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Introduction

» IGBTs and power diodes are bipolar devices

> Wide ranging applications from electric cars, -%‘-
solar/wind energy, traction, transmission line... < < -
> Why virtual prototyping in IGBT-module development? o & = i

» Reduce development costs and time by reducing
learning cycles

» Target: accurately predict switching behavior through
circuit simulations

> Model requirements:
» physics based models for IGBTs and diodes

» knowledge of parasitic elements and couplings

» Fast model implementation and simulation
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Motivation

> Currently compact model calibration is a manual and time
consuming process

Compact Model Simulate Simulation Output
X
Y & &
% & £
% % & &
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s o 9
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®,>) S
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Yes

Calibrated Model

» To define a standardized calibration flow to be used for all
diodes and IGBTs in the future

(infineon.
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SIMetrix Integration (Infineon

»  SIMetrix![1] ;: Mixed mode circuit simulator supporting SPICE/Verilog-A/VHDL

\:\> Output curves
—r— for comparison to

_+> reference

Parameter SPICE
inputs ' 1 model

Simulation
output

SIMetrix
Solver

User inputs needed to set up the calibration flow:
» Definition of parameter variation range
> Objective and criterion definition for optiSLang
> Which areas of the curve are more important than rest?
»  Weightage factors
> For multiple curves : normalization if needed

[1] www.simetrix.co.uk
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Choice of solver

>

)

2018-06-21

@

Solver paradigma
If your solver is not listed, consider to use "Common text based"

Search for

Preferences

|

I @ Common text based @ Abaqus ;D% Adams
® Ansvs dassic @ CFTOL Beta)  §3 CFturbo (Beta)
$ Ls-ovNA B Madymo P Midas

= Integrations

% ANSYS Workbench ASCMO Solver Calculator

?ﬁ; MATLAB *%/ MOP Solver &% 0OO0Calc

Ny .
D\ AMESim
:E;% Edyson

A
g TurboOPT

@ Excel
EXCEL

P;_%' Python

g‘@ FIOEFD (Beta)

@ Simulation X

s

m

net> | [ cancel ||

Help

(infineon

Support for many tool (solver) integration. Example: Matlab, Python, Ansys etc.
Any solver with some scripting support can be used with "Common text based”
> We use the SIMetrix scripting interface

Copyright © Infineon Technologies AG 2018. All rights reserved.
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Solver definition

Solver - Batch Script —
Script Input files Output files Environment Execution settings
Use content = | | Absolute path - | -
1 copy-CiwUsers‘\biswasar\DocumentshDynardo proj‘\T55 trans outhdesign transfer 27.net ™
2 copy-C:\Users'biswasar'Documents'Dynardo proj‘\T55_trans out'design output 27.net . Copy Of required
& copy -CoZ\Usershbiswasar\Documents\Dynardo projh\T55 trans outgate charge_net-. . .
3 o . . —PERI e —RE aEEE netlist and scripts
4 copy Ci\UsersibiswasariDocumentsi\Dynardo projhT55_trans outhscript.sxscr-.
5
5] 5im2 -script . sxscr

2018-06-2

Command line call for SIMetrix:
> Runs the required simulations
» Saves the results in a format recognized by optiSLang

1 Copyright © Infineon Technologies AG 2018. All rights reserved.
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Definition of reference and simulation outputs

ﬁ Reference.txt - C! i | - Output files - =l I

ETK

2

& Reference.bd

Variables

L&

J data.bxt [I"\

=2

| v | Show additional options

Use as response

’Relative to working dir ~ uments \ Mference.m
\ \

1 Reference s
2Taime - - - - - - oo %:IG DT 2 - - - - - - \\.
SO - e %1 ..
4 5.0000000000000009e-008 - - ——>0.033579837657192272 - - ™
5 5.4065397986536086e-009 - . ———>0.057495998115626931 - - - - - ~
6 5.513001827347429e-009 - - - —»0.0638411601851150858 - - - - -
7 5.7259258847350698e-009 . - ————>0.059931987884511553 - . . - -
8 5.5561637914117226e-009 - - —»0.00746105072582238 - - - - - -
9 6.1657603975643933e-009 . - ————>-0.048332602989947675 . - - -

