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Im Zuge der Entwicklung von elektrischen Antrieben steigt einerseits die Breite der Simulation:

von der elektromagnetischen Auslegung der Maschine flir einen Lastzyklus unter Beriicksichtigung
der Temperaturentwicklung tber die detaillierte Untersuchung der Wechselwirkung der
elektromagnetischen Doméane mit der Leistungselektronik, der Kiihlung und der Vibration des
Systems bis hin zur Systemsimulation.

Andererseits ist die Erwartung an die Genauigkeit und damit die Anforderung an eine realistische
Abbildung des Systems immer hoher.

Fur die Berechnung des Wickelkopfes von Maschinen mit Haarnadel-Wicklung wird die Geometrie
beider Enden komplett abgebildet, statt hier eine verteilte Stromdichte Gber den Wickelkopfbereich
anzunehmen. Aus dem Modell fiir ein periodisches Segment kann die Matrix der Induktivitdten und
die der onmschen Widerstande berechnet werden. Dabei sind Nichtdiagonalelemente fir die
Induktivitatsmatrix signifikant und daher zu beriicksichtigen. Die Widerstandsmatrix hingegen ist in
sehr guter Naherung diagonal. Mit der sich daraus ergebenden Schaltung kann die Berechnung in
vielen Fallen in 2D erfolgen. Zur Bestimmung der lokalen Verluste im Wickelkopf kann dann wieder
auf das 3D-Modell zurtickgegriffen werden. Weiterhin wird zur Untersuchung der Verluste durch das
Streufeld des Rotors eine Methode zur magnetischen Submodell-Berechnung vorgestellt.

© CADFEM 2019 Eddy Current Losses in End Windings, Kleinmaschinenkolloquium, llmenau 2019



CADFEM

Preliminary Design Component Development System Engineering

) m Workflow Handling, Optimization, Sensitivity,
yl) °pﬂshn8 Robustness and MOP

Workflow Handling,

“,‘ _ Optimization,

Sensitivity and MOP

Optimization

‘\ “li and Sensitivity

a ==
@Vﬁ ANSYS@ i  ANSYS )

MAXWELL r== = e =] TWIN BUILDER T ece®

7] LTI X
Electromagnetic) | - S s /| (Power Electronics) > _o& é{_} °
_ TWIN BUILDER
e WORKBENCH

(Multi Physics) o

. o
CFD MECHANICAL MOR| , o SPL
\(Thermal) (Stru‘c_tug /\

g | l/\ Z X
ﬁ ? CADFEM g CAZIE‘:EM /
>/

\ L3

Extension Extension -fmi nenomn | CICH+
MockUe
SPICE

5 Goliath Da -
& VHDL-AMS MODELICA

© CADFEM 2019 Eddy Current Losses in End Windings, Kleinmaschinenkolloquium, llmenau 2019

—

A Material Data ~




CADFEM

End Winding: Impedance Matrix, Losses, Submodel

1) End winding
impedance matrix

2) End winding local
losses

3) End winding in
stray field from rotor

WeberStateU automotive youtube channel
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1) Impedance Matrix: End Winding Separation

Y
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1) Impedance Matrix: Hairpins, Parallel and in Series

LPhaseA

LPhaseC LPhaseD
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1) Impedance Matrix: Q3D Requires Full Model
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e VOLT = fU - dt time integrated voltage (236,1,2)

cU=R-I+L-I
ci-w-VOLT=R -I+i-w-L-1I

Re(Volt) =L -1
e w-Im(VOLT) =—R -1
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1) Impedance Matrix: Inductivity Matrix

U W v U W v
L/nH 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24

1f 55.9 22.7 26.1 18.5 14.4 12.4 8.7 8.0 B 5.0 2.8 2.8 0.8 15 28 28 ey 4.9 8.7 8.0 144 12.6 26.2 19.0

U 2| 22.7 55.0 19.0 27.0 12.6 15.3 8.0 9.3 4.9 5.6 2.8 2.9 15 1.0 2.8 29 5.0 5.6 8.0 9.3 12.4 15.3 18.5 27.0
3| 26.1 19.0 55.9 22.7 26.2 18.5 14.4 12.4 8.7 8.0 5.3 5.0 2.8 2.8 0.8 15 28 2.8 5.3 4.9 8.7 8.0 14.4 12.6

