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6.3.4.3. Example of application on the case of two coupled tracks

02 YLS)
\\
10°
N
102 A
Identification R-L 1 decade
104 >i<€
f> f fo
100
104 106 108 £(Hz)

Figure 6.21. The different areas of frequencies

In the example below, we present the method of identification of the circuit
model. The thin wire method enables us to obtain the admittance matrix [Y] of the
system of two coupled tracks. The matrix is size 4 x 4. An example of parameters Yj;
is shown in Figure 6.21.

We can see several areas of frequencies in which the behavior of admittances are
characteristics:

— £ <f,, impedance behavior is resistive;

— 1, <f <f}, impedance behavior is inductive;

— f> f;,, impedance presents a capacitive behavior.
The frequency f; corresponds to the resonance of the track. This is the same for

all parameters Y of the system and depends only on the length of the track and the
permittivity of the environment

PR
TN

This is used to identify the different terms of the “circuit” model according the
frequency band.
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6.3.4.3.1. Inductive coupling

The first step is to represent the inductive coupling between segments of tracks.
A simple model is depicted in Figures 6.22 and 6.23 with the corresponding
formulations.

L
I Iy

ViR UII—< \%
l M) AV4 v, =1, %y 9
M dt dt
oy ¢ 5 ar, dl
— 1 2
VZT Ly Tv?a VLZ_MIZ dt +L2 dt

Figure 6.22. Equivalence between segments of tracks and coupled inductors

Figure 6.23. Equivalent representation of inductive coupling

The electrical parameters of the model are then identified under the matrix [Y]
(calculated using the thin wire method) using a numerical identification method. It
concerns the resistive and inductive terms.

HEE

By identification on the domain [f2, f1], we obtain:

Lo=—12 L-o=— 1
YIIYZZ_YI2 YnYzz_Y]z ;

Y, cw= —- Y,
12
YnYzz_Yli
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The skin and proximity effects that result in a variation of resistance with
frequency are represented by R-L networks, as shown in Figure 76.24.

L1

Figure 6.24. R-L network — equivalent schematic to model the skin effect

The number of cells depends on the frequency range on which we wish to

represent the phenomenon. The parameters of the model are identified using the
matrix [Y] for f<f2.

6.3.4.3.2. Multiple capacitive coupling
From capacitive model of tracks represented on Figure 6.25, the second step is to

identify capacitances of each segment and capacitive couplings between adjacent
segments of track.

1 4

Ci2 C34
Ci3 Cog ——

2 3

Figure 6.25. Coupling capacities between two segments of track

The capacitances are identified using the matrix [Y] calculated by the thin wires
method. The following relationships are established for the model of Figure 6.25:

Licapa =(C +C, +C3+Cyy)- d;t/l -Cp '%_CIS '%_CM '%

Lyapa =—Ci2 '%+(C12 +Cp +Cy +C24)'%_C23 : d;? -Cy '%
Liapa ==Ci3 '%_CZS '%“'(Cl} +Cy;3+Cs3 +C34)'%_C34 '%
Lycapa =—Ci4 '%_CN '%_Cﬂ '%"’(CM +Cpy +Cy +C44)'%
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The symmetries of the system can reduce the number of independent terms Yj;
and therefore the number of capacitances to be determined noting that:

Yie=Yyce = (Cn +C+ G+ CM)'S
Yoe =Yy = (CIZ +C+Cs+ Cls)'s
C=Cy Yoe =Yy =Yye =Y =-Cy s
Cp=Cy Yo =Y0 =Yy =Ype ==Cs5 s
G, =Gy Yie =Ype=-Cy-s
Ci =Gy and Yo =Yy ==Cys

The values of capacitances are identified from the knowledge of the previously
calculated inductance matrix and the resonant frequency f, of each term Y;;. We can
write that:

MEARA

The terms Y1, Y2, and Y, have the same anti-resonance frequency, whereas the
terms Y13, Y14 and Yp; have a minimum for this frequency. It follows that, at this
particular frequency, capacitances can be determined from the following
relationships:

LZ

Y, = Il _Mlzz -p+(C“ +C,+Cy +C14)'p

L

Y, = . +(C12+C22+C23+C13)'P
(Lle _Mlzzj'p
-M M
¥,= 122 -C,p Y, = 2 2 -Cyp
LL,-M,)p (Lle_Mlzj’p
-L, -L

Y, = -Cy- Y, = ! -Cy-
14 (Lle_Mfz)'P u'pP 23 (Lle_Mlzz)'p n'P

The complete model of the two coupled tracks is shown in Figure 6.26. Its
interest lies in the modularity. Indeed, according to the dynamic applied, the model
can be very simple and gradually becomes more complex when all the effects must
be taken into account.
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Line 1

|C14

||
rrH /C13” Ly
1 (R 4
e SN
Cpi=/ / w _I_—l—cll

W==C12 >< mqu)g ==C12W
T2 R ————— Ls'}_/\/\_—_l__3
= Y |_\C23

Line 2

Figure 6.26. Complete equivalent electrical schematic for two segments of coupled tracks

However, when the model becomes more complex, the simulating time
increases. The method presented for two coupled tracks is generalized to any
number of tracks. This generalization is presented in [GAU 00].

6.3.5. Topological analysis of printed circuit

The objective of having a CAD tool for the power printed circuit board imposes
to automate the tasks to share the design into elementary elements, to verify the
existence of couplings between tracks, to identify the parameters of the “circuit”
model and finally to make a net list interpretable by the simulator. A software of
automatic sharing and analysis of printed circuit is necessary for these tasks. This
software must generate, from the geometric description of the tracks on the circuit
board, the information necessary for its characterization by the method of thin wires.
It also allows the user to specify different levels of modeling for each element
obtained during sharing. Finally, it conducts an initial analysis on possible couplings
between the various segments of track. Figure 6.27 clarifies this software stage
(dotted line) in the overall modeling process.
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Figure 6.27. Modeling process

This algorithm enables the sharing of tracks of a printed circuit for modeling by
the thin wire method, as shown in Figure 6.28. The segments of track obtained
during the decomposition correspond to the elements of printed circuit board that
can be modeled using this method. The nodes correspond to the linking elements
between the various segments of track or the junction points with components. The
thin track method is not well adapted to model these particular areas which are
characterized by low lengths and large surfaces. The geometry of these nodes and
parts of linkage with segments of track, however, are fully identified, which allow us
to consider their modeling and characterization using a 2D numerical method (finite
differences or transmission line matrix) without changing this algorithm. An initial
identification of nodes is carried out to allow a simplified characterization
(analytical formulations [GAU 00]) in the case of some well-defined configurations.
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Nodes

Segment
¢ <
Figure 6.28. Decomposition of a design in elements treatable by the thin wire method

Once the stage of decomposition into segments and nodes is completed, the user
can perform an initial analysis of the couplings between different segments of track.
This analysis allows identifying all segments of track that are parallel with parts face
to face (in Figure 6.28 S4 and S1 but not S4 and S2 even if they are parallel). By
default, all segments of track are treated in this analysis, but the designer can specify
the segments in which we should not use the standard modeling. The determination
of significant linkages in turn helps to reduce the total number of linkages to be
represented.

Finally, the third and final step is to automatically create a specific library for the
printed circuit analyzed, comprising the parameters of models for all segments of
track. Using a library can make the link between generic components, used in the
electrical diagram, and the degree of complexity of models, as shown in Figure 6.29.

Some generic components have been created under SPICE to model:

— a single track segment (track 1m);
— two coupled track segments (track 2m);

— three coupled track segments (track 3m).

Different libraries are generated automatically depending on the degree of
complexity required:

—level 1: R-L model with inductive coupling;

—level 2: R-L-C model with inductive and capacitive coupling;

— level 3: R-L-C model with inductive and capacitive coupling, and skin effect
(4 cells).
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Figure 6.29. Links between components, models and parameters

We can consider an extension of this approach to a multi-layer printed circuit:
successively applying the previous method to the different layers, which can allow
identifying segments of rectangular track. The couplings are treated the same way as
for a simple face circuit, parallel segments of track with part face to face are
identified during an initial topology analysis.

6.3.6. Experimental applications

6.3.6.1. Analysis of printed wiring

This section illustrates, using an example, the principles and methods of
modeling printed circuit developed here. The device under study is a half bridge of
an inverter with MOSFET transistors, powered by 150 V and with switching at
20 kHz. It is represented in Figure 6.30 with its mono-layer printed circuit wiring.

1_high

E
150V,

?'_
m I
=

Cde_low|

Figure 6.30. Converter and its printed circuit board
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The analysis of a printed circuit takes place in 5 stages.

Step Result
1 Decomposition of printed circuit  All track segments and nodes
2 Study of couplings list of couplings
3 Calculation of electric Admittance matrices Y
characteristics

4 Calculation of equivalent models =~ Model parameters

Generation of the SPICE library Library for all elements of the printed circuit board

After applying the method, an impedance measure of the design is performed to
validate the simulation. Figure 6.31 presents these results in an indicated wiring
configuration.

™

[Y](S) Y] (S) Simulated admittance
0!
100
10-1
10-2
1073
[ 104
104 108 106 107 108 104 108 100 107 108
Frequency(Hz)| Frequency (Hz)

Figure 6.31. Printed circuit board located 11.5 mm from the ground plane
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You can find a correct representation of the impedance of the circuit up to
several hundred MHz. The interest of this analytical method is to easily vary a
parameter, for example, the height of a printed circuit compared to the ground plane.
The simulation shows in this case a decrease of inductances and an increase in
parasitic capacitances with the ground plane. The designer may assume the
consequences in terms of EMC (current leakages by common mode capacitance) or
operation of converter (voltage surge), compared to a specification. It is thus
possible to quickly optimize the wiring using some simulations.

6.3.6.2. Influence of wiring on conducted disturbances

Having the complete wiring model, it is then possible to simulate its influence in
terms of electromagnetic compatibility by comparing an ideal situation (wiring with
no impedance) and the actual situation induced by different types of wiring. The
study was conducted in Figure 6.32 where the influence of printed wiring is
represented on the spectrum of conducted disturbances. These are measured on the
Line Impedance Stabilizer Network (LISN) connected at the input of the converter.
The simulation reproduces the measurement configuration.

In the simulation corresponding to Figure 6.32a, only the imperfections of
semiconductors and passive components were taken into account. In Figure 6.32b
the wiring model was added. It is located 11.5 mm above the ground plane, a classic
value for printed circuit boards. The case of Figure 6.32¢ corresponds to a type of
IMS wiring where the height compared to the ground plane is 50 pm. There is a
marked increase over the ideal case and over the case of a printed circuit board. The
comparison of simulations clearly shows the influence of wiring on the
electromagnetic signature of the converter. It is dominant in the range of 1-30 MHz
and already sensitive a decade before. Finally, Figure 6.33 presents measurements
on the actual converter in the configuration of simulation b. There is a good fit with
the simulation results, which validate the methodology. We should note that,
according to the level of detail used for simulation, the time to calculate can be long,
especially if we introduce skin effect models and multiple couplings. Also, in a
CAD oriented simulation, the time to calculate can be long, especially if we
introduce skin effect models and multiple linkages. Also, in a CAD oriented
simulation, the designer must begin the simulation by using low-level models to
determine the weight of any particular parameter on EMC or electrical performance
of his device. The complex model is then reserved for the final stage of the
calculation.
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Figure 6.33. Spectrum of conducted disturbances
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6.3.7. Conclusion on the simulation of printed circuit

These sections have shown that the printed wiring used for power electronics,
whether traditional (epoxy) or on substrates of IMS type or DCB type for hybrid
modules, can be simulated with a satisfactory accuracy and calculation time for a
CAD design by a mono-dimensional transmission line method.

All types of printed conductors (multi-layer, variable width, etc.) can be
simulated using this method with a sufficient accuracy up to 100 MHz. Some
configurations, however, require a 2D modeling, this work is currently underway.

6.4. Towards a better understanding of massive interconnections

In this chapter, we will try to show some examples of power interconnection
with their own specificities. We will focus in this section on the design of
interconnections according to the criteria of power electronics, that we have already
highlighted in the previous sections. Of course, these models can then be completed
for EMC. Our intention here is to give examples that can be used in a certain way as
guide lines for design. Of course, some proposed solutions are not necessarily
original, and have already been developed by engineers of strong powers in the field
of induction heating. We will try to illustrate the particularities of each family of
interconnections showing orders of magnitude to be expected, and the simplifying
assumptions that can be made according to the specificity of each and according to
the accuracy that is expected. This accuracy is not always easy to determine, as we
will show in section 6.5.

The interconnections in power electronics, except bonding, are mostly and quite
exclusively, made of rectangular cross-section conductors. In the same way, but less
systematically, conductors are parallel to each other or perpendicular, which greatly
simplifies the representation of models of a complete structure (zero coupling
between perpendicular conductors). Thus, first studies of quite general scope can be
made, and only after this will we see the impact of the specificities of each type of
interconnection according the geometrical dimensions and geometrical shapes
encountered.

6.4.1. General considerations
In this section, we first of all want to illustrate the general trends regarding the

evolution of the inductive impact of conductors, based on their geometric
dimensions. Most connections used (printed circuit board, IMS, bus bars, massive
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bars, etc.) have rectangular cross-sections that make possible to apply the following
general trends.

6.4.1.1. Change in partial inductance depending on the geometry of the straight
section of the conductor

Figure 6.34 highlights the change in inductive impact of a conductor according
to its section. In this example, the length of the conductor is 50 cm and the cross-
section of the conductor is changed, taking as constant the surface equal to 4 cm?.

It should be noted that more the conductor is thin and large, the less inductive it
is. This makes it very obvious which geometric shape of sections must be chosen to
minimize the inductance of a path. The square section gives an idea of the
inductance of a round wire whose transverse section is an equivalent surface.

Partial inductance (nH)

400 T T T T
300 2 cm I _
} —_
0.1 cm
200 |- ———— T 2cm -
40 cm

100 | | | |

0 20 40 60 80 100

Thickness/width ratio (%)

Figure 6.34. Evolution of the partial inductance with the geometry of the section

6.4.1.2. Change in partial inductance depending on the surface of the straight
section of the conductor

The second concept that is as important as the previous one is to have an idea of
the change of partial inductance of a conductor depending on the surface of its cross-
section.
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Partial inductance (nH)
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Figure 6.35. Evolution of the partial inductance depending on the surface of the cross-section
keeping constant ratio width over thickness

Even if the first criterion for choosing a cross-section is thermal, the chart
contained in Figure 6.35 shows that the partial inductance of a conductor is very
much reduced when the amount of copper used increases.

More specifically, we can observe on the curve in Figure 6.35 that the evolution
is linear if a logarithmic scale is used for the surface value. It may be recalled that
the expression of the partial inductance shows on denominator the surface of the
conductor. It is therefore normal to find this type of variation. The user can then
easily extrapolate the curve to solve his problem.

