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« Temperature and Heat Transfer for Induction Heating
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Fourier hﬁan:i CADFEM

Geometry: Circle edge, periodic interval ¢ € [0, 2]

* Basis: l\/l/m,\/l/n - sin @,/ Yz cos @, Y/z-sin2¢,Y/z- cos2¢ ]

« Example: Force density in air gap of induction machine

Time =2020000000ns
Speed =2842

osition =246 315789deg ] N J T2 |]] VL 40 (mm)

0
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Legendre mﬁ-{é’ CADFEM

Geometry: Finite straight line x € [—1,1]

PD(I) =1
. . P, =
- Basis: Legendre Polynomia i) i
\ ; 1
A L / Py(r) = 5(52° — 3q)
\ T /] 1
g o /4 Py(x) = =(352" — 302" + 3)
X &Y ?
A w1 Ps(z)= g(GSa: — 702* + 15x)
I/~ o —
: s — 1—16(2313: 3152" + 1052° — 5)

« Example:
Normal deformation of
sliding rail of machine tool
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Fourier + Legendre
Geometry: Cylindric Surface @,z € [0,2m] X [-1/2,1/2]

woedSime.  CADFEM

- Basis: [F;(¢) - P;(2)]
« Example: Force density in air gap of claw pole machine
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Radial Polynomia + Fourier + Legendre wrdgime  CADFEM
Geometry: Hollow Cylinder r, ¢,z € [R;;,, Ryye] X [0,2m] X [-1/2,1/2] -

- Basis: [R;(7) - Fi(¢) - Pr(2)]
- Example: For rotating disk we take F;(¢) = 1, combination of radial and
axial polynomia projects Joule heat as axisymmetric onto hollow cylinder.

B: EM_static_rotation
BFE
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Zernike

CADFEM

Geometry: Circle
Z3(p, @) = Ry (p) cos(m )

: : , 2" (p,p) = B (p) sin(m ),
* Basis: Zernike Polynomia S

LIOEDY B (2 g (5 )]

3

n—2k

« Example: Optical property of lens during (i,
transient thermal load e
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o i . . Zernike T MOR 3Inp—Static Structural Verification (E5)
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Laplace‘s Spherical Harmonics rargsime.  CADFEM

~=

Geometry: Sphere

* Basis: Y;"(6,¢) = Ne'™ P(cos 0)

P" : [-1,1] — Ris an associated Legendre polynomial

« Example: Expansion of acoustic

irradiaton
Mulit-Pole expansion




Thermal Mode Example witgSime  CADFEM

Modes from GSO of selected Transient Results

ANSYS
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Thermal Mode Example

i,
X
=D
=
"N
m
=

—
-~

Modes from MOS of Transient Results

.
e
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Load Vectors and State Space
Reduction

CADFEM \ANSYS / cann APEX  ER




Conservative System Model mﬂ;ij CADFEM

How do conservative terminals behave?

Uuq 'A1+ u, - A2+ U3 'A3= Um Am
Wq u1+ wy - u2+ W3 u?,: Um

Fp=A4An-p
Fi=4,-p=w; By
Fy=A4;-p=w,Fy
F3=A3-p=w3:Ey

Whou=u,
F=W-F,

Input- and output matrices are mutually
transposed for conservative systems




Reduction with Load Vectors

Modal Reduction

In postprocessing CR-0+Kz-0=VTQ
of modal /solu 0=V-0
[ modcont ,on
analysis: mxpand. 12, yes
E-x+A-x=B-
Append load *do,i,1,3 + C u
: - y=C-x
vectors to files of  (:fu pres npress(n)
mOdeS ::if'zrce_face,pres,D - . r
Create stat cfdel all all With the conservative case: C = B
reate state ' ' . ovtine |
del rendde What is needed?
space mode . 3% moce
P » System matrices e
*do,i,1,7 « Vectors for reduction # e 301
:.s:I.E:I.Eu,pres,nrpreSS{l} » Load vectors :F‘;:f:‘:fys
sf,rad face,pres,0 fgﬂ?
solve /% conl
sfdel, all, all &/ Solu
*enddo -
BB
/postl
spmwrite,,,,,,,,,0
T
© CADFEM Projection Based Model Order Reduction for Multiphysical Problems | Modes, Load

