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Abstract — Calculating the transient junction temperature of
power semiconductors is important for analysing converter
reliability or investigating short-term overload conditions. A
dynamic thermal model, which includes the mutual thermal
coupling of neighbouring dies and permits easy integration
into a circuit simulator, is essential to perform such a task.
In this paper, the thermal modelling procedure for a
3300V/1200A IGBT module based on numerical simulations
and infrared temperature measurements is presented.

1. INTRODUCTION

In order to analyze the reliability of a converter,
knowledge of the transient junction temperature of the
power semiconductors during operation is essential,
especially maximum temperature values and temperature
amplitudes. Transient temperature rise during short term
converter overloads is also an important issue that
requires dynamic thermal models for the semiconductor
devices. The ability to simulate transient semiconductor
temperatures with a circuit simulator will become
increasingly important in a future virtual design
environment, where as much of the converter as possible
is designed, simulated and optimized on a computer
before building a prototype.

Directly coupling of a thermal three-dimensional finite
element (3D-FEM) simulation with a circuit simulation
will result in inadmissible long simulation times because
of the huge matrix equation that has to be solved for
three-dimensional field problems at repeating time steps
of the circuit simulation. Another problem that contributes
to the huge computational effort is that the time constants
in the circuit simulation are typically defined by switching
frequencies and are therefore in the microsecond-range,
while thermal time constants range from seconds for
power semiconductors up to many minutes for heat sinks.
A solution of this well-known problem is to extract a
thermal equivalent circuit from the three-dimensional
thermal model of the power module mounted onto the
heat sink, which can be directly embedded into the circuit
simulator.

A dynamic thermal equivalent circuit model suited for
transient simulations is typically derived from the thermal
step response of the power semiconductor which can be
measured or numerically simulated. If the thermal step
response is measured by employing a test current and
measuring the semiconductor voltage drop as a function
of the junction temperature, it is not necessary to open the
power module or manipulate it otherwise. No exact
knowledge of layer thickness, internal module design and

material properties is needed. Single dies inside the power
module that are connected in parallel via wire-bonding,
cannot be analyzed separately. For reliability analysis it is
often desirable to know internal temperatures at layer
interfaces in order to evaluate the thermo-mechanical
stresses at these critical points ([1], [2], [3]). If the
internal geometry and the material properties of the power
module are known, the thermal step responses of the
individual dies can be calculated numerically via 3D-
FEM based on a three-dimensional model of the power
module. One big advantage of the numerical method is
the accessibility of transient temperatures of all internal
points of interest, especially layer interfaces and junctions.

In this paper a dynamic thermal equivalent circuit model
of a power module suitable for embedding into a circuit
simulator is presented. The equivalent circuit model is
based on thermal step responses simulated via 3D-FEM.
Therefore, it is very important to define a reliable 3D-
FEM model of the power module which is the main scope
of this paper. In section (II) the experimental setup for
stationary measuring junction temperatures of dies inside
a 3.3kV/1.2kA ABB HiPak IGBT module using infrared
is described. The measured temperatures are compared to
a 3D-FEM model that not only includes the power
module but also the water-cooled heat sink. The
measurements confirm the proposed 3D-FEM model with
very good accuracy. Details of the setup of the 3D-FEM
model are discussed in section (III). In section (IV) a
general procedure for parameterizing a dynamic thermal
equivalent circuit model that describes the thermal
coupling between dies inside the power module is
discussed. The procedure is based on the simulated
transient thermal step responses.
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Fig.1. 3300V/1200A ABB HiPak IGBT Module [4].

II. TEMPERATURE MEASUREMENTS

A. Experimental Setup

In this section temperature measurements are presented
and compared to results from a 3D-FEM simulation that
will be discussed in detail in section (III). As case study in
this paper a water-cooled 3300V/1200A HiPak IGBT



module [4] has been chosen. The ABB HiPak IGBT
modules have been presented in [5] showing excellent
electrical performances, capable of withstanding extreme
conditions during turn-off and short circuit operation.
These modules aim at wide SOA applications operating
under hard switching conditions such as traction and
industrial drives. The effort undertaken to obtain such
performance at semiconductor level has as a consequence
also increased the demands to the package design.
Extensive electrical and thermal simulations have been
performed to avoid having the package as performance
bottleneck. In order to guarantee high converter system
reliability, transient thermal simulations are planned to be
employed in future design phases. The power module,
shown in Fig.1 employs 36 internal dies, with 24 IGBTs
in parallel forming the switch and 12 diodes in parallel
forming the anti-parallel diode.

Fig.2. Experimental Setup: The housing of the power module has been
removed. All surfaces are painted with a black coating for the infrared
temperature measurements.

