Motor-CAD winding temperature model
verification using Finite Element Analysis

Description

Motor-CAD uses a layered model, where the copper, insulation and impregnation are evenly
distributed through the slot, to produce the equivalent thermal circuit for the winding. This
document gives a brief description of how to check the Motor-CAD winding model using the
Flux2D finite element analysis tool.

Machine Geometry
The standard default machine geometry for a BPM machine is used in this tutorial as shown

below.
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£ Motor-CAD v5.3.9.6 (No File) = lfE s

File Options Defaults Editors View Results Tools Help

@@ Motor Type: Title: Default Motor
’m Axial Eross-Sact|0n| Winding Ed|t0r| InputData| Schemat|c| Node Temparatures‘ Output Data | Transient Graph | Circuit Editor SensltMty| Scnptlng|
Houging: Awial Fing [Sv) | Mounting:
Slat Type; Fiotor Ducts:
EPM Rator:

Stator Dims. Data Rotor Dirns. Data
Slot Murnber 18 Pale Mumnber E
Houzing Dia 140 Magnet Thickness 4
Statar Lam Dia 130 Magnet Arc [ED] 140
Stator Bore a0 Airgap 1
Tooth Width 7 Banding Thickness 1]
Slat Depth 18 Shaft Dia 25
Slot Cormer Fadius 0 Shaft Hole Diameter |0
Slot Opening 3

Tooth Tip Depth 1

Tooth Tip Angle 30

Sleeve Thickness 0

Fin Extension o

Fin Thickness 2

Fin Pitch/Thick 5

Fin Pitch [Calc] 10

Cormer Cutout [%] 40

Correr Cutout Add 1]

Plate Height 350

Plate \idth 350

Stalor Ducts 0 Red raw ‘ 0 g::: E::

Length (-4.03,58.58) mm 2 Movember 2009 www.motor-design.com

Winding Model

The winding editor view shows the winding layer model used for this machine. The winding
layer model shows how the copper, insulation and impregnation is evenly distributed
throughout the slot.

In this case we will model 50 conductors of 0.8mm diameter wire in the slot. There is also a
coil divider of width 2mm down the centre of the slot as set up and shown below.
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% Motor-CAD v5.3.9.6 (C\workspace\test.mot)*
Eile Options Defaults Editors View Results Tools Help

@@ Motor Type: Title: Defautt Motor

HadialCross—SectionI Aial Cross'SeclionllW’indingEditor \nputDalal Schamaticl NodeTempelatulesI Output Data | Transient Graph | Circuit Editor Senswtivit}ll Scnptingl

“winding Typed | Non Overdapping + fdat [Liner-Lam]:
—_—————

“widg Definitiorf | Conductors/Slot - |E'wWdg Definition:| Ewdg Fill -

‘wedge Model: | Non Conductive = | Evw'dg Cavity

wire Selection:

Wwire Type I[Diamelel Input I ']
‘wWire Gauge: Input Diameters
Wire Diamater. Copper Diameter
Input Yariable Data Input Yariable Data
Slat Fill 0.4523 [ | Conductors/Slot 120
E'/dg Fill 03 Ew/dg MLT 1435
Liner Thickness 025 Ins Tooth Side Thickness | 0
Ins Slot Base Thickness | 0 Imp Goodness [Betive] 0
Liner - Lam Gap 01 Imp Goodness [Liner-Lam]| 0.8
Copper Depth [%] 100 Imp Goodness [E'wdg] 0
Coil Divider ‘width

=
DOutput Variable Data Output Variable Data
Wine Slot Fill fwidg Area) | 0.4527 Slot Area 171.4
Slat Fill [Slot Area] 03522 | | Winding Area (+Liner] 148.2
Winding Depth 1528 Winding Area 1334
“wiedge Depth 1395 Covered \Wire Area E0.37
Tang Depth 1395 Copper frea 5325
Impreg Thickness 02159 Impreg Area 7298
Impreg Thickness Liner | 0108 wiedge Area 7.557
‘e Ing Thickness 0.025 Coil Divider Area 16.63
“winding Periphery ] Liner Area 10,57
E'w/dg Laper Cond Mult | 1.867 Liner-Lam Imp Area 4.302
MNumber Winding Layers | 12

Redraw

Length (-4.67,58.55) mm 2 Movember 2009  www.motor-design.com
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The conductors can be viewed in the slot by sel
below:

£7¥ Motor-CAD v5.3.96 (No File)®
File Options Defaults Editors

(E=E Ho =)

