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Context of the work

_ _ Projects _
Machine Projects Cable Projects

L

I‘=Iig‘ht test on a Yak-40 Axial flux modulation Iéxperinintal Motor DemonstrétorfASLTMED) LIPA138KkV,2.4kA  13.2kV,3KkA,  22.9KV;50 MVA,
(SuperOx) machine 50 kW (GREEN) ' (Nexans) 200 m (Ultera) 100 m (LS Cable)
Modelling tools
v' H formulation v H — ¢ formulation v H - A formulation v T — A formulation
2D - 3D 2D - 3D 2D - 3D 2D - 3D

s \\/hat's next?

More complex/realistic electrical network coupled with FEM
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Presentation Outline

* Modelling framework

* Circuit coupling with Simulink and COMSOL
s LiveLink™ for Simulink®

« Two case studies and two HTS samples

¢ pure sine wave and half-wave rectified signal
+» a single tape and a coill

* Test bench and sample presentation

* Validation of the co-simulation
* AC losses of a single tape with pure sine

* More results with an HTS coll
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In brief : T-A Formulation

= T-Formulation e Dirichlet Boundary Condition
N dB r
//1D NN VX (pVXT) =—— — . o1
/( s C°"/ o J= v X T S d
_ r n
\\\/ FHTS—CO%!/,///// ‘ \ T,=0 l l T,=0 "4z [
L Q,
\ A-Formulation LT
: & e
T Vx[—VxA)=0 T
W o P X
)| Iz B=V X A St
/ QHTS Coil J )
S — , How to impose the current? | = (T,—T,) /o
AN / B ,// S -
Fime oy — ymmetry axis _
frrs-col R E@J) Law : Kim model:
c(B,T) Jeo,
A E, Jirmse )nHTS ( Jeprse(By, BL) = cO,HTSc _
_ e c—
/> A-Formulation /'~ T-Formulation Jerrse \eprse(.T) 1/":EBMZ + BY
- 1+ B
0

r‘\gne?;i:“:.;‘;;‘::m:;c INSTITUTO 5583
DE INGENIERIA (@)
~reen DEINGENIERIA ()




CI I’CUIt COUpllng and FEM (LiveLink™ for Simulink® since 2020)

CIRRGN =y R T2.mph - COMSOL Multiphysics - D *

SI M U LI N K Accueil | Définifions  Géoméife  Esquisse  Matériauc  Physigue  Muillage  Eiude  Réufials  Développeur
A ) Component 1 ~ Pi 2= Variables ~ >&\ =§= Au C.oaﬁlclentForm Boundary PDE ~ % = @I @
- - - 2 Ajouter un composant - ) o= 3 Ajouter une physique
D“Vlng gIObaI Varlab|eS Wlth the ODElSS SOIVer Application Pa'a"je"as Géométrie Matériaux Maillage Etude Résultats Agencement

Modéle Définitions Physique

CO M SO L Constructeur de m... ~ ¥ Réglageg ~ & Graphiques Function Plot Probe Plot 2 Graphique de convergence 1 1

. . - = ETELSE - Résultats Qa@a~-FH L~ BS-@8 Tlme Ste MUMPS
ContrOI Of IOC&I and gIObaI Varlables Wlth a. Iocal MUMPS SOIVer ‘ ?%Eﬁ;ﬁ:zsgbbms ¥ Mise a jour des résultats Temps=0.0010668 s Surface: Magnetic flux density norm (T) p o

%3 T - Simulink saderic e - 0 x et f a027
Preliminary objective: il D2 & | o RS T
To study the impact of different g | .
time steps on convergence, s o1 B | bl o
accuracy and computation - _,_W Time step ODE15s o
e - S— . ot

Subsysigm
-0.003 -0.002 -0.001 0 0.001 0.002 0.003 m
&
= . - Messages Avancement Log Probe Table 1 ik
Curenl Vrishle Resisior @ B85 m BE 850 g % ] \_ m =] ] =B
—
Carrerat

Final objective: to study the
impact of network harmonics on
the superconducting materials.