10 €.3488117175810264e-009 - - ———»-0.0583053979670433329 - - - -

11 6.6370072234589703e-009 . - ————>-0.14042411029115062 - - - - -

12 6.9421506757875544e-009 - - ———»-0.15510924708264751 - - - - -

13 7.3379360869125431e-009. - ———>-0.13573206324144688 - - - - -

14 7.8618315845064755e-009 - - ———»-0.084039127890244023 - - - -

15 8.3720662033059994e-009 -  —»-0.033619690463526156 - - - -

16 8.9376259503665364e-009 - - ———>0.004877342244075997 - - - - -

17 9.5617216116440962e-009 -  —>»0.023490885184528965 - - - - -

18 1.0251208773976662e-008 - - ——»0.023552435560036614 - - - - -

19 1.1293228937308932e-008 - —>0.012124792078317279 - - - - -

20 1.2205889293606258e-008 - - —»0.0023513220172179257 - - - -

21 1.328945742053697e-008 - —>»-0.0039615966706550562 - - -

22 1.4558588155008627e-008 - - ———»-0.003%9352765732789102 - - -

23 1.6478596261274488e-008 - —»-0.00082764058468734057 - -

24 1.8470545417185052e-008 - - —»0.00050859619628082725 - - -

25 2.1056544226708496e-008 - - ——0.00024224368925790737 - - -

26 2.3860770722633255e-008 - - ———»-0.00018300092560054261 - -

27 2.7087790618936801e-008 - - —»-0.000159548672014715478 - -

< | 1 | 3

'._é.' token wise '.:_.' column wise
P Show advanced options
Variable Name: Reference [] instant visualization -

Responses

<|

| signal_ref
| signal_sim [1:664]

I

| error_norm 134,154

[1:640]

™~

e

~

Output slots

> Standard slots

<

UL

OK

/|

Cancel ] [

Apply

]

User defined response
(error_norm)

=2 (signal_ref - signal_sim)2

~

™ Solver output (signal_sim)
> Reference data (signal_ref)

»  Goal :
to minimize error_norm

2018-06-21
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SIMetrix integration (Infineon.

g' simetrix_int — optiSLang

File Edit Project View Help
L, .,
= E&E P EQ &
) 8 x
simetrix_int o [
5* Solver wizard
Scenery fm Sensitivity wizard lea rds tO act
4™ Optimization wizard on the prlmary
5’ Robustness wizard X
f:' Reevaluation wizard SCE‘nery
r
I
| . . |
, SIMetrix Integration
| | -
1 1 ]
I Modules Q& =
Meszage log 1 | = = Search for
Date = Time  Loglevel Actor] Message |
e e e - o = = = = = == = - - b Systems
11201 1é:l8:. INFO Saving project “simetrix_int” ¥ Process chain elements
2/201_ 16:17:_ INFO Opened project “simetrix int” in “C:\Users\biswasar\Document._ 4 Analysis
b Advanced
3201 16:17:.. INFO Node locked
4|201_ 16:z16:__ INFO 3 working directory of "simetrix int"™ set to "C:\Users\biswasa. Templates Qg =
¥ | 4| Templates
5/201.. lé:lé:.. INFO optiSlang - Versicon 7.0.0 (47328) !J| ARSM (1)
!‘l TrenchstopS5_trans_out
Message log Python

2018-06-21 Copyright © Infineon Technologies AG 2018. All rights reserved.



Input model (sub-circuit SPICE model)

List of parameters _|
to be optimized

2018-06-21

Parameter

o

4

| EMU

| ETAUB
| Mosi
| Nak*
| Nem *
| Ngate
| Taub *
| Wem

| u_surf

b

Input slots

4

» Standarg

»

ynardo/ANSYS

optiSLang/6.2.0/projects/simetrix_integ/TRENCHSTOPP_H5_650V_upd.lib ’F' A l l Open ]