Help

@ Motor Type: Title: Default Motor
Ruadial Cross Section | Avial Cioss-Section | Winding Editor | [ InputData _Schematic | Nods Temperatures | Dutput Data | Transiert Graph | Cicuit Edtor | Sensivity | Seripting |
| Codling Options | Losses | Materials & weights | Interface Gaps | Radiation | Natual Convection | End Space | Transient| Settings | Material Propeties|

| Models | Geomety | Winding | Losses | Edir | Convergence | Miscelancaus | Motes |
Winding Settings:

Winding L ayer Model Liner: Winding Tetmination:
€ Wire Area LinerLavers:  [GingleLayer | [ Temination [F] [7] Temination [R]
@ Wire & Copper Area S ) 3
" e Dot Termination Wires [F}: Temmination Wires [R}:
Syne Fiotor Winding: )
e Terminatian Wire Diameter [FI. 2 Teminatian Wire Diameter [R]] 2
© Mulilaer model Outer impregnation layer:
Diiginal model Temmination Wie Length [F] |20 Temination Wie Length [R] | 200
Impreq Layer Muliplisr. 05
Winding laper modek: Winding Temp Variation with Frosimity Lass Distibution
Murnbet of layers Winding E ditor View Percentage Winding Temperature Increase (at Prasimity FiPM): 0
©) By wire diameter Show Conductars Frasimity RPM: 14
@ Automatic .
When selected the conductors are shown in the winding emmrle multipliers.
Target number of layers: 10 FilBctive- Front Ewda] Mulipler 1
Fiféctive- Rear EWidg] Mullipler 1
When selected the conductors are shown in the winding editor Length (-2.16,58.55) mm 2 November 2009 www.motor-design.com

In the winding editor view the conductors are now shown in the slot:
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3 Motor-CAD v5.3.9.6 (C:\workspacetest. mot)
File Options Defaults Editors View Results Tools Help

f=lf= s

@@ Motor Type: Title: Default Motor

Radial Emss-Sectlonl Aial Eross-Sactlon" ‘Winding Editar InputDatal Schematlcl Node Temparaturesl DutputDalal TranslentGraphl E\rcultEdltorI SensltMtyI Scnptlngl

‘winding Type: | Mon Overlapping | kat [Liner-Lam]
‘widg Definition:| Conductors/Slot | E\w'dg Definition:| E'w/dg Fill -
‘Wedge Model | Mon Conductive = [E\wdg Cavity:  |Mot Potted =

“Wire Selection:

wire Type: [D\ameter Input V]
Wwire Gauge: Irput Diameters

‘wire Diameter: 0.8 Copper Diameter. | 0.75

Input Yariable Data Input ¥ariable Data
Slat Fill 04523 | | Conductors/Slaot 120
E'w/dg Fill 03 E'wdg MLT 1435
Liner Thickness 025 Ins Tooth Side Thickness | 0

Inz Slot Base Thickness |0 Imp Goadness [Active] 0s
Liner - Lam Gap 0.1 Imp Goadness [Liner-Lam]| 0.8
Copper Depth [%] 100 Imp Goadness [E'wdg] 0s
Coil Divider Width 1 Yerlical Conductar Gap | 0.2
Conductor - Base Gap 0.1 Harizontal Conductor Gap [ 0.15
Conductor - Tooth Gap | 011

Output ¥ariable Data Output Variable Data
‘wiite Slot Fill f/dg Area) | 004527 | | Slot Area 1714
Slot Fill [Slot Area) 0.3522 | | Winding Area [+Liner] 148.2
“winding Depth 15.28 Winding Area 1334
“wedge Depth 1.395 Covered ‘wire Area B0.37
Tang Depth 1.395 Copper Area 8325
Impreg Thickness 0.2159 | | Impreg Area 7298
Impreg Thickness Liner [ 0,108 Wedge Area 7.597
‘wire Inz Thickness 002 Cail Divider Area 1563
“winding Periphen ra Liner Area 1057
E'w'dg Layer Cond Mult | 1.867 Liner-Lam Imp Area 4.302
Murnber “winding Layers [ 12 Conductors/Slot Drawn | 120

Redraw

Length (-9.91,58.55) mm 2 Movember 2009 www.motor-design.com

Losses

250W will be specified as the stator copper losses as shown below. All the other loss values
will be taken as the default values for this example.
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% Motor-CAD v5.3.9.6 (No File)* [=lfE s

Eile Options Defaults Editors View Results Tools Help

@@ Motor Type: Title: Default Motor

Fadial Cross-Section | Azial Cross-Section | “Winding Editor | Input Data  Schematic | Node Temperatures | Output D ata | Transient Graph ‘ Circuit Editar | Sengitivity | Seripting |

| Cooling Dptlonsl Losses | I aterialz &W’elghtsl Interface Gaps I Radiation | Matural Convection | End Space I Transient | Settings I I aterial Propeltlesl

