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2) Macroscopic and microscopic dissipation

3) Example — 2 FEM techniques:
o A-formulation FEM, J=J. tanh(E/E)
. H-formulation FEM, J=J, (E/E)'"
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4) Conclusions

CC (12 mm!wide) pancake coil with 10 turns
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Motivation =

how to test a numerical model ?

e experiment

real materials rather complex

e comparing with the results of other models

how to distinguish the correct one ?



[#lbj] Macroscopic and microscopic dissipation

AC loss — particular advantage : two ways for evaluation

Power supply

V4
I
| Lose
I
| Q local values
: i(r.z.6)
: E(I‘,Z,@
U
macroscopic point of view: microscopic point of view
Pos() =1ps(U ps(t) 0 g (1) = T gt (U coi (1) P.(r,2,6) = j(r,z0)E(r,z6)
T T
Qcoil = Ilcoil (t)UcoiI (t)dt = QL = Idtj j(r,z, H)E(I’,Z,H)dV
0 0O V

F. Grilli et al. 2014 IEEE Trans Appl Supercond 24 8200433



[@j,] Evaluation of macroscopic quantities: A-FEM method

turn 1,2,....i,..... liw =] i(r,zt)ds

HHHH\ S
I\ constraint: i) = coil (t)

fulfilled by choosing the set of 0¢.
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neutral zone (in each turn)

E(roi,Z5) =0

1

[@j,] Evaluation of macroscopic quantities: A-FEM method

then from

_0A(r,2)

Ei(r,2) = ot

-Ug,

follows

4 _ _9A(ir %) _ _9Ay
! ot ot

E. Pardo 2008
Superconductor Sci Tech 21 (2008) 065014
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%&_D¢| (t)J ol =

= U<P,i (t) + Uturn,i (t)

Ugp,(t)= Ja—AmF:—§Dxa—AmS_—i§DxAm§:_i§|§m§:_aﬂ
L ot g Ot ts ts ot
oA, -
Uturn,i (t) = Ia;"f Ll :—jD¢, [l O H-2/R g,
) - Niurns Niurns

U coil (1) = Zuturn,i (t)=-2m Z RO
=1 i=1




tun1,2,....1,.....

HHHHH\
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PDE model :

Formulation :

Constraint:

[@‘#}] Evaluation of macroscopic quantities: H-FEM method

VN

Ii(t) - j j(r,Z,t)dS
S

|(t) c0|I (t)
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Current distribution (J) is setting as
external current density for mf
model. Mf model is used just for

calculatlng A J
| B

Evaluation of macroscopic quantities: H-FEM method

Magnetic Field (mf) model :

Formulation :
ROG, =-— [rds E (1) + 220 + %
'S 5 ot o
. . [1]
0%Ay = ~ipd ; A, =0
Nturns Nturns

U il (t) = ZUturn,i (t)=-2m z RUg,
i=1 =1

E(J) is calculated by PDE model.

Settings: je _3
O =1S/ ' m
g, =0S/ m

[1] E Pardo Superconductor Science and Technology 28 (2015): 044003.



[@#] computation details : A-FEM method

jr,zt) = jctanh(@) = jctanh(— 1 Al.A(r’Z)_AO,iJ]

] E, At
T
time: * o /#\ | fﬁ’\
| \ f At = T _ 1
i // \ / — Nsteps stteps
A
\D/ / w
space: asymmetric mesh (12x) grid for saving A data
derrt pdipts per thickness
L geton
dmax
~ points per tape
width:
<
Frvd Ny |
Nge = 10 pm

=i

=

not power law !

