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Simulation of Transient Effects in Accelerator Magnets
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(Electro-dynamics
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 Inductive coupling
» Saturation

* Coupling currents
\_° Magnetization

Fluid dynamics
» Superfluid Helium
* Phase transition
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( Material properties
» Extreme non-linearity

Thermo-dynamics

within few Kelvin

» Coupling losses
* Magnetization losses

Mechanics
» Lorentz forces
* Thermal strain

» Joule heating
» Heat transfer
\- Quench propagation
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Fast voltage detection
+ CLIQ
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Circuit

L » Output filter & ringing

Diode,

EE system
* Arcing
* EM waves

Earthing circuit
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» Large number of
magnets and
components, including
diodes, thyristors,
capacitors,

» Properties as (T, B)




Heterogeneous Domain Decomposition and Coupling

Field model of a magnet Controller Superconducting Superconducting
: = Circuit Magnet

Equation type Differential- Differential- Differential-
algebraic algebraic algebraic

Partial-differential

Time-stepping  fixed adaptive adaptive
Controller Model # DOF =10 ~10-10k ~1k-10k
Dimension oD 0D 0D, 1D, 2D
M2 M154
Physical - Electric Magnetoquasistatic
| _| domains Thermal
;__E/(A) R - Mechanical
Automatic Generation: SING SIGMA
Meta-methods: Cooperative Simulation
Optimization
C\ERN .
> ‘ Parametric Sweep
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1.

4.
5.

Outline

Workflows for automatic generation of models
a) SIGMA for magnet models
b) SING for circuit models

Meta-methods
a) Co-Simulation for model coupling
b) Optimization routine for parameter identification

Continuous Integration Pipeline
Selected Applications
Conclusion



Coil (Nb;Sn, NbTi, Copper, f(T,B) )

Coil Insulation ( Polymide, Gass Fiber f(T) )

2D FEM Mode

iIn COMSOL

Magnetic Vector Potential

Thermal Balance Equation

Electrical network

Vx(uvxA4) 0C,0,T— V-AVT = Q =020 =0
=/ q+ Su(ﬁa’l +L %M
sI:;Er)a/l?iI;i cuErrer}:ts IFcC Quench CLIQ
Holr MIFCC =- TIFccat§
ISCC
Hoﬂrﬁlscc == TISCC,aatEa

*  Ampeére's Law Linear
*  Thermal Balance (Passive)

Wedges ( Copper, Steel, f(T))
«  Ampere's Law Linear
*  Weak constaint (l,,, = 0)

*  Thermal Balance (Eddy Currents)

Ampeére's Law Equivalent Magnetization

Persistent Magnetization

Thermal Balance (Dynamic Losses)

Quench transition
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Iron Yoke (Laminated Iron, f(B,T))

Outer Shell (Steel = Aluminum, f(T, B))

/‘W\ *  Ampeére's Law Linear
\\ *  Thermal Balance (Eddy Currents) \

*  Ampére's Law Non Linear

* Thermal Balance (Hysteresis)

Collars (Laminated Steel f(T) )
*  Ampeére's Law Linear
*  Thermal Balance (Passive)
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STEAM Integrated Generator of Magnets for Accelerators

1. INPUT
(( Database Database Enumeration
=2 Material Cable Type
2. FORMULATION
Domains [] Geometry Domain i Element j G-Object k
« label * label *  HyperArea
+ Material *  G-Object OR
( * Elements [] * Coil
‘___f) *  Enum Type

-

Field extraction based on
strands coordinates (input
for third-party software)

Geometry -

Material

Physics

3. IMPLEMENTATION

- O | Gewp

Custom :
. implementation !

QLASA

more?

Mesh n’ play, for both monolithic
and cooperative simulations

» Mesh & play models
» Construction time of minutes
» Automation against error-prone, manual work

Hi-Lumi — MQXF  Test station — FRESCA2

FCC — Cosé FCC - Block caoil

Other models: 11 Tesla, D1, ... and many more!



