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Example: GSI-SIS-100 magnet

brackets

end plate

length: 3 m
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Example: GSI-SIS-100 magnet
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Magnetoquasistatic formulation

—»

differential equation:  V x VV X A + GE = J
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Discretisation in space

differential equation: Vx(VVx A)+a_t = Jg
spatial discretisation A~ Ap = >a Wi
J
. _ da =
semi-discrete system: K, ,a+M_, pm = Js

shape functions:
edge finite elements W,
(curl-conforming)
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Discretisation in time

differential equation:  V x (VV X

0 05 1 15 2

spatial discretisation time /s

o _ da =
semi-discrete system: K,a+M_, P = Js

temporal discretisation

discrete system: (K, +aM_ )a,,, = f (]S,ék K, I\/IG)
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Results SRR ITEIe

magnetic field

eddy currents
In the end plane

simulation by
CST EMStudio®
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Overview

e magnet simulation
(standard 3D FE solver)

« challenges
0 geometrical detalils

O materials yoke
' indi 0
O transient effects winding |

o high accuracy

 magnet simulation
(dedicated 3D FE solver)

* hybrid models

 hybrid discretisation

e domain decomposition
e conclusions
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Challenge 1: Detalled geometry

yoke

o length (meter)
vs. lamination thickness (mm)

o Shimming, holes
beam tube
o < 1mm thick

end-winding parts

o determine the eddy currents
In the end plates
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Challenge 2: Materials

yoke iron:
o anisotropic (rolling & transverse direction)

% Vrol
V(B)=R'| Vi R
| Vtrans ]
V.o  reluctivity in the rolling direction
Vians Teluctivity in the transversal direction
R local rotation matrix
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Challenge 2: Materials

yoke iron:
o anisotropic (rolling & transverse direction)
o nhonlinear (saturation)

3 Newton method

zm
I—
@ B.=19T

o 1 2 3 4 S 410 5
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Challenge 2: Materials

yoke iron:
o anisotropic (rolling & transverse direction)
o nhonlinear (saturation)
o hysteretic (remanent field)

Jiles-Atherton model
Preisach model
estimation of losses by Steinmetz-Bertotti
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Challenge 2: Materials

yoke iron:
o anisotropic (rolling & transverse direction)
o nhonlinear (saturation)
o hysteretic (remanent field)

stacking factor

]/St ~0.95<~1

coating
o composite (lamination) Lisss
iron
(simple) homogenisation
L L L vt -7t
along lamination direction = +

Vxy  VFe 40
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Challenge 2: Materials

yoke iron:
o anisotropic (rolling & transverse direction)
o nhonlinear (saturation)
o hysteretic (remanent field)
o composite (lamination)
o Vvariability

stochastics, sensitivity
see presentation of Sebastian Schops
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Challenge 2: Materials

yoke iron: A KT

o anisotropic (rolling & transverse

F—
Current density KAr~m-2

o honlinear (saturation) -
o hysteretic (remanent field) ,
o composite (lamination) P
o variability -
superconductor: v
o critical current 45 \
o temperature 10/ ’ |
o magnetic field K 14
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Challenge 3: Transient phenomena

lamination
o hysteresis + remanence

Jiles-Atherton model
Preisach model

estimation of the remanence
(based on data from material vendor)
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Challenge 3: Transient phenomena

lamination =
o hysteresis + remanence V x (VV y A) n G@_A _J
o eddy currents ot >

/

eddy current term
+ (simple) homogenisation Oyy = YstOFe

o, =0

or + multi-scale model (hand-shaking)
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Challenge 3: Transient phenomena

lamination
o hysteresis + remanence
o eddy currents

beam tube ﬁ shell elements
o eddy currents

additional matrix contributions K 5 and M 5
assembling into system matrix by Q

K,+oM, —+ Q'(Ks+aMs)Q = Ku+aMgy

+ Jens Trommler



Challenge 3: Transient phenomena

== calculation

lamination
o hysteresis + remanence

= = measurement ||

——————————————————————————————————————————————————

o eddy currents = hua. 1 _ eeot\ e - N
beam tube : e L i

0 eddy currents A\ initial state curve .
superconductor oo

o perSIStent CUI’I‘entS -1.6 -1.2 -0.8 -0.4 0.0 04 0.8 1.2 1.6

fig. courtesy C. Vollinger ®"

Implemented in ROXIE

c

A y/r %
/, \ Bean model - magnetisation (Christine Vollinger)




