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Course contents:

Electromagnetic simulation using the PEEC method

Magnetic materials and loss modeling of inductors

Conducted emissions calculation in combination with a circuit simulator
Thermal modeling of power electronics and PE devices

Heat sink optimization

Hands-on training based on the Gecko multidomain simulation platform
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Andreas Miising studied physics and informatics at the Ruprecht-Karls-University Heidelberg and finished his studies
in December 2005. The topic of his diploma thesis was the modeling and simulation of laser induced fuel ignition,
which was accomplished in cooperation with Robert Bosch GmbH. Since April 2006, he has been a Ph.D. student
at the Power Electronic Systems Laboratory, ETH Ziirich, where he is performing numerical simulations of power
electronics systems.

Marcelo Lobo Heldwein received the B.S. and M.S. degrees in electrical engineering from the Federal University of
Santa Catarina (UFSC), Florianopolis, Brazil, in 1997 and 1999, respectively, and his Ph.D. degree from the Swiss
Federal Institute of Technology (ETH Zurich), Zurich, Switzerland, in 2007. He is currently an Adjunct Professor with
the Electrical Engineering Department at the UFSC. From 1999 to 2001, he was a Research Assistant with the
Power Electronics Institute, Federal University of Santa Catarina. From 2001 to 2003, he was na Electrical Design
Engineer with Emerson Energy Systems. He was a Postdoctoral Fellow in the Power Electronics Institute (INEP) at
the UFSC, under the PRODOC/CAPES program from 2008 to 2009. His research interests include power factor
correction techniques, power conversion for future energy distribution, multilevel converters and electromagnetic
compatibility for power electronics. Dr. Heldwein is a member of the Brazilian Power Electronic Society (SOBRAEP)
and of the Institute of Electrical and Electronics Engineers (IEEE).
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ETH Zurich, Power Electronic Systems Lab & Gecko-Research GmbH
Motivation: Why do we need to combine different Simulation Domains?
State of the art: Circuit Simulation - Modeling Everything as a Circuit?
Thermal Simulation of Power Electronic Systems

- Physics of heat transfer

- Heat-Sink Modeling

- HF Losses of Inductors / Transformers
Electromagnetics simulation using the PEEC method
Conducted Emissions Calculation in Combination with a Circuit Simulator

GeckoCIRCUITS: Hands-on training

GECKO
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Switzerland

o 7.8 millions residents
» 4 languages: German, French, Italian, Romansch

» Area: 26000 sqg. miles, ~ State of Rio de Janeiro

e What is Switzerland famous for?

GEC K%
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ETH Zurich

ETH - The “Federal Polytechnical School”

Two main locations in Zirich

- Historic main building in the heart of Zirich
(Gottfried Semper, 1855)

- Campus in the outskirts (Honggerberg])

Ziirich City

GEC K%
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ETH Zurich

16 Departments
Architecture and Engineering Natural Sciences System-oriented Management and
Building Sciences Sciences and Mathematics Natural Sciences Social Sciences

Some numbers:
 In total 17000 students, (35 % international), 10000 employees

» Electrical engineering (D-ITET)
1000 Bsc/Ma. students, 345 PhD-students

» Power Electronic Systems Lab (Prof. J. Kolar]

25 PhD-Students, 5 Post-Docs GECK
&smnc%




Power Electronics Simulation - Gecko Research

 Gecko-Research is a spin-off company of ETH Zurich

 Founded in 2008 by A. Musing, Dr. U. Drofenik, Dr. B. Seiler, Prof. J. Kolar
» Specialized software to meet demands of power electronics engineer

o Easy-to-use

* Three tools working together: GeckoCIRCUITS, GeckoEMC, GeckoHEAT

e Multi-domain approach and optimization

e Coupled circuit-, thermal-, and electromagnetic simulation

GEC K%
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Motivation

« Power Electronics is not only “Electronics”
* Engineer has to be a “Multi-Talent”:

o Circuit Topologies

o Control Strategies

 Thermal design

 Electromagnetic issues

« New materials / semiconductors

Design Space Performance Space

State of
the Art

Losses

Costs

Weight

Future

_Volume

/

Failure Rate




Coupling of Physical Domains

w/0 Mechanicanl Design

Parasitics
Transients

w/o EMI

System Level : Efficiency / Power Density / Costs / Geometry / Weigth...

Is this a realistic approach for a PE Design? ¢ gck

RESEARCH




 PE Engineer challenged with different domains

 Circuit Simulator should be ,.central part” of design toolbox

e Direct tool interconnection not realistic

= Consider different abstraction levels (model order reduction)

Thermal Solver
(FDM)

Cooling System
(Heatsink)

[ Simulation

EMI

J

|

Circuit

Simulator

Electromagnetic

} [Solver (Parasitics)

|

Circuit interpretation
possible?

 Power Circuit
 Control?
 Electromagnetics
e Thermal

 Magnetics

GECKO
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Gecko-Research Software Overview

Input

Topology | Device Models | Control Circuit | 3D-Geometry | Materials

k GeckoEMC

3D-Electromagn.
Parasitics
Extraction

Reduced Order
Impedance
Matrix

k GeckoCIRCUITS

Fast Circuit
Simulator

k GeckoHEAT

3D-Thermal
FEM
Solver

Thermal

HF Magnetics
Design
Toolbox

EMC Filter

Reliability
Analysis
Toolbox

Post Processing

Design Metrics Calculation

Heatsink
Design
Toolbox

GECK
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Heat Transfer

GEC K%
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Heat Transfer - Physical Processes

Thermal Modeling - Stationary

Thermal Modeling - Cauer / Finite Difference Method (FDM)
Thermal Modeling - Foster / Impedance Matrix

Thermal Model of Multi-Chip Power Modules

Design Examples

RESEARCH®
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Basic principle: heat always moves from warmer place to cooler place

Heat transport processes:
- Radiation, Stefan-Boltzmann Law: P= o AT4

- Heat Convection P,= hA(T,-T,)
/

_ Heat transfer coefficient
- Heat Conduction (watts/m?2°C)

\/

FAE NN

RESEARCH
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T
C, (T)-p%—t = V[AT) VT ]+w(x,t)

Assumptions / Simplifications

« Homogeneous media assumed

* Neglect temperature dependency of ¢, A

—> Linear DEq., fundamental solution is summation
of exponential functions

 Descriptive analogy for electrical engineer:
thermal resistances and thermal capacitances

 Finite Difference Modeling (FDM) of Heat Conduction
( J: Assume a very huge ,.thermal” circuit
consisting of R, s and C,,’s

GECKO
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Heat Transfer - Physical Processes

Thermal Modeling - Stationary

Thermal Modeling - Cauer / Finite Difference Method (FDM)
Thermal Modeling - Foster / Impedance Matrix

Thermal Model of Multi-Chip Power Modules

Design Examples

RESEARCH®
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Thermal Modeling - Stationary Design Example (1)

+3 U,
Stationary Thermal Equivalent Circuit g L * ¢,
10kW/500kHz Vienna Rectifier 1 i ar s |
. . oy | S | H o LA M %
- 8.5kW/dm3 (air-cooling) %J}% %Ji% 4@% .

GEC K%
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Stationary Thermal Equivalent Circuit

« Analytical equations for rms- and avg-current

Stationary losses

2'I:'V,DF 2'PV,DM 2'PV,DN

TJ,DF TJ,DM TJ,DN
1

?Rth,DN,J-C

N

1
2 Rth,DF,J—C Rth,DM,.J-C

Te

V,module

module
Rth,C-a

N

9

_I_

I:)v = PVT

,module ,

2'(Pv DN "'Pv oM T

9 b

iTambient
2
PVT ?k' fP ) IN +rDS,ON )

2
T,rms

I:)V,DF)

oA |,
Rt ARY
. . ”
S é‘
M = UN
7Y,
IT,avg = IN (%_%M)
[ [1_ 4
IT,rms_ IN\/T_EM
ECKO
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Stationary Thermal Equivalent Circuit J:
C. .
« Thermal grease T3 T
Uy
. . - |N M
« Average junction temperatures J':r .
. ym
PV,T 2'PV,DM 2'PV,DN
r
TJ,DM TJ,DN
Rth,T,J-C %Rth,DM,‘J-C %Rth,DN,J—C
module (HS)
N h,C-a Rth,grease +3 h,S—a
Rica d grease
iTambient Rthagrease o 2{
grease ) Anodule
. module
TJ T Tambient + I:)V,module ) Rth,C—a + I:)V,T ) Rth,T,J—C
GECKO
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Ros(on) = F(T})

parameter: Ip =30 A, Vg =10V

Rps(on)

SPWATNEOC2

0.38
0

0.32

0.28

0.24

600V/47A Si-CoolMOS
SPW47N60C2 (Infineon)

Roson [W1 = (T, /610)2 + (T, /2573) + 1/24.2

0.20 }
/
/!
0.16 g
)4
. ,”1/
0.12 —
A A
98%_ 1 _ A
0.08 =
L typ
- //
0.04 f=F
0.00
60 -20 20 60 100 “C
—

180

Si-CoolMOS: i c.. 0
RDs,onra125°c = 0.14W % *, | U,
Kioovai2soc = 11TMWs/A = *N CM=
2 lyayg =4.78A % L.
2 |1 ms =8.23A r a
- Py ;=83.4W

Uy max = 327V

Poutr = T0kW
All 6 diodes - 34W > Iymax = 21A
2 Py mogule = 117W fo = 500kHz
2 Py Rectifier = 390W U, = 800V

GECKO
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Thermal Modeling - Stationary Design Example (5]

2'PV,DF 2'PV,DM 2'PV,DN

TJ,DF TJ,DM TJ,DN

1
2 Rth,DN,J-C

N[

1
Rth,DF,\]-C 2 R'[h,DM,J-C

V,module =N

Rica Ry grease = 20mm /(1.0 x (26x35mm?)) = 0.055K/W
LT Rypc.a™ute = 0.055 + 3x 0.15 = 0.5K/W
Rih cootmos s-c = 0-3K/W (datasheet]
T = 45°C

ambient

Tc

3xFan éé-hhA‘ce 40/28
- TJ,T =45+117x0.5+83.4x0.3= Optimizea’Al—HS

=45+59+25=104 +25=129°C R, s../"5 = 0. 15K/W

GEC K%
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Heat-Transfer - Overview

 Heat Transfer - Physical Processes

 Thermal Modeling - Stationary

e Thermal Modeling - Cauer / Finite Difference Method (FDM]
e Thermal Modeling - Foster / Impedance Matrix

 Thermal Model of Multi-Chip Power Modules

 Design Examples

GEC K%
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Transient Thermal Modeling - Cauer / FDM Method

Motivation
Transient vs. Stationary junction temperatures
« Maximum junction temperature

. . GATE1>>‘ :Qﬂu-t
- Temperature cycle amplitude 4 % e
 Short-term overload 1

—> Our Goal: Transient temperature
simulation in circuit simulator

Ctht
C=5047e-3

57
Ch2 1
C= 475823
3 54
= .cmz |
E C= 496 506 517
2 |
48
-
[~ Chd ]
’u C=4717e-6
= R IS s s s s
ink 24.79e-324.919e-35.049e-25.178e-25.307e-3
ché
c=1
Jamb
Temp.
T=25
i

& GEC K%
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Two Methods of Modeling Heat Conduction

Thermal Modeling - Cauer / FDM (1)

oT

Co(T)- p——=V[AT)-VT ]+ W(X,t)

ot

are typically used:

Cauer-Network / physical mapping 2
Finite Difference Method (FDM]

Foster-Network / signal matching 2
Impedance Matrix

" T, Ru Ru2 R
ih.o(t) ﬁg—’—g—’—{:}
Cua Cm2 Cns
. | 1>
s .
Raa Rup Rhe

Pn.o(V)

GEC K%
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Thermal Modeling - Cauer / FDM (2)

Cauer-Network / physical mapping

heat generation (Pv)

in the top 10% layer —>Finite Difference Method

of the Si-chip _

---130 um Si e Accuracy €-> Many small elements
_--300um Cu

-630 um Al O3 e Simple model consisting of only a
300 um Cu few cells is needed

DBC

CP(T)-paa—-[ = V[AT)-VT]+W(,1)

T, Rum Rz Rz

| ‘
gll 1
Il I
i1
Il ]-
-l I?