For the thermal measurements an open power module was
used. The power module was attached via a thermal
interface (thermal grease) to an aluminum plate
employing water cooling. The water temperature at the
inlet of the pipes was 20°C, the water flow through the
plate was set to 23.3 liter/minute.

The camera system used to obtain the temperature
pictures was a "Thermosensorik CMT 384M" infrared
camera with a 284x288 pixel detector matrix and a
dynamic range of 14 bits, which is sensitive in the
wavelength range of A=3-5um. The detector pixel value is
a function of temperature, spectral camera sensitivity and
object emissivity. In order to improve the absolute
accuracy of the thermal images, the measurements were
obtained in the following way: The module surface was
painted with a black coating (3M Nextel Black Paint
Velvet) which has - especially in the infrared range - an
emissivity close to one. This reduces measurement errors
due to (metal) reflexions and varying surface properties of
the power module surface. For a calibration of the
absolute temperatures, the power module was heated to a
spatial constant, homogeneous temperature. This results
in nearly uniform reference images, containing as
information only the pixel to pixel sensitivity variations,
imperfections of the black coating and the reference

image temperature. The reference procedure was repeated
in temperature steps of 10°C steps over the range
[20°C...150°C]. Finally, the thermal images of the power
module were obtained under operation. Adjusting the
module measurements with an image processing software
employing the reference pictures, an estimated absolute
accuracy of 2°C is possible. Due to the reference image
technique, the relative spatial accuracy is estimated to be
even more accurate than 1°C. The experimental setup is
shown in Fig.2.

B. Heating of Selected IGBTs and Diodes
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Fig.3. Internal layout of the 3300V/1200A ABB HiPak IGBT module.
Here, 24 dies (labeled ‘s’) are connected in parallel forming one switch,
and the remaining 12 dies (labeled ‘d’) connected in parallel form the
anti-parallel diode. All measurements referring to ‘s’- or ‘d’-points in
this paper are taken at the geometric center of the according die. Nine
points (labeled ‘m’) located directly on the AISiC-base plate were
chosen for additional temperature measurements.
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Fig.4. Stationary temperature distribution for heating all 24 IGBTs. The
IGBTs si1, s12, s13, s14, s21, s22, s23, s24 connected in parallel
equally share a thermal power of 1430W (179W each), the IGBTs 537,
$32, $33, 534, s41, 542, 543, s44 connected in parallel equally share a
thermal power of 1290W (161W each), the IGBTs s517, 552, s53, s54,
561, 562, 563, 564 connected in parallel equally share a thermal power of
1760W (220W each). The total thermal power dissipated by the module
is 4480W in this experiment.

Temperatures are measured at geometric centers of dies as
defined in Fig.3. Additional points of interest are defined
and labeled ‘ml’, ‘m2’, ... ‘m9’as shown in Fig.3. By
removing certain wire bond connections it was possible to



heat selected semiconductors of the power module. By
measuring voltage and current, the thermal power of
groups of semiconductors connected in parallel could be
easily calculated. All losses are conduction losses. The
measurements were taken after a stationary temperature
has been reached. Stationary temperature distributions
measured with the infrared camera for different
configurations are given in Fig.4, Fig.5, Fig.6 and Fig.7.
The temperatures measured at points defined in Fig.3 are
compared to 3D-FEM simulations (see section (III)) in
Tab.1 — Tab.8. In the tables, the heated semiconductors
are highlighted.

Pts. T[°C] pts. T[°C] | pts. T[°C] pts.
sll 114 s21 126 s31 128 s4l 127
sl2 - s22 124 s32 129 s42 124
dil 64 d21 68 d31 66 d41 66

di2 63 d22 68 d32 66 d42 65

s13 - s23 129 s33 129 s43 129
sl4 122 s24 131 s34 134 s44 133

pts. T[°C] pts. T[°C] | pts.
sS1 138 s61 133 ml 92 m6 60
s52 141 s62 135 m2 66 m7 62
ds1 71 dol 78 m3 60 m8 66
ds2 68 d62 72 m4 60 m9 94
s53 137 s63 133 mS 60

s54 138 s64 132
Tab.1. Stationary temperatures measured via infrared as given in Fig.4.

Pts. T[°C] pts. T[°C] | pts. T[°C] pts. T[°C]
sll 115 s21 122 s31 117 s4l 120
sl2 116 s22 124 s32 118 s42 121
dilr 58 d21 66 d31 66 d41 69
di2 59 d22 66 d32 66 d42 69
s13 117 s23 124 s33 118 s43 121
sl4 116 s24 123 s34 117 s44 120

pts. T[°C] pts. T[°C] | pts. T[°C] pts.
sS1 141 s61 136 ml 86 m6 64
s52 143 s62 136 m2 65 m7 64
ds1 72 d6l 66 m3 60 m8 70
ds2 71 d62 66 m4 60 m9 93
s53 143 s63 136 mS 59

s54 142 s64 135
Tab.2. Stationary temperatures derived via 3D-FEM simulation for the
heat distribution as given in Fig.4.