E.=10"*V/m
Nsteps: 40
variable
f
dmax
Ny
NW
xnt
numerical

tolerance



computation details : H-FEM method

E-J power law:

E=E(J/ J,)"

Applied
current:

Meshing:

=i

=

E. =107*V/m
Tlmﬂ : n=23
gr=_T 1 Nsiep= 400
Nsteps fN steps Va r|a ble
f
n
Mapping in HTS domain, Finer triangle in other domain N
W
N,: Points along the width N,
during meshing; N,
WiathN, N : Points along the thickness Shece
during meshing; function

n, .: Numerical error tolerance
during computing

Lagrange or Curl



[@#] checking of calculation correctness : A-FEM method

ELU
f=2500 Hz ] = const.
O = 18.5um, N, = 101, N, =3, n,,,= 108 1 data point — 4 hours
1 10
: —— -o-U.l
01 —ou Y b2 7 /|
=) — = aE
o —— &j.E — _ P
0.01 ,ﬁ/ N;‘Lg /
- §— 1
0.001 /4 E o
<
P
0.0001 s
= /
0.00001 0.1
10 100 1, [A] 0.1 F=I, 1

could the experimental data help ?



[@] checking of calculation correctness : A-FEM method

ELU
f = 2500 Hz Jo = const.
Oy = 18.5um, N, = 101, N, =3, n,,,= 108 1 data point — 4 hours
1 10 I
r Ul — —o-U.l
—— : —

0.1 == B L e /L
=) — . > /
o — =it ,n’ ----- Experiment

001 ——— - Experiment ﬁ/ N_::-g

p g 1
z ; =
0.001 — I 2”1
> w =
0.0001 ~
0.00001 0.1
10 100 I, [A] 0.1 F=1, 1

Acknowledgement:
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[@] checking of calculation correctness : A-FEM method

ELU
f = 2500 Hz J¢ = const.
Oy =18.5um, N, = 221, N, =7, n,,,= 1012 1 data point — 4 hours
1 10 I
U E —--U.l |
01 =— ras —— e jE B
E  — _E_J.E ‘/{, | .
<o — ~“— | Experiment
_____ E H N_ﬂ;
0.01 xperiment /2/ E_‘j
// = 1
; 2
0.001 =z I
= w _
Zs el
0.0001 - %
f’%’ r',’
0.00001 01
10 100 1. [A] 0.1 F=1J, 1



[@] checking of calculation correctness : A-FEM method

ELU
f = 2500 Hz J. = const.
A= 18.5um, N, = 221, N, =11, n,,= 1012 1 data point — 5 hours
1 10 I
Ul
— —=-U.l - —
01 —— s —— —=j.E
S‘  — . 7
5 — e /}( . Experiment
001 — - Experiment ﬁ/ E-; //
— = |7
p Zal % )é:/—'/‘
0.001 = _ ﬂ : —=
. i ;
7
0.0001 ;/ //
Illg, ”r”
0.00001 ! 0.1
10 100 1. [A] 0.1 F=1Jl, 1



[@#] checking of calculation correctness : A-FEM method

ELU
f = 2500 Hz J. = const.
Ao = 18.5um, N, = 451, N, =11, n = 1012 1 data point — 7 hours
L e-Ul |
— —=-U.l - —
z> = =it == T e Experiment
(@4 — — — xperimen
001 — - Experiment ;f/ ;:_O"
//, § !
0.001 )% o
= o
P
7
0.0001 d
0.00001 0.1
10 100 1, [A] 0.1 F=1, 1

-> good resolution along the tape width is essential
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] checking of calculation correctness : A-FEM method

ELU
f=3.85Hz Jo = const.
Ao = 18.5um, N, = 451, N, =11, n = 1012 1 data point — 4.5 hours
— — —-Ull
—— —=-Ull > — :
0.1 == —— —— —=jE zéf’_
g —— =it = — [ Experiment P
/’ (<‘_\ /’ ”/
001 — Experiment /’/ ;:_C‘,’ //
i g 1 e
71 .- . [N ——==
0.001 i !
0.0001 g
0.00001 0.1
10 100 1, [A] 0.1 F=1J 1

consequence of the used E(j) relation
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] checking of calculation correctness : A-FEM method

ELU
J. = const.