[Scalar values

A ] AutoParametrize

145 .PAREM -wb - = {wb0 - -t_trench} -
146 * -doping-levels

147 .PARAM -Nem -=-1el5-

148 .PARAM wem-=-0.001 -

149 .PARAM -Noffs=0.8els——

150 .PARBM -Loffs=.2.95e-4 -

151 .PAREM-a norm-=-1el5-

152 .PARAM -b0 = {le-4/=sqgrt(0.5)}-

153 .PARAM bl = {le-4/=qgrt(2)}-

154 .PARAM -b2 = {le-4/=3qgrt(5)}-

155 .PRREM b3 .= {le-4/sgrt(5)}

156 .PARAM -NpkO-=-4.1el5

157 .PARBM wpkO = {wb-4e-4}

158 .PARAM Npkl-=-1.022el5

159 .PAREM -wpkl = {wb-12.5e-4}

160 .PARAM -Mpk2Z -=-0.44el5

161 .PARAM wpk2 = {wb-18.5e-4}

162 .PRRAM Mpk3-=-0.24el5

163 .PARAM wpk3 = {wb-24e-4}

164 .PARAM Mak-=-8.500000000e+16

165 .PARAM MNb-=-3.55el3

166 .PARAM Taub-=--le-6-

167 .PARAM -ETAUB -=-0.3 -

168 * .calculated parameters

169 .PARAM -1 stripe = {sgrt(R)}-

170 .PARAM -nzell -= {1 stripe/pitch}

171 .PARAM wfact -=-1

172 .Pm-wchann-=-{nzell*l_stripe*Z #wfact}

173 .PARMM -Cgs -=- {nzell*ep=0*eox*2 *lchann*l_stripe;"t_ox- }

174 .PA_RAM-Cgs_t,op-=-{nzell*epso’feox*l_rr.esa*l_st,ripe,-"t,_ox- } -7 -asuming-series con
175 .PARBM -ACgs-=-{nzell*2*1lchann*1_ stripe}

176 .PARAM - mesa-=-{nzell*4*y mesa*]l stripel N
4 1 3
[] copy Mode Force integer as real

Base: Parameter_%02d

Name: u_surf

Format: default ¥ Marker:

v Expandable Stop at line end
Add l l == ]

< ||
P Show parametrized locations [] store file content
0K ] l Cancel ] [ Apply

| W | Show additional options

Copyr

ight © Infineon Technologies AG 2018. All rights reserved.
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Selection of parameters
to be optimized
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Calibration Flow

» Compact Model

Sensitivity
= Device Analysis
= Technology
»  References
= Static _ CoP
= Dynamic optiSLang Contticiont of |
= Datasheet (Coefficient of Prognosis)
= Measurement

»  Objective

= Values Best Design

= Curves
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Calibration flow (detailed)

1) Identify parameters to be optimized for the calibration
2) Define input parameter range, which the optimizer must follow
3) Input reference data (measurement) to be calibrated

4) Definition of calibration objective using reference and simulation output
(quadratic difference)

6) Perform a Sensitivity Analysis (DoE) using built in wizard
Parameter | Start designs | Criteria | Dynamic sampling | Other | Fesult designs |

Dynamic sampling

Sampling Type: | Advanced Latin Hypercube Sampling -

Full factorial -
Full combinatorial

Central composite

Box-Behnken il
Star points

Plain Monte Carlo

Latin Hypercube Sampling
Space filling Latin Hypercube Sampling
Sobol Sequence

Mumber of samples:

—
=

-

> ALHS : 100 simulations (default)
> Full factorial : 2"Number_of_Parameters gimuylations

2018-06-21 Copyright © Infineon Technologies AG 2018. All rights reserved.
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i

Calibration flow (contd.)

6) The MoP can be edited at this point to remove outliners (if any) to create
a reduced design space for the final optimization step

7) An Optimization step is carried out either on the MOP output or directly
« A set of best fit parameters are displayed
- History of parameter variation are shown
« Comparison of reference and optimized data

Optimization method
Specify the optimization method

Optimization method

Analysis status: Mot set -
Gradient based
= Not set - O Non-Linear Programming by Quadratic Lagrangian (NLPQL) —>> Acts on the M OP
Solver noise: Mot set = Direct
Simulation runtime: short long O
[ ! Adaptive Responze Surface Method (ARSM :
FHERES L Acts directly on

P Show additional settings O @ Dowrhil Simplex Method SenSitiVity results
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Example 1 : Single transient curve (afineon.