JEMOR T 77

woedSime.  CADFEM

Krylov Reduction

/com, Create System Matrices
harfrg,1/2/3.141592653589793
wrfull,1

solve

/com, Create Load Vectors
harfrg,0

wrfull, 1l

bfe, FET body,hgen,,1/5.€64056e-9
solve

!' 1 watt

harfrg, 0
wrfull, 1l
*do,ie, 1, emax
bfe,ie,hgen, ,evol (ie) * (ejvect (ie) **2 &
+ejvect (ie+emax) **2+ejvect (ie+2*emax) **2)
*enddo
solve

/com, Create Reduced Matrices
/sys, runmor. cmd

/com,Write System Model

! In Python:

sys = MakeFirstOrdersSystem(
MatrixE (sys),
MatrixA(sys),
MatrixB(sys),

MatrixB (sys) .transpose())




SPMWRITE to Create Housing ROM

* Apply excitation and radiation force patterns as adii_rss
load vectors to modal file .mode

PM_6Poles1

os0 CADFEM

ut_R6c

in_FO

in_F6c

» Export state space matrices using SPMWRITE, transfer to SML  /sox

--,®, Remote Point

+#, Remote Point 2

=~ Connections

i

S

&

7] Contacts
[ Contacts 2

-, Mesh
B & Named Selections

Modal (B5)
70 Pre-Stress (Mone)

M Analysis Settings

+®. Remote Displacement

% Remote Displacement 2
i [ Node_Normals

& Solution (B6)
|- Solution Information
! %@ Total Deformation 45
i@ Total Deformation 157

«C1 Modes

B2

Details of “Total Deformation 157" v 4 O X

=/ Scope
Scoping Method Geometry Selection
Geometry All Bodies

~/| Definition
Type Total Deformation
Made 157,

~

B: Modal

Total Deformation 45
Type: Total Deformation
Frequency: 5415.002 Hz
Unit: mm

401.09 Max

B: Modal

Tatal Deformation 157
Type: Total Defarmation
Frequency: 11008.00 Hz
Unit: mm

1730.4 Max
15382
1345.2

medcont,on
mxpand, 12, , yes

*do,i, 1,3

sffu,pres,nfpress(1l)
sf,force face,pres,(
solve
sfdel, all, all

*enddo

*do, i, 1,7

sffu,pres,nrpress (1)

sf,rad face, pres,l

solve

sfdel, all, all
*anddo

/postl
spmwritefffffffff::l




Load Vectors, Transfer Matrices to SML, a.fajn:s CADFEM
Convert to Causal

» Load vectors are applied as spatial pressure distributions

« Allow definition of input loads (force waves onto tooth faces) and output loads
(surface modes)

« SPMWR creates State Space Model, cut last columns from input and first rows
from output

* New in Ansys 2024: SML file is directly written: keyw,beta, 1 $ spmwrite




Transient NVH Analysis

wtdSime  CADFEM

PM_6Polesl

NDTAB1

in_FO

CONST

{l il in_Féc
1d_from_ABC . {1 A f a
LR AR

Angle_in_0_60

6Polesl.out RO+PM_6Polesl.ou..

deriv(PM

0.00002
0.00000
-0.00002
-0.00004

0.00 0.50 1.00 150 2.00 250 3.00
Time[s

* Input frequency ramped to 900 Hz Speed
ramped to 18000 RPM

* PWM frequency 6000 Hz

Id] _2 cos(d)  cos(f — ZT“ cos(f — %’T) iU
Ll 3 —sin(@) —sin(d — ZT") —sin(f — %’“) i

Ty
ECE1

.l
Té
" M 0T1
¢ ROT1
&, ;
"z
E — ROT2
70 =
3 N = V_ROT1
_lo 0

* Id and Iq are functions of
* ECE.pos and currents

0

@ 4 x
3138
[t oot

« 3DTAB finds force wave coefficients

e Causal ROM transfers to surface waves

=

* Sum of surface velocities times impedance: .- T
gives sound pressure '

=0

SIN PWM
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Live Example: me CADFEM

