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Minimizing Conductor Consumption in High-Field
HTS Solenoid Design Using Adaptive ANN-Based
Optimization Algorithm

Di Wu”, Dmitry Sotnikov

Abstract—Minimizing conductor cost is one of the goals in
high-field HTS magnet design. Optimization of magnet design to
minimize conductor length is one way to approach the problem.
HTS tapes have anisotropic material properties and non-uniform
current density within the tape width during operation, which
must be accounted in modeling HTS tapes. Finite element method
(FEM) based simulations can be used to obtain accurate magnetic
field distribution and critical current in an HTS magnet, but these
simulations are typically time consuming. For example, a detailed
simulation for a 2 T HTS solenoid may take several hours. As a
result, it is not efficient to implement the traditional optimization
algorithms, which directly use the simulation results to obtain
the response of the cost function. To overcome this challenge, a
novel optimization algorithm was developed by the authors, namely
L-ANN-GWO to reduce the time cost of optimization (L stands for
LASSO, ANN stands for artificial neural network, and GWO stands
for grey wolf optimizer). In this approach, ANN is trained by FEA
set of HTS solenoid designs to approximate the time-consuming
simulations of magnetic field distribution based on solenoid geom-
etry. Instead of using the approximation model in a static way,
ANN is first trained with a small number of samples and updated
adaptively in L-ANN-GWO along with the optimization process.
In this contribution, we present application of the L-ANN-GWO
optimization algorithm to ReBCO solenoid coils to optimize magnet
design to minimize conductor use. The design constraints come
from field homogeneity and critical surface. We demonstrate that
as a multi-objective optimization, L-ANN-GWO can output the
minimized superconductor consumption in different peak mag-
netic fields from a single optimization run. Future developments
foresee adding quench protection requirements into the design
optimization as this is another aspect potentially impacting the
conductor use.

Index Terms—ANN, FEM, HTS, multi-objective optimization,
solenoid.

1. INTRODUCTION

OST is an important consideration in high-field magnet
design. A major part of high-temperature superconductor
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(HTS) magnet cost is the conductor. The total conductor cost is
directly proportional to the used conductor length, so optimiza-
tion of conductor length is a key in future magnet design [1],
[2]. The magnet design optimization must be able to account for
a wide set of constraints and conflicting objectives: the required
magnetic field and sufficient margin to critical surface, among
other engineering limitations. From practical point of view,
even the electromagnetic design alone requires rather complex
numerical simulations to account for the conductor anisotropy,
large aspect ratio, highly non-linear material properties and a
large number of unknowns. The simulations can be realized with
finite element method (FEM), but they quickly come computa-
tionally very expensive. As a result, when the time-consuming
FEM is used to obtain the performance of a magnet in an
electromagnetic design, it becomes difficult and in-efficient to
use traditional design optimization algorithms, which need to
call the simulation up to thousands of times. Recently, the
fast response property of artificial intelligence (Al) techniques
has drawn attention in the superconductivity modeling and de-
sign field [3]. A key in enabling modern design optimization
approaches is to reduce the number of time-consuming FEM
simulations needed to solve the optimization problem. In this
contribution we employ a customized Al-based design optimiza-
tion approach, namely L-ANN-GWO (LASSO-Artificial Neural
Network-Grey Wolf Optimizer), which is designed to cope with
time consuming FEM simulations. The approach is described in
detail in [4]. In this contribution we demonstrate its use in HTS
solenoid electromagnetic design.