Communication step:
the interval from tto t + dt
that is simulated in
COMSOL at the

ety Fp— g communication time t.
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Two case studies

1) Pure sinusoidal signal

Controllablyye
AC power
supply « P »

O r:

Circuit model
_ Simulink

[ ——
- -
- -
- S~
.
-

{ Simulink

_____________________
’

COMSOL

1 Transforme Q-
i model Aformulatlon

~_--

~

Seean’

Sample «S»

s
N
S
~
~

HTS Coil

Transformer « TF »

2) Half-wave rectified signal using a Diode

—-—

- -

_____

’Current‘\

/ . _‘ -
Diode model  Rgq(t) Ley(t) ,ReS,StameTformulatlon

/ and mduétance Qi irs |

e
.- ~~
~ - S
~ - ~
~. - ~, ’
S——e - S~ -
———— Semae

: -
Controllable
- m==) Communication at each time step of ODE15s
AC power @ RC{} X Circuit model Sample «S» fedt ep
. S =) Communication at each coupling time step
supply « P » )|l C Simulink o _
— — Communication at each time step of MUMPS
Transformer « TF »
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Test bench

Controllable AC
power supply « P »

Connection box

Iron core losses resistance, RC Q)

Identifying the parameters of the step-down transformer immersed in liquid nitrogen

R, X,
AAA e e Transformer « TF »
@77 K
a=0.13
R, = 14 mQ
L. =21 uH
0.35
<503 —%—60Hz| |
< —@—80Hz
<§ 0.25 |
Ry
:éo 0.15
—
: ' 0.1 : : : '
0.5 1 1.5 2 2.5 3 3.5 0.5 1 1.5 2 2.5 3 3.5

Primary voltage, Vp V) Primary voltage, Vp V)
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e
HTS samples: a single tape and a coil

Both samples are made with tapes manufactured by: Shanghai Superconductor Technology

350
300 - —=— Single tape, 0.2 m
—o—(Coil, 2.26 m
S 250
3
200
§5 150
Single HTS 2G tape 2 100
Length: 0.20 m :ﬂ! - ——
Width: 4 mm 2 HT.S Coil: 50 t
|.= 1385 A L(?ngth. 2.26 m 0
n=22 Diameter: 120 mm 0 50 100 150
number of turns: 6 Current, I (A)
.=114.5 A
n=22
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AC losses calculation of a single tape @80Hz

The different time steps:
O Maximum time step in Simulink (ODE15 solver) : tg. = T/ 1000 = 12.5 us
O Maximum time step in COMSOL (MUMPS solver) : to .« = T/ 1000
O Communication time step between the two softwares : T /500 <ty < T /1000
50 il — — — =125 ps —@&— Error 3000 4.4 XIOIO —a—J 20
_____ tsc=15.6 us Error 1imi.t 10% _
w0l toe = 20.8 s R 104 —a—— Computation time 15500 @ Ng " §
z ~ S NS 15 3,
~ / y * o :
Q307 A - 12600 £ =7 4f E
J ' % 10° | ‘é 2z J, =80 Hz 10 &
2 20 1 g 12400 :—g —q§ 38t Ic =138.5A §
S s 02 | é = n=22 | §
< o} | & |Emor=8% 12200 8 £ 367 s
tsc = 16.66 us \ © 3 <
0 . | . | m 10! E e 0 —®, L s : 2000 34 - s . s s 0
0 2 4 6 g 10 12 12 13 14 15 16 17 18 19 20 21 06 065 07 075 08 085 09
Time, ¢ (ms) Time step of the co-simulation, tg- (us) 1 max/ 1,
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Electrical model validation with coil

| Measurement — — — Model

Z 05

A

=
N

o
g 0
S

>
2

o
2 .05
m L L L L

0 0.005 0.01 0.015 0.02 0.025
Time, ¢ (s)
HTSc [

’; | Measurement — — —Model| 2 | Measurement — — —Mode1|
:m 20 ~" 100
g g
;i“o 10 5 50
) Q
> e
o <
5
5 -10 f = =50+t
E (]
= f =80 Hz E
< <
Z 20 : : : : z -100 : : : :
s 0 0.005 0.01 0.015 0.02 0.025 § 0 0.005 0.01 0.015 0.02 0.025
= Time,  (s) = Time,  (s)
I ¥ ¥
O Maximum time step in Simulink (ODE15 solver) : ts =T /1000 = 12.5 us
d Maximum time step in COMSOL (MUMPS solver) : t- = T /1000
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O
AC Losses for an HTS Coll In pure sine