6.4.1.3. Change in partial inductance depending on the length and section of
conductor

In the following illustration, we want to overcome stereotypes which consider it
is sufficient to say that one meter of conductor has an inductance of 1 pH (order of
magnitude is however useful in some simple cases). Given the expected
performance of interconnections in power electronics (often less than 100 nH), there
was no question of use of such magnitudes, legitimate only in the case of wiring
several tens of meters separating electrical assemblies. We take this opportunity to
recall that the partial inductance is not a linear concept and that, therefore,
inductance of a 2 meter conductor is not twice the inductance of one meter. The
partial inductance takes into account the fact that the length of the conductor is finite
and this concept does not, therefore, makes the assumption of TEM mode
(transverse electro-magnetic field).
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Inductance introduced at 1m of conductor and at 1 pH
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Figure 6.36. Dependency of inductance of a conductor with the length and the section

The graph in Figure 6.36 shows this considering conductors whose cross-
sections are different (from the flatter to the extreme case of a square or cylindrical
conductor). The partial inductance of a conductor has been calculated taking into
account its length, then divided by its length to obtain a per unit length value. This
result was then compared to 1 pH to show errors that can be made with this kind of
approximation.

As for longitudinal dimensions of less than 3 m, the “magic” value of designers
of 1 puH/m overstates the inductance, while for dimensions greater than 3 m, it
underestimates. Moreover, this distance depends on the section of conductors. The
thinner and wider this section, the more this changeover distance increases.

6.4.1.4. Change in partial inductance depending on the frequency

Traditionally, we consider that the inductance of a circuit can be broken into two
parts. One is the magnetic energy contained in the volume of the conductor. This is
called internal inductance and depends on its geometry. The other part is called
external inductance, which is defined by the flow embraced by the current loop. It
depends on the shape of the loop but also that of conductors. The total inductance of
a circuit is the sum of these two inductances. In high frequency, current tends to
spread to the periphery of the conductor (skin effect); internal inductance therefore
tends to zero when the frequency tends towards infinity.
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We can illustrate these remarks by the school case which consists of a cylindrical

wire infinitely long with radius a. The internal low-frequency inductance expressed
. L,

per unit of length is: — =—">.

8-

For any wire, whatever its diameter, this is a low frequency internal inductance
of 50 nH/m.

High frequency redistribution of current in the conductor is performed with the
same cylindrical symmetry as with low frequency (Figure 6.37), if the conductor is
not subject to any external influence; external inductance of the circuit made by
cylindrical conductors does not vary.

a) b)

Figure 6.37. Current density of a cylindrical conductor far away from other conductor:.
a) low frequency, b) high frequency

In cases where another wire (back of the loop for example) is considered close to
the conductor, high frequency redistribution of current looses its symmetry and
external inductor is amended (Figure 6.38).

Figure 6.38. Current density of a cylindrical conductor: influence of the back conductor in
high frequency (d of same order of magnitude than @)

Figure 6.39 shows in the case of a loop of rectangular shape (perimeter 50 cm)
made of round wire that the change of inductance with frequency is indeed 50 nH/m,
because there is no significant proximity effect (10 cm - 15 cm) between conductors.
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Where two conductors of the loop are close (24.5 cm - 0.5 cm), the decrease of
inductance with frequency is higher.

The external inductor has therefore been amended by the presence of the return
conductor.

455 —
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+ Internal
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I + Internal
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Figure 6.39. Change of internal and external inductances depending on the frequency

For conductors of rectangular section, internal inductance becomes negligible if
one dimension is very low compared to the other, as shown in Table 6.2. The
variation of inductance with frequency in the case of thin ribbons (printed circuit or
plates) must therefore be attributed to the external inductance.
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Figure 6.40. Flat current in a conductor of very low thickness
a (mm) b (mm) a/b R (mQ/m) Li (nH/m) Li (nH/m)
1 MHz 1Hz 1 MHz

0.0035 12.5 0.0028 61.2 0.6 0.6

0.0661 6.61 0.0100 63.4 2.0 2.0

0.15 2.9 0.0520 74.6 9.3 7.1
0.21 2.1 0.1000 86.6 16.3 10.4
0.33 1.32 0.2500 111.5 31.0 14.2
0.47 0.94 0.5000 123.4 43.0 15.7
0.66 0.66 1.0000 128.4 483 16.3
r=0.373 - 120.8 50.0 17.5

Table 6.2. Simulations with “finite elements” for a constant surface ab
(R low frequency = 39 m&2). Also case of wire with given radius r

It is interesting to note that for the printed circuit board traditionally used in

6.4.2. The printed circuit board or the isolated metal substrate (IMS)

power electronics, 210 pm thick, where it is common to encounter tracks of 1 cm
wide, the value of the internal inductance will be lower than 4.4 nH/m. For power
boards, where the total length of connections does not exceed 20 cm, internal
inductance does not exceed the nanohenry. The wires of circular or square sections
have a neighbor behavior.

The effect of a ground plane located below a track is well known to reduce the

inductance of a loop of electrical circuit, whether the plane is electrically connected
or not to the rest of the assembly.
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Figure 6.41. Change of the inductance of a loop by introducing a ground plane

Indeed, if we consider a loop (Figure 6.41a), composed of a conductor and
return back, the embraced surface can therefore become consistent, inductance that
results is therefore high. Now (Figure 6.41b), put a ground plane below the
conductors. The theorem of images leads us to replace the ground plane by a loop
travelled by the same currents in the opposite direction. Soon, it appears that there
are compensation flows between a conductor and its image. This way, there is no
longer a big loop which radiates but two extremely flat loops (twice the spacing
between the conductor and the ground plane), which constitute inductance of the
original loop. It is therefore easy to see that the inductance is greatly reduced (Figure
6.42).

80

Partia| inductance (nH)

40 A

20 //

L

0.001 0.01 0.1 1 10
Distance "h" to ground plane (cm)

SMI (1.4 nH)

Printed circuit (14.4 nH)
Figure 6.42. Increase of partial inductance of a conductor

with the remoteness of the ground plane

In terms of application in power electronics, the IMS uses this feature perfectly
which leads us to obtain tracks whose partial inductance rarely exceeds 10 nH. The
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voltage surge at the opening of semiconductor components are therefore not to be
feared with this type of technology, provided the appropriate packages are used.

6.4.3. Massive conductors

In the applications of very high power (more than a few megawatts), or more
exactly when the current reaches very large values (more than 1,000 Amps),
connections with massive conductors are used. It is necessary to be able to connect
in parallel converters, and several constraints of mechanical congestion lead us to
use such interconnections. It is faster and more convenient to make the connection
between two pieces using massive conductors than studying a bus bar which has to
answer very specific criteria for partial discharge, etc. This method of connection is
widely used in power electronics at industrial frequency (bridge rectifiers for
electrolysis, manufacture of aluminum, etc.) or simply in electrical engineering (bars
for transformer supply, etc.). In these cases, the intrinsic value of loop inductance is
not important but the perfect knowledge of inductance wiring is predominant in the
correct distribution of currents between devices in parallel.

The way to reduce inductance of the loop is to maximize face to face surfaces
and increase the conductor section (Figure 6.43). However, we must be aware that
we cannot change this inductance significantly.

Loop inductance (nH)

400 T T T T

300 [~

200

100 [—

1 1 1 1
0 2 4 6 8 10

Space between bars (cm)

Figure 6.43. Evolution of the partial inductance of a loop made of go and return massive
conductors, depending on their distance

6.4.4. Bus bars

The bus bars are sandwiches of copper and insulating materials pressed and
glued. The extreme proximity of conductors increases the partial mutual inductance
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which comes to subtract the partial inductance of each bar. This explains perfectly
how we can obtain through this process little inductive wiring.

©

] ]
T
o s Cm—tism —g—!
5 cm
L=20nH L=8.5nH L=4nH

Figure 6.44. Some ideas to win more nH! (at constant copper volume)

Nevertheless, the idea to compensate the magnetic flux created in copper at the
closest by interspersing plates of way and return flow, as shown in Figure 6.44,
shows that it is possible to earn a few nanohenrys but this stacking increases slightly
the sizes of the device and especially leads to a much more expensive component. It
should be noted that the dielectric layers are all of the same thickness and that the
current densities are the same in all conductors.

The weakness of the bus bars lies in the problems of partial discharges which
often take place in the corners that can present this type of interconnection.

6.5. Experimental validations

The more frequent use of modeling as an “a priori” design tool, requires many
validations on realistic configurations. In the case where the device exists, it is
sometimes possible to make characterizations of interconnections in the actual
operating configuration of the device or, at least, in a configuration extremely close.
However, in general, the measure of interconnections remains delicate, mainly
because the measured values are, fortunately, particularly low. It is not always easy
to close the loop to be measured by a foreign connection to the device and with less
impedance than it.

Two large families of measurements are possible in a practical way to achieve
the evaluation of interconnections [CLA 96]. The offline measures, themselves
separated into several categories, are:
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— Measures of impedances with specific devices (impedance measurement bridge
for example). This technique is interesting because it gives the value of the
impedance according to the frequency. In order to form a loop, the connection under
test may be closed either by a short circuit (not always easy to achieve and
sometimes with significant impedance) or by decoupling capacitors, which
themselves, if they can be exactly of the same value, exist in the final assembly.

— Measures by reflectometry (time or frequency), for example, vector analyzers
or temporal reflectometry (TdR). The main drawback of these methods is the low
accuracy when the impedance to be measured is far away form characteristic
impedance of measuring apparatus (50 Q most often). As a result, very low
impedances due to the connections will not be determined with precision, except at
very high frequency. Now, this is the inductive behavior, visible at rather low
frequency, which is important for a power electronics designer (forecast of voltage
surges).

— Measures by resonance: either with the decoupling capacitors used in the
application or possibly with others. We must of course know exactly their values. It
determines the tuning frequency of the system (actual impedance at that frequency),
which leads to the value of inductance sought.

— Measures making the ratio V/(di/dt). In an “off line” approach, di/dt is injected
by an external generator. Note that it is sometimes possible to move the voltage
sensor throughout the connection to assess the inductive contribution of each piece.
Take care at this stage that the voltage which is measured is expressed by

. J di.
V= L%+ E Mij —L  Thus, in the general case, we will not have access to the
t o dt
i#]

value of inductance unless we can effectively ignore the mutual couplings Mij.

— “Online” measures, fairly close to the actual operating conditions of the device
or even in operation, can also be used.

The ratio V/(di/dt), during commutation, can of course give useful information
on inductances, concerning mutual inductances some precautions can be taken as
previously said. One of the important applications is the determination of housing
inductance of a controlled IGBT-type semiconductor.

We can also think of an oscillatory discharge. Decoupling capacitors are charged
generally under a reduced voltage and the short circuit is realized using the
semiconductors of the power structure. Given the orders of magnitude, it is not
always easy to obtain an oscillating wave discharge which remains easy to identify.
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The identification results are not always very accurate and can present an error by
the fact that the short circuit created by semiconductors is not instantaneous.

The necessary conclusion is that none of these measures is really better than the
others. Our preference is still for measures on impedances bridge which has the
advantage of allowing a display of the impedance depending on the frequency. In
addition, some of the mistakes are more easily quantifiable in terms of abacuses
provided by the manufacturer. The only large inaccuracies are due to the possible
short circuits used to close the loop.

Figure 6.45 shows the comparison between model and measurement, on
inductance between the emitter and collector of an IGBT in its package. This
validation of the overall modeling of inductive package confirms the interest of the
approach.
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Figure 6.45. Comparison simulation — measure on an IGBT package (old generation)

For more complex connections requiring a 2D approach, the example of
Figure 6.46 is that of a three-phase UPS installed to supply AC machines. In
addition to InCa3D modeling, we conducted several measurements using different
methods that we summarized in Table 6.4. It may be noted that it is also necessary to
model any piece belonging to the switching cell which is also involved in the
measurement. In particular, it was necessary to characterize internal inductances of
semiconductor packages. The measurement does not allow us to differentiate the
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inductive importance of the bus bar in the total loop. We had to remove the
simulation results of the package from the measure to obtain the results presented.

Resonance Short circuit Oscillating Simulation
Impedance bridge Discharge
Inductance 20.5nH 13.5nH 9nH 9nH

Table 6.3. Values of inductance of the commutation cell: measures and simulation

a) Electrical schematic b) Bus bar modeling by InCa3D
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c¢) System for measuring oscillating d) Identification of the current wave
discharge
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Figure 6.46. Example of measurement for characterization of a bus bar

As a conclusion, we can see that there is already a great dispersion of results
depending on methods of measurement and it would be very hasty to conclude that
oscillatory discharge is the best method because it gives the nearest result from
simulation, itself subject to errors.
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6.6. Using these models

In this section, we will show how to use electrical equivalent schematics
provided by modeling. Indeed, it is possible to obtain global values and/or local
values according to the post-treatment involved. Of course, depending on the studied
structure, the analyses will be more or less easy and will lead to more or less data
processing.

6.6.1. Determination of equivalent impedance

As modeling provides an electrical equivalent schematic including localized
constants made of resistances, inductances and mutual inductances, then it is logical
to try to reduce this figure to determine the impedance of all or part of the structure.
This impedance then serves to make a study of waveforms of the power electronics
structure. However sometimes the complexity of the structure is such that one
impedance is not enough to show all the connections of the device. The scale model
is then more complicated and we will see in the following section that the
calculation methods are not the same as for the simple case of a single impedance
(section 6.5.1.1).

6.6.1.1. Between two points

In this section, we will give two examples illustrating the approach to determine
the impedance of the commutation loop. The 1D assumption was used in the first
instance and the 2D assumption for the second (for the connections grid).

Here is a brief recap of the different steps of the approach [CLA 97]:

1. entering the geometry of the device from plans by the graphic pre-processor
InCa3D;

2. evaluation with InCa3D of all parasitic elements, inductances and mutual
couplings;

3. post-treatment with InCa3D to possibly reduce the equivalent electrical
diagram;

4. simulation of the electric model thus obtained. The system which now needs
to be simulated is of reasonable complexity (at least the switching cell composed of
a voltage source, an inductance, a diode and a switch). We can of course simulate
more complex systems that are more complete and thus allow any change in
geometry.
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6.6.1.1.1. First example

The first example that we present is modeling a switching cell in the form of a
Power Block package.

Figure 6.47 shows the modeling process of the switch function:
— capture of geometry (Figure 6.47¢);

— modeling with an electrical equivalent schematic with localized constants
(Figure 6.47d). Here, as conductors are mostly linear and, more important, as it is
possible to make assumptions on the path of current lines, a 1D mesh was adopted;

— —reducing the electrical equivalent circuit given by PEEC modeling. This is to
determine the equivalent impedance from two points of the switching cell (Figure
6.47e). Note that this impedance results in the serial and parallel combination of
different portions which, remember, are all linked to each other, which requires
some developments of matrix calculus [ROU 94] and the introduction of the
frequency;

— simulation and obtaining global waveforms of module (Figure 6.47f). In the
final simulation schematic, mesh inductance includes therefore the case that we just
evaluated through InCa3D, the inductance of voltage source (decoupling capacitors)
and the one of the bus bar between the capacitors and the Power Block.

6.6.1.1.2. Second example

Now let us take a much more complex example in the form of an interconnection
bus bar with a large and flat geometry, which needs to make a 2D mesh (Figure
6.48) as described in section 6.3.2. As a result of the InCa3D modeling, a network of
resistors and inductances are all coupled, but difficult to use directly by the power
electronics engineer.
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a) Electric function of the studied Power b) External aspect of the Power Block
Block

¢) Geometry of internal connexions
described on InCa3D

d) Electric schematic from modeling on
InCa3D (all are coupled inductors)

N ~ \40:
e) Generic diagram for simulation j%ﬂ
MOS

/V
MOs

f) Accurate simulation obtained from accurate model of connection and component: opening a
MOSFET

20 T . . . .
! 4 Voltage (V)
’ 4 Current (A)
T R Time (s)

Figure 6.47. Approach for extracting a cell switching:
from capture of geometry to simulation

—

Figure 6.48. 2D mesh of plates of the bus bar
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The application of a network theory is not justified in this example. We are
looking only for the impedance between two points, input and output, of the bus bar.