The principle of the method is to replace the FEM-based
electromagnetic analysis with ANN surrogate model. A sig-
nificant novelty is that the ANN is updated adaptively during
the optimization process. A relatively small set of COMSOL
FEM simulations is used to train the ANN model. In partic-
ular, the magnetic field profile is evaluated for different coil
cross-sections and cable configurations. During the optimization
process, the most interesting design regions are identified. The
ANN is made more accurate in these areas by automatically
calling more COMSOL simulations to update the ANN. The
output of the process is the pareto front giving the maximum
central solenoid field that can be obtained with a given length of
conductor. The design constraints include magnetic field homo-
geneity requirement, critical current density consideration, and
minimum inner radius. This time the coil compactness was not
a design criterion and evaluating the proposed coil geometries
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Fig. 1. Sketch of the design cross-section for a solenoid magnet.

can give interesting insight how the HTS coil designs could
consider the critical current density (Jc) angular dependency in
novel ways. To further reduce the time cost in FEM simulation,
a homogenized simulation model was used. The optimization
process is fully automated by using a dedicated MATLAB-based
interface that is connected to the COMSOL Multiphysics [5]. It
automatically generates the COMSOL input files based on the
commands from the optimization algorithm and analyzes the
outputs of the simulations to be fed to the ANN for re-training.
The manuscript is organized as follows. Section II defines the
design optimization problem. Section III introduces the method-
ology applied in this study, including homogenized simulation
model and L-ANN-GWO algorithm. Section IV presents the
optimization results. Section V concludes the article.

II. PROBLEM DEFINITION
A. Magnet Geometry

The solenoid magnet is made using 12-mm-wide ReBCO
tapes, which thickness is 120 pm (it is an assumption of real
tape thickness 109 um [4] plus solder and average insulation
thickness). Tape thickness is 120 pm that includes the solder
or insulation thickness. The critical current density is assumed
as J.o = 6615 A/cm at 20 K and O T [6]. The coil is based on
stacked-tape cable with up to four tapes soldered together. The
considered multi-coil solenoid layout is shown in Fig. 1.

The minimum inner solenoid radius is set to 1cm. Table I con-
tains the design variables included in the optimization problem
and the range of their considered values.

The magnet cross-section consists of three blocks which
each contain a set of coils. Each block contains up to three
pancakes. Each pancake contains one to six coils. Each pancake
in a block has identical number of coils, and each coil in the
pancake has identical number of cables and number of tapes.
Computationally, the number of cables can be set to zero if the
pancake does not exist. However, the number of cables in the first
pancake in the bottom bock cannot be zero, i.e., n_cable; ; > 0.
In total, there are 36 design variables.

B. Optimization Objectives and Design Constraints

The objectives of the optimization problem are:

1) Minimize the length of the tape (L)

2) Maximize the magnetic field at the center (B0 at r =
0, z=0)
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TABLE I
DESCRIPTION AND VALUES CONSIDERED FOR EACH DESIGN VARIABLE

Variable Description Value range
Distance between i-th
z_block; and (i-1)-th block in z- | 0.01 — 15 mm
direction
n_coil; Number of coils 1-6
dz_coil; Distance between coils | 0.02 — 13 mm
Distance between j-th
r_pancake;; | and (j-1)-th pancake in 10 — 20 mm
radial direction
n_cable;, Number of cables in %0 - 200
pancake
Number of tapes in
n_tape; ; cable p 1-4

*if 1,j = 1, then n_cable = 1 - 200.
Subscript i(i=1,2,3) stands of the block number counting from the bottom, and j
(7=1,2,3) stands for the pancakes number in the i-th block.

The constraints are defined as:

1) Current density is less than 90% of the critical current
density: J < 90% J.(B)

2) The difference between the maximum magnetic field and
the minimum magnetic field in the (2 x 2) em? area
centered atr = 0, z = 0, is less than 5%: % < 1.05

1II. METHODOLOGY
A. Homogenized Simulation Model

HTS tapes are multilayer composites including the supercon-
ducting ReBCO layer, silver and copper stabilization layers,
and Hastelloy substrate [7]. Our previous work with modelling
detailed structure HTS tapes [4] showed excellent accuracy in
predicting current sharing and critical current reduction inside
of each tape. The disadvantage of this model is extremely high
computation cost, especially at high magnetic fields.