GEC K%
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Thermal Modeling - Cauer / FDM (3)

: _ Cauer-Network / physical mapping
f;:?"claz:r?tiﬁ;e[?neenatrized - Finite Difference Method
heat-conduction equation o Voltage at node (center of element)

represents temperature at this point

e Ground represents ambient

Thermal losses (power) within this
geometric element would be
represented by current injected into
the node (center)

T, R Rn2 R 3

Plh.('")

GEC K%
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Thermal Modeling - Cauer / FDM (4)

Cauer-Network / physical mapping
- Finite Difference Method

One-dimensional heat flow: Thermal step-
response characterizes thermal model

Where to place what kind of elements?

Consider heat spreading!

135
130
125

no heatspreading_ ___ _
//‘—
4
/
/
/ heat spreading _|
// a=40°
// ’//’— - —
/ /// 3D-FEM simulation
/
W
1/‘/ 4’—--_____.________—_,
R geometric model (top)
T T TTI T T IO T T TTI T T TTI
0.001 0.01 0.1 El 10
i1 GECK
RESEARCH
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Thermal Modeling - Cauer / FDM (5)

Cauer-Network / physical mapping
- Finite Difference Method

IW axRtcth  [tLogiydin Optimizing element size and location (defined
0.0285 0.8568 s .
0028543 by center-node) for 1D-dim. heat flow:
0.001
0.856757
T 0.001 e Measure or calculate (FDM) thermal step
0 0.0877 . .
B3 order=2 — t-Log/y Lkl _[o] x| response of a given power semiconductor

(O x-LinpLin @ x-LoghtLin () x-Logh-Log

T e RC-topology is defined and search
algorithm looks for R- and C-values to
match the time-behavior of step response

WCWCL ~COLCUVCIECUL

0.02954333333333333 0.
0.003207507444894101

18 0.0078777509154006¢
19  0.0078777509154006¢
Neuer Startwvektor:

0.02954333333333333 0.
1.3699376536972674E-4
20 0.0078777509154006¢ J

e If R-values are given, they define certain

geometric locations, C-values contain
areas of heat spreading

1e-4 1e-3 1e-2 1e-1 1e0

GEC K%
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—_

0.1

Z, [K/W]

0.001

2, [KIW]

Z, [K/W]

7 0.
E 0.
/j 0.029 0.429 0.4283 0
T T T ITy T T T 7T
0.001 0.01 0.1 1 10
t[s]
7 0.
= 7
3 0.443 0.4433 0.
T (0.029) (0.8573)
/7 0
/=
= 162m
S am [ wn] l :
- (7e-19) (88m)
T T T T ITI T T T 17T ===
0.001 0.01 0.1 1 10
t[s]
7 0.
E 0.
7
0.
=
/7
. 0.
R AL L B R
0.001 0.01 0.1 1 10

t[s]

1 —
8§ —]
6 —]
4 —

2 —
0 T \HHH‘ T \HHH‘ [T T \HHH‘
0.001 0.01 0.1 1 10
t[s]
1 —
8§ —]
6 —]
4 —
.2 /)
N
0= T \HHH‘ T \HHH‘ [T T \HHH‘
0.001 0.01 0.1 1 10
t[s]
1 —
8 —|
6 —]
4 —
2 —
07‘4/\/\ HH\‘ T \HHH‘ [T T \HHH‘
0.001 0.01 0.1 1 10
t[s]

T[°C]of Ty

Modeling Error for Different

Number of RC Elements

116

114 -

112 -

110 -

108 -

106 |

0.74

0.76

t [s]
T; —I

0.78

0.8

D,

Tz_l A p,

GECKO
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Thermal Modeling - Cauer / FDM (7)

th AR) th AQR) th A(L) J Chip.A . .
p e Thermal Coupling: Chip
R L A will heat up the neighbor
th,grease .
TI—:'—Q TC ‘ Cth,A(3) | th,A(2) | th,A(1) ChIpS

e |nfluence of internal
C Rth,HS_BasePIate th B(3) th B(2) th B(1) J Chip_B copper [ayer design
th

'HS{ ._DIDI: I Py chip_8 difficult to describe
T RinHs_Fins ‘Cm,a(s) | s | s . Therm_alCOl-Jpling due to

heat sink might
dominate

R

th,convection

iTambient

Tspm

(1103.9

e Accuracy limited!

T&mperatu re
45.0000

92.0
! - Use full Finite

380-0 Difference Simulation,
e.g. GeckoHEAT

GEC K%
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GeckoHEAT - Heat conduction simulation

FDM - based solution of heat equation
Easy-to-use, very fast

Various boundary-conditions
- Power loss density

__fR|;h,x A (AVAZ)

- Convection boundary
. CBEHBE x=# p <
- Fixed temperature i3y | fEeleleM el e
S v} -

Automatic extraction of gg

thermal impedance network =%

Y7 E

N\ ,”"2 A (AXAY) s

\ n LN =

Az T _ Ax2 ;l;‘:

uuuuu

13 1% s e

GECK
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GeckoHEAT - GeckoCIRCUITS Coupling

. Ti'rm.mﬂ/
. . . Tﬂ.,c,f!um Sy rjm,,,m R rjw,,j, rr) INB g0 T r,,..;..,
« Thermal impedance matrix automatically Yl Yl o vl S Yo vl R 2 oy

. Tyme,2) (t)

generated from 3D-model of Power Module [ s e b aw b

. . o %W%@M%@Fﬁ%ﬁﬁﬁhkﬁﬁﬁw
o Efficient solution within GeckoCIRCUITS . i

.

Rugans Rz Rinnazs '\f Rip a0

I}wml.‘iljm f;..,zmw r,,,;,,,-,ru Tyone, 34) (V- 3+ rloc
« Temperature-dependent conduction & b ?W W

Thne. () (9

: et
switching losses in GeckoCIRCUITS ey oo S5 Mm ,,” *m
PR l Cinrsipi Tore Cinaa ey Coniaza P l Cnfigys
Py () P ‘e ® Preg®

B Circuit Simulator / Uwe Drofenik, v. 7106-11

@ Cu_rechts_1

B Cu_links_1
462

B 563

D s4

052

553

) s54

Wy ns_os2
hs_s53

: hs_s54

Ny hs_o62

‘ hs_s63

g ns_se4

 an_2

B cu_rechts_2

> Cu_links_2

& 042

1
2 rpgwpae0
eI
1 : mre
I 30-FDM / Uwe Drofenik, v. 2006-11 \ E:3 )
b o I
File Edit View Calculate J\\\\\ A v .%wur
()| C330:Model E 2 [awr %
fﬂ' @ Boundary_1 i'
AKuehle \ YV :
g W ;f
7
L ) Paste .
= 9
5] B ANt 3
2
3
4

é WNW5 ______

|

GECK
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Cauer-Network / physical mapping
- Finite Difference Method

Summary:

Physical model (internal nodes, heat flow
into sink) useful for reliability-studies

Physical models can be coupled!

Directly connecting chip model to heat
sink

Internal thermal coupling difficult to
model

Systematic network-setup is difficult

Rth,grease

l—!:l—ﬂc

Rth‘HsiBasePIate

Rina@ Riac) Rina T3 chip.a
— ] I—T—| I—T—| Py chip.a
lCth, AQ) J_Cm,A(z) J_Cth,A(l)
Rins) Ringe) Rins Ty chip.8
o—]| |—T—| Py chip.8

J_th,s(s) J_CthvB(Z) J_th,su)

GECKO
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Heat-Transfer - Overview

 Heat Transfer - Physical Processes

 Thermal Modeling - Stationary

e Thermal Modeling - Cauer / Finite Difference Method (FDM)
 Thermal Modeling - Foster / Impedance Matrix

 Thermal Model of Multi-Chip Power Modules

 Design Examples
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Thermal Modeling - Foster / Impedance Matrix (1]

3;(>’\'
pm 17.7mm

4 Pv.ay (1)

Zy4 Pv.2) (1)

L3y Py 3 (1)

L4 Py ) (t)
300 um Cu

CP(T)-p% = V[A(T)-VT]+W(%,1)

I
)

bl
th,0

R tha

+T

Foster-Network:signal matching
-> Impedance Matrix

a Impedance Matrix:

e Assume heat-conduction equation to
be a linear differential equation

e Apply superposition: Total tem-
perature at a certain geometrical
point is defined by all heat sources

e Model measured thermal impedance

630/4111\/1[203 Zth_ii[t] with equivalent circuit

showing equal step response signals

2 G ECK%
RESEARCH "



0.8 1

0.4 -

0.8

0.4

0.8

0.4

0.8

0.4

no effect

Foster-Network / signal matching

t (T->T1)/P, i
i (T->T1) - Impedance Matrix

>3 = =
=
< t]s _
=] tj (Tl)_zth,T1—>Tl 'Pv(Tl)"'Zth,DHTl 'Pv(Dl)

no effect
} t (D,>T1 )P, T Zth,T2—>T1 R (T,) + Zth,D2—>T1 -R/(D,)
é g = = tj (T->T,)
< t]s]

tj (Tl-->T1 )/PV
V A Tro

tj (Tl">T1 )l'l'
53372 = n »1j (T1)
< t[s] +
'>T1)

} t; (D,~->Ty )P,

I L T T 1

=5=7 =

= ] GECKO
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+

+

+

Tjunc,(2) (t)

Tiunc,(12) ()

P

Tiunc,21) ()

v D

Tiunc,31) (1)

o @

pv,1) ()

»( ) +
_ 'ﬁ Rth,(13),i Tjunc,(l 5 (t) Tambient
+ Ri,(12)i Tiune,a3) ® el i Cn,(14),
‘ Rth,(ll),i TjunC,(lZ) (t) 4}6‘ i Cth,(lS),i pV,(4) Tjunc,(2) (t)
Hd‘ i Cth,(12),i Pv,@3) e > —
Ctn,(12),i Pv.@) o " Rih,(24).i T
+> + Rth,(23),l TjunC,(24) (t) Tambient
Rin,(22), T. (t) _
i ’ June, (23) — 0 Cth,(24),i
Rth,(21),i Tjunc,22) () ISR i Cth,(23), m;( i Tjunc,(3) (1)
Y ; pV,(3) * >
s——® i Cth,(22). . :
Cin,(21), Pv.2) ‘o A, Rih,(34), T
LIUSN s 4 Rth,(33),i Tjunc, (34) (© Tambient
+ Rin,(32).i T. (t) _
i junc,(33) . ‘ Cth,(34),
Rih,(31),i Tiunc,(32) (1) - m)’@ i th,(34),i | 0
June( « > Cth,(33),i Tjunc,(4)
.»—»d‘ i Cith,(32),i Pv.3) e >O+—’
Cth,(31), Pv.2) . '\f Rih (44).i T
N K Rih,(43). Tiunc,aa) Tambient
+ Rth,(42), T. (t) _
" JUnC,(43) J \ C 4 ’
| D s © _ W)’@ + " Cntin
t Jane. >—>d9 Cth,(43),i
Tiunc,(41) (1 p, e Pv,(3)
s th,(42), ©
.ﬁ@ } Cih,(41), Pv.@) 0 Pv.4)
Pv.1 Pv,(3) KO
pv,2) GECK(
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A

combination of two foster models:

* Reliability analysis: Thermal Foster model from power module supplier

 Heating phase: water cooling switched off

 Cooling phase: water cooling switched on

- Two separate foster models obtained from

the temperature measurements:

- ,.Switching” between both models at cooling

phase and heating phase

l'emperature

4

Tune

R,, C,, R, C,, Ry, Cy
- PV(Tl) }j—‘
R, C. Rs, Cs, Ry, Cy

L Py(T))

GECKO
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- Results when combining two foster models were completely useless:

l'emperature

Switching between both models: how to set the initial conditions
(initial temperature of capacitors)?