LHC Main Dipole Magnet
Single Aperture
Magneto-static study
# 45k mesh elements

# 10k LoC — operations in COMSOL ™|

Surface: Magnetic flux density norm (T)

STEAM SIGMA - Demo

0.1
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-0.25 -

0.3k

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 m

Release status: In the process of the first release




STEAM Integrated Network Generator

> Use of netlists, i.e., textual description of circuit elements and interconnections (topology).

> Automatic generation of netlists, useful for parametric studies including changes to circuit topology.

> A “for loop” for PSpice to build models of large circuits (~10 k elements)

1. INPUT

User P
input |

Elements Subcircuits

\ 4

Netlist

B

“'Q + Stimulus
+ Libraries

2. IMPLEMENTATION

Custom
implementation |

i- LTSpice?

CERN

x_PS1
(RB_PC_PS)

Schematic Netlist
x_GndHi
(RB_PC_BbGND)
.subckt RB PC Full 1 pIn 1 pout
1_pin - - - -
102
{ [ | 1o @ v1 bbIn PH (1 pIn 100) 0
5 = 5 5 1_pOut x_GndLo (100) RB_PC_BbGND
g g - x_filterRC (102 101 103 100) RB PC_RCFilter
= x PS2| - x_fiterRC B Do
- a ] ® P51 (101 102) RB_PC PS
< (RB_PC_PS) < o o |RE_PCRCFiten X ps2 (101 102) RE PCPS
= = 2 9 x GndHi (103) RB_PC BhGND
S
[ '100.46 v2_bbout_PH (1 _pout 103) 0
101 - - -

1_9“1 ) ends

x_GndLo
(RB_PC_BbGND)

Modular, expandable, versioned ©
Static libraries of main components are available ©
Netlist more difficult to interpret than a schematic ®
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STEAM SING - Demo

L HC Main Dipole Circuit

# 6072 elements '
# 1324 LoC — operations in SPICE OWW
—-=10r

Chain of 154 magnets
Voltage distribution during a power abort

Voltage across magnets

MB1 MB77 EE1 Z,

W VWA | 20}
Y'Y YL LYY YY)

R \—% > L AAN— 30f
rc () Filtelg 0

0.1 0.2 0.3

H e e ; ;
Y Y LYY Y t [S]
“WwWv— K K
EE2 MB154 MB78

Release status: released internally, external release on demand

12 October 2018
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Cooperative Simulation - Motivation

At this stage we have automatically created the LHC main dipole circuit and a main dipole itself.

MB1 MB77 EE1l L e - —— >

,_{ }7 I]c{ircuit
|4\/ VA\N— & -

fWV‘\;L
PC Filteg ‘ Ufem
\

& T -

N NT A i1
= quench
EE2 MB154 MB78
Rmagnet(o)=0
Icircuit(l) ICifCUit(z) Icircuit(3) Icircuit(4)
Circuit — — e, LEEE
““““ e Tt t t : t
Magnet -7 a R’Hag;e: “T-- S Rmagnet 1) Rmagnet(z) Rmagnet(3) Rmagnet(4)
t t+dt
t
CERN
\



Co-Simulation Algorithms* (1/4)

One-way coupling

S| T N N Sy \ Xl(t“ SH
f T 1 4
;1‘(1'i71)3 :z'(l‘”i .r‘f”i e N
82 K_ﬂ\_ﬁ\_)‘f\._ﬁ\_ﬁ\_}*\._ﬁ\_ﬂ >
Tj T; Tjps \\\
r—>
vt
\
1
1
1
1
/
Xt S, g
A
t
CEan ‘ *Courtesy prof. Sebastian Schops, Technical University of Darmstadt
\\



Co-Simulation Algorithms* (2/4)