A simple harmonic analysis with SPICE, for example (Figure 6.48), gives the
evolution of the electrical characteristics of the bus bar depending on the frequency
(Figure 6.49).

Figure 6.49. Impedance of bus bar depending on the frequency
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Figure 6.50. Frequency characteristics by using a SPICE simulation, device measurement

More specifically, Figure 6.50 shows the evolution of resistance and inductance
depending on the frequency. These values are only valid for a limited range of
frequencies, in agreement with the spatial meshing of the bus bar (Figure 6.48). This
phenomenon appears especially on the resistance whose value reached a limit
around 10 kHz, while in practice it continues to grow with frequency. Variations of
inductance are much smaller amplitudes, which does not allow us to distinguish the
limit of correct digitization, and enables us to accept good values of inductance
obtained for frequencies above 10 kHz.

From these impedance curves, it is possible to deduce a simplified electrical
equivalent circuit involving only two resistances and two non-coupled inductances
(Figure 6.51). Clearly, it is easier to make a temporal simulation with this last model
than with the one obtained by InCa3D simulation which contains several hundred
coupled LR series circuits. A finer model, but also more costly in simulation time,
can be made by adding parallel LR cells in series.
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R2
R L

Lz

Figure 6.51. Simplified electrical equivalent schematic
whose characteristics are independent of the frequency

In the case of 2D modeled structures, post-treatment can be very long and costly
in terms of memory space, because the electrical pattern that has to be reduced to a
simple impedance can be very dense.

In many cases, a power electronics designer will be tempted to use an approach
to solving circuit equations based on the method of potential nodes, as proposed by
the SPICE software. However, the latter is not well suited to many inductors, and
analysis of the circuit related to the current is better suited as we will show in what
follows.

6.6.1.1.3. Analysis of electrical circuit [PIE 99]

After applying the PEEC method, we obtain a matrix system U =Z-1 which
dimension equals the number of subdivisions. At the end of this circuit analysis a
reduced relationship u = z-i must be obtained, where z is the equivalent impedance
between two points of the structure, which will allow us to study the overall
behavior of the system.

We have chosen a systematic topological analysis, which uses Kirchhoff’s laws
(law of nodes and law of mesh). These laws do not depend on the type of
components (active or passive, linear or non-linear), but only on the directed graph
of the circuit. For example, Figure 6.52 shows an electric circuit and its associated
graph.
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b1 b2 b2

n4 b5 % n2 n4 n2
bA b4 b3 b4

n3

b7 b6

n5 n5

Figure 6.52. Electrical circuit and its associated graph

The electrical circuit is composed of 7 components that are represented in the
associated graph with directed segments. The points of connections, 5 on this
example, which are terminals of components, are topological nodes. Oriented
segments in the direction of reference are called branches.

The mesh concept is also defined. It is a closed loop, oriented in a reference
direction, which follows the branches, such a way the branches are travelled at least
once. For our example, there are 6 meshes as we can see in Figure 6.53. However, it
appears that these meshes are redundant and do not form an independent system. It
will therefore be required to find the number of independent meshes for describing
the system.

Broadly speaking, if we consider the graph of an electrical circuit with b
branches and n nodes, the system of independent integral and differential equations
for the calculation of voltages and currents in components includes n — / equations
for nodes and b — n + 1 equations for meshes. It should be noted that the number of
branches b is greater than the number n of nodes, which may be a factor in the
choice of the calculation algorithm.

In the previous case, we must find 3 independent meshes (because b =7 and
n=15). For the following development, our independent 3 will be meshes ml, m2
and m3.
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Figure 6.53. Electrical meshes
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To implement the system of equations to be solved, several well-known values
must be introduced. The incidence matrix N, also called the nodes to branches

matrix, is defined as follows:

%y %, %, . . .
1 ,if branch j leaves node i
Gy Gy o Oy . - .
N= avec o = —1 , if branch j arrives at node i
0 , if branch j is not connected to node i
o o o

With this matrix N, we can write the law of nodes: N -1 =0, with I the vector of

branch current, with dimension b.

Matrix N is not regular. To transform it, we need to delete a line and we obtain
the reduced incidence matrix N” which is regular. This operation corresponds to the

choice of a reference node.

We can always write the relationship: N -1 =0

By B - By
[%1 [22 te [%b

Consider the matrix M =

B, B, - B,

,withm=b—-n+1
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and:

1 , if branch j belongs to mesh i and they are oriented in the same direction

p.=|-1, if branch j belongs to mesh i and they are oriented in the opposite direction

i

0 , if branch j does not belong to mesh i

The matrix M will be called in the following matrix mesh-branch.

We can write the mesh law: M- U = 0 with U the vector of branch voltages of
dimension b.

In the above presentation, we have ignored the components of the circuit. We
will take them into account in expressing Ohm’s law on each branch. Two dual
methods exist.

The branch currents are a function of branch voltages. In systems that we
describe, it is always possible to write Ohm’s Law:

I=Y-U

with:

— I: branch currents vector;
— U: branch voltages vector;

—Y: admittances matrix related to the branches.

Vectors I and U are not completely composed of unknown variables. Some ii and
uj may be determined by the structure: they are current and voltage sources. In this
approach, the unknown is vector U. The current sources will be isolated in a vector
I,. The previous law becomes:

I=Y- U+l

with I, the vector of current generators.

To illustrate this, we take the example of Figure 6.53 and we assume that the
generators are current generators. Then we have the following terms:

L=[o 7, 0 0 00 L]

and:
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1
— o0 o0 0 0 0 0
Rl
o 0o o0 0o 0 0 0
0o 0o jCo 0O 0 0 0
1
o 0o o — 0 0 0
Y= R,
1
o 0o o0 0 —/ 0 0
JjLw
1
o 0o o 0o 0 — 0
R
3
o 0 o0 0 0 0 0

The branch voltages are a function of branch currents.

For this approach, we express Ohm’s Law U = Z-1, with:

— U: vector of voltage branches;
— I: vector of current branches;

— Z: impedance matrix relative to each branch.
As in the previous case, there may be voltage and current sources.

The unknown here is the current vector I. The voltage sources are encountered in
the vector U,

Weobtain: U=Z-1+ U,
with U, the vector of voltage generators.

This time, we assume that the generators are voltage generators. Then we have
the following terms:

U, =[0 E 0 0 0 0 E]

and:
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R, 0 0 0 0 0
0 0 0 0 0 0
0 0 L 0 0 0
jCw
Z=0 0 0 R, 0 0 0
0 0 0 0 jLo 0 O
00 0 0 0 Ry 0
00 0 0 0 0 0

Once the different values are defined, we will explain later the impact of the two
previous approaches. We will explain the reasons of our choice.

To show the principle of the two methods, we will take a simple example: 2
straight bars, which we model in 1D, respectively in 2 and 3 elements in Figure

6.54. Here, the bars were isolated from the converter

I Z11

— T
—P—l Ty }—\

PEEC ) 2y
| )

with z =r+j @ [,

Figure 6.54. PEEC modeling

In this case, we want to assess the electrical equivalent pattern of each bar and
the inductive coupling between them. To this end, two fictitious components are
added. These can be considered as impedance sensors (Figure 6.55), i.e. devices that
measure the equivalent impedance of connections: for the specific case of an
impedance only resistive, this is an ohmmeter.

We try to identify elements of the impedance matrix defined as follows:

Ul Z]l le Il . 1 2
= . N Wlth Z2 = ZI .
Ul Lz, Z L
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Figure 6.55. Adopted model

The associated graph with this electric system is presented in Figure 6.56.

b
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Figure 6.56. Associated graph

Starting from this graph, we can define nodes Ni (ie {ln}), branches Bi
(ie{1...b}) and independent meshes Mi(ie{l...m}). The number s of
impedance sensors is also defined (here, s = 2). For our example we have n=4,
m=5andb=7.

Note Z the matrix of impedance obtained by modeling with the PEEC method.

Ry +joly,  joM,2 i joM;! joM;2 joM;?
ij{IZ Ry, +joL, | _](1)M1221 _]L0M1222 _]L0M1223
7- __}c;fvffll"_"_}20_1\?1_1223_"irﬁ_z_l_i}éi;;""}(}i\i;i ''''' jom3?
JmM1212 ij1222 i ijglz Ry, +joL,, J(JJM;;
joM;? joM 2 i joM3? joM32 Ry +joly
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The notation is as follows:

- Mi’ which is the mutual coupling between element i of bar A and element j of
bar B;

— R, which is the proper resistance of element i of bar A;

— L, which is the self inductance of element i of bar A.
B, _ A;
Note that M AJi = MBj .

Analysis related to voltages: in this approach, the unknown will be the vector of
branch voltages U. We will use the laws concerning the matrix N’ of incidences of
branches at nodes and Ohm’s Law expressed through admittances. The impedance
sensors are, for this method, current generators. We have:

t
=boooon L |

The combination of the previous equations gives: N - Y- U+ N’ 1, =0.

If we choose a node reference by independent system, we can define the vector
V of potential differences between each node and its associated reference node. V is
size (n - s) and is linked to the vector U of voltage with the equation: U=N"-V .

In our case, we took nodes n, and n4 as nodes of reference.

We obtain equality as follows:
| it |
N-Y'-N -V+N I, =0

To simplify the equation, we note: Y, = N-Y-N".

For the example studied, we have:
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1 1p 1y Iy I 1 17 1y 1)
Y11 +Y12 +2Y12 Y12 +Y22 +Y23 +Y21 +Y22 +Y23
1 | | 15) 1 Iy 21 2 23 2] 2 21
Y21 + Y22 + Y23 + Y21 + Y22 + Y23 Y21 + Y22 + Y23 + 2Y22 + 2Y23 + 2Y23

n

with Yf ' the admittance between element i of the bar A and element j of the bar B.
The equation becomes: Y, -V + N’ 1, =0.

In order to obtain the potential of current generators, and hence find the
equivalent impedance of each system, as well as mutual between two systems, we
must reverse Yn.

Thus, we express V as follows: V = —Ynfl ‘N 1I,.

For mesh voltages, we obtain the equation:
U=-N"Y -N-I

We call Zb the matrix —N" -Yn_1 N

Recall that the vector Ig is a vector composed mainly of 0, except s last terms
that are equal to the currents set by the impedance sensors. The matrix Z, can be
broken down as follows:

|
|
! b—s
Zy, = |
R S
1 Ze] S
<>
b_s s
Written in expanded form:

T ‘ 1T
I ; I
upp i i
U2 | iy
].122 = i 122
Yol [ 23
U; EZC I

_U2 L } i 12




Modeling Connections 379

Z. is the matrix of impedances sought in the case of a reduction.

In summary, Z. is obtained as a result of several operations:
— inversion of the matrix Z (dimension (b - s) x (b - 5));
— inversion of the matrix Y, (dimension (n - s) X (n - s)).

Before discussing the advantages and disadvantages of this method, we will first
present its dual analysis.

Analysis related to currents: for this analysis, the unknowns are the mesh
currents. Thus, we will use the laws associated with the mesh-branch matrix M and
Ohm’s law expressed with the impedance matrix. This time, impedance sensors are
voltage generators.

U, and Z involved in this case are as follows:

0
z | & ]|b-s
U,=[0 0 0 0 0 E; Ep] ind - B
o o]
b—s S

The mesh-branch matrix M is defined so that it is regular. Recall the dimensions
of the matrix are m X b.

1 =100 0 0 0
00 1 -1 0 0 0
M=[0 0 0 -1 0
01 00 0 -1 0
00 0 0 1 0 -1

Similarly, we define the vector composed of Im mesh currents (dimension
m x ).

u, u, u, U U2]t.

This was for our example: U= [ull u, ) 2 2,
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I=[i11 I, I Iy, dp3 L 12]

. . . t
Im:[lml Imy Img Imy 1m5]

Vector Im is calculated from vector I expressing the law of meshes, using the
matrix M, which gives the equation: [=M"-T .

The combination of the previous equations gives:
M-Z-M' I, +M-Ug =0

For simplicity, wenote: Z =M-Z-M' and U = M-U,.

Here,

i 2 2 2 2 2 2» 23 2 23 23]
72247, 77, -7'+7] 7}-7)-7}+7) 72-7, 7'-7]
2 2 2 2 2 2 3 N
B -7, -7 +7) B+, TR DD -7 7, -7) 77,

2 2 2 2 2 2
R A A N AV N A A 2
2 2 2 2
7z, 7,2, 7, 7, z, 7
2 2 2 2
47, Z, -2, z3 -2, z;

and U, =[0 0 0 -E -E,|.

The introduction of the two previous equations leads to:
Z -1 +U =0
Calculations allow us to write both following equalities:

io=i i =1
1 2

m, 1

L, =i ti, +i, =1,

As we wish to express equivalent impedances between two points, we have to
find out Z, such that:
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I E
Zc . 1 = 1
L] [E2
Obtaining Z. will be carried out using a method able to make partially triangular
the matrix Z.,, for example, the Pivot Gauss method. This allows the equality:

1 x x «x X ] _iml_ [0
0 1 x im2

0 0 1 X X |- im3 =/ 0
00 0 Zy, Zey | |img | |Ei
_0 00 Z.,, Z, | _imS | E; |

We can extract the matrix Z. and therefore equivalent impedances of each
independent system.

In summary, the result is obtained using a partial triangular matrix Z,
(dimension m X n).

Comparison of the two analyses: at the beginning of the analysis in relation to
the voltages, the analytical aspect is lost while we keep it up until we make the
triangular matrix operation in the analysis related to the currents.

To compare the two types of analysis previously exposed, we will recall in a
summary table the characteristics of each method.

analysis in relation to the voltages analysis in relation to the currents
Inversion of two matrices: Triangular operation on a matrix
mxm

(b-s)x(b—s)
(n-s)x(n—s)

Table 6.4. Operations for current and voltage methods

We can conclude that in terms of calculation cost, the analysis related to voltages
is much more expensive than that related to currents and the two inversions as the
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voltage method looses the advantage of analytical formulae used by the PEEC
modeling.

For these two main reasons, the method of analysis related to the currents seems
the most appropriate. We keep together as far as possible analytical formulae, which
will be an advantage during a phase of structural optimization of converters of
power electronics. We can now present the complete modeling synopsis
(Figure 6.57).

resistance R

inductance L /

mutual M

Analysis

geometry |—P| mcshing

of currents

[requency

Figure 6.57. Overview of modeling

Until the construction of matrix Z, the frequency is not involved in modeling.
Now, for the reduction of the schematic, we cannot avoid the influence of frequency.
Thus, if we want to perform a frequency analysis, it will require as many partial
triangular operations as number of calculation points desired.

If we take the example above, the obtained matrix Z. includes extra-diagonal
terms whose real part is low compared to the real part of the diagonal terms. This is
often negligible, so that we can easily translate this result as an electric schematic
with localized constants, able to be introduced in a simulation software to obtain the
electrical waveforms over all the studied structure.

However in some cases, the real part will not be neglected. We will not be able
then to find a representation with located elements in this impedance matrix. In fact,
there are no simple components to translate a resistive coupling.

