Ansoft EM Solvers

Maxwell vs HFSS

DC Hz kHz | MHz | GHz | ?7?7?

Low: Maxwell, Q3D

il Maxwell: Quasi Static e

nnnnnn

i
s HFSS — 2 wavelength long line
0 — 2 wavelengths are apparent
l/ 00 l/ 1 0 Problem Scale
Use a Quasi-Static Solver | (OVERLAP) Use a FEM Full-Wave Solver

& When the Electrical Length (in wavelengths) requires phase consideration
s A/10is a guideline; there are exceptions
& When radiation from the device must be considered
s  When S-Parameters are the desired output
© 2010 ANSYS, Inc. All ri s When lossy dielectric materials have significant effects ANSYS, Inc. Proprietary



Differential Form of Maxwell’s ANSYS

Equations

Full-wave (e.g. HFSS)

OB
Faraday's Law of Induction VxFE=——
ot
Gauss s Law for Magnetism VeB=0
oD
Ampere's Law VxH=J+—
ot

Gauss s Law for Electriciy VeD=p

© 2010 ANSYS, Inc. All rights reserved. 7 ANSYS, Inc. Proprietary



Example: Maxwell: ANSYS

Magnetic Transient Formulation

OB
Faraday's Law of Induction VxFE=——

ot
Gauss s Law for Magnetism VeB=0

oD
Ampere's Law VxH=J ><
0

Quasi-Static:

e.g. Maxwell,
Q3D

Gauss s Law for Electriciy M

© 2010 ANSYS, Inc. All rights reserved. 8 ANSYS, Inc. Proprietary




Variable-Speed Drive
Classical Design Issues

WALL] = mod INSUTTO] INPUTTH] )
NSUT[1] = PWh_PER

ANSYS, Inc. Proprietary



Variable Speed Drive

EMC/EMI Issues

» Classical Design Considerations:
Conducted low-frequency phenomena

— Harmonic Line Currents
(16-7HZ'6OHZ, V<= 49 Interaction of Converter

' ' ith Supply Network
— Interharmonics, Flicker WIth SUpply Networ
— Overvoltages

— Harmonic Motor Currents Interaction of Converter
with Motor & Mechanics
(0 — 500Hz, v<= 49)

* Analysis of these Phenomena with Simulation
tools like Simplorer is “State of the Art”

© 2010 ANSYS, Inc. All rights reserved. 10 ANSYS, Inc. Proprietary



Variable-Speed Drive
Developing EMI Issues

WALL] = mod INSUTTO] INPUTTH] )
NSUT[1] = PWh_PER

ILI'L - ANGRA
o | 5T
] f:‘_ CORIT | S R
] {5 il - ER
_.——@ COmaT =15 =

' Electric Drive
m\

© 2010 ANSYS, Inc. All rights reserved.

ANSYS, Inc. Proprietary



Variable Speed Drive

EMC/EMI Issues

* Developing Issues

— Power electronics being installed closer to
humans (e.g. ICES3 train or Hybrid car)
— Switching Frequencies are increasing

* Higher Radiating Content

* Frequency dependence of electrical parts
becomes more relevant (e.g. skin effect)

© 2010 ANSYS, Inc. All rights reserved. 12 ANSYS, Inc. Proprietary



Variable Speed Drive

EMC/EMI Issues

* Resulting Problems and Challenges
— Bearing Currents (Common mode problem)
— Insulation Fatique
— Losses / Thermal Problems
— Electromagnetic Field Limits

© 2010 ANSYS, Inc. All rights reserved. 13 ANSYS, Inc. Proprietary



High Power Inverter Application ANSYS

* These power converters are used in high speed trains (TGV)

IGBT Module Togyéw Inverter Leg
— Inver ter

< g < """""