One-way coupling
) I N , I
:1‘(1.1*1): ‘,l.(lA.'J: .l‘(lJ+lJ: ese /v
82 MW\J\J\_J\_J >
Tj T; Tjps '1 \\\
I —
| Vot
! ]
! 1
! I
! 1
\\ )
N 2
Xo(t S,
A
Weak Coupling /E
S e N e Ty \ >
¥ T " 7 t
207D 1 G=1) g ) 2 20t .
1 I
SZ +|I\J\J¥}|‘LJ\_TJ\T}'|L_J\J ?
I}_l

T; Tj+1

CERN

‘ *Courtesy prof. Sebastian Schops, Technical University of Darmstadt



Co-Simulation Algorithms* (3/4)

One-way coupling Strong coupling

X
S| e T e 1(t“

~

~-

Sy
i | N . l A an s
,11(.1*1)\ ‘I-UJI r(“'+l)| P by 'y )
w1 | 1y 1 | \4/ \A/ \A/
S, % ¥ ¥ So
DI S S — — e — L — — — | W

Tj T; Tjs1 s AN T T; Tit

X t \\ | 2
) S,

Weak coupling

NPT I L b
-1'(|J_1]| |_,l.éJ—1) .[_(IJ): :Iéj) -'['(|J+U: :T&Hl). .o
X
SZ ﬂLJ\JdLJ\_JM{._J\_J >

Tj T; Tj+1

e ‘ *Courtesy prof. Sebastian Schops, Technical University of Darmstadt
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Co-Simulation Algorithms* (4/4)

One-way coupling
Sy T e Ny

I T

|
La=1) L a+1)y
xy xy ay

S, % s s
2 DO
Tj—1 I

Strong coupling

2

g
5
R
=
~

Waveform Relaxation

S R e — — \ > S QG‘/\—\;@ >
J_(IJ—U: gD _[.(Ij)} W)l ), PRCES P P *(;C)\ o *(%)\
[ [ I S -7 Lot s -7 HE NN \
S +[I\_J"\_/‘\_j'|‘l-__ﬁ\__ﬂ\_}'|{-__)\___ﬁ > 2 o 7
Tj T; Tjs1 Tj— T; Tjna
CErn ‘ *Courtesy prof. Sebastian Schops, Technical University of Darmstadt
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Co-Simulation Framework Architecture

Each tool adapter implements
a ToolAdapter abstract class

Time window and convergence loops

To..1 <fo..1 To..1 To.n

ToolAdapter
Tool Adapter 1 Tool Adapter 2 Tool Adapter 2 Tool Adapter ng,
- IOPort array
T []] T [2] T {3} T [nta] - time window definition array
R - absolute tolerance array
¢ 1 ¢ 1 01 ¢ 1 - relative tolerance array
- maximum iteration array
1 1 1 1 - convergence signal label
API 1 APl 2 API 3 APl ng, + set simulation time
+ set initial conditions
1 1 1 1 + exchange signals
10..1 10.1 10.1 10.1 + set input
+ execute study
Model 1 Model 2 Model 3 Model n,,, + get output
M [l} /4 [2} /A [3] . //[[n m} + check convergence

16
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STEAM Co-Sim: Cooperative Simulation Platform

Flexible co-simulation environment for Multi-physics, Multi-rate, Multi-scale problems

n W COMSOL W COMSOL LEDET QLASA ANSYS

g-’ 1D Electrothermal 2D Electrothermal 2D Electrothermal 3D Electrothermal 2D Mechanical
(]

o —

s — -

> SN

e - : — Z ‘ =

= = : 2, -~ ¢

-~ L i “ £}

%)

o £ s e % $ = v

[if2

> Simulations Coupling Interface (Java / MpCCl)

