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Homogenization of HTS magnet coils using the foil conductor model

Motivation

» Large scale applications of HTS REBCO tapes contain
coils with a large number turns

= Example: The SPARC TFMC with 16 pancake coils 256
turns each

ﬁ Z. S. Hartwig et al., The SPARC Toroidal Field Model Coil Program, IEEE Trans.

Appl. Super. 2024.
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Hartwig et al. 2024
= Full spatial resolution often prohibitively expensive

= Need to reduce computational complexity
= This work: FEM with homogenization
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Homogenization of HTS magnet coils using the foil conductor model

Motivation

» HTS coils are topologically similar to foil windings in NC
applications, e.g., power transformers

* Modeling techniques for foil windings can be extended for
HTS coils

* |Insulated coils are examined

siemens-energy.com

@ H. De Gersem and K. Hameyer, A finite element model for foil winding simulation, IEEE Trans. Magn. 2001.

@ P. Dular and C. Geuzaine, Spatially dependent global quantities associated with 2-D and 3-D magnetic vector
potential formulations for foil winding modeling, IEEE Trans. Magn. 2002.
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Overview

2 Foil Conductor Model
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Homogenization of HTS coils
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Details of the geometry are washed away,
local effects are not captured

Engineering current density defined
Jc,eng = A,

Anisotropic o or p needed in 3-D
Only HTS layers are considered
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Homogenization of HTS coils

Q

» Details of the geometry are washed away,
Q. local effects are not captured
f i * Engineering current density defined
L, - Ly Jc,eng = A,
= Anisotropic o or p needed in 3-D
o yT_. e = Only HTS layers are considered
X

Problem: How to impose I and preserve correct .J?
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Homogenization of HTS magnet coils using the foil conductor model

Imposing a current

= Current constraint for
each subregion 2,

. Implemented,ﬁe.g., with
H—andJ — A-
formulations
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Imposing a current

T2
Ql QQ
Tl
» Current constraint for = Setting T'at the
each subregion 2, boundaries
. Implemented,ae.g., with
H—andJ— A-
formulations
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Imposing a current

T2
gradv
00, Ly
0 L,
T Ly
= Current constraint for = Setting T'at the * One current constraint
each subregion Q,, boundaries = 1-D discretization of grad v
. Irﬁnplemerlted,ae.g., with gradv = Z u;p;(@)
H—andJ— A- j

formulations
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Imposing a current

T2
gradv
00, Ly
R — 0
T Ly
= Current constraint for = Setting T'at the * One current constraint
each subregion Q,, boundaries = 1-D discretization of grad v
. Irﬁnplemerlted,ae.g., with gradv = Z u;p;(@)
H—andJ— A- j

formulations
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Foil conductor model

» Current imposed by modifying V' = grad v
= The approach is applicable to B-conforming formulations

1. Classical choice: the A — V-formulation
= The power law needs to be expressed for o (| E])

J EANAN
2y “ceng 11
A(IED = 2 [, + ( £ )

¢ (¢

= The regularization term ¢, is needed for numerical stability
* Numerical problems expected

@ J. Dular et al., Finite-element formulations for systems with high-temperature superconductors, IEEE Trans. Appl.
Super. 2020.
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Foil conductor model

2. Mixed J — A — V-formulation
= Power law can be written in terms of p(|.J|)

N n—1

7 E. (1]

J = — _—
p(11) = 5 (Jc ,

c,eng

= Regularization is not needed
* Basis functions need to be chosen correctly to avoid spurious oscillations, e.g., 2nd order
elements for A and Oth order for Jin Q.

@ J. Dular et al., Finite-element formulations for systems with high-temperature superconductors, IEEE Trans. Appl.
Super. 2020.

@ S. Wang et al., Numerical calculations of high temperature superconductors with the J-A formulation, Supercond.
Sci. Technol. 2023.