This justifies the following section in which a particular method for dealing with
this problem and therefore which generalizes the translation of the equivalent
impedance into an electric schematic is detailed.
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6.6.1.2. Between several points

To be able to model these connections, two problems must be solved: a 2D
meshing must be available to treat plates more or less complex, including notches,
holes... At the moment, the two softwares, InCa3D — developed by G2elab — [CLA
96] and Fasthenry, software from MIT [KAM 94], are based on a uniform
discretization of plates, which generates a large number of components. It must
therefore be able to reduce equivalent schematics from this 2D approach, what has
been explained in the preceding section.

The connections such as “plates” are not used between two points only.
Therefore, an electrical equivalent schematic must be proposed to reflect these
multiple accesses. This is the second aspect that will be discussed during this
section.

Let us imagine a bus bar simply defined by Figure 6.58, with 8 connection points
(4 per plate). According to the mode of presentation of the PEEC method, the most
natural schematic will consist of 6 coupled impedances; indeed, on each plate, a
point can be chosen as an arbitrary reference, and it radiates from this point to the
others. It was therefore required to determine each of these impedances, using InCa.
The problem occurs on the terms of couplings between these impedances: terms of
resistive couplings appear in addition to conventional mutual inductances.

P1

Figure 6.58. Simple bus bar illustrating the problem of multiple accesses. A possible
representation involving resistive coupling (for clarity, no coupling is represented)
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The physical interpretation within a single plate is rather direct: if a supply is
applied between two points, a voltage will be induced between two others, which
will be both inductive and resistive (current lines may go between these two points
and cause a voltage drop). Regarding the case of two separate plates, the explanation
lies in the eddy currents induced in the other plate when two points of the first one
are supplied. Then there is indeed a common, and therefore resistive, voltage drop.

The “mutual resistance” does not exist in the electrical simulators, any more than
the complex elements (complex mutual inductance to represent the resistive
linkages): another representation must be adopted if we want to reflect all the
phenomena involved in the bus bar.

Using a standard “transformer” approach (because it is here a transformer with n
windings), it is possible to move from this “star of branches” representation to
another type of “polygonal” representation, using decoupled elements. The method
is described below.

We detail the approach on the example in Figure 6.58 using a formalism close to
that of the preceding section.

Let us call ni the number of nodes on the plate number i. Here there are two

plates; they will be (nj—1+mn,—1) coupled inductances, i.e. np=n;— 1+ n,—1
woon (n, -1

self-inductances (n.=6) and n, = z I= M
i=1

(nM = 15). The PEEC approach is to establish an impedance matrix Z, complex

square matrix of dimension (n;—1+n,—1) and thus symmetric with n; + ny

complex elements. Z connects branch currents to branch voltages referenced in

points PO to plate 1 and P4 to plate 2.

mutual inductances

M L
v, I,

I

_an—an—l_ nl—l+n2—1_
To ensure the change of base and go to “polygonal” representation we need a
single reference linking these two points. We find then np =6 branch voltages,

referenced to the common node “POP4”.
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The chosen representation is then to replace the problem of np coupled
inductances by a system of n; + ny; decoupled inductances.

The total number of nodes of the problem is then n=n;+n,—1 (n=7). In
addition, we then connect all the nodes 2 by 2 by a non-coupled inductance. We

oL n(n—l)
2

obtain b branches with b = Zi =

i=1

(b =21 branches).

Ohm’s Law is then written:

_Ul_ iR
U, P
:[Zdiag]

LU o

where Zgi,, is the diagonal matrix of dimension b x b containing the items sought.

The only problem is that we have connected the two plates. To find again the
necessary galvanic isolation, three perfect couplers of unit ratio are then inserted at
terminal points POP4, P1, P2 and P3, to provide isolated accesses to the equivalent
schematic (Figure 6.59).

------------------------------

P1 P2 :P3
= "polygonal” c!@('ﬂ'ic
T representatjon

P5s  P6 :P7 :

Figure 6.59. Passage to “polygonal” representation, for example in Figure 6.58 with
insulation of the two plates. The access to the model are points PO’ to P3’, and P5 to P7
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The representation assured, it remains to determine the values of decoupled
impedances. The passage is not easy, insofar as we must identify n; + ny terms of a
matrix (nj—1+n—1)xX(m;—1+n,—1) with b diagonal elements from the
“polygonal” matrix processed this way.

Anyone who has already made the passage, for a two windings transformer, from
a two coupled inductance representation to the classic “leakage inductance,
magnetizing inductance and ratio of transformation” version knows that these
calculations, without being complicated, are not immediate as it is to identify term to
term two matrices of different sizes. It is easy to find by matrix projection the
coupled impedances from the decoupled elements, but the reverse is a little trickier,
and it is precisely this sense of passage that we are attempting [SUA 99].

We are actually looking for a formula for transition from Z to Zi,,.
For that we are going to intervene in 2 matrices.

Call P; the matrix which is linking the outgoing currents I
(ie [1; n —1+n, —1]) to branch currents J; (je [1; b]) of dimension ((n; —
1 +n,—1) x b) and P, the matrix which is linking branch voltages U; ( jelt; b])

to simple voltages V; (ie [1 ;n —l+n, — 1]) of dimension (b x (n; — 1 +n, — 1)).

This is:

Ub an—l+n2—1 |

_In1—1+n2—1 i _J b | and L i L

If we call Y=Z"' the admittance matrix of the schematic with coupled
inductances, then we obtain the following relationship: Y = P; Y giag Ps.

As Y is symmetric, then tP, = P;.

In addition, by reversing Y gi,g, We obtain the matrix Z;,, desired. The problem is
that we have to identify Y 4i,e term by term.
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The matrix P; will be completed using the node law. The matrix P, is derived
from the law of meshes or from the relationship linking it to P;.

If there is yj ( je [1 ; b]) the terms of Ygi,, then it is easy to obtain an
expression of the terms of Y, with certain conventions to take when describing the
two schematics (coupled inductances or polygon).

Conventions:

— the common node is noted 0 and output points are noted 1 to (n; — 1 +n, — 1);
— currents I; correspond to the currents flowing from these points;
— branches and hence branch currents will be numbered as follows:

- branch 1 from node 0 to node 1, branch 2 from node 0 to node 2... , branch
(n;— 1 +ny — 1) from node 0 to node (n; — 1 +n, — 1),

- branch (n; — 1 + n,) from node 1 to node 2...
With these conventions, we can fill in Y as follows:

Upon its diagonal, we put the terms y; to yn; — 1 +n, — 1. They then complete
the superior triangular part line by line with the following terms (from yn; — 14+ n, —
1 to yp) by adding a minus sign. Then we complete the diagonal by subtracting from
the already written term the sum of other terms of the line.

2n-3
it DY, ~Ya ~Yans3
j=n
3n—6
~Yo Y2 tYat DY ~Y3ns
j=2n-2
[v]=
Yo
n-2
~Yon-3 ~Yin-6 ~Yb Yn-l "‘23’211727(2]41)
L i=0 J

Identification is then easy between Y obtained by reversing Z and Y. It is
sufficient to begin with the extra-diagonal terms of Y (terms of Y, directly with
reverse sign) and then, by simple addition, complete by using the diagonal terms of
Y. A simple inversion of Y gip, gives us the matrix Zgi,, sought.
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Note that certain terms may be negative. This is not a problem: any impedance
measured between each of the outside access points is always positive, which is the
only physical constraint.

There follows an example of processing for a schematic with 3 coupled
inductances.

Let us see what this approach gives in the case of a schematic with 3 coupled
inductances. This gives a polygon schematic with 6 branches (Figure 6.60).

Figure 6.60. a) Schematic with 3 coupled inductances, b) “polygonal’ representation

We obtain:
i (U, 7 [1 0 0]
1
L] froo -1 -1 o] Yol [0 10,
Lil=lo 1010 -1 |3 Us |_|0 0 Ty
? I, U, | =11 of 2
Ll ]oo1o011 4 a
415 Us| |-1 0 1]
6] g U6 Lo =1 1]

let us write:
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[Ydiag ] =

S O O O O .
S O O O o O
S O O o o O
S O Ao o O
S o0 O O O O
hH O O o O O

then:

a+d+e —-d —€
[Y]=| -d b+d+f -f
—e —f ct+e+f

Then we identify the terms of Y with the result of the inversion of Z to know the
6 unknown variables of the polygon schematic.

As a conclusion, if we know how to model the plates, the method described
above provides an equivalent schematic able to be simulated by a circuit software of
the PSPICE type. Figure 6.61 shows the result of this approach on a relatively
complex industrial example: a bus bar connecting 5 IGBT and 6 decoupling
capacitors. The bus bar presents 24 accesses (with plus and minus entries of
continuous bus). The result thus includes 506 impedances (506 R and 506 L) (C;)
and 12 couplers, and may be represented as an hyper block in the PSPICE simulator.
Note that an approach neglecting resistive coupling leads to a schematic including
22 coupled inductances (which corresponds to a description that would win 506 —
22 = 484 resistances, since mutual inductances remain).
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Figure 6.61. Industrial bus bar involving 5 IGBT and 6 decoupling capacitors,
and corresponding PSPICE hyper block

6.6.2. Other applications: towards thermal analysis and electrodynamic efforts
computation

The exploitation of equivalent schematics from a PEEC modeling is not the
“simple” research of equivalent impedances. Even if these are very useful in order to
later carry out an analysis of waveforms of the overall structure, they are not
sufficient in the context of a more comprehensive analysis i.e. taking into account
other parts of physics.

Indeed, if we refer to the equations in section 6.6.1.2, a simple resolution of the
linear system using a direct method such as Choleski gives us access to different
currents of meshes. Remember that these currents are actually currents in
subdivisions of the mesh device. This resolution is certainly costly in computing
time if the mesh is dense but if it is well defined, i.e. adapted to the frequency range
of operation of the structure, it must be performed only one time. Thus, if we obtain
the current in each of the subdivisions then the current density is immediate with the
modeling approach we have adopted.

If we take the example of the bus bar of the Figure 6.61, it is also possible to
obtain the distribution of current in each cell after the subdivision of plates
(Figure 6.62) when a sine wave generator of voltage with variable frequency is
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connected to some ends. It is perhaps interesting to note the current evolution in
different parts of the conductor depending on the frequency.

Current  0.45
Amplitude
(A) 0.3

% Length of largest
4 bus bar (cm)

10
Width of largest **
bus bar (cm)

Figure 6.62. Distribution of current in one of the plates of the bus bar at 10 kHz

This analysis can be very interesting when we do not know a priori the path of
current plates lines in a bus bar. Thus we can make geometrical changes (holes,
notches, etc.) in conductors to change the routes of power currents and access a
more satisfactory operation in terms of power electronics. Gradually, we see the
emergence of qualitative design rules that will improve designs which are so far
based on essentially empirical approaches.

Moreover, in the case of three-phase structures, the magnitude of the current in
each phase is not enough, we must also take into account the phase shift to really
evaluate the distribution of current in connections.

The following example shows a three-phase bus bar, each phase consisting of six
parallel bars (Figure 6.63), and distribution of the current density in each of them for
a given frequency (Figure 6.64) [GUI 00a].
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Section to design
the current density

Sources

Figure 6.63. Three-phase structure: set of bars

x 10

Figure 6.64. Distribution of current densities in the bars (A/m2 )

Knowing the current density in conductors is also very useful when we come to
other areas of physics which were not previously taken into account in the design
phase of the power structures by computer.
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6.6.2.1. Evaluation of losses

Thus, we can deduce the power dissipated, then it informs us about the thermal
aspects of the structure. Already, the display of current densities tells us about the
potential hot spots. But now, in order to know the losses, when a three-phase
structure is modeled, some currents can be cancelled, making results different from
the case of DC operation.

The calculation of the power dissipation is immediate, since we know the current

in each mesh subdivision:
_ 2
P =R Isubdivision .

subdivision subdivision *

with:

— Pgubdivision: power dissipated in a subdivision (W);
— Rgupdivision: resistance of a subdivision (2);

— Lyubdivision: €ffective current through a subdivision (A).
Then the sum of all subdivisions gives the total losses of the device.

Note: if the problem is not meshed or inadequately meshed, there will be some
mistake on the current, and as the current is high squared, the error is high squared
too. It is therefore necessary to treat the mesh correctly, using geometric
subdivisions for example, to obtain dissipated powers close to reality.

When losses are calculated using the method previously indicated, it is sufficient
to apply the heat equation to determine temperatures at several points. Note that the
conduction is easily assessable throughout electrical equivalent models. The
convection and radiation are still based on empirical formulations to determine the
different constants of the device (coefficients of convection and radiation).

6.6.2.2. Evaluation of electrodynamic efforts

6.6.2.2.1. Calculating the induction

Knowing the current in each of the subdivisions, we can calculate the magnetic
field B at any point of the device, applying one of the fundamental principles of
electromagnetism: the Biot—Savart law. The clementary dB field created by an
element d flown by a current 12 at a point M in space (Figure 6.65) is given by the
following equation:
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B = ,uo.lz.dfzxr
4.7.R

with:
— o permeability of vacuum (= 4110~ H/m);

— 1: unitary vector.

o
A -3 i Y >
E
p
M
r B
£, . L+ R
2 Qo4
%
le—p
)
Conductor  x-

Figure 6.65. Convention for the calculation of the magnetic field at any point

This expression gives induction created at M by current element [,d/. This
method allows us to calculate the induction created by one or more conductors at all
points of space. However, it is possible to observe that when the distance R
decreases and tends to 0, induction will move towards infinity. To circumvent this
divergence, two cases will be distinguished. The first is obtained when the induction
is sought outside of the conductor (for example Figure 6.66, | p| > r), the second is
obtained when the induction is being sought inside the conductor |p| <, .

v
In the first case, the expression of B is: B = e (cos(er)—cos(ar,)).
4.7.p

In the second case, where the induction is being sought inside the conductor, it is
necessary not to reflect the entire current flowing through the conductor to avoid the
divergence of B which is directly linked to the linear modeling of the wire. For this,
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we assume that the current is distributed uniformly in the section of the conductor
and that it is circular. It replaces a conductor section most often by a rectangular
conductor of the same circular cross-section. After integration, we obtain:

I
B, = Mo—zz.p.(cos(ocl )= cos(at, )
4.TE.I'2
. 2 12
with /', =J,.7z.p~ and J, = =
.7,

2

This calculation, immediate when automated, can then obtain the field for the
entire device. This may then be useful to take into account the presence of magnetic
materials (for example with a finite elements tool) and deduct their impact by
superposition.

Validation with a fully digital calculation (finite elements with the Flux3D
software) have provided confidence in the previous expressions. An example of such
validation is presented Figure 6.66.

-4
15410 T T T T T T T

Int Ext

A

4

o0 ¢ - =

Induction (in T)

Distance (in m)

—~——

0 | | | | | | |
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8

Distance (en m)
— Induction Flux3D
— Induction InCa
L g = 700 mm, -
Conductor 1 - Conductor 2
z
100 mm ’ R S -
Ly = 500 mm
100 mm 100 mm 100 mm

Figure 6.66. Induction evaluated using the analytical expressions and digitally
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6.6.2.2.2. Calculation of electrodynamics efforts [GUI 00b]

Then the electrodynamics efforts exerted on the plates of a bus bar are
immediately deduced, for example under short circuit. Indeed, in this case the
destruction of structures occurs (Figure 6.67).

