current density for 1 G and 2 G tapes at 20 K.
The legend shows the HTS type, the critical current at 77 K in the self field, the
estimated dimensions of the cross section of the insulated HTS tapes in [mm],
and the estimated price of the tape all normalized to the price of 1 G–80 A. The
insulation of the tapes is assumed to be 0.3 mm for glass fiber and 0.15 mm for
coated insulation.

Kapton of Glass-Fiber tape insulated) or the tape could be
insulated by the coil manufacture. The insulation of the HTS
tape can have large impacts on the compactness of the HTS
structures.
The HTS’ magnetic dependence of its engineering critical
current, i.e.
data, is not standardized and is highly dependent on several parameters. In order to compare different types
of HTS tapes, the data from published material [6]–[9] is used
in this study together with estimated price ratios for the HTS
tapes, Fig. 3.
It is also assumed that the price of the same type of HTS
tapes scales linearly with the current rating. All HTS prices are
normalized to 1 G-80 A, hence having the 1 G–80 A BSCCO
tapes as a base value. The HTS 2 G tapes are more expensive at
present but it is predicted that they could become cheaper than
1 G tapes.
C. Machine Electromagnetic Model
The model geometry of the conceptual machine used for the
coil topology optimization is shown on Fig. 2. The 16 pole machine is non-salient and can be analysed with an air-gap armature winding or a slotted armature winding (simplified with the
Carter coefficient). The FE model is reduced to one pole section
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using electromagnetic periodicity. The magnetic fields are calculated in steady state using the vector potential formulation of
Maxwell’s equations. The ferromagnetic steel used in the model
for both cold and room temperature magnetic parts is the silicon
steel M800-50.
The optimization space domain corresponds to the six double
pancake coils. Each double pancake coil was presented with one
rectangle of width of 10 mm.
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coefficient is assumed to be fixed to 0.8 in the case
The
of single HTS type employed, thus making sure the electrical
loading of the HTS is 80% of the critical loading. In the case
should also be an optimization
of different HTS types, the
variable with values bounded between 0.4 and 0.8.
If one excitation current is allowed, (4) defines the maximal
safe supply current.
(4)

D. Coil Magnetic Anisotropy
An important feature of HTS machines, which needs to be
taken in to account, is the high sensitivity of the HTS current
carrying capacity in magnetic fields. The prevailing impact on
the critical current of the HTS tapes is the perpendicular direction of the magnetic flux to the wide side of the HTS tape. In
the machine a single HTS tape is not in a homogenous field
but rather, the gradients of the magnetic field can be very large
over the entire HTS coil. However, critical currents of HTS tapes
are usually derived by the ‘short piece’ experiment in different
fields and field directions, where the field in the experiment is
homogenous.
In the model, the perpendicular component of the flux density
for tape , is averaged over tape width,
, as
shown in (1).
(1)
The
represents the optimization variable which corresponds to the one type of HTS and
is the absolute
value of the perpendicular component of the magnetic flux
density. The peak perpendicular flux density,
, experienced by coils made from the HTS material, can be found
by searching for a maximum of the perpendicular flux density
experienced by each tape calculated in (1), over the entire
optimization domain
, like in (2).
(2)
At this point we need to consider the excitation strategy. The
conventional excitation strategy for a synchronous machine implies one excitation system and one excitation current. Yet it
might be wise to allow more excitation currents in the case of
HTS machines, assuming that the complication in the excitation
system does not cancel out potential savings in HTS material.
In this model that feature is investigated and compared with the
case of having only one current supply.
The total spatial current distribution
with more than
one excitation current supply, is calculated as the sum of all the
coil current density contributions, as shown in the (3). The
is the critical current density for the type of HTS tape where
the
is the optimization variable which controls the
spatial distribution of the type HTS in the coil domain. An
, scaling
additional scalar variable is tied to each HTS type,
current density of that coil from the value defined by the critical
current density

Since the different tapes have different cross sections
,
the engineering current densities need to be scaled in order to
. The total spatial distribution of the coil
correspond to
domain in this case is formulated in (5).
(5)

E. Optimization Formulation
Topology optimization is used in structural studies to ensure
minimum material usage and cost, and increased robustness
of the structure, especially in an application where over sizing
caries high cost penalty (airplane industry) [10].
The objective function, which in COMSOL [11] implementation is minimized by default, will have several terms in the
formulation of the optimization problem. The form of the generalized objective function, which is minimized is shown in (6).
(6)
are contributions to the objective function.
where
The optimization variables,
, are defined in the 2D
space which corresponds to the space intended for the HTS
coils. The idea is to allow the optimization algorithm to control the spatial distribution of the HTS tapes. All optimization
variables are constrained between zero and one with (7) and (8).
(7)
(8)
If the optimization variable is one, current carrying HTS will
be present at those coordinates and if it is zero, no HTS tape
will be present. Additionally the sum of all the optimization
variables at a specific coordinate need to be less than or equal
to one, which corresponds to the statement that the same space
can have only one tape.
However, since it is not possible to constrain the optimization
variables in COMSOL to only binary values, the first term of the
objective function,
, needs to penalize all values between
zero and one, which is done with (9).