Fig.5. Stationary temperature distribution for heating four selected
IGBTs. The IGBTS 533, s34, s43, s44 connected in parallel equally share
a thermal power of 750W (188W each).

Pts. T[°C] pts. T[°C] | pts. T[°C] pts. T[°C]
sl 23 s21 24 s31 24 s4l 24
sl2 23 s22 25 s32 26 s42 25
i1 24 d21 26 d31 28 d41 28
diz 25 d22 32 d32 41 d42 40
s13 23 s23 36 s33 100 s43 99

sl4 27 s24 38 s34 105 s44 102

pts. T[°C] pts. T[°C] | pts. T[°C] pts.

s51 24 s61 23 ml 24 m6 30
s52 24 s62 22 m2 27 m7 28
ds1 26 del 24 m3 3/ m8 27
ds2 30 d62 25 m4 32 m9 24
s53 34 s63 25 mS 33

s54 35 s64 26

Tab.3. Stationary temperatures measured via infrared as given in Fig.5.

pts. T[°C] pts. T[°C] | pts. T[°C] pts. T[°C]
sl 21 21 22 s31 22 s41 22
sl2 21 s22 23 s32 24 s42 24
it 22 d21 25 d3tr 27 d41 27
di2 23 d22 31 d32 44 d42 43
s13 23 s23 35 s33 105 s43 105
sl4 23 s24 35 s34 107 s44 107
pts. T[°C] pts. T[°C] | pts. T[°C] pts. T[°C]
s51 22 s61 21 ml 23 m6 30
s52 23 s62 21 m2 26 m7 27
st 25 doel 22 m3 30 m8 26
ds2 31 d62 23 m4 32 m9 23

s53 35 s63 23 m5 33
s54 35 s64 23

Tab.4. Stationary temperatures derived via 3D-FEM simulation for the
heat distribution as given in Fig.5.
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Fig.6. Stationary temperature distribution for heating one selected IGBT.
The IGBT 532 dissipates a thermal power of 168W.

pts. T[°C] pts. T[°C] | pts. T[°C] pts. T[°C]
sl 23 21 27 s31 32 s41 24
sl2 22 s22 28 s32 73 42 24
dir 23 d21 26 d31 31 d41 24
di2 22 d22 24 d32 24 d42 23
s13 - s23 23 s33 23 s43 23
sl4 22 s24 23 s34 23 s44 22
pts. T[°C] pts. T[°C] | pts. T[°C] pts. T[°C]
s51 23 s61 22 ml 33 m6 23
s52 23 s62 - m2 29 m7 23
ds1t 23 dol 22 m3 25 m8 23
ds2 22 d62 22 m4 26 m9 23
s53 22 s63 22 m5 25

s54 22 s64 22

Tab.5. Stationary temperatures measured via infrared as given in Fig.6.



pts. T[°C] pts. T[°C] | pts. T[°C] pts. T[°C]
sl 21 21 25 s31 31 s41 22
sl2 21 s22 26 s32 77 s42 23
dil 21 d21 25 d3l 31 d41 22
di2 21 d22 22 d32 23 d42 21
s13 20 s23 21 s33 21 s43 2]
sld 20 s24 2] s34 2] s44 2]
pts. T[°C] pts. T[°C] | pts. T[°C] pts. T[°C]
s51 21 s61 20 ml 32 m6 21
s52 21 s62 20 m2 28 m7 21
ds1 21 d6l 20 m3 24 m8 21
ds2 21 de2 20 m4 25 m9 22
s53 20 s63 20 m5 24

s54 20 s64 20

Tab.6. Stationary temperatures derived via 3D-FEM simulation for the
heat distribution as given in Fig.6.
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Fig.7. Stationary temperature distribution for heating eight selected
diodes. The diodes d31, d32, d41, d42 connected in parallel equally
share a thermal power of 763W (191W each), the diodes d51, d52, d61,
d62 connected in parallel equally share a thermal power of 985W (246
each). The total thermal power dissipated by the module is 1748W in
this experiment.

pts. T[°C] pts. T[°C] | pts. T[°C] pts. T[°C]
sl 25 s21 30 s31 33 s4l 38
sl2 25 s22 32 s32 42 s42 50

dir 26 d21 35 d31r 89 d41 102
dl2 26 d22 36 d32 89 d42 109
s13 30 s23 33 s33 43 s43 51
sl4 26 s24 31 s34 35 s44 40

pts. T[°C] pts. T[°C] | pts. T[°C] pts.
s51 40 s61 39 ml 33 mé6 69
s52 55 s62 - m2 47 m7 80
dst 128 d6l 130 m3 45 m8 71
ds2 122 d62 130 m4 55 m9 44
s53 54 s63 55 m5 52

s54 40 s64 38
Tab.7. Stationary temperatures measured via infrared as given in Fig.7.