> - =
< - =

Figure 6.67. Deformation of bus bars with a very strong current

Knowing B(M), we can use the Laplace law placed in M, which expresses the
variation df of the force exerted on an element d flown by a current 12, immersed in
magnetic field B.

To calculate the effort, we use the Laplace law:
df =7,-d/AB

Consider the case where currents 11 and I2 are parallel between them, and
therefore conductors which carry it too (Figure 6.68). This is the case of the majority
of industrial bus bars.

Figure 6.68. Convention for the calculation of electrodynamics efforts
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After treatment, we obtain an analytical expression which gives the
electrodynamics effort between two linear and finished conductors:

g7 Ll L+ =]
F= M[\/ dist’ + 2° }

4'7[‘dist =1yl

_f(zl)_f(zz)+f(z3)_f(z4)'

Zy,2y

Z),23

with: [f(z)]

To know effort between two massive conductors, it is required to integrate across
the width and the thickness of the conductors the expression above, taking as
hypothesis that the current density is uniform in the section of conductors. This
calculation has led to very complicated expressions, since primitive forms are
elliptical functions.

A question then arises: is it enough to express electrodynamics efforts between
two linear conductors in order to know what happens between two massive
conductors?

A validation with a numerical calculation showed that it was sufficient to mesh
coarsely conductors to take into account the massive behavior of conductors (Figure
6.69), and the overall effort obtained by the sum of the efforts of each mesh is
comparable to the effort calculated digitally.

100 T T T

96 [~ ]

Lffort (in N)

94— ]

| | |
0 S 10 15

Number of subdivisions

»>$X Semi-analytical method
"""" Flux3D

Figure 6.69. Electrodynamics effort between two massive and parallel conductors



398 Power Electronics Semiconductor Devices

Similar calculations have been carried out in the case of perpendicular
conductors, where we must distinguish between conductors that touch or not. The
analytical expression, always in the case of linear conductors, but taking into
account a uniform distribution of current in the section, is:

am || ey

n
The previous expressions of efforts between parallel or perpendicular
conductors, with or without contact, involve products of currents (I; x I,). In the case
that these currents are complex and they are neither opposed nor in phase, it is
necessary to take into account their phase shift. The purpose of this section is to
show how we will take it into account.

11 X n E-ly . Vx2 + p2 + y2 +x2 |3+ E-l
F= M l: W/pz + y2 +x2 }(y) (x)+ mgn(x).ln[ (y) x)
I3 E 1 E

We want to calculate the product i .i,, with:
i =1 ~N2sin(wt+g)
i =1 ~N2sin(wt+g@,)
The development of this product gives the following result:
jd, = 11.12.(c0s((p1 - (pz)— cos(2.co.t +¢p + (pz))
The average value of the second term of the previous expression is zero.

Accordingly, the expressions of electrodynamics efforts when electrical currents are
in any phase shift are:

Cases of parallel conductors:

LI 13+12,l3—11
po_ Mol [ p2+E2+x2} & Leos(or - 0)

4.712.\/p2 + E2 13,13 +1p -1;

Cases of perpendicular conductors without contact:

WIXZ + }pz +y2+x2 13+17 E-1j
2 2

I I .
F=E012 [ sign(x).In ¥) () |-cos(g, - )
.U \/p +y I3 E
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Case of perpendicular conductors with contact:

13+1» E-1
potolily H PPy +x }(y) (x){slgn(x) h{pr +y H W (x)ﬂcos((pl—coz)
fl

4m p +y

with I; and I, effective currents in Amps.

To address the mechanical structure, we must then translate the global efforts
between conductors in terms of constraints on connections to incorporate these new
data in design tools.

6.7. Conclusion

The purpose of this chapter was to show that, given the current need to take into
account the wiring in power electronics as a component like the others, we can
propose a method that is both generic and adapted to the design. This PEEC (Partial
Element Equivalent Circuit) method not only calculates the values of model
interconnection elements (resistance, inductance and mutual inductance), taking into
account the frequency and proximity effects but, it provides a better understanding
of magnetic phenomena, thus generating design rules to make little inductive
connections, depending on the available technology.

It can justify many modern technological solutions dedicated to the “nanohenry
hunt” for high power applications, such as bus bar technology, and provides criteria
to choose an interconnection geometry rather than another. We show that for a
constant volume of copper, a plate will be less inductive than a square bar.

Already, it is possible to add manually in “circuit” software, parasitic
capacitances whose evaluation does not raise any particular problem.

The InCa3D software, based on this method, now opens the door to a real CAD
technology in power electronics, to quantify, before realization and prototyping, the
gain expected on the inductance by a particular geometry interconnection.

In addition, it enables EMC evaluation of an electrical device based on its wiring
(coupled with the electrical simulation software SPICE, SABER, SIMPLORER,
etc.).

In the future, this software will be able to take into account the mechanical and
thermal constraints exerted on the wiring; it will be the complete design tool for
wiring technology.
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Chapter 7

Commutation Cell

7.1. Introduction: a well-defined commutation cell

The concept of a commutation cell developed by H. Foch made it possible to
describe in a rational manner the operation of the structures of power electronics. It
is a powerful analytical approach, which allows us to determine the key players
during a comutation. Initially applied only to the study of the overall operation of
converters, this approach may also find application in the study of the finer
phenomena of switching, if the whole environment of semi-conductors is well
represented.

An example to illustrate these words: consider a three-phase voltage inverter
produced on printed circuit board (Figure 7.1a). According to the modes of
command, a switch will always commutate on an another one under the voltage of
the power bus, the load operating as an instantaneous source of current. As a result,
the basic commutation cell will always be of the same type on a structural level, the
famous “chopper” cell or “inverter” cell according to the terminology (Figure 7.1b).
Suppose now that we are interested in the phenomena of commutation or
electromagnetic compatibility problems. It is no longer possible to ignore the
influence of tracks, decoupling capacitors, packaging of semi-conductors and
common mode capacitors. Figure 7.1c then shows a commutation that differs
completely from another, since they are not the same elements (semi-conductors,
tracks, common mode capacities, etc.), which are important.

Chapter written by James ROUDET and Jean-Luc SCHANEN.
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The “switching cell” analysis tool must therefore take into account all the
modeling from the beginning.

® &

@ DT

Figure 7.1. Commutation cells for a three-phase inverter [TEU 97] :
a) complete converter (with 3 decoupling capacitors);
b) structural commutation cell: identical for any commutation in this structure;
¢) “technological“ commutation cell during the commutation from MOS 3 to MOS 4

V)

7.2. Some more or less coupled physical phenomena

The study which is conducted in this section is intended to define what must be
represented, in a commutation cell, so as to be solved simultaneously. Indeed, the
various physical aspects are not of the same degree of coupling, and it is not
necessary to take into account everything at the same time; some problems can be
resolved in a sequential manner.
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Traditionally, we define strong couplings, which would require a concurrent
resolution, and weak or unidirectional couplings authorizing a sequential approach.
The fields of physics involved in the simulation of a static converter are:

— electromagnetics for any semiconductors and wiring aspects (power, control,
conducted and radiated EMC);

— thermal and hydraulic physics (heat sink design);
— thermo-mechanics (differential dilatations, causes of breakage, etc.);

— thermoelectrics (on the one hand, physical parameters of semiconductors and
wiring and, on the other, calculation of losses);

— electromechanics (tearing of bus bars in case of a short circuit, forces on
supports);

— electrostatics — even electrodynamics — (partial discharges, dielectric
breakdowns).

Some aspects can be clearly ranked among the weak couplings; it is evident that
mechanical deformation in the wiring of power electronics will have extremely low
influence — in normal operation — on the electrical wiring! Similarly, thermo-
mechanical aspects can be handled independently of the electrical behavior of
devices. The study of dielectrics may also be classified in the category of
unidirectional couplings.

That leaves more sensitive aspects which concern the electromagnetic and
thermal phenomena. For the pure calculation of a heat sink, hydraulic and thermal
considerations, independent from a power electronics circuit, need to be carried out.
But to determine the quantities of heat to remove, it is necessary to know
semiconductor losses, and therefore the results of a temporal simulation. However,
the electrical behavior of switches (and to a lesser extent wiring resistance) depends
on their temperature. This is a bidirectional relationship. However, in a vast majority
of cases, the efficiency of cooling and thermal constant times are such than an
indication of the average operating temperature is sufficient. It therefore seems quite
reasonable to predict the thermal state of the system to carry out a complete
simulation, and to verify afterwards that — given the calculated losses — the forecast
was right. This procedure must converge relatively quickly (2 or 3 iterations) and is
much simpler than a complete electro-thermal resolution which is not really
justified.

The different fields of physics have been limited to a mere (!) electromagnetic
study, but there is still an analysis of various electrical phenomena in a converter.
These can be cataloged under “power”, “command”, “conducted EMC” and
“radiated EMC”.
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It has been shown [YOU 98] that radiation aspects can be deduced from the
knowledge of currents in conductors. In addition, the influence of radiated fields by
the power signals on the electrical characteristics is negligible at the frequencies
considered: the equivalent resistance of radiation at 100 MHz for conventional
printed circuit systems does not exceed a few mQ, which has no significant
influence on waveforms.

R=20-8% 117127

with B =wave number=w/v. For L1 = L2 = 5 cm (radiation loop considered),
R =2.4 mQ in vacuum (v = ¢) at 100 MHz.

The “conducted EMC” aspect is a little trickier: it seems fairly clear that the
power waveforms depend very little on conducted emissions in most cases, but a
few exceptions must be reported. The common mode current, led by strong voltage
changes within the structure, flows through the power circuit and is therefore added
to the switch current (Figure 7.2). While it is important, the change is significant and
may even in some cases lead to malfunction of the mounting [LAP 98].

Without examining cases that are so bad, we are entitled to wonder if the
phenomena are decoupled. [TEU 97] showed that in relatively realistic cases,
waveforms are actually very dependant on the “EMC” environment to be added to
the “power” commutation cell: dV/dt is not affected by the common mode capacities
of the power circuit. This is not necessarily the case for the common mode capacity
of a drive circuit (direct disruption of the board).

effect of the common
0 mode current A AAAAA A A

| | | | | | | |
- - -5 -5 - - -
3 2.4510 3 2.5:10 3 255107 26107 2.6510 3 2.7-10 3 2.7510

2410 3

Figure 7.2. Common mode current in a chopper cell changing the power
current. Simulation of power circuit alone and adding a common mode
capacitance of 1 nF (deliberately exaggerated value)
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In this case of unidirectional coupling, in a first approach, simulations of a power
circuit may be performed, and then these waveforms may be injected in an “EMC”
environment to obtain conducted disturbances. Figure 7.3 shows an example of low-
coupling “power-EMC”.

20 5 6 7
1-10 1-10 1-10 1-10

Figure 7.3. Example of conducted disturbance (voltage on supply
terminals on a Line Impedance Stabilizer Network)

If, however, this assumption were too simplistic, taking into account the
environment of the system in order to take account of this “EMC” aspect would be
required. It is not too complicated insofar as this is only classic R, L, M, C circuit
elements, and not heavy finite element calculations.

As far as other phenomena must be taken into account, the decoupling is no
longer possible: these are interactions between semiconductors and wiring. Two
examples may illustrate this assertion: the calculation of the voltage surge at the
opening of a power switch, and interaction power-command phenomena by common
impedance.
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Figure 7.4. Interaction power-command for an isolated grid component: the term
Ls.di/dt reacts on the grid circuit, changing the commutation behavior. It must
therefore be considered during the simulation. Simulation conditions:

Rg = 508 total mesh inductance 70nH: comparison between
Ls = 0and Ls = 20 nH (+ 50 nH on the mesh in this case)

Concerning the voltage surge at the opening due to inductance of the switching
mesh, Figure 7.5 clearly shows that decoupling is not possible in the case of fast
commutations: indeed, the di/dt depends on the mesh inductance, and a simulation
that does not take it into account is no longer realistic. Note however that for
commutations where the component is greatly slowed down (strong grid resistance),
the decoupling can be justified (Figure 7.14).
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Figure 7.5. In the case of a fast commutation, it is not possible to calculate the
voltage surge at the opening L.di/dt without taking into account the inductor
L in the simulation (we note that currents have different slopes)
(simulation on PSPICE, MOS IRF.150, Rg = 10 2, L = 50 nH)

t | | | | | 1
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Figure 7.6. For a commutation where the component is slowed
(here 100 Q2 as grid resistance), we can calculate the voltage
surge afterwards without a too important mistake

In conclusion, the minimal commutation cell to be simulated includes, in
addition to the intentional active and passive elements (semiconductors, capacitors,
possible magnetic components), inductive imperfections due to wiring. An
indication of the average operating temperature is also necessary. A single
commutation can be simulated with models as accurate as possible for each
component mentioned.
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7.3. The players in switching (respective roles of the component and its
environment)

The semiconductor-wiring interactions are always very complex in nature since
they involve the two semi-conductors of the commutation cell and electromagnetic
environment. We were able to show that even if the determination of parasitic
elements involves significant knowledge of electromagnetism and more or less
complex resolution methods, the fact remains that their evaluation is linked to the
knowledge of the strict geometry of the wiring. The geometric parameters are
known with great precision and lead to reproducible results. It is not the same with
the active components where, for example, the influence of the manufacturing
process is fundamental.

Using finite element type fine modeling seems to us, given the current state of
computers, a challenge. That is why we prefer a phenomenological approach
quantitatively described by equations revealing analytical equations, efficient for
various sensitivity analyses.

In this section, we are limited to the study of hard commutation phenomena,
which is very widely used. The behavior of semiconductor commutation may appear
casier to handle when commutation is of the “soft type”, since the waveforms are
governed by the passive components. We should not neglect the poor knowledge of
recombination charge phenomena, for example in an IGBT under a voltage which is
set through parasitic capacities.

Other restrictions: we are only discussing the MOSFET, the use of bipolar
becoming increasingly marginal. Most of our conclusions may be adapted to the
case of IGBT (with the exception of the tail current).

The purpose of this part is therefore to “dissect” a commutation cell made from a
MOSFET-diode in order to determine “which does what” in a hard commutation,
and if necessary, propose simple models which explicitly reflect these players in the
commutation. The analyses that will follow are from various fine simulations, the
only possible way of exploration. The study focuses on the commutation cell
presented in Figure 7.7 below. It may indeed be shown that this representation based
on three decoupled inductors is the simplest and most representative of phenomena
[AKH 00, JEA 01, MER 96].



Commutation Cell 411

Rg

Lo
VD{ a
VGS UT
Lc

Figure 7.7. Outline of the studied commutation cell and notations

7.3.1. Closure of the MOSFET

7.3.1.1. Qualitative analysis

Figure 7.8 shows waveforms idealized during the closure of the MOSFET. First,
the grid circuit is in charge until the grid source voltage reaches the threshold
voltage Vth. Then the current source of MOSFET becomes active:

Imos = gm.(Vg — Vi)

During this phase, the diode is conductive, it can be concluded that its voltage is
zero. The Vg voltage of MOSFET remains relatively constant, there is only the
voltage drop (Lp + Lc).di/dt (with notations from Figure 7.7). As soon as the diode
begins to “take the voltage” (i.e. as soon as an area of space charge appears), there is
competition between the MOS speed, the speed of the diode and the Kirchoff
equation governing the power circuit. Indeed, the diode voltage depends on the
evolution of the size of the area of space charge. In addition, the grid circuit, as
mentioned later, also governs the changing of the MOSFET voltage. Finally, the
sum of voltages Vg, Vgioge and (Lpt+L.).di/dt is kept constant at the value of
continuous bus.