(3)
(9)
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where the adjusting constants
,
and
are set to
0.25, 0.5 and 100 respectively, in order to allow this term to
have significant effect to the value of the objective function.

(10)
The second term of the objective function,
, shown in
(10) is to make sure that the fundamental harmonic of the radial
air-gap flux density, , is maintained closely to the desired de. Thus, the
will have the dominating
sign value,
effect on the objective function as long as the air-gap flux is far
from the desired value. The constant
controls how dominant this term is in the final objective function and in this implementation its value is set to 5.
The final term of the objective function is the price contributions of each HTS which is calculated using (11).
(11)

where the price of each tape is

.

III. RESULTS
In order to compare the coil optimization results of the generator design shown in the Fig. 2, the price of the optimized coil
topology made from a single type of HTS material (both 1 G
and 2 G) is compared.
The limiting factor during simulations, especially for the case
of multiple tape coils, was a built-in optimization algorithm in
COMSOL, which searches only for local minimum [10]. Thus
it is very important to keep in mind that the solution, which is
a local minimum is highly dependent on the initial conditions.
This requires a good initial estimate of which tape should be in
which portion of the coil.
1) Single Tape Coils: An optimization example is done on
the 16 pole air-gap stator machine. For the machine design input
the flux density was set to 3 T with an HTS operating temperature of 20 K.
The optimization results for the 16 pole machine in Fig. 2 are
shown in Fig. 4. In the case where the coils consist of a single
HTS, the coils made from 2 G 120 A tape (with a relative price
of 3 pu), had a price of
, as compared to the coils
made from 1 G 180 A tape (with a relative price of 2 pu) where
the price was only
. The price difference between 1
G and 2 G is a factor of three which is in line with expectations,
since 1 G tapes have more current capacity between 2 T and
3 T and are 50% cheaper, according to Fig. 3. The coils from
ultra thin 2 G 140 A tape would result in a price of
.
However, the cost impact of the coil space reduction is not taken
into account here. This could have a significant impact on the
overall price of the machine as it could result in a reduced effective air-gap and hence a lower required value of ampere-turns

Fig. 4. Optimization results for HTS coils with single HTS type at 20 K. The
results are shown only for the upper side of the coils, since the current distribution is symmetrical to the x axis. The dark red is the HTS active domain and the
dark blue empty space. (a) 1G-180A-2pu; (b) 2G-120A-3pu; (c) 2G-140A-4pu.

for a given air-gap fluxes density. The lowest grading 1 G 100
A and 2 G 80 A tapes were unable to produce the required 3 T
with the allowed coil space.
The optimization results show that the 1 G-180 A tape is most
advantageous at 20 K. It has the lowest price and degree of magnetic anisotropy. The results for the ultrathin 2 G-140 A tape
are interesting, with a very compact coil of similar price to the 2
G-120 A tape. This tape requires further analysis which allows
for the potential benefits of the compact coil to be taken into account.
2) Multiple Excitation Currents: In order to investigate the
potential savings in HTS material by allowing multiple excitation currents, we have examined the extreme case were each
tape has its own current supply, which should yield the lowest
amount of HTS needed to achieve 3 T. This means that each
. It
tape operates with its own maximal safe defined by
is not realistic that each tape would have its own current supply,
but it is realistic to imagine that the HTS area was divided into
sections with a few separate current supplies.
The optimization was carried out with the same tapes as in
the single excitation current case. The optimization resulted in
the following price for 1 G–180 A, 2 G–120 A and 2 G–140 A
respectively:
,
and
.
The optimization has confirmed the potential for significant
HTS savings if multiple current supplies are allowed. The tapes
with higher degree of nonlinearity in
, as 2 G at 20 K,
have potential savings exceeding 50%. Such savings are less for
the 1 G tapes and are in the order of 30% at 20 K.
IV. CONCLUSION
In this article an optimization algorithm for HTS coils in electrical machines is presented. We have estimated the price ratios
of three commercially available types of HTS and used it to derive the price ratios for excitation coils of multi-pole HTS machines. The results were clearly in favor of 1 G tape at 20 K, due
to its lower cost and higher current capacity. Promising results
were achieved with ultra thin 2 G tape, which require further investigation. Additionally, the article discusses the potential HTS
savings of using multiple excitation supplies. Future work will
focus on optimal design of coils with two and more types of
tapes with one or more current supplies.
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