For this work we homogenized the conductor properties in
each pancake. This approach for FEM modeling has already
been analyzed in [8], [9], [10], [11], [12]. Instead of considering
individually each metal layer, we used homogenized electrical
conductivity that corresponds to sum of each layer conductivity
weighted with their relative cross-sectional area contribution.
Critical current density equals to cable critical current divided on
cross-section of the cable (not only ReBCO layer as for detailed
model), and resistivity of the cable is presented as parallel of
superconducting and normal conducting parts [7]. Anisotropic
critical current dependence on magnetic field assumes Kim-like
model [5], [8], and superconductor resistivity is computed by
power law with n-value equal to 30 [6].

Justified by the experience in [5], [9], [10], we meshed the
domain into thinner areas on edges of the pancake, namely to
one or two cable thickness in one area. More detailed analysis at
the pancake edges is needed because the highest perpendicular
magnetic field component occurs there, making them the most
critical areas for the lowest /. and quench. The homogenized
model returns values that are reasonably close to the values from
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Fig. 2. Flow chart of L-ANN-GWO algorithm [4].

the detailed model, while using much less mesh elements and
resulting much quicker computation time.

Electromagnetic field computations used transient H-A for-
mulation for solving the Maxwell equations [4], [13]. H-
formulation is applied for homogenized conducting domains and
A-formulation for all non-conducting domains. This coupling
solution returns accurate magnetic field distribution in accor-
dance with non-uniform (specific for superconductors) current
sharing inside homogenized domains and increase computation
time because magnetic potential A has only one component ¢
in axisymmetric geometry. Domain /.. is computed as surface
integration of J. in the whole domain cross-section. Current
I(t) was applied as constraint to surface integral of J, and it is
proportional to number of cables in each of domain. The used
current ramp-rate was 1 A/s to charge the coil, slow enough for
high-field magnets [11].

B. Adaptive ANN-Based Optimization: L-ANN-GWO

One of the strengths of our previously developed ANN-based
optimization algorithm, the L-ANN-GWO, is to reduce the
optimization time in cases that require time-consuming FEM
simulations. Fig. 2 illustrates the flow chart of the optimization
algorithm. The details of the algorithm, including the algorithm
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implementation steps, the hypothesis of the algorithm, the com-
parison studies of the algorithm in numerical benchmarks and
a previous small solenoid design, can be found in [4]. The key
components of the algorithm are summarized as follows.

In this solenoid design optimization study, four ANNs are
built, one for each of the objectives (2) and constraints (2). The
design variables are divided into two groups by the LASSO-
based dimension selection strategy. The design variables that
most contribute to the objectives are inputs to the ANNs for
objectives, while the inputs for the ANNs for the constraints are
all the design variables. Each ANN contains two hidden layers,
and each layer contains four hidden neurons. The output of each
ANN is the value related to one of the objectives or constraints
listed in Section II-B.

The values of the objective ANN inputs variables are updated
through the optimizer, i.e., GWO [14], to pursue optimum. The
constraints ANNs are used to check whether the new solutions
meet the design constraints. The ANN here is used to predict
if a new design is a better and feasible one. The potential
solution determined by ANN prediction is always validated by
FEM simulation. Therefore, the ANN is not required to be very
accurate.

The adaptive ANNSs are initially trained with small amounts of
simulations (i.e., 20). The number of initial samples is the same
as the number of populations used in the optimization part of the
algorithm, GWO, where 20 is a common choice in practice of
using the meta-heuristic optimization algorithms [15]. During
the optimization process, new designs validated by the FEM
simulation will be used to update the ANN model to achieve
better regression performance around the potential optimal solu-
tions. This strategy allows also the optimization (minimization)
of FEM simulation generation and can solve an optimization
problem with much fewer simulations than traditional methods.
In our case we ended up using 200 simulations. The entire
process is automated, where the user does not need to interact
with the optimization process after launching it. However, the
process can be terminated manually when the user finds the
results are already satisfied.