TU Darmstadt| CEM | Elias




Homogenization of HTS magnet coils using the foil conductor model

Overview

3 Numerical Results
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Numerical results

= All models are implemented with GetDP and Gmsh
» A—V-and J — A — V-formulated models verified against a reference model
= Let us examine two simulation examples:

1. A single racetrack coil

2. Stack of racetrack coils

N 20

A 0.01

J. 1010 A/m?

n 25
dyrs 1um
diape 100 pm

w 12mm
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Numerical results - one coil

I=08I,, f=50Hz, gradv = Zujpj(.z')

- - J
J—A-V
= 10-1
5 10
g —8— Global polynomials
< 102 —B— Piecewise constants
o —F—  Local 1st order
1073 —8— Local 2nd order
= 10-1
5 10
5]
_ 1072
o]
o
10-3
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Numerical results - one coil

I=08I, f=50Hz, gradv="> up,(x) 3rd order global polynomial chosen for V/
J
J-A-V — 017
3 I=038I,
510" S
g —8— Global polynomials é‘
_. 1072 —B— Piecewise constants 3 005 - —
& —B—  Local Ist order @ ’ —=-J iA — V hom.
1073 —8—  Local 2nd order a F— o051 s A—V hom.
9 ._._.,_._.c s A—Voref.
001 A T T T T T
010 30 5 70 90
Frequency (Hz)
5 107!
5] . . .
5107 Good agreement in losses for multiple choices
= 0 of basis functions for V/

P TU Darmstadt| CEM| Elias Paakkunainen 2



Homogenization of HTS magnet coils using the foil conductor model

Numerical results - one coil

J (t = 0.25T) J(t=0.5T)

Reference
model
] (A/m2) ) (Vm2)
J—A-V
hom. model

J (Arm2) ) (A/m2)
1.28e+08 5.5e+03 1.28e+08 1.28e+08 5.5e+03 1.28+08
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Numerical results - one coil

300 | -
(92]
N
= B
\E/ 200
g B87— A—V hom.
= 100 - S ol ® S5 00 A—v hom.
o 2 oo 0n A v ref.
0_-.EELD_-LA__| ID
20 50 100

Number of HTS layers

The J — A — V homogenized model has the best numerical performance
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Numerical results - stack of coils

5 racetrack coils with 50 turns each

Simulation times

A —V hom.
J— A—Vhom.
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49min
40 min

Current I/I,

0.4

02 m |=——B Jj-A-V
— B A-V

Voltage (V/m)
&
]
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Numerical results - stack of coils

B(t =0.55) J—A—V hom. model J — A—V hom. model
J(t=0.2s)

] (A/m2)
-1.21e+08 0 1.21e+08

J(t=0.5s)

- B ]

] (A/m2)
-1.21e+08 4 1.21e+08

0 0171 0342
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Overview

4 Conclusions
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Conclusions

* The applicability of the foil conductor model for HTS-applications has been demonstrated

TU Darmstadt| CEM| Elias Paakkunainen



Homogenization of HTS magnet coils using the foil conductor model
Conclusions

* The applicability of the foil conductor model for HTS-applications has been demonstrated
= The coil current can be imposed through an 1-D discretization of grad v

TU Darmstadt| CEM | Elias Paal




Homogenization of HTS magnet coils using the foil conductor model
Conclusions

* The applicability of the foil conductor model for HTS-applications has been demonstrated
= The coil current can be imposed through an 1-D discretization of grad v
» A speedup is obtained without significant loss of accuracy
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Conclusions

* The applicability of the foil conductor model for HTS-applications has been demonstrated
= The coil current can be imposed through an 1-D discretization of grad v
» A speedup is obtained without significant loss of accuracy

» J — A — V-formulated model has better numerical properties than the A — V-formulated
model
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Thank you for your attention!

The work of Elias Paakkunainen is supported by the Graduate School CE within Computational Engineering at the Technical
University of Darmstadt.
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Homoge ation of HTS magnet coils ng the foil conductor model

Weak Formulatlon (2-D)

= A — V-formulation:

(ucurlfl’, curl/f’)Q + (aatA', ff’) + <J<I>é’z, /I')

(00,4, @’é’z)ﬂ + (0®é,, ©'¢,)

J — A — V-formulation:

ie)



Homogenization of HTS magnet coils using the foil conductor model

Numerical results - one coil

Reference model B(t = 0.25T) J — A—V hom. model B(t = 0.25T)
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Numerical results - one coil

Reference
model

J—A-V
hom. model

J—A-V
bulk
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J (t = 0.25T)
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