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1 Introduction

1 Introduction

Electromagnetic Actuators

» Fast actuation, medium forces and
medium strokes compaired to other
actuation principles

= High energy density, low cost

= Design varies in a very wide range

Source: Magnet Schultz Ltd. Source: Deutsche Fotothek
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1 Introduction

Electromagnetic Actuators

= Minimum of elements: armature, yoke with a back iron, working air gap,
parasitic guiding air gap and coil

= Bi-directional cause-effect relations between electric and magnetic field
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1 Introduction

Braille Printer

» Needle which embosses the paper

= Paper as a nonlinear elasto-plastic counterforce load

= Dynamic forces of the masses

= Nonlinear magnetic material behavior
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1 Introduction

Braille Printer

» Needle which embosses the paper

= Paper as a nonlinear elasto-plastic counterforce load
= Dynamic forces of the masses

* Nonlinear magnetic material behavior
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2. Electromagnetic Actuator Model
= Static Magnetic Model
= Heterogeneous Dynamic Model
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2 Model

2 Electromagnetic Actuator Model

Static Magnetic Model -

COMSOL Multiphysics 3.5a

emga application mode, axial
symmetry

Currents in the angular direction
only

MATLAB scripts

Input design parameters and
results handled with ASCII-files

Non-linear ferromagnetic material
in the form y.(B)

Free meshing with normal mesh
size

5,000 to 10,000 DoF, UMFPACK
direct solver

FEA Model
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2 Model

Static Magnetic Model - Magnetic Material

= Non-linear ferromagnetic material in the form . (B) as a look-up table
stored in an ASCII file

murel_st3(x)
800 '
700 r
600 f
500 ] 3,6
Z . .
% 400 /
...J 2!7_
g .
g 300 . .
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— 18- 4
200 =
[a] ]
100} S
0 = °
0,04
6 0.5 1 1.5 2 (I) I 200|000 I 400|000
Magnetic flux density [T] H [A/m]
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2 Model

Static Magnetic Model - Governing Equations

= Static behavior by Maxwell’s equation using the magnetic vector potential A;
je - €xternal current density, o — conductivity, u - permeability

1 .
Vx(—VxA] = Joxe
y7i
= Magnetic force F on the armature by integration of the Maxwell’s surface
stress-tensor on an arbitrary surface S surrounding the armature

Fj BnB—LB2 ds
2,

» Flux linkage ¥ which is necessary to compute the dynamic behavior of the
actuator-load system by the dynamic model

¥ = [BdA,

Ay
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2 Model

Static Magnetic Model - Results

IW(1)=2.983257¢e7 Max: 1.877
Surface: Magnetic flux density, norm [T]
Streamline: Magnetic field
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2 Model

Static Magnetic Model - Results

Look-up tables F(x, i), ¥(x, i)
Y[
2[]-0[] 1000 0

x1

¥ [-]
0.0010 4000 3500

x [-]
0.0000 0.0005 0.0010 4000 2000 2000 1Qoo 0
0.0000
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30
=30 N 0.015 0.015
Fx, i) | ~_ag 40 - —_
-50 T 0010 0.010 <
-30 Y (x, i)
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7 00.0000 ! 20000
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2 Model

2 Electromagnetic Actuator Model

Heterogeneous Dynamic Model - Governing Equations

ODE for the mechanical dynamics along the coordinate x;
m — moved mass of the needle and the armature, F,,,, — summarized
reaction force of the paper and the return spring

mx:F (i’x)_and,x(x)

mag ,x

Kirchhoff’s voltage law;
u - terminal voltage, iR - Ohmic voltage drop, d¥/dr - induced back-emf
(electromotive force)

u=iR+¥(i x)
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2 Model

Heterogeneous Dynamic Model — Network
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Generalized Kirchhoffian network model in SimulationX
Involving look-up tables F(x, i), ¥ (x, i) from the static model
Dynamic behavior F(r), x(1)

Eddy currents and hysteresis are neglected

Embossing sufficient or not (0...1), cycle time ¢

cycle

(to be minimized)

o W(i,x)

1y

F(i,x)

return
paper spring

d/dt = ’ ww—%
/a I I
bedstop
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2 Model

Heterogeneous Dynamic Model — Simulation results

» Embossing sufficient or not 2 X, cegie-max = -0.55 mm
= Cycle time .., > to be minimized
1.2 mmn- 7 25 A7 50 N7
0 mm-
0A- ON- T
-0.8 mm~
Coil  Magn., . ;
Xneedle curr. force 0 ms 4 ms
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2 Model

