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INTRODUCTION

MOTIVATION

« Circular accelerators need dipole magnets to correct orbit distortions

« PETRA IV: ultra-low emittance synchrotron radiation source

= Fast orbit feedback system, corrector magnets with frequencies in kHz range
« Strong eddy currents =» power losses, time delay, and field distortion

« Simulation challenging due to small skin depths and laminated yoke

= Need for technigue to simplify simulations
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INTRODUCTION

HOMOGENIZATION

+  Magnetoquasistatic PDE: V x (v(# )V x 4 () + joo(MAF) = Js(#)

« Replace reluctivity v(7) and conductivity o(7) in the laminated yoke with spatially
constant tensors
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Eddy Current Losses in the Yoke Normal Dipole Coefficients
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» Eddy current losses and aperture field well approximated

« Simulation time reduced from several hours to just a few minutes!
=>» After comparing to other techniques, we decided to use this technique to simulate the corrector magnets
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Dipole Coefficients at f = 10kHz Eddy Current Losses in the Full Yoke (Powercore 1400)
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THEORY

WITHOUT DC BIAS
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To incorporate non-linear BH-curves into simulations: combine homogenization technique and harmonic balance FEM (HBFEM)
HBFEM is a technique to approximate periodic solutions of nonlinear transient PDESs in frequency domain
Example: excitation current with 15t and 37 harmonic, include field quantities up to 3@ harmonic

9 QAL - ] .
Vx vV xA(t) +o ot = J5(®) K?o(3wf) + 3jwiMs Klz 0 0 as J3
+ Homogenization Kl—z Kio(wf) + jwfMz KZZ 0 a; _ ]_.1
0 Ky_, K5y (wp — jweMs Ky, Y I
- ; - - . a— !
Vx(v(w) ®VxA () +jwid(w) = Js(w) i 0 0 Ky_, K5 (3wp = 3jweMz| =734 |j-3]

S. Yamada and K. Bessho (1988)
H. De Gersem, H. Vande Sande, K. Hameyer (2001)
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WITH DC BIAS

« Current signal of corrector magnet: DC current + oscillations = modify HBFEM method to include DC bias
« Again, we combine HBFEM with a homogenization technique

7% (v(@) @V x4 () +jwrd() = ;@) = Vx(vu@) @V x4 (W) +jwsd() = Jiw) =7 x H ()
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VERIFICATION

TOY MODEL WITHOUT DC BIAS

Mag. Flux Density (Core Center)

Mag. Field Strength (Core Center) Spectrum of Mag. Flux Density (Core Center)
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. Simple inductor with laminated core, excitation current: I (t) = 1.5 kA cos(2m50Hz t) + 0.24 kA cos(2m150Hz t)
. Compare results of HBFEM + homogenization (GetDP + Python) to transient CST simulation with individually
resolved laminations

=» Good agreement in magnetic flux density

=>» Larger differences in magnetic field strength
=» Suspicion: differences in magnetic field strength are due to not having included enough harmonics
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VERIFICATION

TOY MODEL WITHOUT DC BIAS

Mag. Energy (Core)

Mag. Flux Density (Core Center) Mag. Field Strength (Core Center)
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 Include 5" harmonic in the analysis
=>» Still good agreement in magnetic flux density, large differences in magnetic field strength vanish
= Decent agreement in magnetic energy
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VERIFICATION

TOY MODEL WITH DC BIAS

» Excitation current: I (t) = 750A + 120A cos(2m50Hz t)
« Comparison to transient CST simulation of toy model:
 Very good agreement in magnetic energy in the core
« Decent agreement in magnetic flux densities at individual points inside the core (average rel. error 3.7 %)
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VERIFICATION

C-DIPOLE WITHOUT DC BIAS

« Same magnet as before, lam. thickness d = 0.5 mm

 Excitation current for both coils:
Is(t) = 2.5 kA cos(2n50Hz t)

« Agreement in aperture field and magnetic energy
in the yoke

« Eddy current losses well approximated:
1.36 W with Hom. HBFEM vs. 1.32 W with CST
= 3 % relative error

 Higher order finite elements* to achieve good
approximation of losses and energy

*J.P. Webb and B. Forghani, “Hierarchal Scalar and Vector Tetrahedra®, 1993

By [T]

0.2

0.1

—0.1

—-0.2

Mag. Flux Density (Aperture Center)

|} |}
Hom. HBFEM |f

=== CST Transient
I I

1
0 20 40 60 80 100

t [ms]

02.12.2024 Dept. of Electrical Engineering and Information Technology | TEMF | Jan-Magnus Christmann

Winag (t) [mJ]

TECHNISCHE
UNIVERSITAT
DARMSTADT

10 mm

Mag. Energy (Yoke)

[ | I |
Hom. HBFEM | if
== CST Transient

I I
20 40

t [ms]

15



VERIFICATION

C-DIPOLE WITHOUT DC BIAS

. Compute eddy current losses up to f = 65 kHz
=» Scaling behavior as expected from theory*
= Good agreement with CST results up to f = 1 kHz

. Reason for differences between Hom. HBFEM and CST:
At higher frequencies, CST results are mesh-dependent,
Hom. HBFEM results have converged

. Hom. HBFEM reduces simulation time for nonlinear
simulations in kilohertz range from days to hours

* R. L. Stoll, The Analysis of Eddy Currents. 1974.
J. Lammeraner and M. Stafl, Eddy Currents. 1966.
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Eddy Current Losses in CST at 1kHz
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APPLICATION

NONLINEAR SIMULATION OF THE
CORRECTOR MAGNET

BH-curve of Powercore 1400AP

«  Simulate model of prototype with - - - - - -
Hom. HBFEM 2} EURPETELE 2
ol
«  Yoke material: bor f 1
+  Powercore 1400AP = ¢ .
+  0=5814 e

« 1 mm laminations, stacking factor 051 ¢ |
y = 0.985 13 -

»  Main coils 975 At, auxiliary coils 405 At Y Ay P
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Vertical Field Along the Axis, f = 10Hz Vertical Field Along the Axis, f = 5kHz
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NONLINEAR SIMULATION OF THE

CORRECTOR MAGNET

Mag. Field Strength in a 1 mm Lamination
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Vertical Field Along the Axis, f = 10kHz
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= ead Mag. Field Strength in a 0.3 mm Lamination

. Skin effect results in non-uniform field across laminations
=>» Non-uniform reluctivity
=» Considering nonlinearity becomes more important

. Importance of skin effect depends on ratio % o}
= Thinner lamination decreases impact of nonlinearity
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CORRECTOR MAGNET
Eddy Current Losses in the Yoke, d = 1 mm
T I linear nonlinear
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CONCLUSION

METHOD

 Dedicated method to enable nonlinear simulation of fast corrector magnets
= Implemented in getDP and python
=» Combines homogenization techniques with HBFEM
= Several examples tested for verification

apayl selynen Jo Asanunod

RESULTS
» First simulations of prototype magnet

=» effect of nonlinearity significant at higher frequencies — T T T T 7
=>» smaller integrated fields, greater phase shift, increased losses dl _,_..-o--"""' |
=» smaller lamination thickness would decrease effect of nonlinearity sl {"' |
» Interplay between eddy currents, skin effect, and nonlinearity = 1f : ’
=>» importance of nonlinearity depends not just on applied field | |
=>» further investigation necessary N
o8 ]
(l) l 110 ll5 210 215

H[kAm™!]
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