Challenge 3: Transient phenomengzlB

lamination
o hysteresis + remanence
o eddy currents

beam tube
o eddy currents

superconductor
o persistent currents

o coupling currents
o cable eddy currents

oA oA -
Vx(Wx A+ 024V x| vatenV x— | = J

additional magnetisation
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Challenge 4: High accuracy requirements

losses
o dimensioning of the cooling system
o hot spots
o quench

aperture field
o multipoles during injection, ramping and extraction
o + influence of eddy currents

huge models
parallelisation, multi-core computers
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Overview

 magnet simulation
(standard 3D FE solver)

« challenges
0 geometrical details

O materials yoke
' indi 0
O transient effects winding |

o high accuracy

e magnet simulation
(dedicated 3D FE solver)

* hybrid models

 hybrid discretisation

e domain decomposition
e conclusions
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Dedicated Simulation Tool

FEMSTER, TRILINOS,
LLNL Sandia Labs

N4

own software

 FE assembly
(higher order FES)

e transient solver
* nonlinear materials
e system solver

CST Studio Suite®
« CAD modelling

* meshing

e visualisation

Matlab

- postprocessing  parallelisation I
e visualisation
KU LEUVEN m

+ Stephan Koch, Jens Trommler
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Results: Eddy-Current Losses

40
— Vo = 93%
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+ Stephan Koch, Jens Trommler
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Results: Loss Energy
17

- discretization: T FE WO
- increase number of 16 T FE. Wﬁv,m
elements 15 + \
- Increase order of

approximation
A N —tv
|

degrees of freedom:

- \

reference solution:
1.000.000 dofs

— \\ JF % l{.’
B \'\-o- _
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w¥®n,, =20 +S.Koch, J. Trommler
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Convergence: Loss Energy

_ 107 L}
= relative error &
" \
with respect to ~
reference . s‘\\\
solution 5 101 S il 5
| 1% error = 0.4 billion dofs
2 —> 0.3 million dofs
degrees of freedom: w
) ® 102 \ T \
N Ne x 1000
\ , + 2 per face O(’n_4/3) \\ FE, WEV,(O)
. 3 ?b - FE, V—\»IEV,(l)
—’tV,(O) 10- m ‘ ———
W 10° 10° 10° 107 108
wi @ number of dofs

j
+ S. Koch, J. Trommler
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Comparison: Shape Functions

10° LS solution of 110 x 4 = 440
\ A N linear systems of equations
O 1l \\ 4.4h @ 132 CPU
= 10 E ' >
()] \
02) ‘\ ‘\\
© \
107 \‘.
\ FE, W —»tv(O) | &
7.3h @ 72 CPUs w(l) |-
T IE@I_FE

- I | 1 11 *
10 3 A
104 10° 10° 107 108

number of dofs

+ S. Koch, J. Trommler
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Hybrid formulation

magnetoquasistatic formulation
domain A

~ oA - .
Vx{VvWxAl+o—=Jc. InQ
( ) ot S 1

V- (uVy)=0 inQ,

+ continuity requirements
/\\ discretization { B,=VxA in
d({main Qz . I:iz = —V\V In Qz
A= ZUJV_VJ In Ql v

J | system of equations
Y= qu Ng InQp - g .

q K+M— B

sl |V O
dt
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Hybrid formulation

domain

A

standard FE —
matrices

ddmain Q,

coupling block_

Prof. Dr. Ir. Herbert De Gersem

|

system of equations

i H

K+M B

dt
BT

f
0

u

i

V

-G

“Kij = [ (vWxwj)(Vxw) dQ

O
Mij = I GWj -Wi dQ

G g =§£ uVNg -VN, dO
2

— j (VNq XV_Vl)d§
1 NQy



Spectral discretisation

D
~ — — N TN
E - &g NN
c O C o
D Q5.9 aid
— +—

- > O 5 % __||_
ct2 &
= 1% = ., B >
= O .= — W
s —0 ¥
2072 sl

| -
558 L.
—~
O OO N
- o
tﬂﬂé‘\»@v} =
o, ¢ 3
N = S’
thr ‘\\ " Z =3
e e a
LA e \ = I
N Ve
Q”ﬂo/ = 5 TDr
I

27

¥
AR
,ﬂ"é” 7 ()