© 2010 ANSYS, Inc. All rights reserved. 14 ANSYS, Inc. Proprietary



High Power Inverter Application ANSYS

6.5kV IGBT Module Analysis

 Include package in IGBT
performance

» Electrical Characterization of
the IGBT

« Find switching currents for
power dissipation

» Use power dissipation to
determine environmental
electromagnetic fields

© 2010 ANSYS, Inc. All rights reserved. 15 ANSYS, Inc. Proprietary



High Power Inverter Application

EMC Workflow

l —————————— I F — - -y = == - .- 1
;| | |
- | |
ihk V;'V. > : G—‘
Q% e Q L, !
: A\ ¥ | [ [ [
IGBT Module Pack 3D Parameters Design and Couplings I IGBT Model I I Far Field Study I
| accurate model Extraction Model I
______________ —_ e e -] Lo = 1

» Three-dimensional IGBT pack model

» Parasitic model extraction
* IGBT circuit model for System Simulation

* Far Field Study for Electric Field

© 2010 ANSYS, Inc. All rights reserved. 16 ANSYS, Inc. Proprietary



High Power Inverter Application

Simulation Techniques

Quasi-static Electronic Full-wave
Boundary Element | | Circuit Finite Element
Method Simulation Method
: Q3D EXTRACTOR v8 SIMPLORER' .= | T(:!: [:
N I HFSS™ v " 1
: l l
e e e e e e o = = |

» Three-dimensional IGBT pack model

* Parasitic model extraction
* |IGBT circuit model

* Far Field Study for Electric Field EM

© 2010 ANSYS, Inc. All rights reserved. 17 ANSYS, Inc. Proprietary



EMI/EMC

Electrical Parasitics Extraction

« Extract the resistance, inductance, capacitance and conductance
(RLCG) parameters of the entire package

Frequency can have a significant impact on the design performance

Ty

Low Frequency High Frequency

© 2010 ANSYS, Inc. All rights reserved. 18 ANSYS, Inc. Proprietary




EMI/EMC

Electrical Parasitics Extraction

- Extracting parameters is straightforward as the nets are
automatically assigned

Phase A
Phase B
Phase C

© 2010 ANSYS, Inc. All rights reserved. ANSYS, Inc. Proprietary



EMI/EMC ANSYS

Q3D Example R-L Characterisation

* Inductance and Resistance are evaluated over frequency

Positive Bus —

D2 to INPUT

Frequency-dependent Impedance U_d2 - GND deign_for_q3d &
1000.00 — 50.00
- Inductance B
0 — -
— 40.00
100.00 — B
T3 L
5 -] - z
E — n =
— N
o 1 ‘D‘
N i — 30.00:!
2 - g
@ -Q‘
o —
P4
z‘ 10.00 —| | z
o - ‘D‘
= - Resistance | 20.00 g‘
DI . - Z
z g
- — Q
5 <
< -
1.00 — -
. — 10.00
0.10 — — T T T — T ————— 0.00
1.00E-003 1.00E-002 1.00E-001 1.00E+000 1.00E+001 1.00E+002 1.00E+003 1.00E+004 1.00E+005

. Freq [MHZ]
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EMI/EMC

Parasitics Extraction

« The simulation outputs consist of the RLC matrices, one for each frequency
of interest.

- S [=]

| [sweept =|[achL 7]
Al

Simulatian: | Setupl

Dresign Wariation: ||

Profile] Convergence] Mesh Statigtics  Matrix l

I Resistance  Urits: |ohm x| Matis =l Exportt.. ¥
W Inductance  Urits: |nH j | Original ﬂ [ &llFregs