Loss Variation with Speed: Stall Copper Loss Distribution:
coefld] Speed Dependant Losses @ Equallla=lb=Ic) ) Sinefla’2=Ib=Ig]
Plspeed] = Plinpul] = |: % } Shaft Speed [1pm] 3000 O Bstepfla=lb.lc=0)
Single value of Speed[REF] [rpm] 3000 Copper Loss _Dls_mbL_mon:
[T Uneven distibution of losses
Component Plinput] | Speed[REF]| coef[4] Wikg Plzpeed] 2 J
Copper Loss Variation with Temperature
Units [itette— M Wikg Watts [] Copper Losses Yary with Temperature
| Loss [Statar Copper] | =0 | 3000 I 175 2500 a0
Loss [Stator Back lion] | E—TIE— | 3000 18 16.29 30
Loss [Statar Taoth] 40 2000 15 24.44 40
Cocs][agnei] o S0 2 0 0 Loss Yariation with Temperature & Load:
Loss [H.Dto.r Each \rnn.] 0 B0 15 o o [ Losses Wany with Temperature & Load
Loss [Friction - F Bearing] 2 3000 1 0 2 Contant Torque or Constant Current
Loss [Friction - R Bearing] 2 3000 1 0 2 @ Constant Torque Constant Current
Loss [windage] 10 2000 3 o 10
Loss [windage] [Ext Fan] [ 3000 3 i i 120
Power Injected [Endcap Front] 1} 3000 1} 1} 0 a0
Power Injected [Endcap Rear] o 3000 1] 1] 1] Shaft Torque [Nm] [@Peu defined) 15
Power Injected [Feet] o 3000 o a a
Power Injected [Shalt Active] 0 3000 0 D D i
Power Injected [Shaft Front] 1] 2000 1] o o 1.849
Power Injected [Shaft Rear] a 3000 1) 1) 1) 1
Power Injected [E'wWdg Front] o 3000 1] 1] 1]
Power Injected [E'wdg Rear] o 3000 o a a s
Fawer Injected [Flate] i 3000 0 0 0 12
Power Injected [w'dg Outer] 1] 2000 1] o o 15
Power Injected [ESpace Front] 1} 3000 a a a E
Power Injected [ESpace Rear] a 3000 1) 1) 1)
Losses Notes:
Check Data
Length mm 2 Movember 2009  www.motor-design.com

Other model settings

For the rest of the model the default cooling options, materials, interface gaps etc will be
used for this example.
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Steady State Thermal Results

The average (152 degC) and maximum (156 degC) active section winding temperatures are
shown in the schematic view below.

¥ Motor-CAD v5.3.9.6 (No File)* ][ = ] [Ra]
File Options Defaults Editors View Results Tools Help

@J@EEJ@@ @@@@ @ @ Motor Type: BPM—v Title: Default Motor

Steady-State

17w 23.6W

114.6C

122.9C 121.5C

15.0W 15.0W
6.5W
177 4W

128.8W EL5T

52.8W

1
S
44.3W

L
5.0W 56.7/136.6/56.TW

Plot Dptions:

Resistance:

) Label

" Resistance

@ Power

5 dT

Node: [ 5.0
5.0W

) Label

@ Temperature

. 0.0w 0.5W
") Capacitance

139.3C -

136.3C 0.8 138.4C 0.5W

1.TW 2.4W

0.0wW

pE

Length mm 2 November 2009 www.motor-design.com
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Verification of Motor-CAD Winding Layer Model using a Finite

Element model
The Flux2D Finite Element tool will be used to verify the Motor-CAD winding model. As

Motor-CAD has a complex 3D model and Flux2D is in 2D then the Motor-CAD model needs
to be modified to give an equivalent 2D model.

Note: This modified Motor-CAD model is only to be used for the winding calibration
using Flux2D.

Creating Motor-CAD 2D model

This Motor-CAD 2D model is created as follows.