pts. T[°C] pts. T[°C] | pts. T[°C] pts. T[°C]
sl 22 s21 27 s31 32 s41 38
sl2 23 s22 31 s32 44 s42 54

dilr 23 d21 35 d31 103 d41 117
diz 23 d22 34 d32 103 d42 117
s13 23 s23 31 s33 44 s43 54
sl4 22 s24 27 s34 33 s44 38

pts. T[°C] pts. T[°C] | pts. T[°C] pts.
s51 40 s61 37 ml 32 mé6 81
s52 58 s62 54 m2 48 m7 88
ds1 137 dol 132 m3 49 m8 81
ds2 137 d62 132 m4 65 m9 46
s53 58 s63 54 mS 58

s54 40 s64 37
Tab.8. Stationary temperatures derived via 3D-FEM simulation for the
heat distribution as given in Fig.7.

I11. 3D-FEM THERMAL SIMULATION

A. General Considerations

If detailed stationary temperature distributions are
available as presented in section (II), it would be not too
difficult to tune material properties and/or geometries like
layer thickness in a way that the 3D-FEM simulations
match the measured temperatures in excellent agreement.
But typically, such temperature distributions are not
available due to the high experimental effort. Therefore,
when building the 3D-FEM model some material
properties might not be exactly known, or geometries
might be simplified in order to reduce the computational
effort. In this section we investigate how to generally set
up a reliable 3D-FEM model for power modules, and we
discuss its sensitivity concerning changes of certain
parameters and/or simplifications. In this study the model
always includes the water-cooled heat sink plate. For a
different heat sink the model would be different, but could
be easily calculated with the procedure discussed in the
following. All thermal simulations are performed with the
fluid-thermal 3D-FEM simulation software ICEPAK [6].
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Fig.8. (a) 3D-FEM simulation of the temperature distribution at the
surface of the Al-cooling plate directly below the power module for heat
dissipation as defined in Fig.5. The positions of the IGBTs and diodes
are shown (see Fig.3). (b) 3D-view of the Al-cooling plate with a
temperature distribution according to a heat dissipation as defined in
Fig.5. View from top, which is the side directly below the power module,
and (c) view from bottom, which is the side in contact with the water
(convective cooling).

B. Modeling the Water-Cooled Heat Sink

The heat is removed from the water-cooled aluminum
plate via convection. Generally, for -calculating
convection, computational fluid dynamics (CFD) software
is necessary. This is a kind of 3D-FEM software, where in
addition to the single heat-conduction equation another
four scalar equations (Navier-Stokes) describing fluid
flow have to be linearized within each element. In
addition to the detailed geometric layer structures within
the power module resulting in a very large mesh, the



matrix equation to be solved by the CFD software
becomes very large, which often causes convergence
problems and numerical instabilities for such kind of
problems. Another problem is that the pipes inside the
cooling-plate employ very fine three-dimensional
structures acting as turbulence promoters which are not
defined geometrically. Therefore, the flow through these
pipes cannot be simulated with acceptable accuracy.

To avoid these problems arising from convective cooling,
the water-cooled plate was modeled for all 3D-FEM

simulations as an aluminum plate with a defined thickness.

The bottom side of this plate is defined as boundary of the
3D-FEM model by setting a homogenous heat transfer
coefficient # [W/K m?] which describes with good
accuracy convective heat transfer. Now, only the heat
transfer equation has to be considered within each
element (no CFD necessary), and the resulting matrix
equation is significantly reduced, which results in
comparable small simulation times, avoidance of
numerical instabilities, and higher accuracy of the
simulation results. The effect of convective cooling via
water is still described with high accuracy.

It is important to model the cooling plate as a plate with a
certain thickness [7], because the cooling plates acts as a
heat spreader and contributes significantly to thermal
coupling between the semiconductors inside the power
module. This can be clearly seen in Fig.8(a) which shows
the simulated temperature distribution on the surface of
the cooling plate directly below the power module. If one
would set the boundary condition to be of constant
temperature, the simulation results would show errors,

especially significant underestimation of thermal coupling.