Heterogeneous Dynamic Model — SimulationX 3.3 SIMULALION 3¢

Pawered by ITI

Simulations 3.3 Profeszional Editian
N ' Release 3310416
Arkerpostion Copyright 2010171 GmbH Deutschland
Fix]

— . hittg: /v, simulations. com

Psi_ix

L« [2D
_,@

foce i |
@Pp
a—— wWalze -+  Lufsgat  Kemn
% *’é—'h.;';;.\*<ﬂ.
N

Anschlag | Madel | Feder  Einspannung

| Nebewemung
]jj"s'gnarvol'taga""' o jjjjjjjj@'jjjjvﬂercjhubjjjijrc%-egjunéj
U U Ris ] ok
grun-ﬂ’ ()
gobalparaml

&

 Reol

. ctu

sevoagel |
+  wibelstrom lG o

:

TR

/ \ TECHNISCHE - i
@ UNIVERSITAT European COMSOL Conference 2010, nov. 17-19, 2010, Paris 16/31
DRESDEN H. Neubert



3. Optimization of the Actuator
= Nominal Optimization Using the Static Magnetic Model
» Nominal Optimization Using the Heterogeneous Dynamic Model
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3 Optimization

3 Optimization of the Actuator

Nominal Optimization Using

Optiv Werzion 4.0
the Static Magnetic Model Y °

Releaze 24.06.2010

hitbp: & A ophiy. eu
Copyright [C] 2008-2010

Design variables Behavior variables
RS , .
vc'l Static 4
—- "2 3 ——» |FEA- [ P —]
x model FUi, Xp)
b 1}

Optimization
algorithm

Initial design vector — — Result design vector
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3 Optimization

Nominal Optimization Using the Static Magnetic Model

= Constraints: magnetic force at maximum stroke F(x

max) /

power losses
= Objective: minimum overall volume

» Gradient-based optimization algorithm, 7 design variables

5 -
magnetic force
power loss
S overall volume
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3 Optimization

Nominal Optimization Using the Static Magnetic Model

= Preliminary design (a), optimized design (b)

. Surface: Magnetic flux density, norm [T]
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3 Optimization

Nominal Optimization Using the Heterogeneous Dynamic Model

Design variables Behavior variables
= Static P(ix Dynamic R
X olallc ——m (Z'.-:\) — ™ Uynamic Embossing
< 77 5w |FEA- = network |- fovle £
\ model —F(;.x) —{ model I

Optimization
algorithm

Initial design vector — — Result design vector
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3 Optimization

Nominal Optimization Using the Heterogeneous Dynamic Model

Slim preliminary design Compact design after static optimization

Xneedle / Xneedle

Coil Coil

curr,
curr. \

S Y——

0 ms 4 ms 0 ms 4 ms
Cycle time ——» Cycle time ——»
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3 Optimization

Nominal Optimization Using the Heterogeneous Dynamic Model

=  Minimum cycle time 2,6 ms

0.6 mMmmT 71 25 A7 50 N\nq
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4. Robustness Analysis and Optimization
= Probabilistic Analysis
= Robust Design Optimization
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4 Robustness Analysis and Optimization

4 Robustness Analysis and Optimization

Principle of Robustness Analysis
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1 Introduction

2 Model 3 Optimization

4 Robustness Analysis and Optimization

5 Conclusions

Robustness Analysis of the Braille Printer
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4 Robustness Analysis and Optimization

Probabilistic Analysis

= Latin-Hypercube sampling (LHS) around the nominal optimum with 200
samples

= Density functions of the system functionality (a) and of the cycle time (b)

» Failure probability of about 80 % at the nominal optimum

Pegrs
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4 Robustness Analysis and Optimization

Probabilistic Analysis

= Sensitivity analysis
System functionality

darm
g
Xoneedle
Supply voltage
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1 Introduction

2 Model

3 Optimization

4 Robustness Analysis and Optimization

5 Conclusions

Robust Design Optimization

Find a design of higher reliability

Optimiziation using response surfaces instead of the system model

LHS with a large sample size (100,000)

(@) = = = i (b) = =
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5 Conclusions

5 Conclusions

= Design optimization was performed based on a heterogeneous dynamic
model.

» This model consists of a dynamic network model that includes look-up
tables computed from a static FEA model.

» The look-up tables were computed in each iteration step of the
optimization according to the change in the design.

= Starting from a preliminary design we obtained an optimum design for a
defined set of requirements.

= The failure probability of this design was significantly improved by a
robustness analysis and optimization.

= The final design meets requirements regarding functionality as well as
reliability.

=  OptiY 4.0, SimulationX 3.3, COMSOL Multiphysics 3.5a
= Quad-core PC running Windows

= The presented methodology can be applied to many similar design
optimization processes.
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Thank you for your attention.
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