4] 185 27.0 22.7 55.0 19.0 27.0 12.6 15.3 8.0 9.3 49 5.6 27 29 15 1.0 28 29 5.0 5.6 8.0 9.3 124 15.3

5 144 12.6 26.2 19.0 56.0 220 26.2 18.5 14.4 12.4 8.7 8.0 553 5.0 28 2.8 0.8 13 2.8 2.8 B3 4.9 8.7 8.0

6 124 153 18.5 21.0 2207 55.0 19.0 27.0 12.6 158 8.0 9.3 4.9 5.6 2 29 13 1.0 2.8 2.9 5.0 5.6 8.0 g

W 7 87 8.0 14.4 12.6 26.2 19.0 55.9 22.7 26.1 18.5 14.4 124 8.7 8.0 5.3 5.0 28 2.8 0.8 15 2.8 28 5.3 4.9
g 80 9.3 12.4 15.3 18.5 27.0 22.7 55.0 19.0 27.0 12.6 15.3 8.0 9.3 4.9 5.6 28 2.9 15 1.0 2.8 29 5.0 5.6

9 53 4.9 8.7 8.0 14.4 12.6 26.1 19.0 55.9 22.7 26.2 18.5 14.4 12.4 8.7 8.0 5.3 5.0 2.8 2.8 0.8 15 28 2.8

100 5.0 5.6 8.0 ELE 12.4 15.3 18.5 27.0 22.7 55.0 19.0 27.0 12.6 15.3 8.0 ELE 4.9 5.6 2.7 2.9 15 1.0 2.8 2.9

v 11 2.8 28 B 4.9 8.7 8.0 14.4 12.6 26.2 19.0 56.0 220 26.2 18.5 144 124 8.7 8.0 553 5.0 2.8 28 0.8 13
120 28 29 5.0 5.6 8.0 9.3 12.4 15.3 18.5 27.0 22.7 55.0 19.0 27.0 12.6 15.3 8.0 9.3 4.9 5.6 2.7 29 15 1.0
13008 15 28 28 5.3 4.9 8.7 8.0 14.4 12.6 26.2 19.0 55.9 22.7 26.1 18.5 14.4 12.4 8.7 8.0 5.3 5.0 28 2.8

145 15 10 28 29 5.0 5.6 8.0 9.3 124 15.3 185 27.0 22.7 55.0 19.0 27.0 12.6 15.3 8.0 9.3 4.9 5.6 28 29

Y 15, 2.8 28 0.8 13 2.8 2.8 553 4.9 8.7 8.0 14.4 12.6 26.1 19.0 55.9 22.7 26.2 18.5 14.4 12.4 8.7 8.0 B 5.0
160 27 29 13 1.0 2.8 2.9 5.0 5.6 8.0 L8 124 15.3 18.5 27.0 22.7 55.0 19.0 27.0 12.6 153 8.0 L8 4.9 5.6

17 53 5.0 28 28 0.8 15 2.8 2.8 5.3 4.9 8.7 8.0 14.4 12.6 26.2 19.0 56.0 227 26.2 18.5 14.4 12.4 8.7 8.0

W 18, 4.9 5.6 27 29 15 1.0 2.8 2.9 5.0 5.6 8.0 9.3 12.4 15.3 18.5 27.0 22.7 55.0 19.0 27.0 12.6 15.3 8.0 9.3
19 87 8.0 53 5.0 28 28 0.8 15 28 28 53 49 8.7 8.0 14.4 12.6 26.2 19.0 55.9 22.7 26.1 185 14.4 12.4

20 8.0 9.3 4.9 5.6 2.8 2.9 15 1.0 28 29 5.0 5.6 8.0 9.3 12.4 153 18.5 27.0 220 55.0 19.0 27.0 12.6 15.3