Set the pole number equal to the number of slots to allow symmetry to be used and reduce
the size of the model.

a Motor-CAD 5.3.9.6 (Chworkspace\test.mot)
File Options Defaults Editors View Results

@@ Motor Type: Title: Defautt Motor

Fadial Cross-Section  Axial Cross'Seclion| “Winding Editnr| \nputDala‘ Schamatic| MNode Tempelatules| Output Data | Transient Graph | Circuit Editor Senswtivity| Scnpting|

Tools Help

Houzing: Axial Fing [Sv] = | Mounting:
Slot Type: Parallel Tooth = | Fotor Ducts:
EPM Rotor: | Surface Radial =

== Es

Stator Dims. Data Fotor Dirns. Data
Slot Humber 18 Pole Number | 18
Hausing Dia 140 Magnet Thickness s
Stator Lam Dia 130 Magnet Are [ED] 140
Stator Bore a0 Airgap 1
Tooth Width 7 Banding Thickness a
Slat Depth 18 Shaft Dia 25
Slat Corner R adiuz 0 Shaft Hole Diameter |0
Slat Opening 3
Tooth Tip Depth 1
Tooth Tip Angle 30
Sleeve Thickness 0
Firi Extension 10
Firi Thickness 2
Fir Pitch/ Thick 5
Fin Pitch [Calc] 10
Cormer Cutout [%] 40
Corner Cutout Add 0
Plate Height 350
Plate Width 350
Draw plate
Stator Ducts 0 Red raw ‘ 0 o Eage
Length (8.35,46.80) mm 2 Movember 2009 www.motor-design.com
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Set the stator lamination to housing interface gap to Omm as this is not modeled in the FE
model.

£ Motor-CAD v5.3.9.6 (C\warkspace\test.mot)”
File Options Defaults Editors View Results Tools Help

@@ Motor Type: Title: Defautt Motor

Fadial Cross—SectionI Aial Cross'SeclionI YWinding EditDr“ Input Data Schamaticl Node Tempelatulesl DutputDalaI TlansientGlaphl C\rcuitEditorI Senswtivit}ll Scnptingl

| Cooling Dptiohs | Losses I I aterialz &W’elghtsl Interface Gaps | Radiation | Matural Convection | End Space I Transient | Setlings I I aterial Propeltlesl

Component Gap HResistance| Notes
Units mm m2 C/w

Stator Lam - Housing I 1] 1] this interface can be larger than narmal due to the laminated surface
P | Housing - OHang [F] I i] 1]

Houzing - OHang [R] o o

Houzing - Endcap [F] 0.005 00001923

Housing - Endcap [R] 0.005 00001923

Endzap - Plate 0.005 0.00015923

M agnet - Rotor Lam 0.005 0.00019232

Fiator Lam - Shaft 0.005 0.0001923

Bearing Effective Gap [F] 04 0.01538 | effective gap used to model bearing temperature diop

Bearing Effective Gap [R] 04 0.01538 | effective gap used to model bearing temperature drop

Bearing - Endcap [F] 1] 1]

Bearing - Endcap [R] o o

Bearing - Shaft [F] u] u]

Bearing - Shaft [F] o o

Check Data

Length mm 2 Movember 2009 www.motor-design.com
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Set the EWdgMLT (end winding mean length per turn) to 0 to ensure all losses are in the
active section of the machine.

Set the Copper diameter to 0.8mm so that there is no insulation on the wire. This helps keep
the size of the mesh down. With a small number of conductors it should be possible to
include the wire insulation in the FE model.

Note: the line region functionality does currently not work in Flux2D for thermal problems.
This means that if you have many conductors with a small insulation layer it may produce an
overly large mesh that cannot be solved. To get round this it may be necessary to remove
the insulation from the Motor-CAD model as shown above. (i.e. set Wire Diameter = Copper
Diameter)

¥ Motor-CAD v5.3.9.6 (No File)* ][ = ] [Ra]
File Options Defaults Editors View Results Tools Help
=1 .
(2)uf(2]4) Motor Type: Titi: Defou Hoior
Fiadial Cross-Section | Ayial Cross-5Section | ‘Winding Editor  Input Data ‘ Schematic | Node Temperatures | Output Data | Transient Graph | Circuit Editor | Sensitivity | Scripting |
“winding Type: tat [Liner-Lam]: [ Impregnation -
'widg Defnitor:Conductors/Slal_+ | Ewidg Defritinf | Ewida MLT | |
‘wWedge Model: [ Non Conductive = |E'wdg Cavity:  |Not Potted =
Wire Selection:
‘e Tupe [Diametel Input ']
‘Wire Gauge: Input Diameters
‘Wire Diameter: 0.8 Copper Diametery 0.8 |
Input Yanable Data Input ¥ariable Data
Slot Fill 0.4523 [ | Conductors/Slot 120
E/dg Fil i Evwdg MLT ||
Liner Thickness 025 Ins Tooth Side Thickness [T
Inz Slot Bage Thickness | 0 Imp Goodness [Botive] 0.g
Liner - Lam Gap 01 Imp Goodness [Liner-Lam)| 0.8
Copper Depth [%] 100 Imp Goodness [Evwdg] 0.g
Coil Divider Width 1
Output ¥arnable Data Output Yariable Data
“wire Slot Fill fw'dg Area) | 0.4508 Slot Area 1714
Slot Fill [Slot Area] 03507 | | Winding Area [+Liner] 148.2
“Winding Depth 15.28 Winding Area 1334
“Wedge Depth 1.395 Covered "Wire Area G011
Tang Depth 1.395 Copper Area G011
Impreg Thickness 0192 Impreg Area 7324
Impreg Thickness Liner | 0.096 Wedge Area 7.8557
“wire Inz Thickness i Limer Area 1057
‘Winding Periphery 778 Liner-Lam Imp Area 4,302
E'w/dg Layer Cond Mult |1 Coail Divider Area 15.63
Number Winding Layers | 14
Wire uncovered [copper) diameter [from wire table or input directly] [mm] Length (-9.81,52.64) mm 2 November 2009 www.motor-design.com
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You can also adjust the spacing of the conductors in the winding view as shown below.