Simulated temperature transients falling below ambient temperature!?!

| / f ~ 4 t (T—>T,)
(\\f/\\/\\ /\/\ £y £ |
Tambient ~ S\ ‘\f \\ ( '\ e,

.~

['emperature

-
-

Tiunc

. tj (Tl">T1)
How about Energy conservation? W_‘i{:lj—‘
Can we fix the flawed model? Tr,m

/

Idea: Complete heating until equilibrium

-

f-l"
f,d_\#_ua
‘\\\

[ e

[™-

Y

[y

Jump back in time, pre-calculate cooling curve

This is also useless!

> GECKO
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.
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Foster-Network / signal matching
- Impedance Matrix

Summary:

e Network models signal behavior - no
physical model

e No coupling of sub-models possible!

e Heat sink to be included for thermal step
response

e Internal thermal coupling easy to model

e Number of heat sources
(semiconductors) defines order of
thermal impedance matrix

e Systematic network-setup can be easily
automatized

Tjunc,1) (©
- . N H
T ‘ ® Rih,(12),i T '\f* © Rth,(12),i T f ® Rih,(13).i T r\f* © Rth,(14),i *
junc,(11) junc,(12) junc,(13) junc,(14) Tambient
V() i i Cin(11),i Pv,(z.)¢ l Cin,(12).i Pv,3) :J:( i Cih,(13),i Pv,4) ¢ i Cth,(14),i
. Tjunc‘(z) ®
. . K
‘ Rin,(21)i 'kf Rih,(22),i \f Rih,(23),i ’\f Rih,(24),i T
Tiunc,(21) (), Tiunc,22) (1) Tiunc,23) (O Tiunc,24) (© o
ambient
PV, i l Cih,(21),i V) ¢ i Cin,(22),i pv,3) # l Cin,(23),i Pv,(4) i i Cih,(24).i
TJuHC.(S) ®
. . . 0

‘ Rih,(31),i '\T‘* Rtn,(32).i \T‘* Rih,(33),i r\f* Rih,(34),i T*
Tiunc,(31) (1) Tjune,32) © Tiunc,(33) (1) Tiunc,34) (1) Tampient
Pv.1) <§ i Cth (31),i p\,’(z)d; l Cth,(32). Pv,3) i i Ci,(33). Py, 4) i i Cin,(34)i

Tjunc,(A) ®
. . . !

‘ Rih,(41),i 'f* Rth,(42).i \f* Rin,(43),i r\f* Rin,a4),i T‘
Tiunc,a1) (0 Tiunc,2) (1) Tiunc,3) () Tiunc,(44) (©) Tambient
Pv,(1) # i Cih,(41),i Pv,2) :J:( i Cth,(42),i Pv,3) i i Cih,(43),i Pv,4) f( i Cth,(44),i
pv,1) (®) pv,(2) (1) Py, O pv.@) ©
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Heat-Transfer - Overview

 Heat Transfer - Physical Processes

 Thermal Modeling - Stationary

e Thermal Modeling - Cauer / Finite Difference Method (FDM)
e Thermal Modeling - Foster / Impedance Matrix

e Thermal Model of Multi-Chip Power Modules

 Design Examples

GEC K%
RESEARCH \"



Thermal Model of Multi-Chip Power Modules (1)

What if the thermal impedance

Example:

matrix is of high order?

3300V/1200A-Multi-Chip power
module with 36 internal chips gives
matrix order 36

36 transient 3D-FDM simulations to
get 1296 thermal step responses?

36x36 = 1296 networks to be modeled
and connected?

If each network is 3-stage, the total
node number will be 3888 >
simulation effort of the circuit
simulation might be increased by a
factor 38883 = 59 . 107

J 9
-
\

100

‘!

OO0

O

— 1

=
e

OO000C

T’ th,(33),1 ’\f*
Tiunc,(33) (1) junc,(34)
Pv,3) i l Cin,(33),i @

REsEARc%



Thermal Model of Multi-Chip Power

Pts. | T[C] | pts. | T[C] | pts. | T[C] | pts. | T[C]
s11 | 114 |s21 | 126 |s31|128 |s41 | 127
s12 | - S22 | 124 | s32 | 129 |s42 | 124
dll | 64 d21 | 68 d31 | 66 d4l | 66
di2 | 63 d22 | 68 d32 | 66 d42 | 65
s13 | - s23 | 129 ([s33 | 129 |s43 | 129
sl4 | 122 |[s24 | 131 |s34 | 134 |s44 | 133

Stationary temperatures measured via infrared

Pts. | T[C] | pts. | T[C] | pts. | T[C] | pts. | T[C]
sl1l | 115 |[s21 | 122 |s31 | 117 |s41|120
s12 | 116 |[s22 | 124 |s32|118 |[s42 (121
dll | 58 d21 | 66 d31 | 66 d4l | 69
dl2 | 59 d22 | 66 d32 | 66 d42 | 69
s13 | 117 |[s23 | 124 |s33|118 |[s43 (121
sl4 | 116 |[s24 | 123 |s34 | 117 |s44 | 120

Stationary temperatures via 3D-FEM simulation

M

Modules (2)

|

EhE] 5 [=]

12901

sia| o [fs2t|m EH o o
T | | = g |
k| 2 @ﬂ s 2 [lsa2 "Ti_zrl z “562
T =m = < ) me— < |'
‘dll“ o _d21_H d31 m57[d41' -|T|_d51‘ ded
i i s he—y
__ ‘:;‘i ES) __ izl 3] __ ':;’i
s14] < 'sz4l ” < I @ <
‘ u AIS\i__(_;-baspIate

150
140
130
120
1110

1100




Thermal Model of Multi-Chip Power Modules (3)

3D-FEM model of the 36-chip
power module

solder & silicon

(A=130W/K'm, d,5pr=570um / d,;5r=520um)

2D - heat source

copper (A=388W/K:m-1, d=300um)

solder & copper & AIN-plate
(A=140W/K'm, d=1.5mm)

=\ |SiC-plate

AN
grease (A=1.0W/K'm-1, d=50um)

SR ) PP —— Al-cooling plate
(A=205W/K'mt, d=10mm)

cooling plate bottom:
heat transfer coefficient (h = 4400W/K-m?)

e Water-cooled heat sink modelled as plate with heat transfer coefficient A [K/Wm]
as boundary condition

e Approximately 1.000.000 elements

R 4480

V ,total

-1 1
AT -
h= (—5 AHS,A,SiCpmj = (60 20 -(0.186-0.138)j — 4400 K

GEC K%
RESEARCH \'\



Thermal Model of Multi-Chip Power Modules (4)

750177

3D-FEM model of the 36-chip power module

70 e Simple 2D-heat source as thermal semiconductor
model gives high accuracy (temperature error = 5%)]

X155 Y: 192
Index; 85.76
RGB:1,0375,0

X 155 Y: 200 X167 Y: 200
: Index: 74.93
RGB:1,0875,0 =
[}

+85.5419C

X142y 212
Index: 82.35

X170 Y: 216
Indesc 8581 Index: 67 06
RGB: 1,0.375,0 RGE: 0.75,1,C
(]

+83.0311C  ,97.0462 C

+86.8068 C

*
RESEARCH ? ,ﬁ\



27
26
25
o 24
- 23
22
21
20

IGBT s32is heated by a thermal power : =
of 168W giving transient temperatures

s22

s21

513,514,524
s11,512,523

U

1 10
t[s]

sb2

100 1000

s51

$61,562
s53

s54

IRN

&

]

563,564

T \\\HW‘ T \\\HH‘ T \\\HH‘

10 100
t[s]

1000

at the centers of all 36 dies

T[°C]

T[C]

80
75
70
65
60
55
50
45
40
35
30
25
20

34
32
30
28
26
24
22
20

s31

| ;\ $33,534,54i

001001 01 1 10 100 1000
t[s]
d31
| d32,d41,d22,d42
| d21
hEmY
_ [
ﬁ
T \HHH‘ T \HH‘ T \HHH‘ T \U\\\\‘
0'1 1 A IaY 1NN 1NnNN
Tjunc,(l) (t) Zl,l

Tjunc,(2) (t) 22,1

Tjunc,(35) (t) Z35,1
Tjunc,(36) (t) Z36,1

of the
36-chip power module -
Thermal step responses

-60

-50

Z1,2 Z1,35 Z1,36 pV,(l) (t)
Z2,2 Z2,35 22,36 pv,(z) (t)
: : : : + Tambient
235,2 235,35 235,36 Py ,(35) (t)
236,2 235,36 236,36 pV ,(36) (t)
GUECUNKNW
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Thermal Model of Multi-Chip Power Modules (é)

& Circuit Simulator / Uwe Drofenik, v. 2006-11

SOftware—Implementation Of File Edit Simulation View Tools Help Stopped after 4220129 [s]
transient thermal simulation -

e Virtual Design Platform for Power
Electronics PES / ETH Zurich

e Thermal Impedance Model automatically
generated from 3D-Model of Power
Module (3D-FEM)

e Temperature-dependent Conduction- and
Switching Losses

e Losses available for thermal circuits

RESEARCH

-



Thermal Model of Multi-Chip Power Modules (é)

