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PROBLEMATIC: HIGH COMPUTATIONAL COST FOR 3D SIMULATIONS

Main problems with FEM:

y - Simulation time: Several hours
4/1\. « Numerical instabilities
z X - Few meters tape simulation: Impratical

Silver
Interfacial Resistance

Buffer Modelling approach:
Electrothermal (FEM)

Substrate Nonlinear E-J relation
Local defect in HTS (quench)
Solve for T(x,y,z,t) and V(x,y,z,t)

Exemple of HTS architecture

(not to scale) A continuation of J.-H. Fournier-

Lupien’s work. Heat problem only.
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HOW TO SPEED UP SIMULATION: THE MAIN IDEA

X 2D or 3D Problem (side view)

Dimension 1D Problem

Reduction

AI

A

n
>

Local defect

Substrate

length

A
v

length Low Computational cost

In practice: length ~ m, width ~ mm, and heigth ~ um How to maintain accuracy?

« Solution inside the HTS (thin layers)

Machine learning: Learn physics
. T(x,t) and V(x,t) d S

& Dimension reduction impacts
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OVERVIEW: WORKFLOW AND SPEED UP

2D or 3D Quench

Data Generation Simulations
(FEM solver)

Time-consuming
Training set Test set

Classical 1D
models for Physics-Guided Machine Solution
quench Learning Model T(x,t) & V(x,t)

dynamics
Machine learning
techniques POLYTECHNIQUE 7%,

MONTREAL $i{7&CEY
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PROBLEM DEFINITION FOR DATA GENERATION

2-D Problem to solve with FEM: >ubstrate
Electrical: Current continuity equation V- (—O'(T, V)VV) =0
oT
Thermal: Heat Equation mep (T) E + V- (_k(T)VT) =E ] + Qconv
] =o(I,V)E E=—W
: A 11
Coupled and nonlinear | ]C(x,T)(E)ﬁi
system {0 = i
o E\E) ]
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DATA GENERATION: RANDOMNESS & PARAMETERS

. \ | Random inhomogeneities in
g oo \ /[\\ l critical current:
5o \ il « Position
0.2 UU * Numbers
>0 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 y AmplitUde
260 - « Width
240 || — (4 ey
S —T(ioms Tape Architecture:
52| - Width : 0.04m
5 | - Height : 2 pm (HTS, ag) & 50 um hastelloy
%:jg * Rinter : 1 pQcm?2
= L
2 FEM Model information:
g0 | PR EAIR Ax = 58 pm, Nx = 1201
60 ' ' ' ' ' ' At = 8 I.IS, Nt = 1201
T asiton song length () Simulation time ~ 1h30min

Example of 2-D FEM solution POLYTECHNIQUE %

MONTREAL {78 ¥
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CLASSICAL FDM 1D MODEL

_ : G.A Levin, KA. Novak and P.N. Barnes. “The effects of superconductor-
2-D prObIem (Sllver’ YBCO & HaStelloy Iayers) stabilizer interfacial resistance on the quench of a current-carrying coated
represented as 1-D problem: conductor”, Supercond. Sci. Technol., 23(L), p. 014021, 2010.

- 0 dJ
cavation |2z (Ri"terhag Tf) = Pag(Mag = ps (T, JJsft** = # Newton-Raphson method

. Dufort-Frankel
discretization scheme

oT 8 oT a]
Heat equatlon C(T)E'l'a _K(T)a> = Q <]ag, aaxg,T>-lllll----

Homogenization

wnannnn: Qur Implementation

Sequential decoupled resolution:

t"(s): 0 At 2At 3At

Current density inside HTS ]io \ fl \ T \ T \
T, T,

Temperature inside HTS

N. Breault et al. — HTS Modelling Workshop, Bad Zurzach, 10-13th June 2024



PHYSICS-GUIDED MACHINE LEARNING MODEL

:L (9 ?,_|_ _|_ COTZ‘U’L+ znerz
Dufort-Frankel discretization: Q 9 Q Qe Qint

1
Heat equation T = m{(l — AT+ Ay(TR + T ) + BT, — T ) + %Q?}
A _ 2E(T1)A B At OK(T]) 24 i
‘= CTr)AR? I ST AR OT LNeTUD Function of T

Machine learning: Only
for heat equation

Incorporation of
Machine learning:

Let’s re-define:

Prefactors : Functions
learned during training!

POLYTECHNIQUE (¥ »%c Xy
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SCHEMATIC VIEW OF THE MODEL

Physics-Guided Recurrent Machine Learning (PGRML) model

NN : Neural Network

I
- - |
T, " »| NN, !
Outputs :

> NNb ?n |

: I

Inside the DUl Fnel

cell . o NN, Frankel eq. I

I

I

» NN, I

I

Current A ;

sharing eq. I

I

I

Key attributes:

 General for any initial states

 Independant of tape length (for a given
architecture)
Only dependant on temperature seen in
training
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MODEL SIZE & RELATED INFORMATION

[5,60,60,60,1]

Loss function &
recurrent predictions:

Training time: ~12h
Activation function: RelLU
Dropout for hidden layers
MinMax Normalization
Not a fine tuned model

31 simulations:
- 23 training
« 1 validation
« 7 test

Optimization with

respectto T!