$ $

LTSpfe PSpice PSIM

Electrical Circuit Electrical Circuit Power Converter Controller

W W Vre
) T >

Network solvers

CERN ‘



Hierarchical Co-Simulation

1. Single analysis may involve a hierarchy of magnet models

(lumped inductor, 1D model, 2D model)

|
2. Circuit operation involves several states N- M2 Mis4
u /
(Controller/Circuit coupling, Field (1D, 2D)/Circuit coupling) LO ]
A AN\
= R

-
recovery
— Quench Magnet and circuit
Nominal quench [ Quench detectlonA Protection discharge ‘
Operation “\Propagation "\ Trigerring :

\ End of simulation time /

CERN ‘



STEAM Co-Sim Demo — Modified Main Dipole Circuit

Ugmmd_mag_h_‘lst_apenum
1400

Voltage [V]

Y'Y YL
I
PC Filterg
-200 : ‘ : : : : :
e 0 01 02 0.3 04 05 06 0.7
VVV VVV Time [s]

EE2 MB154 MB78

Release status: currently fifth version released internally and externally

CERN
\\
S
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ldentification of the Main Dipole Circuit Parameters

Executes once per iteration

STEAM PSPICE MANAGER
Initial
Guess :
Re\sfisllaﬂce STEAM - | Stimulus Solve Parse
alue ; ‘
o SING Circult Genrator Netlist Results
Netlist :
Adjust Riin Yes Error value
L SING input text Error<tolerance >« /
file

Print Ri

Executes for every magnet (154 times)

CERN
\\



Project
development

it it build_job
g git commi ‘ ’ GitlLap 2938 ui _JO

CERN ‘

Continuous Integration Pipeline

Project
versioning

Maven““ dependencies

External

dependencies l

fatlar

GitLab CI
I build image

*docker

uploadArchives \(W
N

sonarqube

Code
analysis

JFrog

Internal
dependencies

»sonarqQube

21
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What STEAM has been used for so far

LHC

LHC

LHC & HL-LHC
HL-LHC

HL-LHC

HL-LHC

FCC

FCC

SM-18

Part

RB circuit

600 A circuits

Triplet and RB
Triplet

Triplet with beam
screen

RB+11 T
SC magnet
16 T dipole designs

FRESCA2

Study

Transients during Fast Power Abort and earth failures.
Inter-turn shorts.

Operation of the power converter controller.

Effect of unbalanced dipoles.

Optimisation of the damping.

Protection studies (quench-back, need of EE).
Earth fault analysis/localisation.

Effect of spurious QH or CLIQ firing on the beam.

Protection studies.
Coupling currents and forces during a quench.

Protection studies, CLIQ.
Functioning of trim PC.

Use of quench absorption coils.

Quench protection (incl. CLIQ).
Mechanical response during quench.

Quench, Mllts, hot spot, field errors during ramp.

Ex. 1

Ex. 2

Ex. 3
Ex. 4

Ex.5

Ex. 6
Ex.7

22



Ex 1: Short in the RB Circuit

. 5r Contimljous lines: - -C14L4
Used to: measurement - '21‘3‘:::_
. . ol 1
. Loca_xllze the short by parametric Sashed lines:
studies > 5 simulations
~ 5|
= Understand the transients =
Validate model -10¢ D i
= Run the validated model for other 15} : , : :
use cases (double short, ...) 13 135 14 1?5] 15 155 16
t[s
800 800
Simulations 0. Measurements
400+ —— ;“:Z
; o 100
T Of :
-400¢ et
-800 : ‘ ‘ I I Egg%-::‘as.m 02:10:36.021 02:10:36.521 02:10:37.021 02:10:57.521 02:10:36.021

O O 5 1 1 5 2 08/12i2016 0812f2016  08M12/2016 081122016 08122016 0871272016 08nzrzome

I [S] - L E [I_l FILTER J [J. DFFEETJ e

23
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Ex 2: Controller/Circuit Coupling

= Anideal current source is used for the studies of the LHC main dipole circuit (and others as well)
= Afirst order model is used to design the power converter controller