Simulation Results i
- . . . Data Analysis
vy Circuit Si a /f I ik, v. - 2
[JC cuit Simulator / Uwe Drofenik, v. 2006-11
File Edit Simulation View Tools Help |Stopped afler 4220129 (5] I (Graph [Data |
- - . . . - 5 . . . . I’ . . . . . . - . s . - . . . . . . 1' ‘7619
501 S0l -
PR PR~ Pvghp L= R R S I | L
L e 2 s01 86714 i /\\ /\
: \\\I\\'\ SO v o |l 7 : NI TV Y
L isha 504 STIS1 C
. 3 « o+« o+ v« . . |Pvchip e A I B
o Ce e [Py op 2B 1505 [TEmp Jteme-S0L ax . =f c
e a s E e nn s 588 7 o|PECRRELS 1506 IrEp |texep_DOI — 286,905,
. - |Pv_chip S07 —SP? . 5 3 B % & B +y ] I r
) l\ ) A —ch}}: ;gg % : ‘.IOI'_,T- l.l‘IN- : E 0 T T T T T T T T
AV RNZANALAWNLY B o 8o . chip = L= "+ .. s vy
. l 4 : ~ .+« . . |Pvchip S10 _S.w. . |voLT E:O'-!T. — 1] 1] 0 0 0
S D | T T : F
; ; N DN -+~ T (514 == 3013.404
e [Fremp 1515 |Iscore]|- - - ax ] C
. l 4 . .« « « « .|Pv chip 516 _S.lﬁ. . £ = o e 2'[]?20’?6
) O -1~ i s aY 4 L
. o pv:h'p 518 :5:13. =] : - 2 A ! ! u
L ch_ﬁ <o Sio [ SCOPE / Uwe Drofenik, July 2006 =10] x| B
e 71 520 i r
' [] . . . . N [ =< T T T
e AR AR S [P chp 92 521
e # RN - S7H (7] 0 0 0
el e (52
\J ' - [FempE (524 r/{__
eu IS0} Dol C
AL P | D01 | L
U g |yl [Doz
o L. . [P chp [RE2 | D03, I [/J 1 N
- |Pv_chip D04 —1:0)04-
- [Pr enip]R% [Dos B - -
 [Pr eip]R08 D06, I
a 1811 Do C
. . |Pv }uE e B
M e MR ved MR M @ @ % B OB B KN K Pv:}\ip D03 _QUS‘ T T T T T
R SV |33 L, | D09,
L1510 D10 0 0 0
lgate |- pigaste |- g{gate f- ¢fgate |- - - [Pvchip Tl iy
{gate |- {{gste |- {{gste |- f{gate |- - -[Pvchip | D11
e 1F) D12
|gate |- +{gate |- tgste f- r{gate |- - -|Pvchp =
i 2| 0 05 1 15 2

2 seconds = 20 minutes on a modern PC
[dtSim = ZHS]

GECK
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Thermal Model of Multi-Chip Power Mo

Software-Implementation of

transient thermal simulation

L

[253D-FDM / Uwe Drofenik, v. 2006-11
File Edit View Calculate

3 3D-Model
@ Boundary_1

> Al-Kuehler
P alsic
 Paste
B AIN_1
 Cu_rechts_1
& Cu_links_1
 d62
P 63
P s64
D ds2

Fladsim

dules (7)

ol
Select Algorithm: | Gauss-Seidel (relax. 1.95) ¥

Conditions for Stop of Iterations:
[_] Minimum Flow Balance Error [1 DE-10 l—
) AND
[v] Minimum Number of Iterations

@ OR

(_) Stationary

tSTART =
tEND =

0.0
1.0

Define dt

) Transient

(® Build RC-Model | Calc. RC-Model

Start Calc. Stop Calc.

n
01

D 553

P s54
Ry hs_ds2
Wy hs_ss3
Ny his_ss4
Wy hs_d62
Ny hs_s63
Wy hs_s64
P AIN_2

@ Cu_rechts_2
 Cu_links_2
£ d42

GECK
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Heat Transfer - Physical Processes

Thermal Modeling - Stationary

Thermal Modeling - Cauer / Finite Difference Method (FDM)
Thermal Modeling - Foster / Impedance Matrix

Thermal Model of Multi-Chip Power Modules

Design Example

GECKO

RESEARCH®



Air-Cooling for a 10kW/500 kHz Vienna Rectifier 1

10kW Rectifier with Power Density of 8.5kW/liter

Power PCB, dedicated Ceramic Capacitor PCB,
EMI filter on 3 daughter boards

Current Sensor

Heat Sink

Chi 100 A% [iF 10.0A < Md.00ms A Chd J 90.0V]

Ch3[ 10.0 A< (Chd[ 250V Stacked Filter
Caps
Uphase_23ovrms' Iphase_‘l"-)'B’A‘rms Boost Inductors
U,,=680V, P, =4kW

e THD=4.75%

GEC K%
RESEARCH 1



Air-Cooling for a 10kW/500 kHz Vienna Rectifier 1
e Heat sink structures can be ::?::
calculated analytically!

e Systematic optimization possible
without 3D-CFD FEM

9999999

Thermal Design for 10kW 3ph Vienna
Rectifier employing air-cooling / light-
weight / TU-heigth: Calculate heat sink
surface, avoid semiconductor model

88.6102

81.3418

74.0734
66.8051
59.5367
52.2683

44.9999




Air-Cooling for a 10kW/500 kHz Vienna Rectifier 1

SanAce 40x40x28/50dB SanAce 40x40x28/50dB
heat sink: L=60mm, b=c=40mm heat sink: L=60mm, b=c=40mm
Al with 4= 210W/Km Cu with Ap= 380W/Km
n =16, 10, 14, ...., 42, 46, 50] n=1[6, 10, 14, ...., 42, 46, 50]
1 1

R A

VRN Za
Wl

» t Sensor 5

Cat Sink
| ; Fans

| | | 0 | | | |
0.6 0.8 1 0.2 04 0.6 0.8 1
J(b/n) k = s/(b/n)
sub-optimum: sub-optimum:
n=20 / k=0.60 n=20 / k=0.65
s=1.2mm/t=0.8mm s=1.3mm/ f:0.7mm
Ripsup=0-34 R =0.30

Systematic optimization of the heat sink via analytical equations

GEC K%
RESEARCH Y




Kiahler-Temperatur direkt unter dem Halbleiter [°C]

1
144

142
140
138
136
134
132
130

Nennbetrieb:
320W total

T, yax = 128.5°C

—» |

I

128
126 —
124 —

122

950W total fiir 1s

600W total fiir 30s

10kW/500 kHz Vienna Rectifier - Transient Overload

bicekuner: - Transient FEM-simulation
(sowohl oben als ~=~* ==+~ - Temperature

Punkt (-118/10.5/

132561
!: 126.780

120.980

115.179

109.379

103.578

97.7772

91.9766

86.1760

1920

1980 —

2040 —

t[s]

2100

2160 —

Losses at rated operating point: 320W total
600W (180%) for 30s - +20°C at sink / 950W (300%) for 1s - +4°C at sink

> Rth,JS_ 10-247= Rinsc +Rin paste = 0.7 +0.15=0.85

Worst Case: T, = 155 +600/24*0.85 = 155 +21 = 176°C

GEC K%
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Heat-Sink Modeling

Forced Air-Cooled Heat-Sinks

Calculation of R, based on
- Geometry
- Material Constants
- Fan characteristics

Optimal design, Cooling System Performance Index (CSPI)
Manufacturing Limitations?

A Practical Software Tool

GEC K%
RESEARCH N



Motivation

 Increasing the converter power density [kW/dm?3]

« Where are the theoretical limits for the heat-sink performance (Rth)?

« What about manufacturing limitations? Sparse Matrix Converter
P= 6.8 kVA

Efficiency = 94.5%

Power Density = 3kW/dm3

Power

PCB/Control

Typical
(CSPI=5)

EMC Input
Filter
20%

~——
~SEE Y-

Optimized

(CSPI=20) GECK%
RESEARCH Y




Geometry:
- Number of Fins (n+1)
- Length/Width (b,c)
- Baseplate thickness d
- Fin spacing
- One-sided/two-sided

Fan characteristics
- Input/Output power

- Volume flow / pressure drop curve

Material: Copper and Aluminum

Material Thermal In-plane Specific
Conduct. CTE weight
[W/mK] [ppm/K] [kg/m’]
Aluminum 210 (isotr.) 23 2700
Copper 380 (isotr.) 17 8930
Diamond 2200 (isotr.) 2 3500

——1—power module A

n=>5

heat s

400 —

300 —

200 —

APeay [N/m?]

| |
<

0.00676 \

ink

0.002

0.004 0.006
volume flow [m?3/s]

GECKO

0.008

RESEARCH

0.01

|
N:\power module B

— 0.8

- 0.2

A pCHANNEL

0



Changing Heatsink Parameters - Optimization

Heatsink baseplate thickness (b])
- Heat-spreader to avoid hot spots
- larger bincreases thermal resistance

 Finlength L

- Increasing L - lower A,

- L too large: Fan pressure drop not optimal <=
 Finspacingratiok=s*n/b d:;i__“z_5 L

- k = 1: no air flow possible (pressure drop)
- k = 0: fins too thin, no heat conduction »t]e
- n larger: total surface increases

- k + Fan determines operation point

Material with better thermal conductivity

-




A Heatsink Model (1)
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A Heatsink Model (2): Air-Flow

Air-Flow equations: distinguish between

laminar and turbulent flow (Reynolds number]

Aplam(v) -

A pturb (V )

Empirical equations: calculation of the air
pressure drop in the fin channel

48 ppr Var L
n(s-c)d;
;:(C: IOAIR 2(n(s c))
(0.79 - 1n(n(s+c)v ) — 164)

A pFAN [N/mZ]

400 —

volume flow [m3/s]

k ) ApFAN (V) - Aplam (Vlam) _)Vlam — I:zem,lam < 2300 ‘?

2V
N(S+C)Vr

— 0.8
A pgay (datasheet) R
\
300 "\ — 06
\
\
\ PMECI—},OP 044 g
_ )
200 — \ TIN L 04 s
~ - \ \ <
- N o
A\
o\
i operating \1 |
100 point - = 0.2
A Pranop= 68 0 (WA
// \; Pcrannes
/ 0.00676
0 \ \ I — 0
0 0.002 0.004 0.006 0.008 0.01



400 — — 0.8

Fan Datasheet: A Py, (datasheet) N
pressure-drop / volume flow SN
’ — 0.6

Dependent on fin spacing ratio \\\

= [S n] / b PMECI-},OP: 0.44 g

- \ -
Operating point: intersection of \\/’ \\ v [ 04 :
channel pressure drop curve and B N a
fan pressure drop characteristics operating \\ | o
oint o
Operating point typically close to D \\\
the maximum of air flow mechanical \Q A Perane,
power curve 0 ‘ ‘ 0.00676 0
Empirical equations for turbulent flow 0 0002 Vo,ﬁ;ggﬁ,owo[-gﬂz] 0008 0.01
channel pressure drop:
2
0. (V)= L 2sc Par %(n(\gc)) h:M
turb
(0.79-In(; 2, ) —1.64)° d,
Ny (8:(0.79-In(Re,)~1.64)°)}"' (Re, ~1000) Pr 1+(d_hj2/3
T 1412.7,/{8-(0.79-In(Re, )~ 1.64)°)} " (Pr*® 1) L GECKO
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n=34 L
n
0.8 L \ %

W o

|

1

|

|
o=

o
o

sub-optimum:
n=16 / k=0.60

Ry [KIW]

0.4 s=1.5mm / t=1.0mm

» :
e
\ 7 Rth,sub:0'30 1
L x b x c= 80x40x40mm? X optimum:
Al with A= 210W/Km VF% /' k=0.65

s=1.0mm / t=0.54mm
n=[6, 10, 14, ...., 42, 46, 50] Ry, ;=0.26

0 | | | \
Al (A=210W/Km)
0 0.2 0.4 0.6 0.8

k = s/(b/n) R opt = 0.26K/W
GECKO
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Example: Copper-Heatsink

< I:)V %
d} [ n=5
1 p . »>ltle
n=
0.8 L \ n=6 i E
' e el B el ol el
———ph—»
S 0.6
E sub-optimum:
— / n=23/ k=0.75
= s=1.3mm/ t=0.5mm
o 0.
0.4 Ripsip=0-23

L X b x c= 80x40x40mm?3 optimum:

Cu with A= 380W/Km \/n=28 / k=0.70
— s=1.0mm /t=0.43mm
n=[6, 10, 14, ..., 42, 46, 50] Ry . =022

0 — | | | | |

R

0 0.2 0.4 0.6 0.8 1 Cu (A=380W/Km)
k = s/(b/n) Rin.opt = 0.22K/W

GEC K%
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spacer

Practical Considerations

« Material cost: Copper (10$/kg), Aluminum(2.5%/kg)
e Weight: Copper (8.9 g/cm?3) Aluminum (2.7 g/cm?)