0.001
_0.0008 —Power n
§ —Tanh
2,
W 0.0006

0.0004

0.0002

0
0 50 100 150 200 250 300

| [A]

consequence of the used E(j) relation



[@] checking of calculation correctness : A-FEM method

ELU
f=36Hz j, = const.
Opax = 18.5um, N, = 451, N, =11, n, = 1012 1 data point — 3 hours
! 10 I
— —— Ul
-=U.l : . |
o — & —— —8-j.E —
g — i //{ ---- Experiment P
001 =—— Experiment ,2’/ N_:;; 5
% R P=
0.001 _ i =
Z8 =
o e
0.0001 — A~
0.00001 o
10 100 I, [A] 0.1 F=1, .



[@#] checking of calculation correctness : H-FEM method

ELU
=36 Hz | | j, = const.
N, = 100, N, =1, n,= 107, Shape function (Curl linear)
2 h46 min (each point)
—1a6
tstep—le S
1 10 }

— — ——U.l
— =a-Ul — ,

= — —&-J.E - - _ P

Y — ' A Experiment /z/

0.01 —— Experiment ,Ef/ ‘S B2
— /" :i‘ '/7’5/
7 S 1
/ B =
0.001 g'd h 7
= N e
,/ 7
0.0001 o &

0.00001 0.1

10 100 1, [A] 0.1 F=1IJI 1

good agreement between two evaluation methods



[@#] checking of calculation correctness : H-FEM method

ELU
f=36Hz ; _ _ jc = const.
N, = 25, N, =1, n,,= 107 Shape function (Curl linear)
25 min (each point)
—1a6
lgep=1€°S
1 10 :
— — o U | g
01 = -=-ul e : B
= — =  =j.E /z
S, 0-01 §_E'_J'E = o T Experiment . /:a/
- Experiment P s —
0.001 — Xperimen ”/ﬂ, :?1 -
7 = 7
-~ NN
0.0001 L S /
— s ~ 01
0.00001 / of
7 /f //
0.000001 y //
/
0.0000001 [ 0.01 /
10 100 I, [A] 0.1 F =1/ 1

very rough meshing was used in HTS zone, results wrong but still agree with each other



[@#] checking of calculation correctness : H-FEM method

ELU
f=72Hz | | i = const
N,, = 100, N, =1, n,,,= 107 Shape function (Curl linear)
1 h 32 min (each point)
—1a6
lgep=1€°S
' 10 I
— =aul —— —=-ul
01 == »  eir
= = _ . = — e
> - o 1 Experiment /a,/
001 — Experiment E,/ @ ,
.r)‘:l ‘:\a_ l
Wyl M ]
[ =
0.001 IS —
vl ~ ' ol
,/// =
0.0001 el /
0.00001 el o

1

o

100 I,[A] 01 v X



[@#] checking of calculation correctness : H-FEM method

ELU
f=1Hz . _ _ jc = const.
N, = 100, N, = 1, n,,= 107 Shape function (Curl linear)
3 h 16 min (each point)
—Ga5
lgep=0€™ S
I — —o—U.I
—— —=-U.l r I
01 == B — =t ot
%J — Ik T Experiment /
----- E t / ~ -
0.01 xperimen o g /
o .f Q\é, 1 -
(oY
0.001 , —
'J, /t‘j/
0.0001 T
0.00001 A1 0.1
10 100 I, [A] 0.1 F =1/ 1

agreement between two methods does not change with frequency
Do these two methods always agree with each other in H-FEM method?



