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FEA (Finite Element Analysis)

« Powerful technique for analyzing 2D and 3D structures
« 2D is simpler, but is often an approximation
« 3D takes a lot longer to setup and run
e 2D types:
— Planar (infinitely long into the page)
— Axisymmetric: symmetric about the vertical axis
 We’ll show some examples using FEMM (Finite Element
Method Magnetics) a freeware 2D solver
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Example 1. Halbach Array

e Interesting permanent magnet array which maximizes the
field on one side of the array, and minimizes the field on
the weak side 7

i £
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e Closeup

Example 1. Halbach Array

* Note we’re exploiting symmetry
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Example 1. Halbach Array
 Mesh

eB 37 MGDe
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Example 1: Halbach Array
e Solution

Femmview Output

1.574e+100 : =1.657e+000
1.451e+100 : 1.574e+100
1.408e+100 : 1.491e+100
1.325e+00 : 1.40Ge+100
1.243e+100 : 1.325e+100
1.160e+200 : 1.243e+100
1.077e+000 : 1.160=+100
9.941e-001 : 1.077e+000
9.112e-001 : 9.941e-001
§.284e-001 : 9.112e-001
7.455e-001 : 8.284e-001
6.627e-001 : 7.455e-001
5.799e-001 : 6.627e-001
4.970e-001 : 5.79%e-001
4.142e-001 : 4.970e-001
3.314e-001 : 4.142e-001
2.485e-001 : 3.314e-001
1.657e-001 : 2.485e-001

Title: single halbach wavelength.ans

W k Slde Length Units: Inches

m / 2-D Planar (Depth: 39.3701 in)
Freguency: 0 Hz
v v 31290 Nodes
8.284e-002 ; 1.6572-001

‘rrEER || <3.085e-007 : 5.284=-002

=N
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Example 2. Solenoid

 Follows Example 3.10 in
Fitzgerald (pp. 153-155)

* Note that dimension X is the /
distance from the top of the plunger|” 77t
to the top of the coil Ar——T
 As this dimension x varies, axial
force on the plunger varies as well

N\
I FET _.-""
[ A
\\ Cylindrical

steel shell

T Cylindrical
J steel plunger

Applied force, f;
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Example 2: Strategy

e Use reluctance model

e Find flux @

e From flux, find flux
linkage A

* From flux linkage, find
Inductance as a function of
plunger position X

* From L(x), find force

Guide ring M N Cylindrical

steel shell

T~ Cylindrical
J steel plunger

Applied force, f
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Example 2. Reluctance Model

» Reluctance of steel is very small if
the steel doesn’t saturate

...ﬁ
upper
AM———

EX

778
3 r:;l_i
| Rted =0 %
%%

( '-'55““:"3 }.4_ —!ﬂﬂj i

%%

A A A

X

Laver

P

Path length in direction of field 2L FR L Y
R = - - Guide ring-/‘} d— \Cylindrical
u(Area of flux path perpendicular to field) steel shell
T~c indrica
stj;ll p?ungér
J Applied force, f;
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Example 2. Reluctance Model
—

« Different reluctance for 2 gaps

Rs’ﬁuf’ >0

( ﬁ.SSMh:ua M -g-né)

L ] L] L ] - L ] L]

e e ) e o e ' s

{

¥

4
__ 9 .
upper %%,
P (x|

Upper gap: ‘R

g Guide ring-/‘l[ & ‘I \ Cylindrical
" — steel shell
Lower gap: R, . = o S

ILl 0 ( )a 1 steel plunger

Applied force, f;
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Example 2. Flux

Ry

£}

|
%‘R&M —_ O

( ﬁSShm:na M -#nﬁ)

NI
‘R + R

upper lower
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Example 2. Flux Linkage

sted =0

( ﬁsswmina M -,!nﬁ)

Flux linkage:

N 2|
‘R + R

upper lower

A =N =
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Example 2. Inductance

a+ X

Inductance:
2
I ERupper T ERIower
ERupper + ERIower — g + g — g
HomdX  pomda | p,7da