collectewrpack:collecteurl a | collecteurpack: collectew1b | collecteurpack: collecteur?a collectewrpack:collecteurzb collecteurpack: collecteur3a < |
Freq: 0 [MHz)
collectewrpack: callecteurl a 000024714, 47.273 0.00010662, 38.024 0.00024714, 47.376 0.000710862, 37.924 0.00019129, 44.721
collectewrpack: collecteurlb 0.00010662, 38.024 000035739, 50.514 0.00010662, 38.057 0.00035739, 50.476 0.00010663. 41.674
collectewrpack: collecteur2a 0.00024714, 47.376 0.00010662. 38.057 0.00025238, 47.561 0.00010662, 37.955 0.00013129, 44.82
collectewrpack:collecteur2b 0.00010862, 37.924 0.00035739, 50.476 0.00010662, 37.955 0.00036322, B0.52 0.00010BE3, 41.57
collectewrpack: callecteurda 000073129, 44,721 0.00010663, 41.674 0.00019129, 44.82 0.00010863, 41.57 0.00036871, 55,342
collectewrpack: collecteur3b 0.0007 0658, 38.665 0.00018615. 39.885 0.00010658. 38.654 0.00018615, 39.843 0.00010658, 37.826
collectewpack: collecteurda 0.00013129, 44.637 0.00010663. 41.644 0.00019123, 44.731 0.00071 0663, 41.543 0.000362487. 55.168
collectewrpack: collecteurdb 0.00071085%2, 38.79 0.00018815, 39.948 0.00010858, 38.522 0.00078815, 39.901 0.00010858, 37.951 [
collectewrpack:dla 000024131, 47.067 0.00010662, 37.984 0.00024131, 47.157 0.00010662, 37.886 0.00013129. 44.531
collectewpack:d1b 0.00010662, 38.143 0.00035155. 50.485 0.00010662, 38.18 0.00035155, 50.434 0.00010663. 41.739
collectewrpack:d2a 0.00013129, 44.534 0.00010663, 41.611 0.00019123, 44.623 0.00010663, 41.514 0.00035703, 54.972
collectewrpack:d2b 0.0007 0858, 38.956 0.00018615, 40.026 0.00010658, 38.992 0.00018615, 39.974 0.00010858, 38.118
emetteurpack:diala 0. 12452 0.3791 0,12.4m 098142 0.8.033
emetteurpack:diolb 0, 5.5942 0.14.208 0. 5.4701 014299 0. 7.805
emetteurpack:din2a 0,11.151 0.13.035 0. 11.11 0, 13.053 0.15.496
emetteurpack:dioZh 0, 6.5151 0, 8.0262 0,6.3914 0,8.1293 0. 46768
emetteurpack:emetteur]l a Jﬂ
4| 3

Cloze

© 2010 ANSYS, Inc. All rights reserved.
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EMI/EMC

IGBT Mesh and Field Result

Current Distribution

Jac[a/m]
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The structure is meshed
using automatic and
adaptive meshing

47e-002
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EMI/EMC

Parasitics Extraction

« How do we set up the frequency sweep?

— Nyquist sampling: To capture a time step of Ts, obtain frequency domain
information up to: 1

Fmax —
2xt,

— For a time domain waveform with a risetime of 80 ns, in order to capture the
ringing in the time domain, we would want to capture at least 4 samples during
this risetime. This implies a sampling time of 20 ns

* We need to solve up to 50 MHz (= 1/20n5s)

Z ]
Sweep Mame; |5weep1 I+ Enabled
Sweep Type: |Disu:rete ﬂ
Frequency Setup
Frequency -
Type: |Linear8te|:| j ] OMHz
0.5MHz
o e ] i
Stop [50 MHz =] ] 1.9MHz
2MHz
Step Size |D.5 |MHz ﬂ 3 BMHz2
. . IMHz
[ Save Fields [l Frequencies) — =
© 2010 ANSYS, Inc. All rights reserved. ANSYS, Inc. Proprietary




IGBT Characterization

7 Nominal Wor x|

TechniSChe |nf0rmati0n J’l Techn ical |nfDI’m ation E LI P E E \ree nom 3800 Mominal Collector Emitter Blocking valtage [v]

:g§$::::gré‘t::zs FZ 600 R 65 K F 1 _|K3: Ic nom 600 Mominal Collector Current [A]

T o 125 Nominal Reference Temperature [°C]

vge on 15 On-5iitch Gate-Emitter (Drive) Volkage [V]
vge off -15 Off-Switch Gate-Emitter (Drive) Vokage [v]

Charakteristische Werte / Characteristic values

Transistor / Transistor min.  typ. ma

Einschaltverzdgerungszeit (ind Last) = E00. 2600V |

tum on delay tme (inductive load) | L= s . e
072 - ps

Anstiegszeit (induktive Last)

fise time (inductive load) nar B -
0.40 - ps

Technische Information / Technical Information Eu p ec — e o [ ey | oo
et FZ 600 R 65 KF1 K% e .