Kd‘#] checking of calculation correctness : H-FEM method

ELU
A 7 : j. = const.
N, = 25, N, =1, n,,= 107 (Lagrange linear)
20 min (each point)
—1a5
lgep=1€°S
! 10 I
= Ul |
01 : — T . \\-F P
. - —8-|.E ,/':'— —— -&-j.E s — ’1’3
= [ = fo -l ’/
S [ Experiment 1R
o 0.01 . — Experiment i _ P / .
3 Nh /O
7 = ~ =
i = / |
0.001 f/ X S , ]
7 E
- o
[1/ ] 7
0.0001 . ;/ d " /7, — 7
0.00001 ’ / /
0.000001 / 0.1
10 100 1I,[A] 0.1 F=1IJI 1

NO!



checking of calculation correctness : H-FEM method

ELU
f=36Hz
N,, = 100, N, =1, n, = 107 (Lagrange linear)
1 h' 5 min (each point)
—5g6
lgep=0€" S
! 10 |
U o
0.1 _ I— .
= _E_J'E ,/’Iﬂ — _E_J.E
Z | J7} 1 e
Q 0.01 . —- Experiment i P Experiment
B —
0.001 IZ.4 S 1 L ,J/
i —=
' : s
0.0001 = ™~ = o
0.00001 J A
//
[
0.000001 - 0.1
10 100 7,[A] 0.1 FoLL




[@#] checking of calculation correctness : H-FEM method

ELU
f=36Hz . _ jc = const.
N, = 400, N, =1, n,= 10" (Lagrange linear)
1 h 2 min (each point)
—1a5
tgep=1€°S
==Vl — e
0.1 El R . ~
-jE —— =E
= . — L . . <A
Y 001 . Experiment g . Experiment /ra’
0.001 ’,,/w S 1
7 ,5‘4
7 :
0.0001 | ~
0.00001 T
0.000001 <~ 0.1 /
10 100 I, [A] 0.1 F=1I/, 1

better agreement can be achieved by finer meshing!



[@fﬁ] calculation corectness: comparison of two methods
ELU

f = 36 Hz Qiml]— eeFEd | Qg ~EEEW | )=

80 1.87 1.82
130 9.06 9.10

comparison of calculated voltage waveforms:

3.00E-01

= = = Current

2.00E-01 =

Ucoil, 80 A
Ucoil, 130 A
1.00E-01

0.00E+00
-1
-1.00E-01

-2.00E-01

-3.00E-01

apparently only inductive signal
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f=36Hz

calculation corectness: comparison of two methods

o=

80 1.87 1.82
130 9.06 9.10

comparison of calculated voltage waveforms after compensating the inductive component

0.005

0.004

0.003

0.002

o©
o
o
-

Ucoil, comp [V]
o
o
o
s o

-0.002

-0.003

-0.004

-0.005

100 0.015 150
-=-Ucoil-H-formulation 80 \ -=-Ucoil-H-formulation
——Ucoil-A-formulation 0.01 —-Ucoil-A-formulation . 100
—current - 60 ——current
- 40
0.005 - 50
20 2
/ g
0 = S o0 0 <
/ 2
-20 s
-0.005 -50
-40
-60 -0.01 -100
-80
-100 -0.015 -150



[ conclusions

ELU

» Comparing the macroscopic and microscopic approach of AC loss evaluation is
a useful tool in checking the numerical model for AC problem

» In the methods using the macroscopic current as a constraint, main task is the
determination of macroscopic voltage

» In A-formulation, macroscopic voltage is calculated as an independent variable,
and such comparison is straightforward;
calculation parameters e.g. necessary mesh density can be found

» In H-formulation, macroscopic voltage is derived from the solution, then it is

not an independent variable, but still some preliminary checks are possible;

e.g. shape function Curl (linear) much better than Lagrange (linear)



[ conclusions

>

>

Comparing the macroscopic and microscopic approach of AC loss evaluation is

a useful tool in checking the numerical model for AC problem

In the methods using the macroscopic current as a constraint, main task is the

determination of macroscopic voltage

In A-formulation, macroscopic voltage is calculated as an independent variable,

and such comparison is straightforward;
calculation parameters e.g. necessary mesh density can be found

In H-formulation, macroscopic voltage is derived from the solution, then it is

not an independent variable, but still some preliminary checks are possible;
e.g. shape function Curl (linear) much better than Lagrange (linear)

Voltage on coil is a measurable quantity — allows more detailed comparison

with experiments than the check of AC loss value