L(x) = yoﬂdaNz( X j_l—( X )
- a+x) °la+x

© M. T. Thompson, 2009

d

Magnetic FEA Examples

I

X

13



Example 2. Find Force

Once you know the inductance, calculating the force is
easy:

f:IZdL(x)
T2 dx
:IZLOd/ xj
2 dxla+Xx
Bh a
2 °(a+x)?
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Example 2. Solenoid Design

Dimensions of solenoid design example

Item Description Dimension

a Height of solenoid backiron arm 12.5 mm

h Height of solenoid center backiron arm 10 mm

d Radius to backiron 10 mm

g Airgap 0.5 mm

Fcoil Coil mean radius 7.75 mm

X Variable offset of plunger top from top of | 5 mm (variable)
coil

Mplunger Plunger radius 9.5 mm

© M. T. Thompson, 2009

Magnetic FEA Examples

3
>
s, T,
NNV
\
RN,
3 R NN
i s

e, S, S
3
L ]
-
=
o *
o 4
SN
R
-

. | | \\
Guide rmg-/‘f d I Cylindrical

stee] shell

i Cylindrical
J steel plunger

Applied force, f;

15



Example 2. Design Example --- Analytic Result

e For NI = 354 A-turns (DC)
» Coll power dissipation ~ 3.5 Watts

Example solenoid design

A
ol

I
L

"

w
o

S

w
I

Force, [N]
o

N
I

\\.

=
al

[y
|

o
ol

| |

‘ Guide ring-/‘[ d | \ Cylindrical
steel shell

10 12

X, [mm] Cylindrical

J steel plunger

o

o
N
5
»
oo

Applied force, f,
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Example 2. Simulation
 “Trust, but verify” (R. Reagan, c. 1985)

© M. T. Thompson, 2009 Magnetic FEA Examples
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Example 2:
Simulation ---
2D
Axisymmetric
FEA

© M. T. Thompson, 2009

1018 Steel

L1018 Stepl TX
1]

o Copper
—

--af—g_

f—— p —— e 5 —AHC—— D

At
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DimENS (oS
DmmgwsioT -

A <I2.5 mm
J«) = /0 mm
d= /0mm

= 0.5 mm

r'.,! = 275mm

Coar

18



Example 2: Simulation --- 2D Axisymmetric FEA
e Shown for x =5 mm
 FEA shows f, = 1.6 Newtons, P = 3.5 Watts

1.717e4000 : »>1.807 e+000
1.626e+000 : 1.717e+000
1.536e-+000 : 1.626:+100
1.446e+000 : 1.536e-+100
1.355e+000 : 1.446e-+100
1.265e+000 : 1.355e+000
1.175e+000 : 1.265e-+100
1.084e+000 : 1.175e-+100
9.938e-001 : 1.084e-+0100
9.035e-001 : 8.938e-001
8.131e-001 : 8.035e-001
7.228e-001 : B8.131e-001
5.324e-001 : 7.228e-001
54212001 : 5.3248-001
458172001 : 5.421e-001
36148001 : 45172001
2710001 : 3.6748-001
1.807e-001 : 2.710e-001
9.035e-002 : 1.807e-001
%1.459e-006 : 9.035e-002

Density Plot: |B|, Tesla

vl

4l

B\
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Example 2: Comparison of Analytic vs. FEA

* Note that FEA shows lower force than that predicted
analytically

* Probably due to saturating iron reducing B and hence force

Example solenoid design

»
o

N
|

"

Force, [N]
N w
ol w (&)
O

/

N .
|

- .

o
ol
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o h
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o
N
g
»
(0]

10 12
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Example 3: PM Machine
4 pole machine; field provided by NdFeB magnets

© M. T. Thompson, 2009 Magnetic FEA Examples
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Example 3: PM Machine

* 4 pole machine; field provided by NdFeB magnets

© M. T. Thompson, 2009
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Density Plat: [B], Tesla
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C-Core with Gap --- Using Magnetic Circuits
* Flux in the core is easily found by:

D — NI _ NI

R _+N |

core gap p

9

LA

Lo A

* Now, note what happens if g/u, >>
I,/ The fluxin the core is now
approximately independent of the

core permeabillity, as:

o N NI

Ry 9

Ho A,
 Inductance: _No N2 N2
B I NERgapNg
Ho A

© M. T. Thompson, 2009
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Average magnetic path length A
inside core,
cross-sectional area A

