Simulating Hysteresis and Remanence ' WGt
in Accelerator Magnets

DARMSTADT
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brackets photo: J. Guse, GSI (www.gsi.de)

end plate

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

excitation profile
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Magnetoquasistatic formulation

0A .
differential equation:  Vx(vVxA) + 0= =Js
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Discretisation in space

. 04,
differential equation:  x(vIxA) + o= =]s
spatial discretisation A(x,y,2) = z u; U;(x,,z)
j
. da
semi-discrete system: K,a + MGE = s
n

Y S W
e &
a’Z% TSI
v

Y v
AvAth VAV <

~ shape functions:
N fava .
W edge finite elements
(curl-conforming) #(¥) = N,,VN,, — N,VN,,
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Discretisation in time

differential equation

0 0.5 1 15 2
_ _ o time /s
spatial discretisation
da
semi-discrete system: K,a + M o3y = Js
temporal discretisation
discrete system: (K, + aM,)a = RHS
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eddy currents
In the end plane

simulation by
CST EMStudio®
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Overview

 magnet simulation
(standard 3D FE solver)

« challenges
o geometrical details
o materials
o transient effects
o high accuracy

 magnet simulation
(dedicated 3D FE solver)

* hysteresis modelling
e conclusions
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Challenge 1: Detailed geometry

yoke

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

o Sshimming, 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:
- anisotropic (rolling & transverse direction)

% _Vrol
R

_ T
v(B)=R" V..
N Virans |
V.  reluctivity in the rolling direction
Vians Teluctivity in the transversal direction
R local rotation matrix

SS 2015 | TU Darmstadt | Fachbereich 18 | Institut fir Theorie Elekiromagnetischer Felder | Prof. Dr.-Ing. Herbert De Gersem | 11

<l
o7




TECHNISCHE
UNIVERSITAT
DARMSTADT

Challenge 2: Materials

yoke iron:
- anisotropic (rolling & transverse direction)
- nonlinear (saturation)

3 Newton method
2 v(B)
1 B =19T

0o 1 2 3 4 5x105
H/A/m
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Challenge 2: Materials

yoke iron:
- anisotropic (rolling & transverse direction)
- nonlinear (saturation)
- hysteretic (remanent field)

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

yOke Iron:. _ _ _ stacking factor
- anisotropic (rolling & transverse direction) Vst ®0.95<~1

- nonlinear (saturation)

- hysteretic (remanent field) coating
- composite (lamination) ,
iron
simple) homogenisation
(simple) J 1 Vst n 1— g

along lamination direction =
Vxy  VFe 40

perpendicular to laminates v = y Vg, + (1 — ¥t )VO
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Challenge 2: Materials

yoke iron:
- anisotropic (rolling & transverse direction)
- nonlinear (saturation)
- hysteretic (remanent field)
- composite (lamination)
- variability

stochastics, sensitivity

(see recent research
of Ulrich Romer and Sebastian Schops, TU Darmstadt)
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Challenge 2: Materials

yoke iron: P \ -
- anisotropic (rolling & transverse dii // - | \\qr 2
. . I ISR
- nonlinear (saturation) e R \L 5
- hysteretic (remanent field) - - L g T
/ |- g ~J
- composite (lamination) 7 N O I~
s - ~
- variability /fgg ™ #\\
& K :
superconductor: Pl 2
- critical current P
- temperature 10

- magnetic field
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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 v ;1) 4 0_6_14 _ }
o eddy currents ot >

eddy current term
+ (simple) homogenisation Oy, = ¥stOFe

o, =0

or + multi-scale model (hand-shaking)
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lamination
o hysteresis + remanence

o eddy currents

beam tube ﬁ shell elements
o eddy currents " .

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

+ Jens Trommler

K,+oM, + Q' (Ks+aMz)Q = Knu+aMgy

Sy < 59
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MADANCTANT

Challenge 3: Transient phenomena

== calculation

lamination
o hysteresis + remanence

= = measurement | ]

o eddy currents

beam tube
o eddy currents

superconductor
o persistent currents

Uy M [T]

M\ initial state curve ...

-1.6 -1.2 -0.8 -04 0.0 0.4 0.8 1.2 1.6

fig. courtesy C. Véllinger ®!