Also from the viewpoint of dynamic modeling, it is
essential to define the cooling plate with the correct
thickness because it represents the largest mass and,
therefore, has a major effect on the thermal time constants
7D.
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Fig.9. Thermal step responses for heating IGBT s32.
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Thermal step responses for heating one single IGBT 532
with 168W (see Fig.6) are shown in Fig.9. The
temperature of the heated IGBT s32 starts to rise after
approximately 100us. Here, the smallest time constants
are defined by the masses of the silicon die and the
attached solder layer. A hot spot grows underneath s32 at
the surface of the aluminum cooling plate, and after about

0.1s the cooling plate temperature underneath s37 and d31
(which are closest to s32) will start to rise as shown in
Fig.9. As the hot spot grows larger, more neighbor dies
will experience temperature rise. There are additional heat
flow paths, e.g. horizontally through the AIN-plate
(A=180W/Km™, d=Imm) with s32, s3I, d3] and s42
being attached to it. If this path would be dominating,
there would be no significant time delay between the start
of the temperature rise between, e.g., s3/ and s42. But as
shown in Fig.9, the actual time delay between s3/ and 542
is very large (0.1s versus 1s). Besides the aluminum
cooling plate, the AISiC base plate (see following section)
is a major contributor to heat spreading and, therefore,
thermal coupling of the internal semiconductors.

C. Parameters of the 3D-FEM Model

The three-dimensional structure of the power module
modeled with the 3D-FEM software (ICEPAK) is shown
in Fig.10. The interface layer between the Al-cooling
plate and the AISiC-base plate is modeled as a
homogenous layer of thermal grease with thermal
conductivity 1.0W/Km™ and thickness 50um. In order to
simplify the 3D-model, a solder layer (A=50W/Km™ [6],
d=200pum) and a copper layer (A=380W/Km™', d=300um)
underneath the AIN-plate (A=175W/Km”, d=lmm) are
represented by a single simplified plate (“solder & copper
& AlN-plate” in Fig.10) with a thickness dan* = 1.5mm
and an equivalent thermal conductivity
d A +de, +d 200430041000
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Also the Si-layer (kIISOW/Km'l, diger =500pm / dpjege
=450um) and the solder (A=380W/Km™”, d=70um)
underneath are represented by a simplified equivalent
plate (“solder & silicon” in Fig.10) with diggr™* =570pum /
dpioge® =520pum and Mgt = Apiege = 130W/Km'™.

solder & silicon
=130W/Km, dgyy=570um / dygpy=520um)

2D - heat source
N

copper (A=388W/K'm"!, d=300pm)

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

AlSiC-plate
(A=165W/K'm’!, d=5mm)
grease (\=1.0W/K'm”, d=50um)

b - ) % —— Al - cooling plate
(=205 W/Km, d=10mm)
cooling plate bottom:
heat transfer coefficient (h = 4400W/K-m?)

Fig.10. Structure of the layers showing the layer thicknesses and
material properties as employed in the 3D-FEM simulation.

If the thermal resistance of the heat sink Ry, s would be
given, the heat transfer coefficient /# used to define the
boundary condition could be simply calculated as

h= (R/h,HS Ays )_1 (2)

with heat sink surface Ayg (which is covered by the test-
heat source for R,-measurement). In this study R, ys was



not known. The heat transfer coefficient was derived from
temperature measurement at the power module center
point m5 in the scenario where all IGBTs are heated
(Fig.4). The reason for the selection of this point is that it
is located directly on the surface of the AISiC-plate. As
one can see from Fig.10, below the AISiC-plate there is
the thermal interface layer (grease) and then the Al-
cooling plate. Heat flow through these three layers is
much better defined than, e.g. heat flow through the
semiconductor center with six additional layers involved
(solder — Cu — AIN — Cu — solder — Si), where each layer
might contributed small errors and/or uncertainity
concerning material properties and layer geometry
(thickness) which might distort and/or obfuscate the
measurements. From the temperature at the AlSiC-plate
center point m5 as given in Tab.l the heat transfer
coefficient was calculated according to (2) as

- .
h = [127:::[ . AHS,Azs,Cplme] = (6248§0 N (0186 . 0138)) = 4400%
3)
One key assumption for building a thermal equivalent
circuit model for embedding into a circuit simulator is
that the thermal material properties are temperature-
independent. Strictly speaking, this assumption is violated
in most cases, but for many important materials like Cu,
Al or Sn the thermal conductivity can be assumed to be
approximately constant over a wide temperature range as
shown in Fig.11(a). The thermal conductivities of Si, AIN
and AISiC are shown in Fig.11(b). Over a temperature
range [-50°C ... +250°C] they cannot be assumed to be
temperature-independent.

500 - 350
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400 300
T: ] =g
£ 300 Al § 250
¥, 200 - 2 200
< <
100 - Sn 150
AlSiC
0 : — T — 100 +—— : — T )
=500 50 100 150 200 250 500 50 100 150 200 250

T[°c] T[c]

Fig.11. (a) Temperature dependency of the thermal conductivity of Cu
[8], Al [8] and Sn [8]. (b) Temperature dependency of the thermal
conductivity of Si [9], AIN [10] and AISiC [11]. The ellipsoid highlights
a typical thermal operating area of the power module.