When commutation of the diode is completed, the current is constant, and Vds
voltage continues to evolve, managed solely by the speed of the grid circuit and the
component. The commutation is considered completed when the MOSFET reaches
its ohmic area, i.c. that the voltage V reaches Rysn*1,. We should note that in some
cases (low grid resistance or especially slow diode after the recovery), we can see
the end of voltage switching before the end of current switching.
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A particular case must be reported (Figure 7.9): it is either very fast MOSFET
switching or a very strong inductor mesh (limit of switching circuit to aid the
closure). In this case, voltage Vs falls very rapidly to zero, due to strong term
(LptL.).di/dt (either strong Lp+Ly or strong di/dt). As a result, Vgiose = 0, Vg = 0
and di/dt is therefore determined solely by continuous bus voltage, E and mesh

inductance Lp+L,. The rest of the commutation is completely governed by the
diode.

(Lp+Lc).dl/dt
Vds
Id=at?
MOS
Id Vds = Rdson*|
+ Diode
MOS i Cabling | MOS
+ Cabling
I

Figure 7.8. Closing the MOSFET. The areas of dominance

T —
Vds (Lp+Lc).dl/dt
Id =|E/(L p+Lc)*t
Id
Cabling Diode

Figure 7.9. Closing the MOSFET. Case of very fast MOSFET or very inductive wiring

7.3.1.2. Quantitative analysis

The previous qualitative analysis has the merit of showing the different actors
responsible for commutation waveforms. We will now examine more carefully the
weight of these players during a sensitivity analysis.



Commutation Cell 413

We will consider the influence of inductor mesh and grid resistance, settings
which are easy to tune. We will study more carefully the impact of semiconductors
through their internal characteristics, that are closely related to their design (surface,
doping, etc.).

7.3.1.2.1. Influence of wiring and grid resistance

Influence on the current

Here, the simulation allowed to vary easily mesh inductance Lp, and thus to
assess the influence of this parameter for different grid resistances. We conducted
several simulations (Figures 7.10, 7.11, 7.12). Within each series, we kept constant
values of components (inductance and resistance) of the grid, and we vary the value
of mesh inductance. In all cases we switched the same current of 7.5 Amps with a
voltage of 200 V.

The first series of simulations was carried out with a grid resistance Rg = 2Q.

260

35

! ! ——vds 10nh  ——vds 20nh

! ! ——vds 40nh vds 100nh

| | ——Vds 200nh  ——vds 400nh

| ——vds 600nh  =vds 800nh [ 30

210 ‘ —id10nh  ——id 20nh

| ——id 40nh id 100nh
——id200nh  ——id400nh | s
——id600nh  ——id 800nh

160
20

2 110
=]

60+ ——————————————— — T

-40

500 520 540 560 580 600 620

Time (ns)

Figure 7.10. Effect of inductance Lp for a low Rg (2 £2)

A second series of simulations was then carried out with a greater grid resistance
Rg=10Q.
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Figure 7.11. Effect of inductance Ly, for an average R (10 £2)

Finally a series of simulations was made with a more significant grid resistance
(Rg =509Q).
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Figure 7.12. Effect of inductance Ly, for a large Rg (50 £)
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On the first series of simulations, we can observe that (when the value of
inductance L increases) the inductive voltage drop equals the commutated voltage
(E), and hence the value of dIp/dt quickly reaches E/Lp. For more significant values
of Rg, we find that the voltage drop never reaches the value E. This can be explained
by the fact that the full discharge of capacity Cys is required. Vgs = Vgp + Vps, but
during the commutation, Vs # constant: to vary Vpg, it is required to vary Vgp by
discharge of capacity Cgp. This discharge will be more rapid if the grid resistance
Rg is lower.

From the previous curves, we can trace the evolution of dIp/dt according to Ld
(Figure 7.13), considering the area where the dIp/dt is constant over time.

di/dt (A/ns)

0.8

06

0.4

02

dig/dt
(Rs=100hm)

dig/dt
(Rg=500hm)

77777777777 ——— e — — — — == e~ — — — ——— — b ——— ——
e i - — e m m— T
— ==
|
0 200 400 600 800 1000 1200 1400 1600

Ld (nH)

Figure 7.13. Evolution of dIp/d, during the closure

We note that for the large values of L and for low values of Rg, switching speed
tends to E/LD: only the wiring then limits the commutation speed.

For large values of Rg, switching speed will be totally dependent on the circuit
command and on MOSFET.
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Figure 7.14. Model of MOSFET for current switching
when Lp is low and Rg is large

During the current commutation, we assume that the voltage Vg varies slightly
and is almost Vg

We consider that the current I is constant and is Ig = (U;— Vgsn)/Rg. As Cgs is
much higher than Cgp, we consider that all current I flows in Cgg. Thus, we have:

1
Vos =Vosu + %GS 1

In addition, as Lp is low (in fact dIp/dt low), the voltage Vpg will be regarded as
constant and equal to E (no inductive voltage drop L.dIp/dt). Thus, current through
Cps will be zero and therefore we obtain IMOS = I,.

However, IMOS = gm(Vgs — Vgsm). Thus we have:

dI_D _ dl MOS m - Ut =Vosu

a dar S\ R,-Cy

We note that for low values of Lp, dlp/dt varies as 1/Rg by approximation
gm = constant, which is valid in the case of a sufficient level of switched current.
The previous formulation will be valid only for large currents.
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For larger values of Lp (or lower values of Rg), there is some competition
between the two previous influences. [JEA 01, MER 96] then showed that the

current switching speed is proportional to: 1/ v Ly-Rg .

From there, we can break the evolution of dIp/dt into three areas according to the
mesh inductance Lp. The borders of these three areas are dependent on grid
resistance Rg. They are summarized in the figure below.

Lo increasing

dlp/dt dip/dt dip/dt

in1/Ra in1/+/LoRg in1/Lo

Rc increasing

Figure 7.15. Evolution of the switching speed of current according to Rg and Lp

Influence on the voltage

[MER 96] proposed the following approach: we can consider that, at the first
order, grid source voltage is maintained at a constant value noted:

Vgso (Vgso = Vth + Io/gm)°
U, —Vgso

Rg .

As aresult the grid current ig is also constant and equals ig =

This grid current charges (or discharges) capacity C,qy, causing the descent (or
ascent) of voltage V.
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Figure 7.16. Equivalent schematic during the voltage
commutation, and formula of the dV/dt

The formula produced by this simple reasoning shows the role of grid resistance,
and MOSFET parasitic capacitance.

7.3.1.2.2. Influence of MOSFET parameters

Parasitic capacities

We have just seen the influence of capacity Cyq (or “Miller” capacity) on the
speed of evolution in voltage. We can easily show through simulations that if we
keep the product R,.C,q constant, the dV/dt is well preserved. The rest of this section
is interested in the switching speed of current.

We will confirm the influence of this or that capacity. Starting from the reference
values corresponding to the capacities identified on a MOSFET (IRF450FI), we
have multiplied them by a coefficient. This method helps to keep developments
consistent.

We can see that Cgs and Cgp have a strong influence on the moment of the
beginning of the commutation. This is consistent with the model from Figure 7.14.
Indeed, the first phase of the commutation, prior to the start of the evolution of
current or voltage, is made up of the capacity charge Ci (Cgs + Cgp). We note,
however, that during the closure, the influence of Cgp (Cys) on the moment of the
beginning of the commutation, does not seems obvious here. This is because at the
beginning of closure, the Vpg voltage is significant, and values of C are low when
Vps is large, compared to those of Cig.
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We have identified in Table 7.1 the impact of these changes on the current
commutation, including the evolution of (dId/dt) max (switching speed of current).

Value of Value of Value of
[dIDj (dIDj [dIDj
dt max A/ns dt max A/ns dt max A/ns
Cgs*0.25 | 1.44 Cds*0.25 | 1.12 Cgd*0.25 | 2.12
Cgs*0.5 1.32 Cds*0.5 | 1.19 Cgd*0.5 | 1.71
Cgs*2 1.21 Cds*2 1.37 Cgd*2 1.14
Cgs*4 0.9 Cds*4 1.55 Cgd*4 0.88

Table 7.1. Influence of CGS, CDS, CGD on the evolution
of current ID (closure of the MOSFET)

Regarding the current speed dlp/dt, only C,q seems to be predominant. This is
because during these phases, command voltage (Vgs) and power voltage (Vps) are
almost constant. However, in full rigor Vs and Vpg are not constant, it is therefore
normal that the associated capacities (Cgg and Cpg) have an influence on the speed
of change of the switched current.

Source current of the MOSFET

As in the case of capacities, we can confirm the importance of taking into

account the non-constant gain gm (recall: [, = gm~(VGS -V

) is not consistent
with non-constant gm) of the current source according to VGS. We then looked at

the importance of the value of & gain on the switching speed of current. In our case,
2
the quadratic modeling (1 b= k(VG _Vcsm) ) is valid for I less than about

25 Amps, we have therefore taken care not to exceed this value during simulations
using different values of k.

The influence of non-linearity in the modeling of the power source is highlighted
in Figure 7.17. The gains Ip = gm(VGS) used are shown below. The simulation
conditions are as follows: rg=10Q,LD=40nH, Lg,=10nH, Lg=20nH,
E =200V and I commuted = 7.5 Amps.
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Figure 7.17. Constant or non linear model for gm. Constant gm leads
to linear variation of ID as a function of Vgs

NOTE. — We note that for significant currents (beyond 25 Amps in this case), gm
is constant.
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Figure 7.18. Influence of modeling of the current source of MOSFET

The non-linearity of the current source (variable gain gm) is naturally visible
during the current commutation. Regarding the influence of the coefficient %, it is
necessary to distinguish the closure from the opening of the MOSFET.
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At the closing phase it can be seen that the current IMOS is almost equal to the
current ID (neglecting the current passing through CDS as VDS is almost constant).
Now IMOS depends on VGS, thus k gain has a strong influence. Note that this

reasoning is valid only if the inductive voltage drop L, -dI, /dt is not too
significant, i.e. if voltage VDS does not tend to 0: in this case the current would be
imposed only by the mesh equation (E =L, -dl, / dt).

The simulation results are available in the table below.

dl
Values of ( ”j A/ns

dt
k=35 1.33
k=5 1.47
k=75 1.62
k=10 1.74

Table 7.2. Influence of gain k on current ID evolution (closing MOSFET)

The gain k of the controlled current source is part of the parameters strongly
influencing the switching speed of the current at the closure of the MOSFET. The
static characteristic of the MOSFET (and its variation depending on the temperature)
must be taken into account for associations of components, particularly for the
balance of currents when setting in parallel.

7.3.1.2.3. Influence of the diode

We will see here the influence of parameters t (carrier lifetime), W (thickness of
the v area with low doping) and Sa (active section of the diode).
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Figure 7.19. Influence of parameter ©

Figure 7.19 shows the evolution of currents and voltages depending on
parameter T. Compared to a reference value (corresponding to a real diode), we have
increased it by 10% and 50%.

The switching losses increase of 4% (respectively 20%) and the value of the
recovery current of 3% (respectively 13%) when the carrier lifetime increases by
10% (respectively 50%). We note that the carrier lifetime Tt strongly influences the
level of recovery current (Figure 7.19), and hence losses, but the influence on the
switching speed of voltage remains negligible. Parameter T is a parameter that is
difficult to estimate (OCVD method [GHE 98]), but its influence on the recovery
current is important. It will be relatively easy to determine this by superimposing
experimental waveforms on simulated waveforms.

Using a similar procedure to the study of the influence of 1, we see that the
thickness of the W zone with low doping (zone V) specifically affects the voltage
switching speed. According to Figure 7.20, an increase of W leads to increased
switching speed. Note also that in our case, increasing ¥ also creates a slight
decrease in the recovery current, but this is not always the case. Indeed, depending
on lifetime 7, the stored charge may increase or decrease with an increase of /7. In
the case of a long lifetime (recovery diode for example), an increase of W would
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produce an increase in the stored charge, and therefore an increase of the recovery
current.

Vdiode

Idiode(A)
Vdiode(V)

Idiode

0.5 0.52 0.54 0.56 0.58 0.6 0.62 0.64 0.66 0.68 0.7

Figure 7.20. Influence of W (width of the low doped zone)

We then studied the influence of Sa, the active area of the diode. We note that its
increase (Figure 7.21) has little influence on commutation waveforms.

o
2

Idiode(A)

g
Vdiode(V)

8

05 0.52 0.54

Figure 7.21. Influence of Sa (active surface of the diode)
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Thus, we found a number of parameters involved in the closure of the diode. The
mobility and the parameters of carrier recombination are little changed from one
component to another; furthermore, commutation waveforms are not very sensitive
to them. The geometric parameters (/' and Sa) are relatively easy to identify using
techniques such as spreading resistance (characteristic capacity — voltage c (v))
[GHE 98]. These identification techniques will also inform us on the doping profile
of the v area. In conclusion, we can use the waveforms at the closure of the
MOSFET to identify the value of the carrier lifetime t: this parameter, which is
influential during the recovery phase, may be identified by comparing simulation to
measurement.

7.3.2. Opening of the MOSFET

7.3.2.1. Qualitative analysis

Figure 7.22 shows idealized waveforms at the opening of a MOSFET. First, the
grid circuit is discharged until the grid voltage reaches the source voltage
Vth + lo/gm. At this point, the voltage is maintained at this threshold Vgs value, and
the grid current, then roughly constant, ensures the development of voltage Vds via
the discharge capacity Cgd. Note we assume here that the diode can change its space
charge (hence its voltage) almost instantly or, in other words, it does not limit the
rise of MOSFET voltage. Once the voltage Vds reaches the value of the continuous
power bus, the diode is under zero voltage and becomes conductive. Then a current
commutation occurs within the MOSFET, which will be governed by the
component, its grid circuit and the wiring parameters. The commutation ends when
the current and voltage oscillations caused by the MOSFET capacitors in the off
state and wiring inductance LD+ LC are damped. Hence the diode has little
influence during this commutation phase (opening), insofar its over voltage during
closing is neglected.

d (LotLo.didt} /\/\’
L —

Id =|lo-b.t?

Vds

MOS MOS
+ Cabling

Figure 7.22. Opening of MOSFET. Areas of dominance
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As for closing, the particular case of an aid circuit to the commutation may be
mentioned, even if with hard commutation, no “spontaneous” scenario (without an
aid capacitor for the opening) can be observed. In this case, the drain current falls
sharply, the aid capacitor to the commutation is then charged by the load current.
The voltage slope is then Io/Cds, and becomes independent of the component.

7.3.2.2. Quantitative analysis
7.3.2.2.1. Influence of wiring and grid resistance

Influence on the current

The phenomena are not very different from the case of closure: there is a new
time competition between component speed (managed by its grid circuit) and the
wiring. Figure 7.23 shows, for example, the influence of grid resistance on switching
speed dI/dt, and Figure 7.24 that of the influence of inductance LD. It should be
noted, as discussed for the closure, that large grid resistance or high mesh inductors
slow down current switching speed. Figure 7.24 also shows that for “large” grid
resistances, inductance LD has no more influence on the dI/dt.