IV. RESULTS
A. Multi-Objective Optimization Result

The maximum number of simulations is set to be 200. The
duration of a single COMSOL FEM simulation ranges from 30
to 90 min, depending on the solenoid layout. The optimization
process in our case took approximately 120 h to complete.
This includes the time for running all the simulations. Fig. 3
shows the Pareto front obtained after 50, 100, 150, and 200
simulations from one single optimization run. As the final result
we consider the Pareto front for 200 simulations. The solutions
improved significantly from 50 to 150 simulations, especially in
tape length range of 1000 to 3000 m. From 150 simulations to
the end, the Pareto front curve does not change much, but more
solutions are generated in the middle part of the Pareto front.
This suggests that by adding more simulations we cannot find
solutions that lead to significantly higher magnetic field for the
same conductor length.
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TABLE II
THREE SELECTED SOLUTION EXAMPLES
L (m) B0 (T) 1(A)

Example 1 7085 17.44 765

Example 2 135 4.39 542

Example 3 571 10.10 681

m 10T

0.20 9
8
0.16 7
6
0.12 5
4
2
0.04 l 1

. 0.05 0.1 0.150.2 m
(a) Example 1 (b) Example 2
m 18T
16
0.20 Il l:l 14
0.16 12
10
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0.04 2
0.05 0.1 0.150.2 m

(c) Example 3

Fig. 4. Magnetic field for three examples. (a) Example 1. (b) Example 2.
(c) Example 3.

Table II lists the length, magnetic field, and operating current
of three examples in the Pareto front curve, showing the lowest
conductor use solutions for about 4.4, 10.1, and 17.4 T central
field. The largest magnetic field found by the optimization is
17.44 T at it uses 7085 m of HTS tape. The smallest magnet in
the analysis was 4.39 T and it was obtained by using 135 m of
conductor. The coil geometries and magnetic field distribution
for the three examples are shown in Fig. 4. Note that each
rectangle in the plot represents one pancake with multiple layers
of coils. The square at the origin shows the area for the field
homogeneity requirement.
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Fig. 5. Magnetic field for optimal results (BO = 8.02 T).

B. An Example of How to Use the Optimization Result

Each point in the Pareto front gives a design that meets the set
objectives and constraints. If a user wants to find more design
options around a specific magnetic field, a single objective
optimization can be applied near this field region. Here is an
example of designing an 8 T magnet.

The design with BO = 10 T is selected as the initial design
to reduce the design space. Considering the design parameters
for the BO = 10 T is X|po=10, the upper bounds of the de-
sign variables can be set as 120% X X|po=10, while the lower
bounds remain the values listed in Table 1. The only objective
of the design optimization is now to minimize the length of the
conductor (L). The two constraints listed in Section II remain,
and another constraint is added to guarantee the magnetic field
at the center is no less than 8 T, i.e., BO > 8T.

The original L-ANN-GWO is modified to solve single objec-
tive optimization problem by using the single objective version
in [16] instead of the multi-objective GWO. Additionally, the
200 simulations in the previous run are used as the initial
sampling to train the ANN for the single objective optimization
problem. Another 100 simulations are used to obtain the results.
Since the largest value for each design variable is limited ac-
cordingly, the simulation time for each design is also reduced.
As aresult, the optimization using 100 simulation takes around
22 h. The optimal result obtained 8.02 T central field with 326 m
conductor length and having 783 A as the operation current. The
geometry and magnetic field distribution is shown in Fig. 5.

V. CONCLUSION

To overcome the challenges of large computational cost in
design optimization involving FEM simulations, we applied
an adaptive ANN-based optimization algorithm, i.e., L-ANN-
GWO, in solving the HTS solenoid electromagnetic design
optimization problem. The optimization approach can produce
a curve of minimum conductor length vs magnetic field using a
relatively small number of simulations (i.e., 200). The approach
can be used also as a single optimization algorithm to refine
designs near a specific magnetic field.

These results motivate us to continue the work and further
validate the method by applying it to other magnet layouts. We
will step-by-step explore the impact of design constraints and
eventually add also disciplines and parameters related mechani-
cal and thermal analysis, such as deformation, von Mises stress,
AC-loss, and resistive heating after quench.
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