\ implemented in ROXIE

S

I fig. courtesy C. Véllinger

LY %
/ — Bean model - magnetisation (Christine Vollinger)
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Challenge 3: Transient phenomena

lamination
o hysteresis + remanence
o eddy currents

beam tube
o eddy currents

superconductor
o persistent currents
o coupling currents
o cable eddy currents

I I
r 0A — 0A r
VX(WxA|l+oc—+VX|voT. s VX— |=J

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

aperture field

o Mmultipoles 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
o geometrical details
o materials
o transient effects
o high accuracy

* magnet simulation
(dedicated 3D FE solver)

* hysteresis modelling
e conclusions

yoke
WM
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Dedicated Simulation Tool

FEMSTER, TRILINOS,
LLNL Sandia Labs

N/

@ own software

« CAD modelling » FE assembly
* meshing (higher order FEs)
* transient solver
* visualisation * nonlinear materials
@  system solver
Matlab

- postprocessing  parallelisation I
* visualisation
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Results: Eddy-Current Losses

40
eddy-current 3B T 43y
losses over one 30 L
cycle

N
Ol
I
[

for different
stacking factors )/

power losses / W
— N
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| |
I I
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T
loss energy: W :J‘Pdt 0 ' | ' ' '
0

time/ s
+ Stephan Koch, Jens Trommler
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Results: Loss Energy ") UNNVERSITAT
—~discretization: q — FE, #"©
- increase number of 16 7 \ — FE, W
elements 15 + \
- increase order of 2 41 \
approximation = \
2 13 \
Za —>tV qc) ﬁ\
o 12 T
n . .
degrees of freedom: S 1T \ :e;:':ggg zg:::tlon.
+ 2 per face 107 \\ ‘ ™,
9 T T oo
8 il

10° 10° 10’
number of dofs
VV;V’(I) Nyp = 20 + S. Koch, J. Trommler

N
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100 -
lati BY
with respect to A N
reference N ‘\\
solution < 101
9 \ = \\. BN
O11% error m=) 0.4 billion dofs
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) -2
=10 \ e X 1000
+2perface | O(n */3) "\ FE, #"©
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S —
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+ S. Koch, J. Trommler
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Comparison: Shape Functions

10° < solution of 110 x 4 = 440 WO
\ i N | linear systems of equations
C \\
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+ S. Koch, J. Trommler
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Overview

 magnet simulation
(standard 3D FE solver)

« challenges
o geometrical details
o materials
o transient effects
o high accuracy

 magnet simulation
(dedicated 3D FE solver)

* hysteresis modelling
e conclusions

yoke
WM
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Hysteresis L
turning point
" Ferromagneth materla|S reversible area
- remanence f (@)

- hysteresis losses

major loop
» Superconductive materials /

= Friction

> u(t)

yz

minor loop
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Hysteresis and Field Modelling

» transient field simulation + hysteresis model

= transient field simulation + simple hysteresis model
e.g. hysteresis losses: complex permeability

B(t) = Bcos a)t }:> :_eJCD
H(t) = Hcos a)t (p

» post-processing step + simple hysteresis model
e.g. hysteresis losses: Steinmetz formula

F\2
L
50Hz( 1T

Physt = Ohyst khyst

» post-processing step + simple remanence model
e.g. remanence: look-up table
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Hysteresis Models

* Preisach model
Jiles-Atherton model
Stone-Wolfarth model

Preisach model

|.D. Mayergoyz, ,Mathematical Models of Hysteresis",
Springer-Verlag, New York, 1991, pp. 1-44.

SS 2015 | TU Darmstadt | Fachbereich 18 | Institut fir Theorie Elektromagnetischer Felder | Prof. Dr.-Ing. Herbert De Gersem | 32 L%




= TECHNISCHE
©//)~\ UNIVERSITAT
»f 5 DARMSTADT

SIS100: Remanence at Injection

injection field remanent field
(with remanence)

!

injection field
(without remanence)

region W|th heavy saturation

:> acts as ,source” of
magnetisation
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SIS100: Remanence at Injection UNIVERSITAT
injection field x10™
(with remanence) 35~ L - :
I ithout remanence
3 I vith remanence -
__25. |
=
= 5
it g~ |
& S 15 3 2 :
E Q o
. . . : e = o
injection field 1 < S .
(without remanence) 05 3 o
O r | L. L.
1 3 5 7 9

harmonic order
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Conclusions

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

« challenges remain
and are problem specific

o geometrical details
o materials
o transient effects
o high accuracy
* hysteresis modelling (Preisach)

necessity of accurate material models
and measurement data

winding

yoke
W
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