N turns

Q Airgap, g

N <+> R gap

23



AN

N~V

o)
o
o
N
=
o)
%
o
S
o)
e
T
-
=
©



Fringing Fields in Airgap
« Iffringing Is negligible, A, = A,

Flux lines

, \ Erilrzlging
\ 1% S
il
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Example 4. C-Core with Airgap

« Fitzgerald, Example 1.1; with B, = 1.0T, find reluctances,
flux and coll current

A=A . =%cm?
If"Magn.etic““*—\l Mean core
o] | ﬂm = | length [, g=005%cm
A : ;: Air gap i2 ; T Al gapl;.l't L—_; = 30 cm
— : : length g T ; permeability p,
: / | AreaAg
{ | I = 500
Winding, | ————————— —<——— | —<— Magnetic core
N turns ermeability w, _
t E\reaf‘lC . l"l‘l'- _ ?D,DDD
£ 0.3 A=t
B, = —— = - —=38x10® 2T
A g (7000004107 (8= 107
4
0 z S0 4 4%10] A —iturns

F Ay, (Gmx107)©x107)
IMote that B == E.
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¢~ Magnetic————>— =4 Mean core ’t?
i : flux lines : length &
+o—f % | )
v A4 ap YL f“— Air gap,
‘—r’%: Alrgip | permeability /4, 3;@ XIDE
ige— .' r length g : Area A JR
P | % VI TS ¥
Winding, | -——————————=<€-——~- —~— Magnetic core @ q‘ )f xlob
N turns permeability u, '
Area A,

Fluz:

=54 =(1.0)9=x10") =9x10" F2
Cotl current:

NI=D(R,+8,)

_ Dl + i) _ (9}*11[34}[4.46}::1[]5]
N S0

= =084

© M. T. Thompson, 2009 Magnetic FEA Examples 27



Example 4. C-Core with Airgap --- FEA

e NI =400 A-turns

© M. T. Thompson, 2009
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Example 4. C-Core with Airgap --- FEA
NI =400 A-turns

© M. T. Thompson, 2009 Magnetic FEA Examples
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Example 4: C-Core with Airgap --- FEA Result

1 Tesla

1.900e+000 : »2.000e-+100
1.800e+000 : 1.500e-+100
1.700e+100 : 1.800e-+000
1.600e+000 : 1.700e-+100
1.5800e+100 : 1.600e+000
1.400e+000 : 1.500e-+100
1.300e+000 : 1.400e-+100
1.200e-+100 : 1.300e-+100
1.100e+100 : 1.200e-+000
1.000e+000 : 1.100e-+100
9.000e-001 : 1.000e-+100
8.000e-001 : 2.000e-001
7.000e-001 : 8.000e-001
5.000e-001 : 7.000e-001
5.000e-001 : 5.000e-001
4.000e-001 : 5.000e-001
3.000e-001 : 4.000e-001
2.000e-001 : 3.000e-001
1.000e-001 : 2.000e-001
=0.000e-+000 : 1.000e-001

Density Plot: [B], Tesla

INn the core Is approximatel
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Example 4. C-Core with Airgap --- Gap Detail

1.900e-+100 : »2.000e+100
1.800e-+00 : 1.900e-+100
1.700e-+100 : 1.800e-+000
1.600e-+100 : 1.700e-+000
1.500e+000 : 1.600e-+300
1.400e-+100 : 1.500e-+000
1.300e-+100 : 1.400e-+000
1.200e-+100 : 1.300e-+000
1.100e-+100 : 1.200e-+000
1.000e-+100 : 1.100e-+000
9.000e-001 : 1.000e+100
5.000e-001 : 9.000e-001
7.000e-001 : 5.000e-001
5.000e-001 : 7.000e-001
5.000e-001 : 6.000e-001
4.000e-001 : 5.000e-001
3.000e-001 : 4.000e-001
2.000e-001 : 3.000e-001
1.000e-001 : 2.000e-001
<0.000e+000 : 1.000e-001