Fig.11(b) shows that the thermal conductivity of AIN
would be A=200W/Km™ at 75°C, but would decrease to
A=165W/Km™ at 125°C. Fig.12(a) shows the effect of a
change of the equivalent thermal conductivity of the
AlN*-plate on the IGBT-temperatures for heating all
IGBTs (see Fig.4). In case of a decrease of the thermal
conductivity of AIN from 200W/Km™ (75°C) to 165/Km™
(125°C), the equivalent thermal conductivity of AIN*
would decrease according to (1) from 153W/Km™ (75°C)
to 138W/Km™ (125°C). According to Fig.12(a) this
would result in a very small temperature increase of about
AT = 2..3°C. Because AIN shows stronger temperature-
dependency than AISiC and Si, it represents a worst-case
scenario, and temperature dependencies of the material
properties can be neglected in good approximation.
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Fig.12. All IGBTs are heated as defined in Fig.4. Curves show the
dependency of the temperature at certain measurement points (see Fig.3)
on a variation of the thermal conductivity (a), (b) of the AIN*-plate, and
(c), (d) of the solder employed between layers of the power module.

If the thermal conductivity of the solder is varying, the
IGBT-temperatures change according to Fig.12(c). For an
increase of Ag, from 40K/Wm' to 60W/Km™, the
temperature decrease will be quite small (AT = 3..4°C).
The temperatures measured at the diode center points will
not change in this case (Fig.12(d)). The reason is, that
because only the IGBTs are heated, the temperature rise
measured at the diode center points is caused not by heat
flow through the diode layers (including the solder layers),
but by the general rise of the temperature level at the
cooling plate surface and/or AlSiC-plate due to the hot
spot caused by the total thermal power of 4480W
dissipated by all 24 IGBTs.

D. Modeling the Active Area of a Semiconductor

In Fig.13 the detailed temperature distribution of IGBT
533 is shown for heat dissipation as defined in Fig.5 (four
IGBTs heated with 188W each). The mesh is defined to
show at least 64 2D-elements over each two-dimensional
heat source representing the active area of the chip.
Therefore, the resulting mesh of the whole power module
is very fine (Fig.13(a)), resulting in a total of
approximately 1,000,000 elements for the whole 3D-FEM
model (power module plus cooling-plate). This large
number of elements would result in extremely long
simulation times and a strong tendency to numerical
instability in case of calculating the Navier-Stokes
equations additionally to the heat conduction equation
(see discussion in section (III.B)). This again shows the
merits of modeling the cooling plate with a convective
boundary condition instead of directly simulating the
water flow.

The active area of the semiconductor is modelled by a
2D-heat source providing homogenously distributed
thermal power. No wire bonds and no gate drive area are
modelled. As one can see when comparing the simulation



in Fig.13(b) to the experimental measurement in Fig.13(c),
the differences in the absolute temperature values are
about 5°C or smaller at the selected measurement points
which verifies the simple thermal semiconductor model
employed in all 3D-FEM simulations. It is also interesting
to note that the temperature gradient on the top surface of
the silicon chip is about 25°C...30°C which is in the
range of 33% with regard to the temperature difference of
semiconductor to ambient 47'=100-20 =80°C.
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Fig.13. (a) Surface-mesh of six dies attached to an AIN-plate as
employed in all 3D-FEM simulations performed in this paper. (b) 3D-
FEM simulation of the temperature distribution of IGBT s33 for heating
according to Fig.5. (c) Infrared-measurement of IGBT s33.

IV. THERMAL MODELLING OF A POWER MODULE FOR
EMBEDDING INTO A CIRCUIT SIMULATOR

A. Thermal Impedance Matrix

The thermal conduction inside a solid structure is
described by the heat conduction equation

cp(T)- pz—f =V[AMT)-VT]+w(%,0) @)
with thermal capacitance cp [Ws/(K'kg)], material density
p [kg/m’], temperature dependent thermal conductivity A
[W/Km'], thermal power density w [W/m’], and

temperature 7 [K]. To create a simplified thermal model
describing the dependency between the chip junction
temperature and the thermal losses, two different
approaches are possible. Both modeling approaches have
been described in literature, and also the integration into a
circuit simulation is well known (e.g. [12] - [18]).

One method is based on the Finite Difference Method
(FDM) where the 3D-geometry is divided into many
small volume elements, with the heat conduction equation
(4) linearized within each volume element [19], [20]. The
alternative modeling approach is based on an impedance
matrix [21]. Here, equation (4) is assumed to be a linear
differential equation (cp, p, and A not dependent on
temperature) over the whole volume which is in good
approximation true for many applications (see discussion
in section (III.C)). Applying superposition, all thermal
contributions are modeled by thermal impedance circuits
that show approximately the same signal-behavior as the
3D-structure, but do not have physical meaning.

