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Overview

• Finite-element simulation
• Losses in accelerator magnets
• Modelling and simulation challenges
• Homogenisation of coils
• Homogenisation of lamination stacks
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Finite-element simulation
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Losses in Accelerator Magnets

ramped/AC magnets
ramped magnets : increase during acceleration
AC magnets : orbit corrections

losses in ramped/AC magnets
coil Joule losses
coil eddy-current losses
yoke eddy-current losses
yoke hysteresis losses

prevention
coil many thin wires, twisting, transposition
yoke many thin laminations

appropriate cooling



21.09.2021  |  TU Darmstadt  |  Institut für Teilchenbeschleunigung und Elektromagnetische Felder  |  Prof. Dr.-Ing. Herbert De Gersem  |  5

Modelling and Simulation Challenges

time dependence
nonlinear material
steep ramping
à adaptive time stepping needed

many geometric details (prevention of losses)
homogenisation inavoidable
coil conductor model
lamination bulk model for lamination stack

numerical accuracy
looking for a secondary effect à higher accuracy needed
spatial scale, related to skin depth à large FE mesh
temporal scale, related to ramping à many time steps
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keystoning:
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1. additional discretisation
for unknown electric field

2. adjacency eddy current density :

3. netto current through 𝑉: = 0

additional constraint !

due to perpendicular
magnetic field

Adjacency Eddy Currents (1)
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additional load term for 
magnetic FE model

additional constraint
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due to parallel
magnetic field

shape functions 𝜉:(𝑟) are
related (but not necessarily 
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redistribution

𝐵ℓ

𝜉: 𝑟 =
𝑒?
ℓ?

in 𝑉:
𝜃

𝑟

Adjacency Eddy Currents (3)

𝑉:

𝜎6;
𝜓

𝐸

𝜉: 𝑟 = 0 outside 𝑉:



21.09.2021  |  TU Darmstadt  |  Institut für Teilchenbeschleunigung und Elektromagnetische Felder  |  Prof. Dr.-Ing. Herbert De Gersem  |  13

adjacency eddy
currents due to
perpendicular
magnetic field
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1. coupled flux

2. magnetisation
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Homogenisation: Lamination Stacks
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Example: FAIR SIS100 Magnet
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Example: FAIR SIS100 Magnet

relative error with 
respect to 
reference solution
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1% error 0.4 billion dofs
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+ S. Koch, J. Trommler

4.4 h @ 132 CPUs

7.3 h @ 72 CPUs

solution of 110 x 4 = 440
linear systems of equations
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