Calibration on a simulated curve

BT 650V IGBT + diode

> SPICE model manually de-

calibrated
o _ . .
= |I\ 21, » Test: Can optiSLang give us

back the original set of
parameters ?

Pulse(0 152,50 10n 1On 20w) =

o4

= e

Test schematic used

2018-06-21 Copyright © Infineon Technologies AG 2018. All rights reserved.



Starting point of optimization

(infineon

X |
8 L
2 -
=~ | |
|2 -
ol
- >
oL
— ok
signal_ref signal_ref
signal_sim signal_sim
<}
I
=
(=] =i
0.22 0.245 0.25 0.255 0.26 0.265 0.27 0275 0.224 0225 0226 0.227 0.228 0229
x [1e-5] x [1e-4]
» Red: reference
> blue : uncalibrated initial solver output
2018-06-21 Copyright © Infineon Technologies AG 2018. All rights reserved.
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Parameter range definition

Mame Parametertype Referencevalue Constant Value type Resolutior Range I Range plot
1 EMU Optimization 0.1 O REAL Continuous: -2 1 1
2 Nagate Optimization be+09 ] REAL Continuoud 5.4e+09 6.6e+10 :_
3 Taub Optimization 5e-06 [ REAL Continuous: le-06 3e-05 |_
4 ETAUB Optimization 03 ] REAL C{:-ntinuc-us: 0.25 2 :-
5 MosMN Optimization 01 REAL Continuoud 0.09 0.11 :-
6 u_surf Optimization 75 ] REAL Continuc-us: 50 500 I_
7 Nak  Optimization Be+16 ] REAL Continuoud le+15 le+l7 :-
8 Nem Optimization le+l6 ] REAL Continuous: le+15 le+17 I_
9 Wem Optimization  0.001 ] REAL Continuous.: 9e-05 0.0011 :-

L e e e e e e I

» Parameter range definition
» 8 Parameters for variation

2018-06-21 Copyright © Infineon Technologies AG 2018. All rights reserved.
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Calibration objective definition (infineon

» Current Maxima

-

*

20
T

15
T

10

— e o o o e o
— e e o s o e e s ol

I

7

0 0\ / -
x [1e-5]

»  Two windows defined in turn on and turn off region

A———————=—=—=—=-=—=—=-=-=--

2018-06-21 Copyright © Infineon Technologies AG 2018. All rights reserved.
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Calibration objective definition contd... ceen

Parameter Responses
Mame = Value = Mame - Value =
EMU 0.1 current_steps_1_ref | [10]
ETAUB 0.3 current_steps_1_sim [10]
Mak Be+16 current_steps_2_ref  [10]
Criteria
- /’—_T-.‘\\
Mame Type Expression / Criterion \\
obi_error_norm Objective (rnax_nn:l_ref—max_nrd]“2+euklidnnrm(current_5tep5_1_ref—current_steps_l_sim]+3*eukliu:lnDrm(current_;tep5_2_ref—current_;teps_E_Eﬁm] MIM ,'
Vi
\\N~_ —f’,
4 [ ]
Objective=
- 1 —
(max_curr_ref - max_curr_sim)A2 Maxima of cur

+euklidnorm(current_steps_1_ref - current_steps_1_sim)

Two windows defined in
+3*euklidnorm(current_steps_2_ref - current_steps_2_si

turn on and turn off
region

Weightage can be set depending on importance

» Goal is to minimize the objective defined.
»  Zero objective would mean that the reference and the simulation are coinciding

2018-06-21 Copyright © Infineon Technologies AG 2018. All rights reserved.
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i

Fit summary after sensitivity analysis

Green: reference
> Red : best design(sensitivity)

~

T T T T T T T T T T T
<L 1! ' i A
i I} A
o I { channel 0 of signal signal_sim
NI N h1% channel 0 of signal signal_ref - Design (.. -
oL 4
—
|
Ll
o 4
> = I
2F = w - ' -
T .
- ’ . l Al X X
| N | {ATREK ‘ N N o 4
° 1 = - | = .
1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.25 0.255 0.26 0.265 0.27 0.275 0.224 0.226 0.228 0.23 0.232 0.234 0.236 0.238
x [1e-5] x [le-4]

> Grey lines indicate all 100 simulations performed by sensitivity analysis

»  Good enclosure of the target curve means that the design space is well defined by the
parameter range

> In case of poor enclosure the parameter ranges need to be redefined and
Sensitivity analysis has to be redone

2018-06-21 Copyright © Infineon Technologies AG 2018. All rights reserved.