T+1) Fn+2) Ptk 1< ek
s L= ) T - )
k=1
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SOLUTION ON TEST SET: PGRML VS FDM

2501

225

Temperature of HTS (K)

=
[\
(%)

100

75

200

175

150

o t = 10 ms (FEM)
M _____ t = 10 ms (1D FDM)

FDM: not
accurate

_____ t = 10 ms (PGRML model) 100

101_2 —— Finite Difference Method
i —— PGRML model

10_2§

10_33

RMSE (K) (Test set)

13_4?

10_5?

0.00

0.01

0.03 0.04 0.05 0.06
Position along length (m)
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FEM ~ 1h30min : (Ax, At) = (58 pm, 8 ps)
PGRML ~ 45s : (Ax, At) = (58 pm, 25 ps)




SOLUTION ON TEST SET: PGRML OVER TIME

- FEM
————— PGRML model
77.25 1 85 1 150
| -
. . 3 84 1 @ 140 - ' |
¥ 77.20- » i % ’.:5 t 3 : :
; — 83- = :
ok if n it ! » 1301 i T
= T = g = ,
o 7715 st e SR 4= 120 :
¥ o ]
v e v 811 o X :
P Iy f ! P 0 6] 3 = i
- it 0 S T i = 110
2 7710 J 2. I 2
E I:‘ & (v} 80 'TII L m
] he o LIRS © 100 ;
i Q 1€ ? ]
= e Q 79 - T 2. !
£ 77.05- - £ RIS = 34
] R 7] S o 90- s
= ut = 781 'F 3 = Pyt
_ bo 3 g 0 t :
77.00 - g%ﬁ__gl 77 L_H 80 1 iUt
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Position along length (m) Position along length (m) Position along length (m)
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SOLUTION ON TEST SET: CURRENT SHARING

§ P F__l
80
E % b %
60 - ' D
) ? @
£ 40 v g ¥ 1
+— (} | ‘:’ ¢
S 20+ v ..,.? o o t=5ms (FEM)
= 8§t i ---- t =5 ms (PGRML model)
SIS — | | | | | | | PGRML model
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 : ined
Position along length (m) Is not traine

on the
current
profile!

150 -

100 ~

U o~
o wu

o t=10ms (FEM)
---- t =10 ms (PGRML model)

——e——o-—o

(A9

(9}

-
-

|

Current inside HTS (A)

=]

[ [
N ~
wu i
1 1
1-&_-0-9. o-444|

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Position along length (m)
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SOLUTION ON TEST SET: ELECTRIC POTENTIAL PROFILE

“ ) o t=5ms (FEM)

---- t =5 ms (PGRML model)

o
N
Ul

o
N
o

Electric Potential
o
[
o

along HTS tape (V)
2
[%)]

o
o
al

o
o
o

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Position along length (m)

o t=10 ms (FEM)
---- t =10 ms (PGRML model)

N w IS

Electric Potential
along HTS tape (V)
(=]

o

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Position along length (m)
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PGRML model
is not trained
on the
electrical
potential !




LONG TAPE PREDICTION WITH SOLUTION: METHODOLOGY

Spatial _ _ _
Concatenation Simu. 1 |Simu. 2| Simu. 3 -« | Simu. 10

L 2L 10L

Position along length

PGRML prediction as a whole:

1 initial condition, 1 simulation

0 10L

Position along length
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LONG TAPE PREDICTION WITH SOLUTION: TEMPERATURE

IL

0.6 0.7

0.3 0.4
Position along length (m)

_ t = 10 ms (FEM)

;zz H \ N ﬂ T t = 10 ms (PGRML model)
%200_ Simulation time:

@] FEM : 10x 1h30 = 15h

% 125 ] [\ ! PGRML: 10min
5132:—‘ V \ ! \} \ f 90x Faster!

Position along length (m)
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LONG TAPE PREDICTION WITH SOLUTION: ELECTRIC

POTENTIAL

o t =10 ms (FEM)
---- t =10 ms (PGRML model)

hJ w $a
o o o
i i i

Electric Potential
along HTS tape (V)
=
o

o

0.3 0.4 0.5 0.6 0.7

Position along length (m)

5,0 T
52w — Vrem — Vegrmrl\ 1. 6%
[} \ o - || = . 0)
55 0] Error accumulation: Viem
o ﬂ v L
oL, |
4§940 V(ix) = J E(x))dx'
[ ,—OU 38 X

36

0.00 0.02 0.04 0.06 0.08 0.10
Position along length (m)
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CONCLUSION

Highlights: 2501 M A - t=10ms (FEM)
- b | ----- t =10 ms (1D FDM)
M . i i 2251 5(\ E i g l-ooo t = 10 ms (PGRML model)
- Model based on a reduction in physical in N §
dimensionality & Machine learning < 500 jiv | it
- General for any initial state 2 i ; i
-« No re-training required for length changes 38175 i i 2
given an architecture =R f i E%
- 90x times faster than FEM 2 T N
5 125 ’é ; i
What's next: Lo \ '-.}
« Complete cooling after hot spots appear 75 | - | | |
« Variable interfacial resistance 0.00 0.01 0.02 positi%r??;mng Ié’r-]gfh - 0.05 0.06 0.07
« Real critical current density distribution
« 3-D simulations and CFD architecture Fonds de recherche
Nature et
technologies .
Québec
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