oy
Ausgangskennlinie (typisch) E=f(Vee) - BT chuscterinic Data Bounday Condtors
. . ~ | 33 Sheetscar - =5 = | ol e [E =] Temmatus(]
Qutput characteristic (typical) Vg = 15V Fle Edt View Options Picture Coordinate System Curve Window Help _l8 x| Vor AT [t | | v s e
0= & @ |20 [ Fitting Ranges
s / - Yais £ il .; mmn (@77 ® M Currort [3]
v Imax  [12 ] Masnum curent (4]
2
Curve Values = = E 8 5 @ [wen - =3 3 [
s v | ¥
= | |I : | 2
|t F
il ] 3
__, s FZ 600 R 65 KF1 T 1 o
| "] | F =] Nomkoa Temperatire
/ = i =l =] Difovect Temperature
Fttng
vadas | shompest opters | sustreea | w |
gt Sam . Cores
' <l |
a0 [228: 5 ]Points { 355.23827m : 2.387577 )

$heetScan
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IGBT Device Generation

Characterization Tool

| {Transfer Gharacteristic Ic = f(Vee) [5/13] X

5°C / .
W File Help
s Hux
/]
y/d P =] 2 |
/ "'
Characteristic Data Boundary Conditions
/ =] = | €] | | Temp |bs w |l Temperature
/ T, =25 Vge [V] ‘ Ic [A]l Enab\el Vee | 20 Const. Collector-Emitter Voltage
/,.— | | |s.052.. 2.73.. v
5.474... 4.02.. [« Fitting Ranges
10 15 20 | |5.940... 530.. [« Ic min lmiﬂ Minimum Current
: 6.424... 13.4... [|v
W ) — ’7 - q
GE VY | |6.741... 27.0.. [w Ic max |897.5 | Maximum current
Fig. 12 - Typ. Transfer Characteristics | |7.101... 55.8.. [«
Ve = 50V; tp = 10ps | [7.383.. 914, ¥
7.664... 132... [v
[ |7.010... 175.... ¥ Fitting Characteristic Order
| [s130.. 227... Ch.02 - 125.0°C ~ | Nominal
19 Feb 2008 Ansoft Corporation 15:36:16 8.324... 266... [+ N
Transfer Characteristic Ic = f[Vge) 1 Ch.01 - 25.0°C ~ | Different

bl
=
£
&

1000.00

oo i

Validate | Show Result | | Options ‘ {tting |V|

< Bacl Cancel |
4 w000 Measured Data—7 P | <
g - f%/ /// T /7 Update IGBET Model Parameters
i ™~ Up = 5.51895
» “onon K = 5.88228
> / L n_fet = 1.70371
20000 Fitted Curve alpha_Up = -0.507243

/// alpha_K = -2.57592
alpha_nfet = 0.0011548

o -
5.00 6.00 T.00 2.00 9.00 10.00  11.00 12.00

Extracted parameter values
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IGBT Family

Electro-Thermal Model

Average IGBT Model

A B F

A C E | E

DC core
DC core

Energy calculation Capacities C(V), C(I)

parasitics L, R, C

controlled sources

Thermainel Full parameter excess

Thermal network

Maximum simulation speed: Maximum simulation accuracy:

« Accurate static behaviour « Sophisticated semiconductor based model

- Accurate thermal response « Accurate static, dynamic and thermal
behaviour

* No voltage and current transients
« Accurate gate voltage and current waveforms

« Suitable for system design analysis _ _ o
« Suitable for drive optimization, EMI/EMC

© 2010 ANSYS, Inc. All rights reserved. 26 ANSYS, Inc. Proprietary



The Dynamic IGBT Model

« Dynamic IGBT shares the same static the Average model

* The switching energy of the Dynamic IGBT model is the direct
Integration of the switching voltage and current

o
<X
[’

D || Z= =

/dg)
— ds(Vds |
( “l'.u!"l
' o
|" — " [tan ¢
e | -
| o { \ee)
o\ VER)
.\’T;

s PIc
.