Censity Plot: |B|, Tesla

T 1T
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Basic Eddy Current Brake

 Magnetic field created by high strength magnets
e Relative motion between field and conducting fin creates

eddy currents and hence braking force
« Design variables: magnetic strength, fin material and fin

thickness, airgap
x
y
.
v
A

L[S [/

— V

Conducting fin

N

7777777777775 777777777777/7
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Magnetic Induction in ECBs

* Relative motion between permanent magnets and
conducting sheet means that there is a time-varying
magnetic field impinging on the sheet

— Magnets or conducting sheet can be moving; it's
relative movement that’s important

e This time varying magnetic field creates circulating
(eddy) currents in conducting sheet

— Magnetic induction is the principle by which these
eddy currents are induced (by Faraday’s Law)

« Eddy currents mean power dissipation in sheet, and a
magnetic drag force acting on the sheet

dB_sE 3T <P . > forces
dt diss

© M. T. Thompson, 2009 Magnetic FEA Examples 33



Eddy Current Brake

 Implemented on rollercoasters in the US
— (Magnetar, Inc., Seal Beach CA)
* NoO contacting parts

Reference: http://www.magnetarcorp.com

© M. T. Thompson, 2009 Magnetic FEA Examples
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Eddy Current Brake

Reference: www.magnetarcorp.com

© M. T. Thompson, 2009
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Braking Force vs. Velocity
 From electrodynamic analysis, braking force is:

fL=F,
=
TV VY
* F,depends on maanet strenath, airgap, and maanet area

0

0 05 1 15 2 25 3
Velodity
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Back to ECBs: Result of 3D FEA

* Note that braking force is maximum at the “drag peak”
velocity

Fig. 3.0-1 Drag Force vs Speed

5-Lamda Double-High Magnet Array, 3/8" Fin in 2" Air Gap
16000 -

14000

12000 | \

Z 10000 1 \
(D)
o
S 8000 \
LL
(@)]
© 6000 — |
()]
4000
2000 -
0 |
0 5 10 15 20 25
Speed, m/s

3D FEA done by Myatt Consulting, Inc., Norfolk, MA

© M. T. Thompson, 2009 Magnetic FEA Examples
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Example 5. 2D FEA: Low Speed Flux Line Plot

« At low speed, force between magnetic rails is attractive
— North pole attracts to South Pole across airgap

© M. T. Thompson, 2009 Magnetic FEA Examples 38



Example 5. 2D FEA: Approximate High Speed Flux

Line Plot
« At high speed, force between magnetic rails is repulsive
— North pole is repelled from induced North pole in
conducting fin

© M. T. Thompson, 2009 Magnetic FEA Examples 39



Example 6: Magnetic Ribbon Microphone
« Uses fancy high saturation steel (hiperco)

] @ir

[ = = =y
Hipergo-50
) o Hiperco-50
#§1 0 O E'IE
g _ghidFeB 40MIG0E _ghdFeB 40|MGOe

@NdFEB AD MLy
@NdFeEﬂ 40 MGOe

mollicon Care Iron
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Example 6: Magnetic Ribbon Microphone

| @ir

Hipergo-50
- o Hiperco-50

EIIIIDE"iEB £l

el

_oNdFeB 40 /MBOE NdFeB 40Ma0s

@NdFEEﬂ A0 MG
@NdFEB 40 MG0e

,ﬁﬁlicnn Core lran
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Example 6: Magnetic Ribbon Microphone

3.136e+100 : =3.301e+H00
2.971e+100 : 3.136e+H100
2.806e+100 : 2.571e+100
2.641e+100 : 2.806e+H100
2.476e+100 : 2.641e+100
2.311e+100 : 2.476e+H100
2.146e+100 : 2.311e+100
1.981e+100 : 2.148e+100
1.816e+100 : 1.551e+100
1.651e+100 : 1.816=+100
1.486e-+100 : 1.651e+100
1.321e+100 : 1.486e+100
1.155e+100 : 1.321e+00
9.804e-001 : 1.155e+100
§.263e-001 : 9.904e-001
6.603e-001 : 8.253e-001
4.952e-001 : 6.603e-001
3.301e-001 : 4 952e-001
1.651e-001 : 3.301e-001
<0.000e+200 : 1.651e-001