MB1 MB77 EE1

i 4
S Lo

PC Filtelg

i
ti

=
=
o

MB154 MB78

Discrete controller is a weak coupling scheme

S >~
Controller —————————————=- y T e
————— ] - I
t(—” 4 -~ |\tend
Network r g

Lyef E R

—\_——2 e\
Controller——— = o —>
_IIme=zill _liz=-sIIll fend
——————————— N
Network - >

24



Ex 3: HL-LHC triplet

= Very complex circuit with CLIQ and quench heaters as baseline.
» Co-simulation with Comsol1D + Comsol2D + 5XLEDET + Pspice

= 142 signals are being exchanged between the models.

we ! A
PSM l
>
| PST?2j
l al L
L) L) +I| "
s
cul T
R 3
CLI CLl CLI
Q Q
P Senited sttt ot sttt e torks el it
1 | |
o I m—r— - w—— - ——
Q | Q 11 Q | Q
- N \----E--J\----Si__zl
= Circuit ) tum Magnet ™ ™1 Magnets
PSpice COMSOL 1D COMSOL 2D LEDET

CERN ‘

v [mm]

-100

100

50

-50

-150

25
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Ex 3: HL-LHC triplet

= Models activated according to the system state (hierarchical co-simulation)

t0 : 1:Quench

1:Discharge

Currents ramp — up Temperature

: 30 S tq“emh
N —IpsT1, PST2 Tl ONC | tyalidation
: j 10 H 920 — bdischarge
H 5 H =

10}
0 H
0 200 400 600 800 1000 1200 = B
t(s) : 0 01 02 03 04 05

———

state : state 0 state 1 state 2

time to tquench tdischarge tend

TeA)

'
o o w

Q. discharge currents

——LQaa(+)
—1.Qaa(-)

—Iouq

100 200 300 400 :

t (ms)

Used to:

= Validate the circuit
layout.

= Optimise the protection
system.

= Dimension the busbars

and current leads.

26



Ex 4: HL-LHC Beam Pipe in the Triplet

1
Used to: 18
= Calculate the eddy currents and 16 |
. . - 1
electrodynamic forces acting on 14
the beam  screen  during 12 =
. 10 1
a quench with CLIQ. . LI
= Dimension the beam tube. 01 002 004 006 008 0.1
|
! (s)
|
With: TE-VSC-DLM ; —|_Pos I_Neg
Current (A) Induced current density (A/mm?2) Forces (N/mm3)
x10*
I 10 O A g 7 0.1
@ ¢
184 \\\t\\\“ g mmm;,'/l/// 8 \\\&\\‘\numm[@|||un||m,,,,'/////§,,, 0.09
- ) ,m 6 Al&_ 0.08
' N 4 ' 0.07
1.8 3 > 0.06
1.78 0 0.05
1.76 2 0.04
T R
4 v P% 0.03
1 :z %”‘,’,’,’,’lﬂmmmln m \g‘,““\\\\\\\\\\\\ N W“"‘ﬁ‘m 0.02
: TN IS NN _
i . L g oot
CERN
\



Ex 5.Co-simulation of the FCC Dipole Circuit

Circuit model
= M M M
2800 components - Crir " ! 2 22
PSpice Ry iy —
F it h My, Mys My,
o 2 2115 |"m\ | -- ’fm’\ | 2118 -
Jsed to: Electro-thermal .
= Study voltage waves during | ‘
: o : magnet model
protection scenarios involving 200 turns
CLIQ . W COMSOL
» Study quench detection
system. i
Quenching magnet: Neighbouring magnet:

@m j ‘ CLIQ simulation Simulation of voltage response
\\



Ex 6. Mechanical Stress During Quench

COMSOL used for magneto-thermal simulation, ANSYS used for mechanical simulation
FE models with different mesh (physics driven) can be coupled via mesh-based interpolation