0 T T T T T

-]0108 - -

-20108 - -

-3010g = —

s I I I I I

s Rg

Figure 7.23. Change in dl/dt depending on the grid resistance (fine simulation)
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Figure 7.24. Respective influences of grid resistance and mesh
inductance on di/dt at the opening (Lk constant = 5 nH)

Another example is the influence of the Lc common inductor (defined in Figure
7.7), which is able to make changes in the power current and re-inject on the grid
circuit a voltage Lc.dI/dt, which amends the grid current and therefore the switching
speed, and may even lead to the restoration of conduction of the component. This
phenomenon, shown experimentally in Figure 7.25 may also occur at the closure.

Figure 7.25. Perturbation of a static converter by the common impedance
at the opening of MOSFET (experimental waveforms from [MER 96])

Figure 7.26 shows the influence of the common inductance of source Lc on the
speed of evolution of the current at the opening, but also at the closure.
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opening

Figure 7.26. Influence of common inductance L, for a mesh inductor
LD + Lc constant, at the opening and closing [MER 96]

The set of equations to calculate the speed of evolution of the current, to separate
the respective influences of the total inductance of the switching mesh (LD + Lc)
and of the common inductance Lc, is not particularly simple [JEA 01, LAU 99], and
will not be repeated here. Note that [AKH 00] offers elegant wiring solutions to
address this problem.

Influence on the voltage

The approach proposed earlier remains valid, as well as the proposed equations,
which underlines the role of grid resistance Rg and “Miller” capacity Cgd.
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7.3.2.2.2. Influence of MOSFET parameters

Influence of parasitic capacities

First, reiterate the need to take into account non-linearity of these capacities,
particularly for low values of VDS [FAR 94]. We have made here two simulations,
the first (Figure 7.37a) takes into account the phenomenon of variable capacities, the
second does not. We note, in Figure 7.37a that voltage evolves in a non-constant
way, whereas in Figure 7.37b, evolution is almost linear for most of the
commutation.

This is particularly noticeable on the assessment of switching losses. There is a
difference of almost 15% between the two approaches (45.7 pwJoule in the case of
taking into account the non-linearity, 39.8 pJoule in other cases).

Regarding now the rate of change in voltage (dVds/dt), the relatively simple
approach proposed for closure (b) [MER 96], if it is still valid by changing the value
of UT, does not take into account the capacity Cds. With such an analysis, we
cannot see how an external aid capacitor to the commutation could intervene in the
dV/dt. We can find in [JEA 01] a somewhat more detailed analysis in order to take
into account a snubber capacitor Cds which aids the commutation.

Regarding the influence of parasitic capacities on the current, Table 7.3
(obtained in the same manner as for the closure) shows the influence of parasitic
capacity on the evolution of (dId/dt) max (commutation speed of current).
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Figure 7.27. Simulated waveforms at opening of a MOSFET
(a) taking into account non-linearity of the parasitic capacities
(b) without taking into account non-linearity of the parasitic capacities
Value of Value of Value of
dt max A/ns dt max A/ns dt max A/ns
Cgs*0.25 | -17.8 Cds*0.25 | -19.7 Cgd*0.25 | -17.2
Cgs*0.5 |-174 Cds*0.5 |-19.3 Cgd*0.5 |-16.9
Cgs*2 -15.8 Cds*2 -13.7 Cgd*2 -15.6
Cgs*4 —14 Cds*4 -9.56 Cgd*4 —14.7

Table 7.3. Influence of CGS, CDS, CGD on the
evolution of current ID (opening of MOSFET)

As with the closing, the influence of Cgs capacity is very low, since it is under
an almost constant voltage. The influence of Cgd is confirmed, as for the closure.
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The strong influence of the increase of Cds is certainly justified here by a change of
switching behavior (“snubber” effect).

Influence of the current source

In the case of opening, the situation is different from the closure: Table 7.4
shows the low influence of gain k. We can attribute this phenomenon to a
competition between speed of grid circuit and speed of power circuit. Drive current
IG flows through CGD and imposes voltage VDS, the current ID is then imposed by

the law of meshes (E =VDS + L, -dI,, / dt). The speed of evolution of this current

is the result of a compromise between the equation of the power mesh and the
equation of the grid circuit.

(%)

Value of * 9t /o A/ns
k=3.5 —15.8

k=5 —-16.1

k=17.5 -16.4

k=10 -16.7

Table 7.4. Influence of gain k on evolution of current ID (closing of MOSFET)

7.3.2.2.3. Influence of the diode

The diode as little influence. Figure 7.28 shows the changes in waveforms of
current and voltage for 50% variations of parameters T, Sa and .
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Figure 7.28. Influence of the diode at the opening of MOSFET
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The above figure shows that changes in the physical parameters of the diode
have little influence on commutation waveforms, except on the voltage surge when
the diode is switched on [KOL 00]. In particular, we note that the dVDS/dt is
controlled by the MOSFET alone.

7.3.3. Summary

Based on previous results, we can establish a table summarizing the relative
influences of the different elements analyzed (0 = zero, + = little importance, ++ =
important, +++ = very important). This table has been completed about dVDS/dt
using the results of [MER 96], as well as those developed in the following section.

CGD CDS CGS LG LD k or gm Iload
dID/dt +++ ++ ++ 0 4 +++ 0
dVDS/dt +++ ++ + 0 0 + +

Table 7.5. Summary of influences for the closure of MOSFET

CGD CDS CGS LG LD k or gm
dID/dt ++ +++ + 0 +++ +
dVDS/dt +++ ++ + 0 0 +

Table 7.6. Summary of influences for the opening of MOSFET

Parameters Ut and VGSth drive the value of current IG through the grid
resistance RG, these three parameters therefore influencing the charges and
discharges of capacities CGD and CGS, and hence thereby both the early moments
of commutation and switching speeds.

Note also that the capacities of the MOSFET influence the switching speeds of
voltage. During these phases, the VGS voltage is almost constant, and the influence
of capacity CGS will be low. The charge (or discharge) of the CGD capacity
determines almost the entire evolution of voltage, its influence will be very
important. In some cases, the CDS capacity limits dVDS/dt through the load current
at the value Iload/CDS. Its influence may be significant.
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Chapter 8

Power Electronics and Thermal Management

This chapter is devoted to the thermal environment of silicon chips, which is
vital during the design of converters.

8.1. Introduction: the need for efficient cooling of electronic modules

The field of power electronics concerns the conversion of electrical energy.
Produced mainly by an AC sinusoidal current (50 or 60 Hz), this energy must be
adapted to the requests of users. The fields of application of power electronics are
large and they range from large industrial powers (electrochemistry,
electrometallurgy), to battery chargers of a few watts, which are increasingly used in
mobile devices.

Many applications requiring variable frequencies (variation of speed by electric
drives, induction heating), or continuous voltages of different values (the continuous
transformer does not exist), will also make use of power electronic static converters.
Finally, it is often useful to have a high frequency intermediate circuit (from some
10 kHz to about 100 kHz) to reduce the size of passive elements of a converter and
consequently to increase the compactness of the devices.

In all these applications, efficiency is absolutely necessary: power electronics
differs from traditional electronics. The main constraint of the latter is to preserve

Chapter written by Corinne PERRET and Robert PERRET.
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the integrity of a signal. The technologies of components used for these two
disciplines are often very different.

The formatting of electric power is often based on a switching technique, the
electronic component working as a fast switch. By controlling the duration of the
on-state (the switch conducts), and of the off-state in a periodic process (Figure 8.1),
the treatment of electric energy is processed in order to make the characteristics of
the source compatible with the characteristics of the load.

A Vorl

(a)

v

(b)

v

tont tcond toff

Figure 8.1. a) Waveforms of voltage and current in a switch;
b) instantaneous power dissipated in the switch

We see in Figure 8.1a that when the switch is conductive, a residual voltage
persists at the terminals of the component: this is the cause of conduction losses.
Another phenomenon appearing during commutations: at switch-on, there is a time
ton, during which there is both a voltage higher than the residual voltage, and a
current. Following this is an important instantanecous power (Figure 8.1b) and
therefore an expenditure of energy at each switch-on. The same is true for closure,
during the time t,; [TAN 97].

At blocked-state, in normal operating conditions (Tj < 125°C), leakage currents
generate losses that are generally negligible, hence the existing components can be
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regarded as perfect. The energy dissipated in the chip can be calculated by
integrating the instantaneous power for each period.

Now consider the elementary case of a switching power supply DC/DC whose
principle scheme is given in Figure 8.2a.

Cut
power VST

supply

Source: Charge:
battery electronic board

()

(b)

Figure 8.2. a) Schematic of a DC/DC switching power supply,
b) forms of current and voltage

In this example, we can make a cut on the current i, as shown in Figure 8.2b. The
aim is to have a voltage v, “as continuous as possible”. This is achieved with a filter
whose RC time constant is the greatest possible compared to the switching period T.
It is therefore obvious that as period T shortens, the filter is reduced, that is to say
that RC is small, hence the interest of high-frequency (for power electronics, we
refer to form kHz to MHz).

As a drawback, the dissipated power during commutations increases
proportionally to the frequency. Faster components are therefore (reduced t,, and
tor) and/or circuit techniques with shifting current and voltage front edges (aids
circuit to the commutation, [FOC 98, ROU 90] to reduce as many losses as possible.

It is also necessary to cool the component to maintain its temperature at an
appropriate value for operation. The silicon components allow for a maximum
temperature of about 120°C to 150°C (note that industrial applications do not exceed
125°C in order to respect the rules of reliability) [MER 00].

Before tackling our main interest, thermal design of the micro-cooler by fluid
heat transfer, we will present, in this chapter, the main characteristics of power
components that are vital for an understanding of our “all silicon” approach to be
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discussed in section 8.2. Finally this chapter will conclude with a reiteration of the
heat laws that will be used later in the study.

8.2. Current power components

8.2.1. Silicon chip: the active component

Power electronics began with junction components, namely diodes, bipolar
transistors and thyristors. Over the past decade, the development of power
semiconductors has incorporated isolated grid components (MOS, IGBT). For this
last family of components we will design coolers considering currents of 100 A and
voltages of about 1 kV. The components of this range typically have the following
dimensions: 1 cm x 1 cm for a thickness between 250 and 500 um. Thus the losses
will be generated in the volume of a few tens of mm3. To evacuate them, given the
presence of connections and electrical insulation, only the underside (of 1 cm? in this
example) is available. A characteristic assembly cross-section for this type of
component is shown in Figure 8.3.

We will now consider the origin of individual losses and list the main difficulties
encountered to limit them.

Grid - Grid
P+
N+ 200 to 250 pm
P+<to 1 pm
Drain

Figure 8.3. Cut of the silicon chip of an IGBT

8.2.1.1. General construction of a power component

A power component is mainly designed for its voltage strength, which is
provided by a layer of silicon slightly doped N=(10!3 cm3 to 1014 cm3; resistivity
100 Q.cm); and relatively thick (a few hundred um) area of voltage holding. As
components of power electronics are of vertical type, this area has a current flow. To
make the device a conductor, mobile n or p-type carriers must be injected in vast
quantities into the voltage holding area. In the example of a diode, the density
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p=1017 cm3. The presence of this area partly explains the residual voltage, which
is even bigger when the voltage to be held during the blocking state is greater. In
power components, you obtain residual voltages in the range of 2 V. With a
common current density of 100 A/cm?, conduction losses are around 200 W/cm?.

For these injected charges to complete the role described above, they should not
recombine in the voltage holding area. Thus, the length of diffusion must be of the
same order of magnitude as the thickness of the area, which corresponds to an
important lifetime of p carriers. The presence of the stored charge, which must be
injected and eliminated, explains the phenomena observed at switch-on and switch-
off. The design of components is therefore a delicate compromise, between residual
voltage and importance of stored charge, which directly drives the speed of the
power current [ARN 92, LI 98].

8.2.1.2. Modeling conduction losses

Whatever the nature of the power component (bipolar, unipolar, mixed), there is,
during the conduction, a law between the voltage drop at the terminals, the
conduction current and the temperature of the active part, [FAR 94]. The graphs
shown in Figure 8.4 clarify the linkages between these three values for three IGBT
of the same family. They show the influence of compromises made by the
manufacturer between increased speed and reduced voltage drop (voltage existing
on terminals of component when in the on-state). The fastest IGBT, Ultrafast, has a
dropout voltage almost twice as large as the standard IGBT.

To calculate losses, the characteristic (V) is usually modeled by a classic linear
law:

Ve = V() JFI'()I

where V| represents the threshold voltage, and r, the dynamic resistance.
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Figure 8.4. Direct characteristics of standard IGBT,

fast and ultra fast at 50°C and 120°C

As the characteristics of Figure 8.5 show, these parameters change with the
temperature of the active part of the component. V, decreases with temperature Tj of
the area while r, increases.

To translate this dependant relationship, we write:
V() = V()() — aTJ
o =1go + bTj

From tests run under at least two temperature values, it is possible to identify the
values of the four parameters and thus calculate the losses of conduction for a given
temperature. If the latter is unknown, we can proceed by iteration.

In conclusion, for the conduction phase, it is quite easy to have a general formula
for losses if the temperature and current imposed by the external circuit are known.
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Figure 8.5. Actual and modeled voltage and current waves, at (a) the closure,and
(b) the opening of transistor T of an elementary switching cell (see Figure 8.6)

8.2.1.3. Modeling of commutation losses

For this type of operation, determining losses by a general formula is far more
difficult because current and voltage waveforms depend both on electronic
components, on their command, on the type of commutation used, and on the
external circuit including parasitic elements. Figure 8.6 gives respectively real
waveforms and modeled waveforms obtained at the closure and opening of an
IGBT, switching with a diode in the case of an elementary switching cell, where Ly
represents the parasitic inductance of the mesh (Figure 8.6).
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Commutation cell

Figure 8.6. Elementary commutation cell

In his thesis, S. Raél [RAE 97] offers empirical formulae for estimating the value
of energy dissipated in an IGBT at opening (W) and at closure (W,,) (see Figure
8.6).

At closure:

2
I/Von = kon.E.I-k'O“,Iz with: kon = 0,41;_1

where t; and t,, are times illustrated in Figure 8.5a.

At the opening, waveforms are more complex and depend very much on the
nature of the IGBT used, including the importance of the tail current (current that
flows after the end of the grid command and is characterized by ;). In the
experiment described above, we obtain:

Wotr = Kogr EI + Kol

Wlth kcff = t_V + ﬂtmos Lttail
2 2(8+1) 2(6+1)
28+1 |

and: k'mcf 2(6+1)2 .
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With the approaches and characterizations of switching components on an
identified circuit (the role of command, of inductance Lm) we obtain formulae for
predicting the losses of commutation.

Previous works showed that the values of various parameters also change with
temperature (Figure 8.7).
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Figure 8.7. Dynamic losses of a fast IGBT, depending on temperature

We see that for a component IRGPC50F operating at 300 V, 50 A and 100°C,
the losses are around 10 mJ per commutation. Such a component operating at
10 kHz dissipates, therefore, by switching a power of about 100 W, which is quite
comparable to the energy dissipated during conduction when the conduction time
and blocking time are equal.

8.2.1.4. Conclusion

The studies outlined above show that in modern electronic power components,
for the voltages and currents considered, energies lost by switching and conduction
are of the same order of magnitude: lost power to be evacuated on the rear panel of
the silicon chip can reach 300 to 400 W/cm?.
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8.2.2. Distribution of losses in the silicon chip

A question is often asked: how are the losses located in the volume of silicon
and, therefore, how is the temperature distributed within the component?