.
L 2 L g L 4 R : * L 2 * *
2
. Lau : tstop -
: . Eswitch = [ PV, (1) - I (t)dt
[] Ree tstart
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The Dynamic IGBT Model (2)

NANSYS

« Dynamic IGBT accurately captures the switching waveforms
 Suitable for EMI/EMC analysis

VCE

100}
90 |"

10|
5|

1]/

t-trigger | .

IC

| Eswitch = j

SOPY (1) -1, (t)dt

sa1

ctaileurrent.

© 2010 ANSYS, Inc. All rights reserve

d.

ANSYS, Inc. Proprietary



System Integration

Circuit Design based on Parametrized IGBT and Frequency Dependent Model

© 2010 ANSYS, Inc. All rights reserved. 30 ANSYS, Inc. Proprietary



System Simulation

Ansoft Corporation XY Plot 1
15.00 — / ff U
1 2500.00 \ce ,’4'6\:
. i A L
10.00 — ] -
1 200000 — —
200 1 vg Power -
—1500.00 — -
1€ 1 -
o 0.00 — 3 | —
1= | L
4= L
4 100000 — e —
5.00 —| - g Z
10.00 500.00 o -
-15.00 — 0.00 i —_—
50000 50005 500.10 500.15 50020 50025 500.30 500.35 500.40 500.45

Time [us]

40.00

35.00

30.00

25.00

10.00

0.00

Simplorer.
— G0000.00

— 50000.00
— 40000.00

— 3000000

P*-1

WhM1a

— 2000000

— 10000.00

— 0.00

The power pulse duration is much smaller than the rise/fall time of Ic and Vce

© 2010 ANSYS, Inc. All rights reserved.
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System Integration

Circuit Design based on Parametrized IGBT and Frequency Dependent Model

[
..M@_J(I i)

I I
,__j -
l“—;{-:}—JK\‘ /\]l——( J:-r—{' |
. 1 —
2DGraphSell NIGBT71.IC
50,00 ® 2DGraphConl
50.00 2] 474.00m
400.00m-
25.00
GS_I..
200.00m-
O,
—__'.._ 0
-22.50 10000 1.00k 3.00k 1000k 100.00k 1.00M
T T
0 100.00m 240.00m : ' ' : : ——F
Extract Power Loss
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Full Wave Effect

2DGraphConl

474.00m

400.00m- Ansoft HFSS

GS_|.
200.00m-

L T 1
100.00 1.00k 3.00k 10.00k 100.00k 1.00Meg

22 Sep 2005 Ansoft Corporation 19:16:18 Y1—o—4
XY Plot 1 dB(Cylinder {mete
HFSSDesignt Setup! : Sweep!

100.00

\
dB(S(LumpPortT [
Setup! - Sweep!

Y1—+
dB(S(LumpPort2 [
Setup1 - Sweep

i
dB(S(LumpPort3 [
Setup! - Sw

1
dB(S(LumpPorta [
Setup! - Sweep!

I Normalized S para. |

map|2{LumpFort ], LumspPort

e

0do 1060 2080 3050 400 50.00

MagE@iOm by
specified inputs

© 2010 ANSYS, Inc. All rights reserved. 33 ANSYS, Inc. Proprietary



Emitted Fields

Ansoft Corporation
90.00

For each frequency, the power amplitude is entered

XY Plot 12

80.00 —

-
e
=
=

[=1]

=
——

(=]

i
=
=]

.
=
=

dB(V(required))

Ll
(=]
=

I_"r .
\l(

20

1100

\ 19&. TE.‘I'UJ

il B
(=]
=]

10.

LULL I SI‘I"I'

Spectrum frb

' |

Outputs from Simplorer

Inputs for HFSS

© 2010 ANSYS, Inc. All rights reserved.
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Emitted Fields

Equivalent
Magnetic flux plane wave Contact Limb induced
Frequency range density, B power current, current,
(uT) dt—;l‘;i_[y. Sq IimA]) I,(mA)
(W/m?2)