N
\/
S

) ﬂ!/'l«“u‘ﬂll/‘ﬂ»?‘
BRSSO
o %&%&é/

: HDG, Clemens, Weiland (2003

Prof. Dr. Ir. Herbert De Gersem

o
(@))
)
©
c
e W A\ e g
£ s .A,.'\\“‘\A =
g £\ e
= e val
O

+FIT
in 2D



Coupling blocks interiace £ M2

Big=— | (VNgxW)-dS
leQZ
AT
T 1“6
Biq—_lcoIFZd . Q
D;_

|01 interpolation matrix
Foq 2D FFT

Dg difference matrix restricted to the interface

Q selection of points at the interface
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System solution (1)

1. full FE model used for reference (symmetric, definite)

AretUret = Tref IZ> Conjugate Gradients (CG)
Incomplete Cholesky (IC) preconditioner

2. coupled system (symmetric, indefinite)
A B [u] f]=> Minimal Residual (MINRES)
BT _G { }{0} 2a. block(IC,exact) 2b. additive Schwarz

A1l o0 AliBHGB 0
0 G 0 Gl}
3. Schur complement system (symmetric, definite)
(A+BG‘1BH)u=f = Conjugate Gradients (CG) 3a.I1C A™
3b. additive Schwarz A~'+B"GB

\Y
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System solution (2)

(+) B and G applied by (partially) dense algebraic matrices

(* B and G carried out ,,on the fly*

selection by index sets
Interpolation by sparse matrices
2D Fast Fourier Transforms

KU LEUVEN ‘m
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test model

Numerical tests

80 .
= algebraic ‘
70 | on-the-fly <°
__ 60| |
L
o 50|
=
c 40 | i
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£ a0 L
2 /'Slgnlflcantly
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10 | i
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0 1
1 Za 4o od oD
reference indefinite Schur cmpl
CG MINRES CG
|IC-ex. add.Schw IC add.Schwarz
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Beam-tube end model

Y4 —
yoke
winding 9
__standard 2D model
——— B cross-section I,
— Lo of volume Q,
“/ i -\l —— common interface Y,
‘I/ll(l WI Ao A 21 ]
Iy 28 additional 2D model
aperture _
WA v for the beam-tube end
5 i beam tube cross-section I,
2 — of volume Q,
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magnetoguasistatic

: - formulation
Coupled formulation o oA a
VX(VVXA)-FGE-I-GV([):JS In OQq
.. oA .
yoke Yy —V(GEJ—V(GV(P) =0 N QZ
winding 97 ) 1
T Wi=—Ni(x,y)& inQ
'.1 j 7 J( y) & 1
— FEshape |, 1l ino
/ — . { Py = = (S, —
i = functions | 9~ T4y 1
TG ]
MIiniiEs: v Fq =Mq (s, z) In Q25
I‘1 L
Ty system of equations
KiML BT

"l
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Arbitrary tube cross-section

yoke
WM
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Beam-tube end model
parametrization of Yo :

(x,y)=(f(€).9()

(x=f(&)-9'EM
y=9(&)+ f'(E)n

| Z=1

coordinate
v transformation

N

Laplace-Beltrami

1 0 o 8([)_8(66([))_6(68([))_0
1-k(&)nog\1-k(g)nag) onl on) az\ oz )
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Example: GSI-SIS-100 magnet

(b) adaptive mesh (a) saturated yoke*
refinement / 2/

¥

B/T

01 2 3 4 5

K/R\ H/A/m  x10
) /f‘\
(c) beam tube (e) tr_an5ier_1t 3 cycle
modeled as simulation é 47T/
1
a thin shell o
(d) additional 2D beam- %o ol

tube end model
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yoke

Eddy-current closing paths

‘ If [ "J"If, /"

[/ ;i."f.‘f.‘“;f;\'n""| D
Heedt

L apertul
r

? “2beam tut
yoke side

top line

connection side
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B connected disconnected
v beam tube beam tube
An An

yoke side

connection side

yoke side

connection side




Eddy-current losses

=

T 2

© cycle
C

= 14T/

E1

o

=

S0 1

© time (s)

eddy-current losses (W)

elliptical beam tube

5

0.5 mm
4_
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Sextupole component

N

aperture main field (T)

4T/

cycle

2

rel. 3rd harm. normal component

-2.5

1.5 ¢
.
0.5
0!
-0.5 |
1t
-1.5 |
2|

X 10
without beam tube
H 0.3 mm
0.5 mm
0 0.5 1.5




Conclusions

 nonlinear 3D transient
magnetic simulation feasible
with of-the-shell software

e challenges remain
and are problem specific

0 geometrical details
O materials
O transient effects
o high accuracy
e dedicated methods and software

yoke
winding Q4

/7

aperture
%2 beam tube
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