1

« Manufacturing procedure and costs =3
0.8 — Lt
 Availability of different thickness metal plates \\\\\\\\5‘) o
g 08 R
. . . N Su_-optlTum.
e Consider sub-optimum design = o ) <=Lammtcosmm
' Runsu=0-23
e Exam p le: (L: X b_; c= 80x40xd0m: = optimum:
u with Ap= 380W/Km n=28/k=0.70
n=1[6, 1o,h14, o 42, 46, 50] \/;:1.022)%t=0.43mm
0 | | | | 5
Fan: SanAce 40x40x28mm/50dB, b=c=40mm, 0 02 04 06 08 1

k = s/(b/n)

Heatsink: L=80mm, Agy,p= 32cm?, Vol g = 0.22dm?
Al with n=16, s=1.5mm, t=1.0mm R =0.260 (R

th,exp™

Cu with n=23, s=1.3mm, t=0.5mm R =0.22 (R

th,exp™

= 0.254)
= 0.240)

th,theory

th,theory

GEC K%
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All previously discussed equations implemented in a software tool

Very easy to use, Wizard-based specification of heatsink geometry,

materials, Fan, etc.

Calculation of equivalent thermal resistance R,

Optimization of heatsink parameters (number of fins, channel-width, ...)

Practial considerations included: Fan database, Material database

CoolAir - Module Selection

Heat Sink Optimization of the Cooling System for

irealistic Design employing commercial fans

fTheoretical Optimization of the Cooling System
Performance Index (CSPI) employing simplified
equations. (CIPS '06)

[Theoretical Optimization of the Cooling System
Performance Index (CSPI) employing detailed
equations.

About || Exit |

Start

Start

Start

RESEARCH
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«CoolAir» - Design Wizard

) CoolAir - Wizard

" Heat Sink Specification i Fan Selection | Summary

Heat Sink Type:
@ lone-sided | | 1

8

() two-sided

Heat Sink Geometry:

Achip: 3200.0

Heat Sink Production:

Max. variation of t: %

=1|IFX
Heat Sink Material:
® Al v New
Alsotr.: 210.0 W/(m:K)
Cp: 24.2 J/(mo™ "
p: 2700.0 kg/m? Fan Model:

O A W/ (m-K)

Avgerage Channel Temper.

oo fd -

i

-2

40.0mm, 10.0mm.
40.0mm, 10.0mm.
40.0mm, 10.0mm.
40.0mm, 10.0mm,
40.0mm, 15.0mm,
40.0mm, 15.0mm,
40.0mm, 15.0mm,
40.0mm, 15.0mm,
40.0mm, 15.0mm,

Sanyo. 109P0405H902, 5.0V, 0.8W.
Sanyo. 109P0405M902, 5.0V, 0.55W,
Sanyo. 109P0412HS902,
Sanyo, 109P0412M902, 12.0V, 0.72
Sanyo, 109P0405H702, 5.0V, 1.4W,
Sanyo, 109P0405M702, 5.0V, 1.05W,
Sanyo. 109P0412H702,
Sanyo, 109P0412M702, 12.0V. 1.14
Sanyo. 109P0424H702,
40.0mm, 28.0mm, Sanyo, 109P0405F3023, 5.0V, 1.4W,
40.0mm, 28.0mm, Sanyo, 109P0405H3023, 5.0V, 3.4W,

<] i ] [»]

Filter:

Power: BEIT w
Noise: [F[=]2_] e
Manufacturer: |Sal

Model:

Static Pressure (N/m?

75 ko
e
50
25
i i B
il ~
0,000 0,001 0,002 0,003
Air Flow (m3/s)
Details J { New Fan

GECK
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«CoolAir» - Optimization Results

Fast and easy calculation of Ry,
Optimization of fin geometry

Easy selection/characterization
of sub-optimum designs

2,251
2,00
1,751

1.50 1

& 1.001
0.75-
0,50-

0,251

0,00

020 025 030 035 040 045 050 055 060 065 070 075 080 085 090

K = s/(b/n)

Optimum (Green):
n 34

k = 0.85

s = 1.0mm

t = 0.1714mm
Rth = 0.4514K/W

0.9028K/W (per side)

Suboptimum (Blue):
n 16

k = 0.56
s = 1.4mm
t = 1.0353mm
Rth = 0,5814K/W
1.1628K/W (per side)

Production (Red):
n 16

k = 0,56

s = 1.4mm

t = 1.0mm (% 8%)
Rth = 0.58K/W

1.16K/W (per side)

GECK
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Heatsink design: Summary

o Set of empirical equations describes forced
air-cooled heatsinks quite accurate

 Gecko-Research offers a practical software tool
for the design of custom heatsinks

e Optimization might reduce volume by factor
of 4 or more (theoretical minimum)

* Optimum-Design often diffcult to manufacture
—=> Sub-Optimum design might be sufficient

r
’Ill l‘
£

GEC K%
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Electromagnetics Simulation
using the PEEC Method

GeckoEMC




GeckoEMC - Partial Equivalent Element Circuit Method

M
. ijmebILb
« Electromagnetics of Layout (PCB, Bu.sball“s, ,-"_Lpﬂ b= O &_ﬁ;
IGBT modules represented as huge circuit: -
resistances, (mutual) inductances, capacitances 1
* Very intuitive approach for EE L %f: Py Z—ﬁL% ;__LI
» Fast, robust, easy-to-use L Ll L L
armrcmnd(alnr Simulati Hel) ;IEIEI
LEE Xe# D B hoo-r [cromecon
N § R eensozing I oo @ o o p s
-+
o d
- P'—+Y ~AT l Is
- dt _
= d
N -A -(R+ LH) \Y V,
&2 bar_ 1171
&2 bar_1130
e

Modified Nodal Analysis (MNA)]
formulation of EM problem

orl:

inp
analysis type: O Transiem (@ Frequency

sample points start stop

[ 10 [ ssooo0] [ 700000 He

Sample points
O linear ® logarithmic

Ok Apply

2 bar_974 v

|| cancel
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GeckoEMC - Comparison to Finite Element (FEM]

FEM, FDM PEEC {%@1

T TY

v

« Easy material modeling (u, €] Circuit representation of EM

* Fine tetrahedral mesh required e Coarse mesh possible (dependent only

e «Vacuum meshing» (huge matrices) on skin-depth)

 Boundary conditions required * FDand TD simulation

. Connection to circuit solver? e «Natural» connection to circuit solver

§?
s
]

AR N

RESEARCH

Maxwell3D: 1 h 20 min GeckoEMC: 30 sec GECK%



Interconnection Modeling

 Performance Evaluation of Simulation Methods and Tools for
Analyzing Electromagnetic Effects in Power Electronics
Interconnection Systems: Bus Bars, PCBs, and Power Modules

e Comparison of different electromagnetic solvers (FEM, PEEC]
- Simulation performance (CPU, memory)
- Result accuracy vs. measurement results
- Usability issues

: Emitter highside
Input capadtors Collector low side

Collector high side

GEC K%
EEEARCH



Interconnection Modeling

) e Extraction of relevant

parasitic inductances

Collector b)

Gate connector

* Frequency-dependency

Aux. emitter

e Mutual (coupling)
inductances

*  Which depth of modeling
level is required?

Emitter

B ﬂ-u‘%ﬂ\ Z:|

e e ot

p """'-"ll

uir'll'.ﬂA i lm;h'
_ i~ ) e y

GEC K%
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FEM model of IGBT Power Module

* Parasitic gate-auxilliary
emitter inductance (L.s~ 90 nH)

 Base-plate reduces inductance
significantly (40 nH at 1 MHz)

 Consider Skin-depth in baseplate

« Asymmetry high side / low side
switch

current distribution at f = 10 kHz

f=1MHz

GECK

RESEARCH




GeckoEMC - Complete Model of Infineon IGBT module




GeckoEMC model of EMI filter - Toroidal Inductors

o Difficulty: permeable material

modeling was not available for DM, DM; GeckoEMC oM, CM, GeckoEMC
PEEC method Inductor PEEC Model Inductor PEEC Model

e Solution: PEEC - boundary
integral coupled method

e Very intuitive approach

B ——" ey - — 10, ; ;
=—PEEC SIMULATION ——PEEC SIMULATION
== MEASUREMENT =='MEASUREMENT

Magnetic Surface Currents
= i '
_5, - . -3 -

a) L b) ) % 10 15 20 25 a0 3
’ CM winding arrangement '+~ _DM winding arrangement #magnetic loops
10' 10° 10° 10’ 10° 10° 10° 10 Excitation Currents
f[Hz] f[Hz] v v ' 2 -

10’

TR’ nowinding ' "E"M'agnetic Surface

' T} —Current Loops

— PEEC SIMULATION
-~ MEASUREMENT

?W'mding 2

E ' \ A KMi,¢=M0|l0Xln|
g1 5 10 15 20 25 30 35 —
- # coil turns 7 Kyig =M, ’i(p xiy

GECK
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GeckoEMC model of EMI filters - Capacitors

ESR ESL C

a) — —Em—— p)

PEEC cell
ESL, ESR

PEEC nodes

PEEC current
filament path

Zc = Vc/’s

=}
W .70}

&
2

-90
1

thickness = 3.5um

—PEEC SIMULATION
— MEASUREMENTS

\ s EQUIVALENT ELECTRICAL MODEL

N

10 10 10 10
f [Hz]

GEC K%
&ESEARCH



GeckoEMC model of EMI filter (1)

0
—MEASUREMENTS
§ - | —PEEC SIMULATION
-20 \\ A ““““ IDEAL + CAP EQ. MODEL H
. A
0’) _i__ _L : ! = 40
C3cmi| Llcm T Cdcu : ’ o
L) X C1poms i Lem C2omi-.. S A
__C1nmz chﬂm ~. Clemr b = -60 y
== g
.3_4-%, c) & 3 Copper (ground) s \ / ; \/
| L2em ) plane g -80 \
Cleu] TC2om AY 2 V
. -100
-120 L P L .H..ix"v L NI L PP
10* 10° 10° 10’ 10
f [Hz]
0
—MEASUREMENTS

—PEEC SIMULATION

20 f\ : ~—IDEAL + CAP EQ. MODEL

Single-stage single-phase
EMI filter, CM Inductor

Insertation Loss [dB]

tCry

-120 e
10 10 10




GeckoEMC model of EMI filter (2)

1

C3cmr|  Lloms | Cdcmr
.

_|CTomt 1 C2pm1

a) c1 CM:T T C2cmy

Single-stage single- phase
EMI filter, DM Inductors

Insertation Loss [dB]

C%pper (ground)

20 \____'__/A
I\

—MEASUREMENTS TRANSFORMER 1
MEASUREMENTS TRANSFORMER 2

—PEEC SIMULATION H

----- IDEAL + CAP EQ. MODEL

-60

-80

plane

Insertation Loss [dB]

-100

-120

-140

—MEASUREMENTS TRANSFORMER 1
MEASUREMENTS TRANSFORMER 2
—PEEC SIMULATION

**** IDEAL + CAP EQ. MODEL
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GeckoEMC model of EMI filter (3)

Power factor correction
(PFC) input filter stage

—MEASUREMENTS
—PEEC SIMULATION
***** IDEAL + CAP EQ. MODEL

Insertation Loss [dB]
s 4 .