0— 1Hz — 1,63x10° 2x10° — 1,0 —
1— 8 Hz 20 000 1.63x10%/f 2x105/f2 — 1,0 —
8 — 25 Hz 20 000 2x104/f 2,5x104/f — 1,0 —
0,025 — 0,82kHz 500/t 20/t 25/t — 1,0 —
0,82 — 2,5 kHz 610 24,4 30,7 — 1,0 —
25— 65 kHz 610 24,4 30,7 — 0.4 f —
65 — 100 kHz 610 1 600/t 2000/t — 0.4 f —
0,1 — 1 MHz 610 1.6/f 2f — 40 —
1— 10 MHz 610/f 1.6/ 2f — 40 —
10 — 110 MHz 61 0.16 0.2 10 40 100
110 — 400 MHz 6l 0,16 0,2 10 — —
400 — 2 000 MHz 3 0,008 0,01 ff40 — —
2 — 300 GHz 137 0,36 0,45 50 — —

Exposure limits defined by European Community

© 2010 ANSYS, Inc. All rights reserved.
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Regulators impose
maximum levels of
electric fields close to
electric equipment.

In the 10-110 MHz
range:

Emax=61V/m
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Emitted Fields

E Field[¥/m]

« The E field is very localized
close to the module even at
100 MHz

* However, the very high
power can lead to large
values of E field even far
from the module

« This design is fine at
110MHz.

Power E field at 1m

Spectrum (MHz) (W) V/m
115.7024793  2308.359536
mag E @ 100 MHz, Power = 10 000W
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The virtual
car body

test of the whole ANSYS

E Fie

1d1[¥/m] 3
5.0060¢:-8a1
2.9362e-881
1.7242e-681
1.9125e-081
5. 9460e-002
3. 4917e-002
2.8585e-882
1.2041e-002
7.@711£-883
4. 1524£-@83
Z.4384e-003
1.4320e-003
&, 4090e-084
4. 9361e-04
2.8998e-004
1.7029e-004
1. 00908-a4

Setting the IGBT package

© 2010 ANSYS, Inc. All rights reserved.

Mesh: 187,137

E Field2[¥/m]
5.0000:-081
. 2.9362e-891
1.7242e-801
1.0125e-891
5. 9460e-082
3. 4917-002
2.05a5e-892
1.2041e-802
7.8711e-883
4. 1524e-B83
2. 4364e-003
1. 4320e-803
8, 429Rs-00Y
4. 93581e-004
Z.8998e-004
1.7029e-004
1. Did0Ee-20Y

CPU time: 14m6s (

37
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Noise transfer between an

IGBT package and a cable

23:69:37

nnnnn

::::: /\W\/\\/

NormalizedDistance

50 ohm 50 ohm

dB(Mag_E) [db]

04 Sep 2005 Ansoft Corporation 00:04:26 Yi—o
XY Plot 2 4B(Mag_E) (@]
car_310mhz Setup1 * LastAdapti
2000
=
S
% 3000

g
£
@ /
g
4000
5000
0.00

50 ohm 1k ohm

020

0.40 Y
NormalizedDistance

Mesh: 254,966 CPU time: 34m41s (Pentium M, 2GHz)
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One more sample

E Fieldi[¥/m]

B.5753¢-002
3. 3437-BE2 }
1. 7BA4:-282 ) i ! . 20 el
8. B4656-B3 L

4, 3971e-BE3
2, 253616-03
1.15716-003 | g8
5. 7525e-0a4
2, 94B5e-BEY
1. 4353-@a
7. 634 36-BES

= BN

V!

Sy
R

Mesh: 830,769 CPU time: 4h50m (Pentium M, 2GHz)
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The Virtual Test

The Whole Car Body

QDRSSP O H L0
SoodeBROLOS S

TEX |

e T T T T T ey L o ]

© 2010 ANSYS, Inc. All rights reserved.

€08 x 10

40

£ fieidivinl

r fyever{viml

ANSYS, Inc. Proprietary



Conclusions

« EMC In power electronics systems can be
studied in a simulation environment by
considering:

— Frequency-dependent system impedances
(parasitics)

— Electrical dynamics of switching devices
— Radiation effects using full-wave FEM

« Software Integration of Simplorer, Q3D, HFSS
allows efficient system simulation

© 2010 ANSYS, Inc. All rights reserved. 41 ANSYS, Inc. Proprietary