21 144 124 8.7 8.0 5.8 5.0 2.8 2.8 0.8 13 2.8 2.8 553 4.9 8.7 8.0 144 12.6 26.1 1.0 55.9 22.7 26.2 18.5

v 22 126 15.3 8.0 9.3 4.9 5.6 27 2.9 15 10 2.8 2.9 5.0 5.6 8.0 9.3 12.4 15.3 18.5 27.0 22.7 55.0 19.0 27.0
23 26.2 18.5 14.4 12.4 8.7 8.0 5.3 5.0 28 28 0.8 15 2.8 2.8 5.3 4.9 8.7 8.0 14.4 12.6 26.2 19.0 56.0 22.7

24 19.0 27.0 12.6 15.3 8.0 9.3 4.9 5.6 27 29 15 1.0 28 29 5.0 5.6 8.0 9.3 12.4 15.3 18.5 27.0 22.7 55.0
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1) Impedance Matrix:

R/pohm |
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Resistance Matrix, Diagonal Dominant
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K75 LL32 LL37 0.409
K76 LL32 LL46 0.468
K77 LL32 LL45 0.333
K78 LL32 LL55 -0.258
K79 LL32 LL54 -0.223
K80 LL32 LL59 -0.156
K81 LL32 LL58 -0.144
K82 LL32 LL67 0.094
K83 LL32 LL68 0.090
K84 LL32 LL71 0.050
K85 LL32 LL72 0.051
K86 LL37 LL46 0.343
K87 LL37 LL45 0.491
K88 LL37 LL55 -0.227
K89 LL37 LL54 -0.278
K90 LL37 LL59 -0.144
K91 LL37 LL58 -0.168
K92 LL37 LL67 0.088
K93 LL37 LL68 0.101
K94 LL37 LL71 0.050
K95 LL37 LL72 0.052

K97 LL46 LL55 -0.468

K98 LL46 LL54 -0.333

K99 LL46 LL59 -0.258

K100 LL46 LL58 -0.223
K101 LL46 LL67 0.156
K102 LL46 LL68 0.144
K103 LL46 LL71 0.094
K104 LL46 LL72 0.090
K105 LL45 LL55 -0.342
K106 LL45 LL54 -0.491
K107 LL45 LL59 -0.227
K108 LL45 LL58 -0.278
K109 LL45 LL67 0.144
K110 LL45LL68 0.168
K111 LL45LL710.088
K112 LL45LL720.101
K113 LL55 LL54 -0.409
K114 LL55 LL59 -0.468
K115 LL55 LL58 -0.333
K116 LL55 LL67 0.258
K117 LL55 LL68 0.223
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Winding Indiv Currents
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1) Impedance Matrix: Current Density in Conductors

J[AIM*2]
3.0000E+06

. 2.5000E+06

2.0000DE+06

1.5000E+06

1.0000E+06

5.0000E+05
j
0.0000E+00| [

e/l
ETf

Time =2013889ms
Speed =500.000000rpm ;
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2) Local Losses: Inflation Mesh for Loss Analysis
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2) Local Losses: Joule Heat from 200 A Harmonic Curren

F: Harmonic_Current
jhea - End Time
Expression: jea
12,02.2019 13:06

1.1686e9 Max
£e8
Sed
4
3e8
2eQ
1=8

1.7738e5 Min
N
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3) End Winding Submodel: Maxwell Model with Non-Model Cut Face

B3 [teslal

B.8316
8. 8289
B.B269
B.0243
B.0228
B.0za7
B.0186
8. 8166
B.8145
B.@8125
B.0184
8. 8853
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3) End Winding Submodel: Mechanical, Full Details for End Winding

eome

Air
[ Copper Aloy
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3) End Winding Submodel: Magnetic BC: Surface of Magnetic Edge Elements

E,e — Corner (Eck) nodes

K ,k— Edges (Kanten)
> g > Ff— Faces
A A A A A — Edge flux
@ — Face flux
5 > < ¥ — aux. Scalar Potential
T T ®, = [[8:0°F =[] VxA-d°F
= > > = j: A-dl :Zi A
k
N N A
Y A
q)1 Vll VlK
> > > —
cI)F VFl VFK
A
v, €{0,1-1}