CLIQ quench simulation Coupling Environment Mechanical simulation
YW COMSOL % I\N
T T
F, 3
Mesh-based
interpolation

\

CERN
\/W/ ~ Fraunhofer

SCAI

29



Example 7: FRESCAZ2 Analysis App

Graphics

User’s settings o g s S
File
foal)) FRESCA2 magnet SYEAN
‘EMD magnetothermal model for quench-back analysis in time domain Website
US ed to - Overview | Geomety |  Mesh | [ [] ] i [ -] | t= o s
Setings  [[Eee [ wee )
H H H [T e 2 Time=0.5 s Surface: Temperature (K) o
Provide test station with a et 00 " ‘ ‘ ‘
1 1 Parameters DI[Al 16 o 80
user-friendly tool to quickly e g - )
N z;;oml S5E-6 o1
compare measurements with et 3 @ T
. . u.ccl] o1 8 om (A Il
simulations. =
Circuit Ree [Ohm] 5E-2 0.04
Rpc [Ohm] 1E-3
0.02
= wy U @ u
t_end [s] SE-1
- = Last computation time: 10 | Compute | 002
Faster & better understanding @
Results
of the measurements. = et
R-nrt 0.0000 lﬂﬂﬂﬂg
0.10000 9092.6
0.20000 8208.8
0.30000 7326 .6
0.40000 6461.5

/ / /

Post-process Data export App Log
CERN



Conclusion

A solid base of the STEAM framework is now established and ready to be used for all kinds
of simulations on SC circuits for actual and future accelerators.

STEAM has already been used for many studies, especially:
=  Fault scenario’s in the LHC

HiLumi triplet circuit

FCC magnet and circuit protection

“RB+11T” circuit

With the foreseen increase in number of magnet models, circuit models, tools/physics, users,
case studies, and validations, STEAM will become an invaluable tool to study a broad variety
of applications in the field of accelerator magnet circuits.

We have acquired a lot of competence in the MPE-PE section in co-simulation and individual
tools which could be profitable for people in other groups.

Implementation of the Model-Based System Engineering framework for integrated modelling
(models as repositories of data, notebooks with versioned inputs)

www.cern.ch/STEAM 31
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Quench) tec] hierarchical co-simulation framework which allows to decompose potentially disn| the magnetic Numerical simulati henomena eccurring within the magnet,
der o] @ COMPIET system into simpler. independent sub-units. The H. the electro-they| amd can. ey lelp to prevent disruplive consequences. We present a 2-) FEM model for the simulation of clectro-thermal
Index T ¢ opyergence of the coupling algorithm, b«ﬂd on the waveform RODU{ superconducting ‘rmsients cccurring in supesconducting sccelerator magnets. The magnetoguasistatic problem is sobved with a modified magnetic
fcal analysis | vation scheme, between . P! vector potential formulation, where the cable eddy curreats are resolved in terms of their equivalent magnetization. The beat balance
the sub-units forming the coupled pmmem. “The modularity of e mag| €OMPIEXity of f  cyuation is then imvestiguted. and the relevant brat sources are discussed. The model implements a two-port compuonent interface
CERN the framework allows to integrate both commercial and in- + kotron | achieved throug| and is resolved. s part of an dectrical cirouit, in o coaperative simulation scheme with 2 lamped-parametcr netwark.
\ house tols. A state-management algorithm ensures that cach 1 ide the the COMSOL
Supercon{ tool contributes to the simulation only when needed, ensuring an biar Cd izati Index Te S Accelerator Magnet, Quench, Finite Elenvent Method, Equivalent Magnetization, Eddy Currents.
S components| efficlent use of computational resources. The capabilities af the ion fu] eddy-currents,
considerabld Workflow are applied to co-simulate a quench scenario that could (@) ) kCol) || COMSOL. The
of a small in the Inner Triplet Circuit for the future High Luminosity oo - () MOXF geometry, and (b) magnetic flux density fgnet  stop and provi o
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