Always check that the required number of conductors have been drawn in the slot by
checking the Aconductors/slot drawno val

ue

ﬂ Motor-CAD v5.3.8.6 (Mo File)*
File Options Defaults  Editors  Wiew Results Tools Help

@ Motor Type: Title: Defautt Motor

[F=3| Kol 5

Fiadial Ernss-SectinnI Aial Ernss-SeclinnIIWinding Editor \nputDalal Schamaticl Node Tempelatulesl DutputDalaI Tlansientﬁlaphl DrcuitEditan Senswtivit_ul Scnptingl

“winding Type: tat [Liner-Lam]:
‘wdg Definition: | Conductors/Slot |E'wWdg Definition:| E'dg MLT =

wire Selection:

‘wire Type: [Dlametel Input ']
Wire Gauge: Input Diameters

‘Wire Diameter: 0.8 Copper Diameter: 0.8

Input Yanable Data Input ¥ariable Data
Slot Fill 0.4523 [ | Conductors/Slot 120
E/dg Fil i Evwdg MLT 1]
Liner Thickness 025 Ins Tooth Side Thickness | O

Inz Slot Baze Thickness | 0 Imp Goodness [betive] 0.8
Liner - Lam Gap a1 Imp Goodness [Liner-Lam]( 0.8
Copper Depth [%] 100 Imp Goodness [EYdg] 0.8
Coil Divider Width 1 Vertical Conductar Gap I 015
Conductor - Baze Gap a1 Horizontal Conductor Gapl 0.25
Conductor - Tooth Gap | 0.1

Output ¥arnable Data Output Yariable Data
“wire Slot Fill fw'dg Area) | 0.4508 Slot Area 1714
Slot Fill [Slot Area] 03507 | | Winding Area [+Liner] 148.2
“Winding Depth 15.28 Winding Area 1334
‘Wedge Depth 1.395 Covered Wire Area E0.11
Tang Depth 1.395 Copper Area E0.11
Impreg Thickness 0192 Impreg Area 7324
Impreg Thickness Liner | 0096 Wedge Area 7.557
‘wiire Ing Thickness i Limer Area 1067
‘Winding Periphery 778 Liner-Lam Imp Area 4,302
E'w/dg Layer Cond Mult |1 Coail Divider Area 15.63
Number Winding Layers | 14 Conductars/Slot Drawn | 121 |

Redraw

Length (-8.86,52.61)

mm 3 November 2009 www.motor-design.com
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The circuit should be modified to remove the active to end winding resistances and the stator
to rotor resistance path as shown below.

£ Motor-CAD v5.3.9.6 (C:\workspace\test.mot)* (===
File Options Defaults Editors View Results Tools Help
=] "

EIPEIE Motor Type: Titl: Defaut otor
Radial Crozs-Section | Awial Cross-Section ‘ ‘Winding E ditor ‘ Input Data | Schematic | Mode Temperatures ‘ Output Data | Transient Graph ‘ Circuit Editor  Sensitivity | Seripting
Editor

Extemal Circuit File: ChwarkspaceextemnalCircuits\windinge alibration. ecf

[ Load External Circuit I [ Save External Circuit ] I Clear External Circuit ]

Component Type Name Value Node 1 Node 2 How Column | y 4o Colour | Description
P w Location Location P

L FRiesistance = c 51 = 110 =

|| Resistance T d 1000000000 a0 T 110 v

|| Resistance = 3 1000000000 " = 12 =

] -

] m G

Length mm 2 November 2009  www.motor-design.com

The modified circuit with the isolated winding node can be seen in the circuit view as shown
below.
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The steady state Motor-CAD 2D winding model results are shown below.
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