0 0.005  0.01 0.015 0.02 0.025
Time, 7 (s)

1.2 — Without coupling , A
— — — With circuit couplin 107 ¢ I I I T T I I . .
e I 20 Hz, T-A B 20 Hz, Measurement '

. Ly 40 Hz, T-A 4 40 Hz, Measurement

= 60 Hz, T-A % 60 Hz, Measurement

<03 80 Hz, T-A ® 80 Hz, Measurement
Q) P N
o - ()
506 3
2 2
S =
O 04 g
< S
0.2 .
7]
)
0 a
o)
—
Q
<

O Calculation Time 12 h 20 min!

L Temporary storage of 810 GB for a
communication time step between the two
programs of 12.5 ps and for 3 cycles
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HTS Coll with half-wave rectified signal

Measurement — — —Model|

V)

%

p
—_ o W
[e] [e] [e]

o
S

 f=80 Hz

0 0.005 0.01 0.015 0.02 0.025
Time, ¢ (s)

o)
S

Transformer primary voltage,
=

Controllable
AC power
supply « P »

QO

2 Measurement — — —Mode1| | Measurement — — —Model
~” 100 S 0.6
5 3 041 7
- -
; 0.2
g S .02
5 2 04
é ; 0.6
O = -U
%20 : : : : an : : : :
§ 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025
= Time, 7 (s) Time, 7 (s)
Diode « D »
a o Rs Xs
F T /\N\/_‘M._N_.
RS 33X, Circuit model HTS Coil
~ Simulink
Transformer « TF »
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Influence of the communication step

g 30 AII:12.50/LS ._ — —At':25 us "--I """" At =125 usl g 100 At':12.50us '— - —At':25 us ' ~~~~ At =125 usl 25 AZI:12.50 s ._ - —AtTZS us e . At =125 us
e ~7
g’; 20 § g 27
< —
S 10t 3 e
. 2 Qipst
2 = % 3
= 0 g 2 ‘1 1st cycle 2nd cycle
= S S | re— > < >
g _10t 2 = :
5 . O :
& < :
g 20t g 05 [ :
o) - = A
G < g :
8 30 ' ' ' - 5 -20 ' ' ' ' 04 '
= 0 0.005 0.01 0.015 0.02 0.025 = 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025
Time, ¢ (s) Time, ¢ (s) Time, ¢ (s)

d Communication time step between the two softwares : T /100 < t,- < T /1000

O The communication step between the two software has little influence for superconducting applications
In general, the impedance of superconducting materials is very low compared to the impedance of the electrical network.
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Tips to remember

O Coupling processes
https://www.comsol.fr/livelink-for-simulink
O Approach and tips for convergence problems related to superconductor nonlinearity.

— Step 1: check that each model works separately p— |

Variable time step Constant time step
Odel5s, Ode23t ... Odel(Euler), Ode3(Bogacji-Shampine),...
Set the maximum time step: 1/ f/ ng Set the time step :1 /f/ ng

Step 2: ng is chosen so that the results of Simulink alone are accurate J

4

Step 3: Do the same in COMSOL, it is recommended that n. be identical within Simulink ng.

Step 4: The communication step between the two programs n-g must be in the range 0.75 ng < nNgg < Ng

Execute and enjoy!
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https://www.comsol.fr/livelink-for-simulink

S
Conclusion

O Co-simulation with LiveLink for Simulink currently shows some limitations in terms of

s computation time
¢ buffer storage

O In some cases the AC losses can be estimated with a higher accuracy by strongly lowering the
communication step

O Very particular phenomena can be simulated by including the real behavior of the electrical components,
especially the switching ones
¢ extraction of charge carriers
¢ overvoltage...

O Results are encouraging and we can still consider the simulation of complex superconducting systems
s See next presentation of Frederic Trillaud
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Thank you for your attention

Kévin Berger, @ +33 (0)3 72 74 50 98 e-mail: kevin.berger@univ.lorraine.fr
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