T,unc.(l)(t) Z Zip Ut Zias o Zige pV,(I)(t)
T/'unc,(Z)(t) Z1 Zap 235 2236 PV,<2)(t)
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Equation (5) describes the general structure of the thermal
impedance matrix for a power module (plus cooling-plate)
with 36 internal dies, where the transient junction
temperature of each individual die is dependent on the
transient thermal power dissipated by each die. The very
complex and highly coupled thermal equivalent circuit
resulting from this equation is shown graphically in [22],
where the embedding into a circuit simulation is also
discussed in more detail. The coupling occurs via
elements z;; that can be realized by simple single- or
multistage circuits as shown in Fig.14.

Ry3).i . .
Ty (1) Fig.14. Thermal equivalent
circuit  (Foster-type)  that
Gx i represents one single entry z, ;
Pray Coa3i in the matrix in (5).

In order to find the parameters R, jx),; and Cy, gy of all z; 4
sub-circuits in (5), one has to measure or calculate the
transient thermal step responses of all semiconductors of
the power module. In case of the ABB HiPak IGBT
module, there is the need to calculate 36 step responses
and measure always the temperature rise at each of the 36
dies resulting in a total of 36x36=1296 curves. Each
curve has to be represented by the according matrix entry
z; in (5). Now, based on each curve the according values
of Ry, gw,: and Cy, g can be extracted. With higher order
of the sub-circuit the number of R,- and C,-components
increases which results in better curve fitting and higher
accuracy, but also increases the computational effort
when embedding the model into the circuit simulation
([22]). As an example, Fig.15 shows all 36 thermal step
responses for heating IGBT s32 with 168W.
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Fig.15. Transient thermal step responses from a 3D-FEM simulation.
IGBT s32 is heated by a thermal power of 168W (see Fig.6) giving
transient temperatures at the centers of all 36 dies labeled s; and d.

B. Embedding the Thermal Model into Circuit Simulator

A virtual design platform for power electronic systems is
under development at PES (ETH Zurich), where the
procedure of generating a thermal equivalent circuit for
power modules mounted onto heat sinks as described in
section (IV.A) has been implemented. One feature of this
simulation platform is that complex thermally coupled
models as given in (5) are built automatically from 3D-
CAD models of the power module with minimum user-
input necessary. This saves the user a lot of time and
guarantees reliability of the model. The transient power
losses, consisting of temperature-dependent conduction
and switching losses, are calculated as described in [14],
[19]. Junction temperatures of all 36 chips can be
measured directly in the circuit simulation. For a first
description of the design platform see [22].

V. CONCLUSION

A 3D-FEM model of a 3300V/1200A HiPak IGBT power
module has been presented. Possible simplifications and
numerical stability issues of the FEM simulation have
been discussed in detail, and the sensitivity of the 3D
model against parameter variations was tested. A
comparison of the simulated temperature distribution with
the experimental measurements obtained with an infrared
camera showed a very good agreement. Therefore, the
3D-FEM model is well-suited for calculating transient
thermal step responses that can be used to derive an
equivalent thermal network model for embedding into a
circuit simulation.
REFERENCES

[1] A. Castellazzi, M. Ciappa, W. Fichtner, G. Lourdel, M. Mermet-

Guyennet, “Compact Modelling and Analysis of Power-Sharing

Unbalances in IGBT-Modules Used in Traction Applications”, in

Microelectronics Reliability 46, pp. 1754 - 1759, 2006.

[2] M. Ciappa, W. Fichtner, T. Kojima, Y. Yamada, Y. Nishibe,
“Extraction of Accurate Thermal Compact Models for Fast

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

Electro-Thermal Simulation of IGBT Modules in Hybrid Electric
Vehicles”, in Microelectronics Reliability 45, pp. 1694-1699, 2005.
K. Oila, M. Ciappa, N. Seliger, W. Fichtner, “Thermal Modelling,
Simulation and Characterization fo a High-Temperature Converter
for Automotive Applications”, in Proc. of the 10th European
Conference on Power Electronics and Applications (EPE’03),
Toulouse, France, Sept. 2 - 4, 2003.

ABB Ltd, “3300V/1200A IGBT Module 5SNA 1200G330100”,
datasheet published at http://www.abb.com/semiconductors

M. Rahimo, A. Kopta, R. Schnell, U. Schlapbach, R. Zehringer, S.
Linder, “2.5kV-6.5kV Industry Standard IGBT Modules Setting a
New Benchmark in SOA Capability”, Proc. of the 10th European
Power Quality Conference (PCIM’04), Nuremberg, Germany,
May 25 - 27,2004.

http://www.icepak.com/ (March 2007).