Fit summary after final optimization

(infineon
» Green : reference

> Red : best design (optimization)

25

. <
=t channel 0 of signal signal_si..
— channel 0 of signal signal_ref.}.
o J J
i o
o =
R
Lol
> >0 -
S . 0 -
< |
w -
e i
[ channe.l.
(=} 1 1 1 = b B 1 1 L 1 1 1
0.25 0.255 0.26 0.265 0.225 0.2255 0.226 0.2265 0.227 0.2275 0.228
x [1e-5] x [1e-41
Parameter Nk Nm ETB (T Tb Ng

Optimized Value 7.78el6 3.46el5 1.24 500 2.86e-6 1.52el0
Initial Value 8.5e16 2.75e16 1.5 450 2.5-6 2.58e10
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Example 2 : Two static curves (Transfer and Output)

Calibration to measured curves:

Parameter range definition

9

MName

Taub
wfact
log_Nem
u_surf
EMU
log_Ngate
log_Nak
MNem

Mak

10| Ngate

Parameter type ~ Reference value Constant

Optimization
Optimization
Optimization
Optimization
Optimization
Optimization
Optimization
Dependent

Dependent

Dependent

2.5e-05

16

400

=175

10

16

34e+16

Te+16

2.5e+10

Operation

REAL
REAL
REAL
REAL
REAL

REAL

I 34*10Mog_Nem |
i I
| 7*10*log_Nak I
I I
I |

2.5%¥10"log_Mgate

Value type Resolution

Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

»  Logarithmic parameter definition for wide range of variation

» 7 parameter for variation

2018-06-21

Copyright © Infineon Technologies AG 2018. All rights reserved.

Range
1e-06 9e-05
0.5 5
14 17
100 600
-b 0
8 14
147 179

(infineon

Range plot



Initial CoP Matrix (Sensitivity analysis)

[ | . l \

obj_error_norm ]

(infineon

___ D] Taub only has impact in
G>) force_steps_sim_trans[6] the |n|t|a| pa rt Of the
| -
8 force_steps_sim_trans[5]4{] curves
L , EMU and Ngate has
qG_) force_steps_sim_trans[4] .. .
7 negligible impact on both
E force_steps_sim_trans[3] Curves
=] force_steps_sim_trans[2]4{] Transfer curve >
force s_sim_trans[1] redUCtlon from 7 tO 6
T .. Important parameter
é force_steps_sim#Gut(7] ] OUtpUt curve 9
=~ reduction from 7 to 3
RN important parameter
@ | force_steps_sim_out[5]
>
| -
| force_steps_sim_out[4] ]
O
4+ force_steps_sim_out[3]
-}
8 force_steps_sim_out[2]
-
O force_steps_sim_out[1] |
force_stepsSTm=aut{0] different CoP value for
euklidnorm_trans / TranSfer and Output
» | curves - Outliers???
euklidnorm_out
) . J 1 1 ‘ , . |
I Ta‘ub wfact log_Nem u_surf ° EMU log_Ngate Ilog_NaL aotal g

— Parangeter | 0 o

2018-06-21 Copyright © Infineon Technologies AG 2018. All rights reserved. m




Optimize MOP (Infineon

Transfer curve| lOutput curve|

channel 0 of signal signal_sim_trans = = S
o
o
ol
5] o
oL channel 0 of signal signal_sim_output
channel 0 of signal signal_sim_trans = = channel 0 of signal signal_ref outchar - ...
- e channel 0 of signal signal _ref trans me...
oL
2 2
. ol i
Outliers
o \
o
o o
3 =38
=
>
>
o =
2t 1 o
2 / 5 o
/ 2
7 //// ~
7 A
“ Z_Z
§ r //;/,!"/7//" . o
] ~ i 8t
o L A
7
=} : 7z 7
= _/,l//,;//{:’” ] 2|
= == e i g ~N
5
== =
==
(=}
0 2 4 6 8 10

> MOP optimization :
- Filter out negligible parameters manually
— Deactivate outlier designs manually from the MOP
— Goal is to increase the total CoP value -> better calibration possible

2018-06-21 Copyright © Infineon Technologies AG 2018. All rights reserved.