© CADFEM 2019 Eddy Current Losses in End Windings, Kleinmaschinenkolloquium, llmenau 2019



CADFEM

3) End Winding Submodel: Magnetic BC: Relations for Edge Fluxes

Face flux is sum of edge fluxes

System of F equations to find K edge fluxes (K>F)

A
(Dl Vll VlK . .
3 Freedom to apply additional requirements
. (9auging)
D) Ve o o Vg Euler Characteristic:

A F+E-K=2 or (F-1) + (E-1) =K

edge fluxes shall be found. To find them uniquely
(E-1) conditions can be applied, e.g. sum of edge
fluxes in a node is zero (discrete Coulomb gauge)

; -~ Using (F-1) given values (sum of fluxes is zero) K
D =>+A =0
k

> <

(4 : : :
o A, potentials described as difference of an

N B auxiliary scalar potential ¥ fulfill this condition
A( — LIJrechts o LIJlinks
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3) End Winding Submodel

N 1 N 2 h 3 '
T ad 51 6 |
> a) >
N 7 ¥ 8 N 9 N

Aa = ‘Ps lPs
Ab - ‘Pa II15
A\: - LI15 LPz
A\i - \Ps \P4
O, =A+A-A-A

© CADFEM 2019

. Example, Flux into face 5

w N —

=N

~ (=2}

oo

S B B8 B B 8 8 S

©

1 1
-4 1 1
1 -4 1
-4 11 1
1 1 |-4] 1 1
1 1]1-4
1 -4 1
1 1 -4
1 1
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B3 [teslal

B.8316
.B.BZBQ
B.B269
B.0243
B.0228
B.0za7
B.0186
8. 8166
-E.Bii-AS
B.@8125

B.0184
8. 8853

B, 0863
B.0BY42
B.0822
B, 6eal

Time =0008s
Speed =30000.000000rpm
Position =0 000000deg
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B: Magnetic_Submodel_Transient
Total Magnetic Al Density Cut Face

Type: Total Magnetic Flux Density
Unit: T

Time: 1.e-003

23.10.2018 09:23

0.02402 Max
0.021358
0.016054

. 0.013412

00107

. 0.0081078

. 0,0054558
0,0028037

= 0,00015162 Min
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N
\\
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3) End Winding Submodel: Heat Generation Rate in End Winding

B: Magnetic_Submodel_Transient
JHEA

Expression: JHEA
Unit: W/ms

Time: 1.e-003
23.10.2018 09:51

46337 Max

41193

= 36048

O 30904
25760

20616
] 15472
] 10327
5183.2
38.947 Min
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3) End Winding Submodel: Current Density in End Winding, Heat Generation

B: Magnetic_Submodel_Transient
Current Censity

Type: Current Density (Scoped to Elements)
Unit: & fm2

Time: 1.375e-003
09.11,2018 10033

Joule Heat in Wire 1

0.045
9,3291e6 Max
£.2963e5
726355 0.04
£,2307¢5
5.1979¢6 0.035
416515
313275
209955 0.03
1.0668e5
33975 Min 0.025
0.02
0.015
0.01
0.005
0

1.00E-03 1.20E-03 1.40E-03 1.60E-03 1.80E-03 2.00E-03

— |N2%rho*I/A

heat from submodel w/ skin and proximity
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CADFEM @ o= CADFEM O mm

* VOLT = [U-dt timeintegrated voltage (236,1,2) = ¥+ Harmonic_Current

cU=R-I+L-i \\ \
*i-w-VOLT=R -I+i-w-L-I \,,,,.“‘.\'v
« Re(Volt)=L-1 |
w - Im(VOLT) = —R - \\

CADFEM 0
3) End Winding Submodel: Magnetic BC: Relations for Edge Fluxes
D, =344
d)l 'Vn - Vi 4
D) \va vee) |
« 4
@ ; =>£4,=0
k
Tno e Y : : .
N 4, potentials described as difference of an
© CADFEM 2019 Eddy Current Losses in End Windings, Kleinmaschin R 87 auxiliary scalar potential ¥ fulill this condition
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