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Superconducting Accelerator Circuits
— Numerical Challenges

Controller Model

v’ Differential-algebraic equations
v Fixed frequency of operation
v/ 10-100 elements

v Non-linear behaviour
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(\/ Partial differential equations
v Varying time constants

v Adaptive mesh refinement
v ~1k elements

Busbar Model

~

Field/network model of a magnet

~

K/ Partial differential equations
v Varying time constants
~10us (quench) - ~10ms (losses)
v Varying geometric scales
~10 um (filaments) - ~10 m (magnet)
v ~10 k degrees of freedom
v Highly non-linear material properties
\ and equations

Network model of a circuit

K/ Differential-algebraic equations \
v Varying time constants

~1 ms (switch) - ~10 min (circuit discharge)
v Varying geometric scales

~10 cm (diode) - ~10 km (circuit)
v ~10 k elements

v" Non-linear behaviour
\_ y,
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v Non-linear behaviour
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Simulation of Transient Effects in Accelerator Magnets
- Our Solution

Multi-domain — dedicated, domain-specific numerical tools
Multi-physics — strong coupling in single model, weak coupling of independent models
Multi-rate — interaction, coupling of two or more models

Multi-scale — interaction, coupling of two or more models

‘Ht-lﬁtcvm, D




STEAM Overview

[ 4. Meta-Methods

SYEAN is a simulation framework to (Co-simulation, optimization)

study transient effects in SC magnets.
SYERN consists of five pillars:

_ 3. Tool Adapter APIs
1. Numerical tools

4 @

1. Tools
(BBQ, ProteCCT,
LEDET, ANSYS,
COMSOL, PSIM,
PSpice, LTSpice,

@ ‘ K QLASA) j

- standalone, co-simulation

|

2. Model generation API

3. Tool adapter API

4. Meta-Methods
—>co-simulation, optimization

5. Front-end to interact with APIs

.l 5. Frontends (Jupyter, Matlab)

|

2. Model-Generator
APls




Presentation Outline

1. STEAM Tools

2. STEAM Model-Generator APIs

3. STEAM Tool Adapter APIs

4. STEAM Meta-methods: Co-simulation
5. STEAM Frontends: Notebooks

Conclusion
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5. Frontends
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D [ 4. Meta-Methods
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3. Tool Adapter APIs
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1. Model Completeness

Considering thermal models:

. Computation time
3D FEM + Analytical 4

2D FEM

1D

Model
completeness

0D

2D networ

D Analyticg

3D FEM R

»

. Model completeness
©) | STERN :




1. Qualities of good models

1.  High Fidelity 7. Internally Consistent

2.  Model Credibility 8. Elegant

3.  Linked to Decision Support 9. Analyzable and Traceable
4. Understandable and Well-Organized 10. Data Extrapolation

5.  Well formed for Optimization 11. Availability of Interfaces
6. Clear Scope 12. Reusable

CERN gm Course on Architecture and Systems Engineering: Models and
'S Methods to Manage Complex Systems, MIT Professional Education



1. Avalilable Tools

Power Converter Superconducting Superconducting Superconducting
Controller Circuit Busbar Magnet
Equation type Differential- Differential- Partial-differential Differential-algebraic (network)
algebraic algebraic Partial-differential (field)
Time-stepping Fixed Adaptive Adaptive Fixed
Adaptive
# DOF ~10 ~10-10k ~1k ~1k-10k
Dimension oD oD 1+1D oD, 1D, 2D
Physical - Electric Thermal Magnetoquasistatic
Domains Thermal
Mechanical

QC\E\RNESX ‘ gm Models are subject to continuous verification and validation



1. Available Tools

Power Converter Superconducting Superconducting Superconducting
Controller Circuit Busbar Magnet

Equaton ype OrCAD PSpice

Tspes| {ANS Y S]TANCS ST T
____IPSIMF LY

Dimension LEDET
T | QLASA |
QLASA o
ProteCCT

We use proprietary tools for the sake of their verification and long-term support.
We use in-house tools due to their efficient implementation of custom physics.

‘ ﬁm -:é:— Models are subject to continuous verification and validation

Domains
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2. Model-Generator APIs
- Single source of truth

Why did we start STEAM?

= To avoid that tools/models are abandoned/forgotten as soon as the programmer

| __leavesCERN. ]
- A. Verweij, project owner
Inevitably models reflects engineer’s style - How to standardize them?
Differences in GUI models are difficult to capture - How to compare them?
In-house tools typically developed by a single person - How to maintain them?