Optimized CoP Matrix

obj_error_norm

force_steps_sim_trans[7]

force_steps_sim_trans[6]

force_steps_sim_trans[5]

force_steps_sim_trans[4]

force_steps_sim_trans[3]

Transfer cu rve|

orce_steps_sim_trans[2]

force_st

force_steps_sim_t [0]

force_steps_si t[7]

Models

fi _steps_sim_out[6]

force_steps_sim_out[5]

force_steps_sim_out[4]

force_steps_sim_out[3]

force_steps_sim_out[2]

Output curve

force_steps_sim_out[1]

force_steps_ ut[0]

euklidnorm_trans

euklidnorm_out

2018-06-21

sim_trans[1]

— —= =
sasg)( 2505 ) sl o
; o .2 % %
258 61.7 %
‘ 24.1% 710%
1S 76.8 % 2 %
74.1 % 79.6 %
- —
| — e~
e )
[
2 19.4 % 20.5 % i
e 83 1 89.4 %
Taub Wiet Iog_;\ler;\ara;t;u_sud log_Nak Total

Copyright © Infineon Technologies AG 2018. All rights reserved.
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1
|
I
|
: »  Parameters having influence
| on both curves shows the
| importance of a global
calibration
|
= 1
|
I
|
I
|
: > With MOP optimization we
| could increase the total CoP
I value up to 90%
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Fit summary after global optimization

Transfer curve| lOutput curve|

T T T T T T

800
1000
T

> Higher CoP value -> better fit for the transfer curve

=}
VAR

600
8

400y
T
400
T

200
T

200
T

> Green curve indicates the target curve from measurements
> Grey curves indicate all simulations performed by direct optimization after Opt. on MOP
> Red curves indicates the final optimizer fit > excellent agreement

2018-06-21 Copyright © Infineon Technologies AG 2018. All rights reserved.



4 curve system fit summary (2 transfer & 2
output curves)

Output curve

channel 0 of signal sim_out_10V

Output curve|

channel 0 of signal sim_out_20V

T T T

channel 0 of signal sim_out...
channel 0 of signal reference...

> kL 1.5 2 3 3.5

Transfer curvel

channel 0 of signal sim_trans_25C .’

channel 0 of signal sim_trans...
channel O of signal reference...

8
s f of T
) 1y A o
channel 0 of signal sim_out... g r
ol |™==== channel 0 of signal reference... —
of
o 8l
N
o
ol
o o
5 ol
S
o
=g
@ 8 |
> >m
o
B[ sl
o
o
= st
St
~ 8 L
~N
o —
0 1 2 o
X 0 0.
channel 0 of signal sim_trans_150C q
T T S
channel 0 of signal sim_trans... gl [ B
m==_channel 0 of signal reference... ST |
=]
St
o«
=1
o
-
3t
8 St
@
>
=
o
st 3[
<
o
=48
<
[=}
=18
~
o
stk
~N
o
0 2 = a
2018-06-21
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Agenda

Introduction & Motivation

SIMetrix integration

Calibration Flow

Example 1 : Single transient curve

Example 2 : Two static curves (Transfer and Output)

Conclusion/Future Outlook
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Conclusion/Future Outlook

> Current status
» optiSLang aided fitting of compact IGBT SPICE model demonstrated
» Good fit to measurements achieved in the defined parameter range
»  Complex transient curve successfully calibrated

> Global calibration of upto four static curves (2 transfer & 2
output) demonstrated

» Greatly reduces the time and effort needed for compact model

calibration
> Outlook
> Evaluation of temperature dependence and transient curves in global
calibration

» Define a standardized calibration flow with IGBT/diode
measurements
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