U. Drofenik, J. W. Kolar, “A Thermal Model of a Forced-Cooled
Heat Sink for Transient Temperature Calculations Employing a
Circuit Simulator”, in the IEEJ Trans. of the Institute of Electrical
Engineers of Japan, Volume 126-D, no. 7, pp. 841-851, July 2006.
J. F. Shackelford, W. Alexander, “The CRC Materials Science and
Engineering Handbook”, ISBN 0-8493-4276-7, CRC Press, 1992.
C. J. Glassbrenner, G. A. Slack, Phys. Rev. 134, 4A, A1058-A1069,
1964.

G. A. Slack, R. A. Tanzilli, R. O. Pohl, J. W. Vandersande, J. Phys.
Chem. Solids 48,7 (1987), 641-647.

M. A. Occhionero, R. W. Adams, K. P. Fennessy, "A New
Substrate for Electronic Packaging: Aluminum Silicon Carbide
(AISiC) Composites," in Proc. of the 4th Annual Portable by
Design Conference, March 24 - 27, pp 398 - 403, 1997.

U. Drofenik, J. W. Kolar, “Thermal Analysis of a Multi-Chip
Si/SiC-Power Module for Realization of a Bridge Leg of a 10kW
Vienna Rectifier”, in Proc. of the 25th IEEE International
Telecommunications ~ Energy  Conference  (INTELEC’03),
Yokohama, Japan, pp. 826 - 833, Oct. 19 - 23, 2003.

U. Drofenik, J. W. Kolar, “A General Scheme for Calculating
Switching- and Conduction-Losses of Power Semiconductors in
Numerical Circuit Simulations of Power Electronic Systems”, in
Proc. of the 2005 International Power Electronics Conf. (IPEC'05),
Niigata, Japan, April 4 - 8, CD-ROM, ISBN: 4-88686-065-6, 2005.
C.-S. Yun, “Static and Dynamic Thermal Behavior of IGBT Power
Modules,” Series in Microelectronics, Vol. 124, Dissertation ETH
No. 13784, 2001.

J. J. Rodriguez, Z. Parilla, M. Velez-Reyes, A. Hefner, D. Berning,
J. Reichl, J. Lai, “Thermal Component Models for Electro Thermal
Analysis of Multichip Power Modules,” in Proc. of the 2003 CPES
Annual Seminar, Blacksburg (VA), USA, April 27 - 29, 2003.

Z. Jakopovic, V. Sunde, Z. Bencic, “From Transient Thermal
Impedance  Measurement to  Successful  Electrothermal
Simulation,” in Proc. of the 10th International Power Electronics
and Motion Control Conference (PEMC’02), Dubrovnik, Croatia,
Sept. 9 - 11, CD-ROM, ISBN: 953-184-047-4, 2002.

J. Chen, S. Downer, “MOSFET Loss and Junction Temperature
Calculation Model in MATLAB,” in Proc. of the 10th European
Power Quality Conf., Nuremberg, Germany, May 23 - 27, 2004.

J. Z. Chen, Y. Wu, D. Borojevich, J. H. Bohn, “Integrated
Electrical and Thermal Modelling and Analysis of IPEMs,” in
Proc. of the 16th IEEE Applied Power Electronics Conference
(APEC’01), Anaheim (California), USA, March 4 - 8, 2001.

U. Drofenik, “Embedding Thermal Models in Power Electronic
Circuit Simulation,” in Proc. of the ECPE Power Electronics
Packaging Seminar, Baden-Dittwil, Switzerland, June 7 - 8, 2004.
O. Schepp, M. Lenz, “A Versatile Electrothermal Model of an
Integrated Full Bridge Device Taking into Account Various
Boundary Conditions,” in Proc. of the 12th IEEE Applied Power
Electronics Conference (APEC’97), Atlanta, USA, Feb. 23 - 27,
Vol. 1, pp. 185 - 190, 1997.

T. Franke, G. Zaiser, J. Otto, M. Honsberg-Riedl, R. Sommer,
“Current and Temperature Distribution in Multi-Chip Modules
under Inverter Operation®, in Proc. of the 8th European
Conference on Power Electronics and Applications (EPE’99),
Lausanne, Switzerland, 1999.

U. Drofenik, D. Cottet, A. Miising, J.-M. Meyer, J. W. Kolar,
“Computationally Efficient Integration of Complex Thermal
Multi-Chip Power Module Models into Circuit Simulators”, Proc.
of 4th Power Conversion Conf. (PCC’07), Nagoya, Japan, April 2
-5,2007.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