In-house tools typically implement own equations, solver, etc > How to verify them?

QC\E\Rsz ‘ gm Our goal is to provide a tool-independent, versionable model description. 10



2. Model-Generator APIs
- Single source of truth

Circuit modelling Magnet modelling
PSpice GUI difficult to version - Excel files difficult to version (can contain math)
GUI models difficult to interpret - Difficult to visualize geometry
No API for GUI models - Dependency on ROXIE field maps

+

+ Netlist — scripted circuit description Scripted geometry and parameters
+ Reusability of static libraries +  Automatic generation of models

+  Automatic generation of models and COMSOL open for modifications
post-processing

+

STEAM-SING STEAM-SIGMA STEAM-LEDET

<C\E§RN§I ‘ m _~é'_ Input model parameters are separated from the tool itself.
S e (WYSIWYG approach) H



2. Library of Material Properties

Material Properties

v Repository of material properties in:
v C

e [1,500K]
Thermal * kKapton "
v MATLAB 10eK) | ondictivity CFUN_kKapton + kkapton_mat Tin K ( scalar / array) . g;:rr:reggn W/(K.m) [1], p. 20
v Automated testing routine + cokapton i . (300
2 Specific heat CFUN_CvKapton - T in K ( scalar / array) s Curve fit J/(Km3) [1], p. 20
* cpKapton_nist_mat error: 3%

M e e L ———

« [10,300K] for
normal
direction

e [12,300K] for
parrallel
direction

* Curve fit
error: 5%

3 Thermal CFUN_KG10 kG10_mat Tin K ( scalar)

conductivity W/(K.m) [1]p. 23

« cpG10_nist « [4,300K]
CFUN_CvG10 * ¢pG10_nist_mat_old Tin K ( scalar / array) o Curve fit J/(Km3) [1]p. 24
* ¢pG10_nist_mat error: 2%

Specific Heat -
NIST

https://gitlab.cern.ch/steam/steam-material-library

S\ ' 4
(C\E\R N)g ‘ m —,@; Input model parameters include also a subset of material properties. 12



https://gitlab.cern.ch/steam/steam-material-library

CERN

3. Tool Adapter API

Tool Adapter is a model-independent
interface for simulation tools capable of

> Setting/getting parameters
> Controlling simulation time
> Writing input

> Reading output

Such an interface can be used for:
v Cooperative simulations
v Parametric studies

v Optimization

STERN

ToolAdapter

- IOPort array

- time window definition array
- absolute tolerance array

- relative tolerance array

- maximum iteration array

- convergence signal label

—— o
+ set simulation time
+ set initial conditions
+ exchange signals
+ set input
+ execute study
+ get output
+ check convergence
A
Circuit Field Controller
CircuitToolAdapter FieldToolAdapter ControllerToolAdapter
-api -api -api

+implementation of
circuit-specific methods

~+implementation of
field-specific methods

+implementation of
controller-specific methods

10 1 [ 1 ]
1 1 1
Circuit Api FieldApi Controller Api

- circuit solver properties

- field solver properties

- controller solver properties

+ circuit solver methods

+field solver methods

+controller solver methods

13




4. Cooperative Simulation - Motivation

Suitable to study interaction of models characterized by different
> dynamical behavior: fast vs slow, fixed vs adaptive time stepping
> mathematical formulation: ordinary vs partial differential equations

> geometrical scales: phenomena occurring at micro vs macro scales, different mesh

> physical phenomena: migration between tools can be time consuming

MB1 MB77 EE1 L m e == — -
r VAVAVam VN [k
A 2% circuit ﬁ

NYY\#
| e e TN
PC @ Filter UFgm

B2 MB154 MB78

E
CERN
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4. Cooperative Simulation: STEAM CoSim
Co-simulati
Supported tool adapters: 8 OSScI:%]ua?icl)on {JSON}

v PSIM

©o LTeplee (" List of Tool Adapters ) ((Time window)  ( Hierarchical

v PSpice Definition Co-simulation
v COMSOL: SIGMA&BBQ

s ANSYS TAL TA2 TAn ot
AP AP AP i i >
v LEDET Ports Ports Ports T T T
v ProteCCT \ v, \_ ! 2 v J O )

v QLASA @ﬁ @ &

Supported co-simulation methods: a Co-simulation time and iteration loops

v One-way coupling
v Weak coupling C G C
, .