PCB Thermal MOR with Load Vectors

© CADFEM

Ssten L - Ml s achania D] - & x

B L ~B e

o WE w2

u'm, nirmation [ show Enors i

TIOX QO ReE B C-HAQRAQ sa Ruowe- TEERREDE CPE . Eomord- (tnpy] @exend- 9 sclect - Bowen
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Detaits o “Geometry’ -80Ox
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Bamant Contre Erogram Contreiied
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Simple Induction Heating Example

Field and Reduced Simulation

HEAT1
b
HEAT2
HEATS
HEATS
A
HEATS
~
HEATS
HEAT?
hehTs
HEATS
{EAT10
IEAT11

i
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Simple 2D Induction Heating Example #osimé  CADFEM

Moving Inductor

Harmonic / Transient EM Solution
Transfer Heat Generation Rate to THER
Solve Transient THER Step with Restart
Transfer Temperature to EM

Flux Lines and Current Density Transient Temperature Distribution



-

Field Coupling e CADFEM
Heat Generation
Distribution
Temperature
Distribution
Electromagnetic Analysis Transient Thermal Analysis

» Static interaction: from actual temperature e Transient behaviour: last time step is

distribution the actual heat generation is start for next

produced e Linear: PDE sytem with constant
* Nonlinear: BH-curve, temperature coefficients

dependent
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System Coupling | £ CADFEM

© CADFEM

>
; =l

~——Heat Generation —
— —
—Coefﬂments—:
>

mor_block_1325_1

<

<
:—Temperature —

:—Coefficients—

<

Electromagnetic MOP Thermal ROM

dynarco

+ Static interaction: from actual temperature
coefficients, inductor position and current,
the heat generation coefficients are found

* Nonlinear: outputs are found from
response surface calculation of inputs

* optiSLang creates Metamodel of
Optimal Prognosis

* Transient behaviour: state space model
* Linear: matrices A, B, C describe
equation of motion

* MORIA creates the ROM for TwinBuilder
based on thermal system matrices
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22



Temperature Distribution Projected onto Basis a.foﬂ;“g: CADFEM

~=

TEMP
1

TEMP
2

TEMP-Coefficients vs. Time

—TEMP1 ——TEMP2 TEMP3 ——TEMP4 TEMP5



System Simulation in Twin Builder

rargGime  CADFEM

» Task: / s
- Compare TEMP i HEL . /j; i
and HEAT /W"‘“"—J N e ;

Inductorblovement VAL
e
1

coefficients to “:E";;‘;;";;;‘;“‘;J.J‘:‘m".u T | T T T

those generated

Inductor Position

TEMP
Coefficients

epmsiver 2 1

HEAT

by coupled field
simulation =

s

|5 ]33 s g |
L ELE LR BN AR

dynardo

¥ MOP Solver
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Reduced TEMP and HEAT Comparison l:-m'n:i CADFEM

TEMP Coefficients HEAT Coefficients
250.0000 40000000
30000000
200.0000 20000000
150.0000 10000000 A/ A .
o & ‘\ ;" }u \T,Vlu\\“y;}h 'g‘ A{V’/‘\“’ A‘W, ’; ’ ‘\‘, \ .’/ \ 1‘
100.0000 -10000000 ‘
20000000
50.0000 -30000000
0.0000 -40000000
, 50000000
-50.0000 -60000000
......... TEMPl .........TEMP2 .........TEMP3 esessesse HEATl cesccccee HEAT2 cesccccee HEAT3
......... TEMP4 ceeeeeess TEMP5S ceeeseess TEMP6 ceeeeeses HEAT4 ceceeeees HEATS cesneeess HEATG
--------- TEMP7 ceeeeeens TEMPS fmu. TEMP1 ceeeenns HEATT ceeeeenns HEATS fmu.HEAT1
fmu. TEMP2 fmu. TEMP3 fmu. TEMP4 fmu.HEAT2 fmu.HEAT3 fmu.HEAT4
fmu. TEMP5 fmu. TEMP6 fmu. TEMP7 fmu.HEATS fmu.HEAT6 fmu.HEAT7
fmu. TEMP8 fmu.HEAT8
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Summary Eﬁo‘:ﬁnﬁ CADFEM

» Modes for all physical domains

* Modes for equation of motion

* Modes for coupling

* Modes as load vectors for ROM generation

* Modes as DOF in system simulation
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