-120

-140
1

e GEC K%
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Model Order Reduction

How to combine
different Simulation
Domains?




Finally, we want to include thermal models and
electromagnetic models (parasitics) into a circuit simulation

 Model complexity is a computation performance issue!
e Typical: Thermal or EM solver contains > 10000 cells

e Circuit simulation: dt =100 nsec, T =1 sec

—> This is impossible to solve together

e Our future solution approach: Model Order Reduction (MOR]

EMI
Simulation
Thermal Solver
(FDM)
Circuit Electromagnetic
Simulator Solver (Parasitics)

Cooling System
(Heatsink)

HF Magnetics
(Losses)

GECKO

RESEARCH




Original linear dynamic system:

dX(t) Example thermal FDM model:
C = —Gx(t)+ Bu(t) C = Capacitance matrix
G = Conductance Matrix
T Bu/t/= Excitation (power input,
y(t) =L x(t) P P

boundary conditions)
y/t/= output function

Goal: find a smaller linear system x/t/= internal model states (temperatures)

~ dX(t) =~ ~
C = -GX(t)+ Bu(t —
dt (t) (t) 1000OI A)_(’ — b 100 I Ared )—(>
y(©)=L"X(1) — —
10000 100
With the following properties:
 Number of internal states: m>>n
 Reduced system is a good approximation to original system
o Passivity of models must be preserved!
GECKO
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« MOR strongly related to eigenvalue computations

e MOR is about projection of the states x to a better basis:
Remove all unnecessary information from the model, example:

Port 1

®

>

V™

/

Current distribution (= basis functions)
basic principles for MOR:

S

Port 2

=

State value difficult to reach

* ,Krylov-Subspace” methods (from iterative matrix solver theory)

e Truncated Balanced Realization (TBR, from control theory])

GECKO

RESEARCH |



o

Pade-Approximation of transfer function H©) ~H,(9)= Ps) _ & +als+a2522+...+aq_ls
S 1+bs+bs +..+h s

Why Pade? Q) 140s+hs +.+h,

- Approximation methods: Taylor, Lagrange Polynomials, ...
- Pade: approximate H/s/by order-limited rationale function

i approximation

) .
' 1ooooI AX = b

«—>

10000

PEEC model 100 I A% =D
- «—>
Frequency 100

Krylov-subspace: calculate new basis in A (A,b) = span{b, Ab, A%Db, ..., A™b}
Advantages: Very efficient, also for huge matrices
Disadvantage: Passivity of approximation?

Not the very best approximation, no error bound available! 9 ECKO
ESEARCH



Method well-known in control Theory

Method based on ,,Singular Value Decomposition™ (SVD)

M=UXV"

Idea: States not easy to reach or easy to measure can be neglected

J

Controllable Observable
u(®) Fo—1x(@), | x(0) st ()
‘ Y

u(t) q(t) Y t)

Disadvantage: numerical complexity of A8 :

- not efficiently applicable for large systems!

Advantages: very compact reduced models, error bound available

PIAT L AP 14 bbT =

GECKO
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Method well-known in control Theory

Method based on ,,Singular Value Decomposition™ (SVD)

M=UXV"

Idea: States not easy to reach or easy to measure can be neglected

J

Controllable Observable
u(®) Fo—1x(@), | x(0) st ()
‘ Y

u(t) q(t) Y t)

Disadvantage: numerical complexity of A8 :

- not efficiently applicable for large systems!

Advantages: very compact reduced models, error bound available

PIAT L AP 14 bbT =

GECKO
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* Krylov: fast, but not optimal solution

« TBR: slow, but optimal solution 1°°°°I A¥X =b
e |dea: DY
« Combination of both methods ﬂ
* Reduce model size with Krylov approach 1000 I A5 — b
e Execute TBR method on reduced model, DN
to obtain a further (optimal) reduction ﬂ
w] A"IY =b

GECKO
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Sheldon Tan, “Advanced Model Order Reduction Techniques in VLSI Design”, Online ISBN:
9780511541117, 2007

e A Odabasioglu, M. Celik, and L.T. Pileggi, "PRIMA: passive reduced-order interconnect

macromodeling algorithm”, presented at IEEE Trans. on CAD of Integrated Circuits and Systems,
1998, pp.645-654.
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Losses in Inductive
Components

GEC I(sJE
EESEARCH



Losses in High Frequency and High Power Inductive components,
Basic strategy:
. (E-type cores) via Reluctance models

Impact of peak-to-peak flux density 5,
frequency 7, DC premagnetization A, temperature 7, core
shape, minor and major loops, flux waveform, and material

. including formulas for round
conductors and litz wires, each considering skin- and proximity
effects (influence of an air-gap fringing field)

GECKO
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Inductors and the Reluctance model

/ (D:G/Rtot Rcorel
I/
—
6=N1¢ <> |ii| Rairgap
Rcore2
—
E-Core Reluctance model
I
C d o« e i
on uct1v1ty X ﬂ Rci
@N[
Resistance
R=1/xkA R =1/uA -[]R_ I = o] 1Q_[]_
Volt P, P I g
oltage . .
V = [Eds V, = [Hds R,
] ] I
Current / Flux - - o
t | =[] JdA ® = [[ BdA

C K%
RE EARCH



« Steinmetz Equation SE
P=kf*B’

- Only sinusoidal waveforms (= iGSE).

. iGSE (improved generalized Steinmetz equation]

T a
P, =ijki 4Bl A at
) dt

T

- DC bias not considered
- Relaxation effect not considered

- Steinmetz parameters are valid only in a limited
flux density and frequency range

GECKO
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Core losses - Modeling Approaches (2)

Relaxation Losses

A / |GSE
AB / h .;\’2 »

E [W]

7 T T T T T
6 v Y
= | .
st " i2GSE
44 —-AB =50mT, 1= 10us -
S.E_ ‘ -5-AB=100mT, £, = 10ps | |
al ~#AB =100mT, 12:5;15 |
1r —k *
0 1

T 10 20 30 40 50 60
1, [us]

Loss increase in the zero voltage
phases (where dB/dt = 0)!

o

1% |dB
P =—|k|— (AB)Y “dt+
\% T'([ I‘dt ZQrI rl

GEC K%
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Core losses - Modeling Approaches (3)

4

“©-AB =50mT, T=40°C, f= 100kHz
& AB = 100mT, T=40°C, /= 100kHz
Tl —=AB=150mT, 7=40°C, /= 100kHz

10"

-©-AB = 100mT, T=40°C, H,,. = 0
+-AB = 100mT, T=40°C, H__ =50A/m
-5 AB =200mT, T'=40°C, H =0
10?7 AB = 200mT. T = 40°C, Hyyo, =S0A/m

T

(ABY ™ dr+> 0,P,
I=1 j

10 20 30 40 50 60 7
H, . [A/m] ,

Is the i2GSE the best model we can apply?

T o
Pv—ljki@
| dt

T
Remaining problems:
- Limited flux density and frequency range 7, | —

. fIkHz]
- DC bias
- Modeling relaxation and DC bias effects need additional
parameters (not supplied by core manufacturer)

Measuring core losses is indispensable! GECK%
RESEARCH Y



Core losses - Modeling Approaches (4)

Loss Map (Loss Material Database)

S—
SBLIH,
’ E
Losses
B() A
A
\AB
f 1
AB,
DC bias

4t dimension: temperature.

Question  What loss map structure is needed to take all loss

effects into consideration?
G ECK%
RESEARCH "N



Core losses - Needed Loss Map Structure

Typical flux waveform Content of Loss Map
Relaxation B-H-Relation
a B,
kx 1
9,
LF

l

kakiaaaﬁsaraﬂraqrar

(ABY “at+Y QP — o
=1

v

T a
I:)v :lj.ki d_B
T4 ' dt

GEC K%
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1)

2)

3)

The flux density in every core section of
(approximately) homogenous flux
density is calculated.

The losses of each section are
calculated.

The core losses of each section are
then summed-up to obtain the total
core losses.

Reluctance Model

NI

GECKO
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Advantages
. Relaxation effects are considered (i2GSE).

« A good interpolation and extrapolation between
premeasured operating points is achieved

Loss map provides accurate i2GSE parameters for a
wide frequency and flux density range

« ADC bias is considered as the loss map stores
premeasured operating points at different DC bias
levels

« Finally, a software tool performs all necessary
calculations (inductance/flux calculation, loss map

interpolation, conductor loss calculation
GECKO
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DC operation: simple ohmic loss calculation

High-Frequency: consider additional losses due to
- Skin effect (internal H-Field)
- Proximity effect (external H-Field)

- effect of neighbouring conductors

- Magnetic flux leakage from air-gaps

.High-Frequency” is defined via the skin-depth

1

Jru0 1

Foil conductors / Litz wire: Analytic equations existing,
here, we consider only round conductors

O =

GECKO
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Winding Losses - Skin Effect

Solid Round Conductors,
Loss calculation formula:

(Loss per unit length)

P.=F,(f)-Ry.-I° (a) /
with '!!““"""'
4 z

Rpc = : TZ'X

ord?’

d
"
s__ |

wu,o f
F__¢ befo(f)beil(sz)—befo(f)befl('f)_beio(f)befl(é’)—beio(é’)beil(f)}
M) ber, (£)? + bei, (&)* ber, (£)* + bei, (£)?

GEC K%
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Solid Round Conductors,
Loss calculation formula:

P,=G.(f)-Ry.-H?

Proximity Effect

with sy =lE
Current distribution
in two conductors

4
Roc = ord?
d
E=——0
\/5 o Eddy -
1 currents

G - En?d? | ber,(&)ber, (&) + ber, (&)bei, (&) N bei, (&)bei (&) —bei, (&)ber (&)
. 22 ber, (&) + bei, (&) ber, (&) + bei, (&)
GECKO
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Winding Losses - Calculation of External Field A,

1D - approach

Un-gapped cores (e.g. in transformers)

High permeable core

)

g
on
>
A?”.na 7 N KH
3 5 Ve
SA\E = s
H w
~ GM
© +
= &
+ Hm
M N—
=z ~Te
€
I
(a7
LL =
N—— «
S I
o =
I =
o
&

A
v

0100101000000
]
0000000000

I
0/0/0/0[c/0/000

DOOOO@OOOC0)

DOOOOOO00)
DOOOO@COOOC)

—




Winding Losses - Calculation of External Field A,
Gapped cores: 2D - approach necessary!