Strong coupling

|
||
, :
Waveform relaxation \ T, T, T,

CERN
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4. Cooperative Simulation: Mesh-Based Interpolation

1. Magneto-thermal models are solved with COMSOL and problem-specific mesh

2. Mechanical models are solved with ANSYS and problem-specific mesh
3. Magneto-thermal load on the magnet during the energy discharge is relevant for Nb,Sn superconductors

Mechanical model

Magneto-thermal model Mesh-based interpolation
W COMSOL Coupling Environment

MpCCl
-7
B, R,

Mesh-based interpolation

M. Maciejewski, et al., "Coupling of Magnetothermal and Mechanical Superconducting Magnet Models by
Means of Mesh-Based Interpolation”, IEEE Transactions on Applied Superconductivity
16
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4. Simulation Scheme for Intermittent Short Analysis

MATLAB: - Main Loop Interface “MATLAB
- Numerical Integration e -
PSpice: Solves Netlist Provided by MATLAB (3 simulations in total) N ~
~_cadence «
- Simulation data exchange using STEAM PSpice Manager PSpice
Inout Find Time Insert Voltage Find Time
[ 5 “PUt ] TL = Limit1 ~ feeeeeeee- Controlled Switch in TL = Limit2
arameters (Pre-arcing) Netlist (Blow-up)
\\ ({/’_’ \" &'(; )’
. & " & )
§ / '« ,/ "
Run Simulation With

Run Simulation Without
Fuse Blow-up

@ ‘ m Courtesy A. Liakopoulou

Pulses Starting After
Pre-Arcing Threshold

Complete Fuse Blow Up
Behaviour

‘ Run Simulation With ‘

17



5. STEAM Frontend Notebooks
- Models as repositories of data

ét)/plcal m_odellflng vc\l/olrk includes Analysie
creation of model, scripts

v running some simulations | |

v post-processing results

v summarizing results AL
(paper, report, presentation) I I I I

Often times the link between the model, its results and report is broken.

With the use of APIs and scripts, part of this process can be integrated into a notebook.

This way model becomes a repository of data queried to provide relevant information.

CERN
_ 18




Presentation Outline

Introduction - Challenges

STEAM Architecture

1. STEAM Tools

2. STEAM Model-Generator APIs

3. STEAM Tool Adapter APIs

4. STEAM Meta-methods: Co-simulation
5. STEAM Frontends: Notebooks

Conclusion

1.
2.
3.

STEAM Code Conventions
STEAM Continuous Integration Pipeline
STEAM Application — FCC Design

) | SHERN

5. Frontends

O

{2.

@[ 4. Meta-Methods
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Model-Generato
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%

[ 3. Tool Adapter APls
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STEAM Code Convention - Implementation

Clean code ©
. Scrum

Sprint Burndown

Naming Conventions
Divide et impera
Problem representation
Exception handling
Architecture
Code testing
Parametrization
Code versioning
Pair programming
Code review

'@
| 1 11 1 1l 11 11 11 11 11 | \ ’ /

Our naming convention:
https://espace.cern.ch/steam/ layouts/15/start.aspx#/SitePages/Naming%20conventions.aspx

Stand-up meetings @10AM

WV,
-O- Shared coding convention became a language for the team work and discussion with experts

o m 9 ¢ 2015, Clean code development workshop, jointly with MPE-MS 20
13 Aug 2015, Object-oriented programming workshop, jointly with MPE-MS



https://wikis.cern.ch/display/MPESC/2015-07-09+Minutes+from+workshop+about+clean+code+development
https://indico.cern.ch/event/402868/
https://espace.cern.ch/steam/_layouts/15/start.aspx#/SitePages/Naming%20conventions.aspx

STEAM Continuous Integration Pipeline — Implementation*

s,

i External ﬁ Gradle Frontends
Java dependencies | Mawvemn
Project dependencies ISTEAM APls Code'
development analysis
git commit bUI|C|_]Ob uploadArchives ket sonarqube
g v GitLab > % >~sonarqQube

_ GitLab CI | Testing
Project Internal

versioning I build image dependencies

&'fdocker

*Strong cooperation with TE-MPE/MS (K. Krél, JC. Garnier)

CERN
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STEAM Application
— FCC Main Dipole Circuit Layout and Protection Design