Density Plot: [B], Tesla
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Example 7: Induction Coil for NDE

 NDE --- non-destructive evaluation
e Uses AC coll above a conducting material

1) 1]

o

r Bl .
|:||I
— [ H]
!

o Titanium

|-||
5
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Example 7: Induction Coil for NDE

© M. T. Thompson, 2009 Magnetic FEA Examples
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Example 7: Induction Coil for NDE

FEMM Output

© M. T. Thompson, 2009 Magnetic FEA Examples




Example 8. Induction Separation

oluminuin, BOB1-Th
oIl

f REFNIE I
: [Cail current:1] &
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Example 8. Induction Separation

aolaminuin, BOG1-Th
el

1B AWG
[Coil current: 1]

© M. T. Thompson, 2009 Magnetic FEA Examples
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Example 8. Induction Separation

41292002 : =4 346e-002
3.912e-002 : 4.129e-002
3.694e-002 : 3.912e-002
3.477e002 : 3694002
3.260e-002 : 3.477e-002
3.043e-002 : 3.250e-002
2.825e-002 : 3.043e-002
2.608e-002 ; 2.526e-002
23912002 : 2 603e-002
2173e-002 : 2331 e-002
1.956e-002 : 2.173e-002
1.738e-002 : 1.956e-002
1.521e-002 : 1.739e-002
1.304e-002 : 1.521e-002
1.087e-002 : 1.304e-002
8.693e-003 : 1.0587e-002
£.520e-003 : 5.693e-003
4. 3462003 : 6.520e-003
2.173e-003 : 4.346e-003
<0.000e+000 : 2.173e-003

Density Plat: |B|, Tesla
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Example 8. Induction Separation

Integral Result

AN
e
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Example 8. Induction Separation

S
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Example 9: AC Eddy Current Suspension

Experiment
Levitated coil
N =107 turns | a
i |

AIuminun/

plate

References:

1. Marc T. Thompson, "Eddy Current Magnetic Levitation--- Models and Experiments," IEEE Potentials, vol. 19, no. 1,
Feb./March 2000, pp. 40-44

2. Marc T. Thompson, "Electrodynamic Magnetic Suspension --- Models, Scaling Laws and Experimental Results,”
IEEE Transactions on Education, vol. 43, no. 3, August 2000, pp. 336-342
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Example 9: Flux Plot at DC and 60 Hz

« At sufficiently high frequency and coil current, induced
magnetic pole in conductor creates enough force to lift coll

© M. T. Thompson, 2009 Magnetic FEA Examples 52



Example 10: Uniform Field Inside Airgap with PMs

* Goal: generate uniform field inside 100 mm wide gap

1.236e+000 : >1.201e+000
1.171e+000 : 1.236e+000
1.106e+000 @ 1,17 1e+000
1.041e+000 : 1.106e+000
9.738e-001 : 1.041e+000
9.102=-001 : 9.752=-001
2.457e-001 : 9.10%2=-001
7.807e-001 : 8.457=-001
7.156e-001 : 7.807=-001
6.505e-001 : 7.156=-001
5.855e-001 : 6.5053=-001
5.204e-001 : 5.855=-001
4.354e-001 : 5.2042-001
3.902e-001 : 4.554e-001
2.252e-001 : 3.903=-001
2.602e-001 : 3.253=-001
1,992e-001 ; 2.602e-001
1.201e-001 : 1.952e-001
5.5062-002 : 1.201=-001
<2.178e-006 : 6,506e-002

Density Plot: |B[, Tesla
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Example 10: Vertical and Horizontal Fields

 Goal: generate uniform field inside 100 mm wide gap

B.n, Tesla

0.0001 -
5e-005
0~ WV
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Example 11: Force Between 2" NdFeB Magnet
Cubes

Attraction Repu|Si0n Force between 2" cubic magnets
/C)J\J\J f(ﬂ@\ :
X S i 120 N\ o
——  Pn N\ —re
( o T
Gap, [in.].
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