Effect of the air-gap fringing field

s VE
: d =
: @m) @
i A A
) ww B B
: ™ W N l/llL‘diI' £ }ialir ]alir =
: I Vnmir = (]?nu_u Rnir Vm.cun: =0 l/m.uir: Huir /:n'r
N2
TW air

Air gap can be replaced by a fictitious current, with
the value equal to the magneto-motive force (mmf)

across the air gap.
GEC K%
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Winding Losses - Effect of the Core Material

The method of images (mirroring)

Winding Arrangement

H— o0 \ -]yA
@l Ax
@) - .
. , quiyn
| ntO00 g,
' ' l " xln’yﬂ
. ) N
! < ] Ay
. . . 0--000:000--0/0--000 O 00 -0+
Pushing the walls away 0--000:0600--0{0--000 v +—© O -0
o 000i000 00 000 ITN ? d
i -
©.999i999.9°.999 X1 X Xom X
- 0-000:000-0{0-000 |-
] 0--000i{000--0{0--000
a)
0--000i000--0{0--000
0-°000{600--0{0--000
0 000i000 00 00O

m n o

External field vector . bz (Y1 —yk) — j(T0 — i)
across conductor g, /1o = |2 Q€117 TN T

u=1 Il=1
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Winding Losses - Different Winding Sections

Section 2

Section 2 Section 2 Section 2
Core Material Core Material Core Material
Phase A Phase B Phase C
Section 1 Section 1
Section 2 Section 2 Section 2

Section |: Core window - many mirrorings
Section 2: Not core window - one mirroring

GEC

Section 2

K
]iESEARCH E 'ﬁ




Experimental Results €<—-> Calculation

Flux Waveform

A f[Hz]

«

Hy. [A/m]

»
>

Results (measured with power analyzer Yokogawa WT3000)

time [s]

Inductor

EPCOS E55/28/21, N=18,

d=1.7mm, lg=1 mm

Operating Points Calculated Losses Measured Losses | Comparison

ABT] | f[kHz] | Duty-Cycle | Hpc [A/m] | Core Losses [W] | Winding Losses [W] | Total Losses [W] | Total Losses [W] | Rel. Error [%]
0.25 I 0.5 0 0.06 0.11 0.17 0.18 -5.56
0.5 I 0.5 0 0.32 0.42 0.74 0.77 -3.90
0.25 2 0.5 0 0.14 0.12 0.26 0.27 -3.70
0.5 2 0.5 0 0.72 0.49 1.21 1.21 0.00
0.25 5 0.5 0 0.4 0.23 0.63 0.61 3.28
0.5 5 0.5 0 2.04 0.92 2.96 2.70 9.63

GEC

K
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Experimental Results €<—-> Calculation

Flux Waveform Inductor
Magnetic Flux Density | EPCOS E55/28/21, N= 18,
oty ? d=1.7mm, {,=1mm
0 O‘C'I'N 0.002 0.[;13 0. 604 nmUEUJ[Jnis] 0. CI['G 0.007 O.CI(B 0.(;39 0.01
Voltage
20 b I i ; :[
e 1
L l H 0 IHH W | IHI
0 0[:01 0.0:02 ocm 0004 DU[JS i UEIE UUJ? ch 00:9 0.01
. Current
g o kbt e ; i 1k i ............ fl'_F — 100 HZ
) .50 0&01 00‘03 uoio.-. 0605 Vuc;los 053? orol'ue ouéus ;_01 fHF = 10 kHZ
. , o S o . . _ _

Results (Measured with power analyzer Yokogawa WT3000)

Operating Points Calculated Losses Measured Losses | Comparison

fLF [A] | ABrr [T] | AByr [T] | Core Losses [W] | Winding Losses [W] | Total Losses [W] | Total Losses [W] | Rel. Error [%]
5 0.25 0.15 0.44 0.35 0.79 0.76 3.95
10 0.5 0.3 1.83 1.51 3.35 3.6 -0.94

GEC K%
KESEARCH



GeckoMAGNETICS: 3D Tool for Inductor Loss Calculations

Currently in Development O — _ e —— i

File Edit Import View Simulation Settings Help
CEEE x=# P &
ﬁEcnreNrGapb\ﬂndingLinn ol b | 2] L@ L=l o+l p- &= |

o &z E-CoreDesigner

Inputs:
« Core Dimensions

- Winding properties (round
conductor, Litz Wire, Foil
Conductors & arragement)

988 65L4 0

. Material Database (B-H curve, | ¢
Steinmetz paramters, loss map) | ¢

«  Current/Flux waveforms (e.g.
from GeckoCIRCUITS, FFT) | —] —

Core Geometry osition Plof
e — Eﬁgﬁq oen) Center: 0. -mr); sgem
0 u t p u t . ooy wm [ oH o[ o 0ars)
deptn: 0021 [mm) Xaxis: 00
[oozze  fmm r = =l o] 03
bwint: | 00185  fmm) zaxis: 0300
. TJotal losses & loss distribution | =~ == w = = == e
airgap: | 55E4F]  [um) Core Magnetic Material 250§
S M et coro atorit o075
airgap3 | o  wm [epcos ez | @ 0200
I d ) o 175‘
« Inductances
50

oa00f [
« Fie Istripution windog ropsos o] /
“Uniform Winding  wire diam.: 00017 e E c K
wireisolation: | 0.00011] i
0.000
ma: 0 B 100 125

50 75
H[A/m]

ww: [ 0033

| Confirm Geometry J“_ Cancel | PlotBH Curve |




A high accuracy in modeling inductive components has been achieved.
The following effects have been considered:
Reluctance model:
Air gap stray field.
Non-linearity of core material considered.
Core Losses:
DC Bias (Loss Map)
Relaxation Effects (i2GSE])
Different flux waveforms (iGSE / i2GSE)
Wide range of flux density and frequencies (Loss Map]
Winding Losses:
Skin and proximity effect
Stray field proximity effect
Effect of core material

Software tool for the practical application of
discussed models is in development

Next steps: Including thermal models into software framework

GECKO
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the Presentation




GeckoCIRCUITS - Strengths

 Easy-to-learn system simulation
 Extremely fast and stable i Scovez M= EY
Data Graphs Analysis Simulation
. . . . . ““("Graph | Data
* Simulation domains: Circuit, Control, Thermal e o
s || 1000
\ViennaRectifier.ipes - GeckoCIRCUITS GlE 500
File Edit Simulation View Tools Help GECKO Ready ... -
= Source/Sink | S| (2“ 0-
il P
UA UA VA UA N Measure | Di 1.5e3 ] pv_D2
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i 1000
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D_dJ D.EJ J BR= 32 ;o% Capatcitor C [F] 40e3
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GeckoCIRCUITS - Circuit Simulation Features

* Available switch models: Ideal switch, thyristor, IGBT, Diode

« Signal-controlled sources, non-linear capacitors and inductors
e Operational amplifier

« Machine models: PMSM, DC machine, ...

» Easy specification of thermal losses including
temperature-dependent loss calculation:

UA UA UA UA
D2 D6 D.10
= } — IGBT5
Conduction Losses | Switching Losses IGBT-1 .
ot Lo GATE 1 s ] OATES>> cA
Edit Curves Curve Parameter C=1
e nro= T E— D1 D‘E‘L er D.Q_J_r “_T u(©)q 450
15 TEon [mJ) ” |
® 25°C @400V bl um= 400 ] ]
- 0l mdJ
L 110°C @400V Data of Selected Curve R P S P TD - P [] .
I[Al | EonpJ]| Eoff ] Eon+Eofl | D.4 D.8 : R=32
i o 00 00 00  |oC - J J B
100 [0.01  |0.0050 [0.015 | Jﬁ
120 10.012 10.0070 0.019 = P c2
a IGBT.2 IGBT .4 IGBT.6 C=1
X B GATE.2 GATE.4 GATE 6 u(0)3 450
5 e
7 B3 .7 P11 B
/ R us T
o /- L1 L2 L3
Add New 0 I ; A ~) L= 250e-6 L= 250e-6 L=250e-6
0 5 10 15
Delete Confirm Changes l T NR 3+ NS 4 Al
U1 u.2 U3
Data Test Uac= 327 Uac= 327 Uac= 327
=t Check curves at =50 =30 =50
= GND — GND — GND
Save As New mrel= l—
Cancel
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GeckoCIRCUITS - Control Simulation Features

 Large repertoire of control building blocks:
- digital functions
- analog control blocks, e.g. integrators, PDI-Elements, ...

o JAVA-interface: write powerful control functions,
e.g. state machines in the JAVA programming language

1
2
2
4
sl //in[
[
2
8
9

int sector_r=0,k:

10|double ang_r, awx_r=0, out_r:;
11jdouble is_alpha r, is _beta r,d vec_0,d wec_l, s0_x, sl _x,slp,s2p,s3p,sln,s2n,s3n,
1z|double [][] ul_wector_sequence= {{0,1},{1,2},{2,3},{3,4},{4,5},{(5,0}};
13|double [][] ul_vector_table ={{1,0,0,0,1,0},§{1,0,0,0,0,1},{0,1,0,0,0,1},40,1,0,1|
14|double cs_x, Ts_r, T_samp=1/25000,T;
1s|double ul_vect_tau;

o

18
in=32
}:";'g 327 : ;_1" i:
. = s2i
\I«'_-ﬂgo_ Bt @ Eﬂi 19|int sector_i=0:
:;Jpp [ zo|double ang_i, awx_i=0, M u, tl ,t2, t3, td4, t0, tlf, t2f, t3f, tdf, wecO, vecl,
ock :;’.’pp w zi|double is_alpha i, is_beta_i,d_vec_0i,d_vec_li, mag_i:
] t|i=500ip3 >5_39P zz|double [][] u2_vector_secquence= {{0,1,7},{1,2,6},{2,3,7},{3,4,6},{4,5,7},{5,0,6}
f=26e3 | ;1" zg|double [][] uz_vector_table ={{1,0,0},{(1,1,0},{0,1,0},{0,1,1},{0,0,1},{1,0,1},{0,
ol 2 :;2" 24|
c=0ggf-Bonst |- H 530 25
26
27
28

29|is_alpha r=xIN[0]:
20|is_beta_r=2%((Math.sqrc(3) F2)*xIN[1]-(Math. sqro(3) F2)*(-xIN[0]-xIN[1])) #3:

g1lang_r=Math.atanZ({is_beta_r,is_alpha r):
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GeckoCIRCUITS - Thermal Simulation Features

Dbyt

[ signal J=—

-—{ gate>*|GETh @0

IZrec=1
f=25e3

power loss

out@0
i[R1]
i [IGBT.1]

pv [Pv.1]
pv [Pv.2)
Tj @Tzero

\4

1]

dLoss }D

PvAa
IGBT.A

Pv.2
D.1

Rth.5
R=383.7e-3

Rth.6
R='453.3e-3

Rth.7
R=587.7e-3

Rth.g8
R=2483e-3

Rth.9
R=800e-3

T
Cth.a p—
C=50.47e-3 60

uln _uln

\V,gﬂ uOut uOut
T
i iS s

FLOW PSw PSw

FLOW
TEMP

TjSw TjSw

o
- > o >

Cth.2

Cth.4
C=4717e-6

Fast and accurate simulation of
thermal networks

Temperature dependent
semiconductor loss calculation

C=4.758e-3 7]

54 —
Cth.3 51 —
C= 496 5e-6 ]

24.79e-324 919e-25.049e-25.178e-25.307e-3
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GeckoCIRCUITS - Data Visualization, Postprocessing