I-filt I | I
Circuit model =t ————— elto— — — — — PS—————
2800 components Cr M; M, _{ I_ az M,,
PSpice PC R Ree
'E‘ ﬁlt% r@ M44 M43 n+1 M23
i o L° 2113 m’\ -

lectro- ther

magnet model
400 turns

Models: PSpice, COMSOL, LEDET, ANSYS
Model generator API: SING, SIGMA
Meta-methods: CoSim, mesh-based interpolation
Frontends: PSpice Manager, CoSim viewer

Courtesy - .
M. Prioll Quenching magnet: Neighbouring magnet:
. FTIoll CLIQ simulation Simulation of voltage response

@ ‘ m FCC Week 2018: https://indico.cern.ch/event/656491/ 22



https://indico.cern.ch/event/656491/

STEAM Application
— FCC Main Dipole Circuit Layout and Protection Design

)
INFN

(e

Sliding and detachment permitted contact elements

Shell: Aluminum

= — - Sliding contact: c.0.f.0.2 POLE
with seperation

Vertical keys: Yoke and pads: Iron

316L

Horizontal key:
316L

194/2 mm

Cos-theta Block coil | Common coil

Courtesy
M. Prioli  Protection design involved, among others, T. Salmi, B. Auchmann

@ ‘ m FCC Week 2018: https://indico.cern.ch/event/656491/ 23



https://indico.cern.ch/event/656491/

Design phases for the FCC dipole magnets

Electromagnetic design
Objectives: Final

- Peakfield Magnet
- Field quality Design
4 ) 4 )
Physical Simulation
Domains Electro- Tools Roxie
magnetic
Courtesy
M. Prioli ) \_ )

5 | SHERR



Design phases for the FCC dipole magnets

Electromagnetic design
Objectives: Mechanical design Final
- Peakfield Objectives: Magnet

- Field quality - Peakstress during Design
various phases

(assembly, cool-

down, powering)

Physical Simulation
Domains Tools

Meé:]!]]a ICa
Courtesy ANSYS

M. Prioli ) \_ )

5 | SHERR
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Design phases for the FCC dipole magnets

Electromagnetic design
Objectives: Mechanical design > e ' Final
Peak field Objectives: Quenc il e el (C Q) Magnet
Field quality - Peakstress during | Objectives: Design
various phases - Hot-spot
(assembly, cool- temperature
down, powering)
Peak voltage to
ground
4 I 4 I
Physical Simulation
Domains Tools
Thermal
Courtesy COMSOL
LEDET
M. Prioli ) \_

5 | SHERN




Design phases for the FCC dipole magnets

Objectives:

Mechanical design

Electromagnetic design ~

Quench protection design (CLIQ

Peak field Objectives: G - desi
Field quality Peak stress during | Objectives: ML D
}/:srsl,zlr‘nsbrl):acsg(s)l- Hot-spot Objectives:
down, pO\;vering) temperature - Discharge time
Peak vdoltage to Peak voltage to
groun ground
Physical Simulation
Domains Electro- Tools PSpice
magnetic
A\
Thermal
Courtesy RbAERL
LEDET
M. Prioli ) \_ )

5 | SHERR

Final
Magnet
Design

M. Prioli et al.: “The CLIQ quench protection system applied to the 16 T FCC-hh dipole magnets”,
IEEE Transactions on Applied Superconductivity, accepted for publication



Design phases for the FCC dipole magnets

Electromagnetic design

— Mechanical design
Objectives: h tecti desi RTTe
Peak field Objectives: Quench protec IOI‘E. eSI.I;I:I =
Field quality Peak stress during | Objectives: LA TG (34 :
various phases Hot-spot Objectives: Quench mechanics
(assembly, cool- ’
down, powering) temperature Discharge time Objectives:
P:e;&(nvdoltage to Peak voltage to Peak stress during
g ground quench protection
Physical Simulation
Domains Electro- Tools
magnetic
i /
Thermal Mee&h}%]r%'ccgl
COMSOL ANSYS
LEDET

-
O | SYERK

Final
Magnet
Design

M. Prioli et al.: “The CLIQ quench protection system applied to the 16 T FCC-hh dipole magnets”,
IEEE Transactions on Applied Superconductivity, submitted for publication



Conclusion

> A solid base of the STEAM framework is now () [ 4. Meta-Methods ]
established and ready to be used for all kinds [ -
of simulations on SC circuits for actual and j

future accelerators. : 3. Tool Adapter APIs N
@ @)

>  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

fJ

5. Frontends

1. Tools

> We have acquired a lot of competence in
the MPE-PE section in co-simulation and |
individual tools

CERN
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