4 scoptL i Gechol 2 2 2 o |= 3,063 h=2

Data Graphs Analysis Samulation 3 RE 4R,
S - =B

[imeng] Datn |

 Powerful «Scope» block for data — =
visualization s -

 Waveform characterisitics calculation: | .
- mean values, THD, ripple, power
analysis

e Calculation of Fourier-transforms

Characteristics & Power Analysis [x] 15 A
Characteristics
’F Space Vector Plotter avg ms THD min max ripple Klirr shape
e L | |liLz eB839e-12 149023 1.6201 -52.086 52086 22430500  852.2438e-3 268 4006-0
¥m -51.3539e-9 |231.206 125094e-3  -321.2417 3212417 -45022e8  125984e-3  111.0629e-9
" vIN -51.3662e-9 231.2245  9.4074e-6  -327 327 4501529 9.4074e-6  111.0718e-9
e
10 A
— = .“\\
// \ Set Range [ Power Analysis |
/ N\, \ ® Scope-Range A
A\
/ =|vIN = = = -
| W | = [ u@ vj P= 1.793e3 D= 209544e3 lambda = §17.2271e-3
/ i = |iL2 v| a=-2710720 5= 34688e3 cos(pl) = 968.6906e-3 5
| NV ) Define Range 5
\ == u@ = [deactivated [+ | p= - D=- lambda = -
"\ Status if) = |deactivated v] Q=| S= cos(pl) = -
\ /| | calculation OK i
\ // "
NS . o L I N NN N N
-— L . 4 8 12 16 20 24 28 32 36 40
Pause Time [us]

Clear

|

@® Line
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Feature: GeckoCIRCUITS - EMI calculation block

buckl buckl
‘I IGBT. D.3
D1 ] IGE
5 u3
‘| IGBT ‘I ~ \ger.
D.4
buck2 buck2

Component name:

[cisPrR16.1

EMI norm CISPR 16 ( class A/B )

Simple calculation / estimation of
conducted noise emission

Very fast algorithm required:
FFT, advanced Quasi-Peak calculation

EMI filter dimensioning «made easy»

=
SESEN

| Show name at symbol

100

50

Calculation | Plot
[dBuV)

[ 150 Class B [dBuV)
off Fourier
SM‘;\
ALL
Lz&“‘

1

GEC K%
RESEARCH 1



Feature: GeckoCIRCUITS - EMI calculation block

l!F

—»
Measurement

Attenuator REW filter Gain Detector Video filter
_ Mixer
. -~ Uy Ugp |
== [\
LISN s o
output
()

Variable frequency oscillator

Emulation of EMI test-receiver:
Procedure is NOT just a Fourier transform!

Proper weighting of frequencies within 9 kHz ~
bandwidth filter («annoyance factors)]

TD - FD > TD - FD domain conversions

Numerical problems: EMI filter has strong
attenuation ( very bad S/N-Ratio )

Fast algorithmic solution in GeckoCIRCUITS!

result

uuuuuu
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Feature: «Save-as-Applet»

1% CAUsers\andy\VR_Si

Easy distribution of your simulation models, e.g. for project reports
Generate Java-applet including GeckoCIRCUITS & simulation model
No software license for applet required

You could even put the applet online and run in the browser!

File| Edit Simulati View Tools Help GECKO Ready

| New Ctl-N " SourcelSink |  Special | ~
| open CHl-0 o . T " Measure | Digital | Math
Save cus |4 !.mg_: Thermal | Control
Save As :._NT " Circuit | Motor & EMI
- = (o8 —
m P = iR | Voltage Source U [V] =
Save View as Image u(0)4 450 uct
Exit uc2 Current Source | [A]
= = ulNR
C:\Users\andy\VR_SimpleControl.ipes u’l’\? Resistor R [ophm]
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a0z | Joweo
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= D2 p‘[/DlF;\; 3] i;‘;w D1 Thyristor THYR
iD. e
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Feature: GeckoCIRCUITS - Simulink Coupling

« Existing control models in Simulink can Fom 4% MR
. EXTERN 20— |—
easily be coupled to GeckoCIRCUITS or s ¥ Jextenn
. . From tS iﬁ&_
» GeckoCIRCUITS can «talk» to Simulink e o],
. . 1S 3 «— |EXTERN
via S-Functions ’ “in
From tT uZ
= . . . . N ! lJ.CI To
e Fast and efficient, full functionality in Gecko o 3G | el
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Feature: Simulation Control with GeckoSCRIPT

4 ZAgeckotuterishbuck controlipes -

File Edit Simulation View Tools Help [GECKO| Ready

i
i scope1

‘-
5 [ T er i DUl swien
mas= 10
A0 neawioohn
:

[ ) GeckoSCRIPT

oLt 1 Data Graphs Analysis Simulation

e
=

10
3

€

E
&
ki

4

2

o .
1

500e-3 %

600e-3
gt |
——

Code | Compiler Output | Script Output | Help

imports:

New tool called GeckoSCRIPT
included in GeckoCIRCUITS

Script-based model and simulation
control

Using Java programming language

Write scripts to:
- modify model parameters
- run simulations

- examine results using functions
provided by GeckoCIRCUITS

Useful for automating:
- Parameter sweep simulations

- Optimizations of power converters

GECK
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Feature: Control GeckoCIRCUITS from MATLAB

e All GeckoSCRIPT functions accessible in MATLAB
 Couple GeckoCIRCUITS with MATLAB:
» Calculate and set Gecko model parameters in MATLAB
* Run GeckoCIRCUITS simulations from MATLAB

* Record and plot results for several simulations

GeckoCIRCUITS
running in MATLAB
environment  SEehe e

M-file control s
GeckoCIRCUITS
simulation
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GeckoSCRIPT Example: Inverter Optimization

« NPC inverter - output stage of AC grid
simulator

e Junction to ambient thermal model of IGBT
module as Foster network

e Task: determine:

« Maximum RMS output current ata
given output frequency for a given
switching frequency

* Must not exceed max junction
temperature (130 °C)

Wi

- T uou! ()

out

T‘ -
5
97

R therm

T:‘[I.\(‘
I R N S I S N S
" H it " ? l ]-‘h('uf.\'iuk

"
Cl’!t‘l'.'” =Tlflt‘l'lﬂ /thcrm
Huge capacitance
to keep T, constant
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GeckoSCRIPT Example: Inverter Optimization

» First step: create detailed model in GeckoCIRCUITS

Cor saammter
nras =
[ep—r—
AL o | EALA Esmeicd
g1 hiee po -

Conduction / switching
losses for IGBTs / diodes

¥ scoper &

=1E

Output voltage and current

Rih.2 Rih3 Rth.4 Rih.5 Rih§ T
R=19.68-3 R=528¢-3 R=51.2e-3 R=46.48-3 R=6.38-3 emp.1
] 3

T=0
oET i Cih.2 e Cthd oo
s €=1.042 Rih10 C=189.334e-3  C=076.56e-3 C=2155 iy
i Rih 11 Rth12 : Temp.2
R=108 6&-3 RE102483 ©  Boi8ed R=1256-3 =60

Cth.10
C=1000

Cthé Cth.7 cneg Cth.9
C=520833e-3 G=180.304e-3 C= 488 28&-3 C=1078

Thermal model

ST Enes VA EUNCTION 2
_ A 4 o [J8VA ! ST Gate=>]IGBT 1
fs fs. carr 3| 2 S
¢= 5083 - [ cOnSt | s als>>||GET 2
=1 ”@ Gonirol_bits } I ?%\GETJ
DA JAVA_FUNCTION.1 - T4
ui v swi A
+1 ude=450 1 w2
C) ) T
1GBT.2 D2 Swi
% ' GATE 2>, can ] |
v
1 L
o0
D6 IGBT.3 D3 T_D1 @ TTEMP P
n U2 J GATE 35>,
+1 ude=450 ) o 11
O ! res = JAvA_FUNGTION 3
B I esrs  Los T ® Ut et
J GATE 40N " " L

’
;

)

a3 ey o3 243 =

Junction temperature

Java-function to keep
track of T,

j,max
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GeckoSCRIPT Example: Inverter Optimization

* Next step: simulations in MATLAB:

* For each switching frequency:
Simulate at different output frequencies with

different output currents until Tj_max is reached Results: Max. RMS |

out

versus f,, for a given f,
¥ woed P : T o e
oo :: :‘. B Figure 1 ‘ EE' L=l
o
a2 =11 AAAMANAAAAR Eile Edit View Inset Tools Desktop Window Help ~
IR AL A R NEHS | KAV ODRL- G 0B O
il .
I e Rl B Rk b i 600 1 - .
——f, =10kHz ||
i f = 20KHz
———r| 800 oo T ot =50k |
: // —f, = ThkHz
o T T T T 1 —f_=100kHz
= 015303 12007703 165D JH15D X7 4e) / hd
: - L L T SO S S NI B S
E —) — | = T
i o e £ scope1 oo ] §
2 oot Graghs vyl Soldon | S 300
| e —.| Grash | Data] E
l: = I [ =
e ] 4
“ T & .11 ) ' A 0 A S SRS S s A .
e — P |
MATLAB script
..........
B153e3 12307763 18461563 NG 1S3 0769283 Output frequency [Hz]
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GeckoCIRCUITS - Education at ETH Zirich

« Dedicated simulation / computer exercises
in the power electronics courses

Jinkevative Pawer Plectronics Seminar (PES) - Mosilla Frefox
Ue (& yew wgoy fineis Lok o

* IPES - online seminar with Java applets
www.ipes.ethz.ch €% 00 Borr—r

Phase-Controlled  Simulate Online with GeckoCIRCUITS:

hyristor Phase-Controlled Thyristor Converters with Resistive/Inductive
onvarters with L
oad | CCE——
sistive/inductive — aloxd
ad A lot of IPES-users want to have n )

» GeckoCIRCUITS also as online applet - stoes e mtnrmen ™

www.gecko-research.com e w:}(\_r N\
Sl
 on . . INMEMet CoNNECton B - ‘
« ETH Zurich: power electronics exercises —— g NN
combined with online applets *

http://www.pes.ee.ethz.ch = education

b d 8
Induttor Coupting L e dne
ResEAC
= o3 R T P T ey IS < P
s} F'«"' m{ﬂj}ﬁ -{xon]‘i 19631 Swikh §
.-.-no'l S --ﬁ-nﬂ |
.- Te 0006 e
=103
~zonst }44 —}:l Diods D (B
= ni’“w
Tans
L Thyristor THYR
<= 200e-)
< I ] ) T L=}
mmm
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calculation speed

Variable / adaptive simulation step-width } Further increases
> |

Fast steady state calculation
Reluctance models for transformers / magnetic circuits

Detailed transformer database

More detailed switch models [MOSFETS, bipolar
transistors, ...)

Subcircuits
Frequency-domain circuit solution

Connection of GeckoCIRCUITS to 3D field solvers:

- GeckoEMC: calculation of layout parasitics
- GeckoHEAT: 3D finite element thermal simulation
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Putting all together - Model Order Reduction

Model Order
Reduction

N cactogac
Mesiidt import View Settings Welp

CREBE xa2# p <

‘oﬁ\oo;rhﬁd;é-fii ¥

= [h—y

PEEC Simulation Environment

i

Circuit Simulator

& pac-cupio
5 08c-Cupi2
> a7-s0imer
@ orsi
Nyorns

& cR2-solder

@ crisl

L

8 cRiB-older
@ cR1Es

Ry cRiens

3D FDM Thermal Solver
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Gecko-Research

www.gecko-research.com

i 0 n l.i ne 'Si mu latO r Topology | Device Models | Contlr?lntl)'i:rcuit | 3D-Geometry | Materials
* Fre e Re p 0 rts an d TUto ria lS ".‘ GeckoEMC g GeckoCIRCUITS g GeckoHEAT
° Su bscri be to N ews letter 3D-Electromagn. Fast Circuit 3D-Thermal

Parasitics Simulator FEM
Extraction Solver

Reduced Order Thermal
Impedance Impedance
Matrix Matrix

HF Magnetics EMC Filter Reliability Heatsink
Design Design Analysis Design
Toolbox Toolbox Toolbox Toolbox

Post Processing
Design Metrics Calculation