This is a complex issue because losses depend on temperature, which depends
itself on cooling [FAR 94, HSU 96].

Losses may be developed in the vicinity of junctions, in load space areas, or in
the area of voltage holding, creating for instance very localized hotspots.
Measurements of component temperature were taken by an infrared camera, giving
an accurate picture of the temperature at each point on the surface, thus establishing
a temperature distribution map. The typical gap between the maximum and
minimum temperature of a component of 1 cm? can reach 30°C.

Knowing and taking into account the allocation of losses and the mapping of
temperature in silicon are both interesting and important when considering the
electro-thermal behavior of a component, especially in the case of serial or parallel
associations, but also for the behavior of components in transitional systems
[MAN 97].

If the objective is the design of a cooler adapted to power electronics, able to
dissipate 300 to 400 W.cm™2, the precise location of losses is not a determining
factor: the electronic power component will then be regarded as a surface, uniform,
and homogeneous source of heat. The temperature of the chip, known historically by
by the incorrect terminology ‘“junction temperature” is defined as the average
volume temperature at each point (x, y, z) of the volume of the chip.

Ti=)-JJj T, 2)dV
P
where Vp is the volume of the chip.

8.3. Power electronic modules
8.3.1. Main features of the power electronic modules
The “bullet” of silicon in which the component is manufactured cannot be used

alone, it must be mounted. Figure 8.8 represents a multi-layer cross-section view of
a classic power module.
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Figure 8.8. Typical cross-section view of a power module

As can be seen in Figure 8.8, the classic assembly consists of five layers of
different materials, each is linked to the others by a very thin transition (brazing,
welding), called an interface. Each of these layers has a particular role.

The first broadcaster (broadcaster 1) is directly under the chip. It must be a good
electrical conductor, since it performs the electrical connection between the back of
the chip and the outside, but must also be a good heat conductor: it takes part in the
evacuation of the heat generated in the chip by allowing the flow of heat to spread
and thus to benefit from the increased exchange surface. In the conventional
modules, the broadcaster is copper, a material combining the two qualities.

Under the first broadcaster, there is electrical insulation. Its role is to electrically
isolate the component from the rest of the module, and in particular from the
associated cooler. It also provides electrical insulation between the various
components of a single module when, for example, several IGBT are mounted in
parallel. The material used must be a sufficiently strong insulator to withstand the
voltages applied, but it must also have enough thermal conductivity to allow heat
evacuation. Finally, it must have good combination capabilities with copper. The
most efficient material seems to be the aluminum nitride (AIN), so that it is currently
most often used in modules.

The second broadcaster which is a link with the base (commonly copper),
enables good mechanical support, and its rear provides a link with the outside
environment, especially with the heat exchanger.
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All these materials are assembled together by welding or brazing. These joints
have a low thermal conductivity, rather strongly degrading the ability of the module
to dissipate the heat generated by the chip.

The module is covered with silicone and the whole is encapsulated in a plastic
casing, with the exception of the rear of the basement which will exchange heat with
the outside world.

8.3.2. The main heat equations in the module

The flow of heat through the module, from the chip to the rear of the basement,
flows by conduction: heat transfer from one region to another is due to the
temperature difference between these regions. As we have seen above, we consider
that the component delivers a uniform heat flux. This flow P, represents the amount
of heat crossing a surface per unit of time (expressed in watts):

P =dQ/dt
where dQ is the amount of elementary energy issued during an elementary time dt.

The heat density vector is also defined, ¢, expressed in W.m™2, characterizing for
each point the direction and the intensity of the heat flux.

P=[[; ¢.0.dS

and we write Fourier’s law:

N

¢ = —kgrad(T)

where k is the thermal conductivity of the material flowed. This is expressed in
W LKL

By applying to an element of volume the first principle of thermodynamics and
the law of Fourier, and making the assumption that the thermodynamics
transformation is under constant pressure, the equation of the heat conduction is
established for an isotropic body:

pcp% =div(k grad(T)+q

where p is the density, Cp the calorific capacity, k the thermal conductivity, and q
the volume density of internal sources.
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The thermal conductivity k depends on the temperature of the material, which
does nothing to simplify the processing of previous equations.

For silicon: k=150 W-m1.K-1 at 25°C, then it decreases as the temperature
increases to reach k=100 W-m1.K-1 at 125°C. To overcome this difficulty, one
may assume a linear variation for a range of temperatures, or set an adapted constant
value.

The importance of choosing materials with good thermal conductivity for the
design of the module is clear, as is the negative influence of interfaces. Indeed, since
the latter has low thermal conductivity, they are subject to strong temperature
gradients that degrade the ability to evacuate the heat by conduction of the module.

To characterize the heat exchange that takes place between the chip and the base,
we introduce the concept of thermal resistance, Ry, by analogy with the electrical
resistance. It links the rise of temperature of the chip, T;, with the ambient
temperature T,, for a dissipated power P. In permanent operation, it is given by:

Ti-Ta

Run= P

This resistance is expressed in K-W~1. The more thermal resistance reduces, the
more the chip produces a low heating due to dissipated losses.

Take for example the standard IGBT from Figure 8.8: the thermal resistance of
the housing is 0.3K-W~!. For a switching operation corresponding to a dissipation of
100 W, the heating of the chip obtained for a perfect cooling of the base would be
30°C.

In practice, the temperature control on the back side of the base is provided by a
cooler, and is qualitatively characterized by a thermal resistance Ry,,. For example,
a standard air cooler has a resistance of 2K-W~!. The IGBT, in the previous
example, would, therefore, heat up to 230°C, which is not acceptable for a silicon
chip. If we want to limit the heating to 60°C, for example, a cooler with a thermal
resistance of less than 0.3 K-W~! is required. It may be another air cooler, larger or
better ventilated than the previous one.

Thus, we see that to take the current indicated by the manufacturer, an adapted
cooler is required. More, the installation of a cooler whose thermal resistance would
be 0.05 K-W-1, a water cooler for example, would allow the recommended current
of 15 A to be exceeded, even doubled, for a temperature of 60°C [GIL 99, SCH 99].
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The distribution of heat flow and temperature inside the module is completely
conditioned by the heat exchange which will take place between the rear of the
basement and the environment, i.e. ambient air or the associated cooler, the
exchange being a convection.

8.3.3. Cooling currently used for components of power electronics

We have seen that postponement of housing the cooler is absolutely necessary,
and may even be very beneficial in terms of increasing nominal current or operating
frequency.

There are several kinds of coolers, but the principle is the same for all: submit a
maximum exchange surface with a fluid that will absorb the heat. The exchange is
by thermal convection, which is a process of transferring energy through the
movement of molecules. We talk about natural convection when this movement is
due to a simple difference in temperature within a space (the hot air going up,
leaving room for cold air, for example) and forced convection when the movement
is imposed by external action, by a pump or a fan.

This book does not look at the mechanics of fluids in a precise manner, but only
to the heat exchange between the solid wall and fluid defined by a coefficient
linking the heat flux ¢ through the wall and its temperature. The coefficient is called
the coefficient of thermal exchange, h, and is defined as follows:

h=—"_
TT,

This coefficient is expressed in W-m2-K-1. We will return to this coefficient
with more details in the following section.

In most cases, in power electronics, coolers are air type, forced convection, or
water type. Water was chosen for its very good thermal capacity and its very simple
use. It can be used in a closed loop, as long as the increase in temperature between
input and output channels is controlled, which is very interesting in the case of
embedded systems. On the other hand, water is not a good electrical insulator, and
the establishment of an electrical insulator between the base and the cooler is often
necessary. To avoid this insulation layer, which degrades the thermal performance
of the housing, the water can be deionized. We can also make use of dielectric fluids
(inert fluor, liquid nitrogen, etc.). Handling is cumbersome and low gain in terms of
thermal performance compared to the design involving a layer of insulation makes
their use unfavorable.
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When the fluid is chosen, there are two possibilities for forced convection. It
may be single or double phase:

— In the case of a single exchange phase, the fluid, liquid or gaseous, does not
change phase during its circulation in the cooling device. A pump imposes a speed
and its temperature rises as it progresses in the cooler. A compromise must be found
between the speed of the fluid (including a best value which maximizes the
evacuation of the heat) and the loss of pressure in the channels which are directly
proportional to the cost and size of the pump.

— In the case of a double phase exchange, the heat absorbed modifies the state of
the fluid which rises from the liquid state to a gaseous state: liquid and steam coexist
[HEW 69]. Under the effect of heat, the temperature of the liquid rises to reach the
saturation temperature, the liquid will then begin boiling. A secondary cooling
system called the condenser cools the steam, thereby reducing fluid in the liquid
state. These coolers have good performances, but they are not yet widely used in
power electronics, mainly because of their design difficulty [MEY 98].

After going through the different techniques of coolers, we will speak now about
a copper channel cooler, operated by forced convection water, single phase, because
it is at present the cooling device most responsive to the needs of power electronics
(e.g. size, performance, instrumentation) [TUC 81].

To increase the exchange surface (S.), for a given chip surface (S,), channels are
designed in the copper base. In this case, the exchange surface Sc is defined as the
sum of all channel surfaces: S, = number of channels x length x width x height, i.e.
S¢ = n-l-D-L,. These parameters are defined in the schematic in Figure 8.9.

S
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Distributor -----

""" | i /

Figure 8.9. Layout of a copper cooler including key geometric parameters
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The water flows through these channels. The performances are as follows: with a
pump of 0.9 W power, the water flow is 1.3 I-min~! for a loss of pressure of about
0.4 x 105 Pa. The cooler is able to evacuate a power corresponding to a reduced
density on the component 350W-cm~ for a junction temperature rise of 60°C. These
results are obtained from a configuration where the chip and the water are not
electrically isolated from one another. The cooler has been designed in LEG in
collaboration with the CEA/GRETh and Alstom ([RAE 97] and [MEY 98]).

The performance of such coolers was further improved by C. Gillot who
proposes double-sided cooling in his thesis [GIL 99].

This cooling method is very effective, but as we shall see, it has several
drawbacks which we would like to overcome in this study.

As we have said previously, there are several layers of different materials
between the chip and the cooler: silicon chip, copper broadcaster, AIN of insulation
and different solders (Figure 8.8), and finally the copper cooler. All these interfaces
deteriorate thermal performance and generate mechanical fatigue: the different
materials have different thermal behaviors since they do not have the same
coefficient of thermal expansion, thereby reducing the lifetime of the system by
thermal fatigue.

In addition, the cooler is carried out in a copper base whose weight can be a
problem, especially for use in embedded systems.

Finally, with this type of cooler, as with coolers of older generations: the
component and the cooler are designed independently of one another, limiting the
manufacturer of component for the level of the maximum current; and thus
excluding the hypothesis of a collective achievement of an integrated converter,
where you could find in a single bloc, the power part, the command and the cooler.

For these reasons, and especially the latter, this question was proposed as the
subject for a thesis, and a “full silicon” type solution was suggested.

8.3.4. Towards an “all silicon” approach

The design of a full silicon cooler has been studied in the thesis of [PER 01].
Indeed, this new approach can solve a number of problems encountered during the
implementation and use of copper micro-coolers. Although from a purely thermal
point of view silicon is less efficient than copper (its thermal conductivity is almost
two and half times lower (150 W-K~! compared to 360 W-K1), it nevertheless
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presents several advantages providing for consideration a micro-cooler with good
performances in several respects.

First, the mechanical strength of silicon and the methods of engraving allow the
creation of channels and fins whose critical dimensions (width, depth, etc.) are much
smaller than those supported by copper. This allows a considerable increase in the
exchange surface available for a given chip surface. Although it is more difficult to
handle, being more fragile, the silicon micro-cooler has the advantage of being
lighter than copper.

However, the greatest advantage of this cooling technique is without doubt that it
involves the use of a single material: the chip and its cooler are both in silicon.
Either the chip is carried on a silicon base on which channels will have been etched,
or channels are made directly into the back of the chip. Indeed, the achievement of
micro-coolers is fully compatible with a classic CMOS technology. All this leads to
two positive important advancements: the chip can be delivered directly from the
white room with its integrated and adapted cooler, and all problems of thermal
fatigue are eliminated at the same time as with the different solders that are usually
inserted between heating and cooling sources. This is also a way to consider the
components of high integration we are talking about. Many works are underway to
achieve this [SAN 97].

Finally, as we said earlier, the establishment of a dielectric layer between the
chip and the refrigerant fluid, in the case of copper, degrades thermal performance
significantly. Here, the silicon can again provides an improvement: the electrical
insulation made by insertion of a thin layer of silicon oxide (Figure 8.10). This oxide
has two advantages: it is a very good dielectric (low thickness is necessary) and its
coefficient of thermal expansion is substantially the same as silicon: its presence
does not therefore introduce significant thermo-mechanical constraint.
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Figure 8.10. Isolation of the electrical part from the thermal part
by incorporating a layer of silicon oxide (of a few microns)

To illustrate these remarks, therefore, we will study the cooling of a single chip,
with the assumptions made above: the flow of heat is considered as an injection
surface of heat in the cooler. The principle is water forced cooling, with mono-phase

convection.

To give an idea of the size of micro-coolers, here are the magnitudes of each

geometric parameter (Figure 8.10):

— D: depth of a channel: 400 to 800 um;
— lc: width of a channel: 80 to 150 pum;
— e: width of a wing: 80 to 150 pm;

— Lx: length of a channel: 2 cm;

— Ly: width of a grid of channels: 2 cm;

—n: number of channels: 60 to 130.
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Figure 8.11. Schematic of a cooler created in silicon

Figure 8.11 presents a cross-section view of the cooler.

The fluid is water, chosen for its good thermal performance and its ease of use.
We summarized in Table 8.1 thermal and hydraulic constants of water, coolant fluid
used in this study.

Density p 995 kg-m™3
Viscosity p 0.000651 kg-m1.s7!
Thermal conductivity ki 0.628 W-m1.K!
Calorific capacity Cp 4.178 _].kg*l K1

Table 8.1. Thermal and hydraulic constants of water

8.3.5. Conclusion

We have seen that power components are becoming more efficient in terms of
speed, which compared with their losses appear to be constant or even increasing. In
addition, compacting makes cooling more difficult. Significant progress has been
made on the coolers that currently have good performances. However, designs of
components and coolers remains independent, which is harmful. An approach
integrating the cooler module is an attempt to answer this problem, with the “all
silicon” approach being a step further in this direction.
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8.4. Laws of thermal and fluid exchange for forced convection with single phase
operation

8.4.1. Notion of thermal resistance

As we have already mentioned, the thermal resistance is analogous with the
electrical resistance: where the electrical resistance connects the current to the fall of
voltage between its terminals, thermal resistance establishes a link between the flow
of heat entering a system and the temperature difference between two points of the
system, hence the “thermal Ohm” law recalled here:

Rth = (Tj - Ta)/P

In our case, the evacuation of the heat is carried mainly by the cooler (radiation
is neglected). The total thermal resistance is the sum of three terms:

— thermal resistance due to heat conduction through the Ry of the broadcaster;
the broadcaster as part located between the chip and the top of the channels (Figure
8.10). It is made from one or more materials as previously mentioned;

— convection resistance reflecting the exchange between the channel walls and
the fluid, R.,,,; and

— capacitive resistance representing a rise of temperature of the fluid between the
channel input and output, Re,p.

8.4.1.1. Thermal resistance of diffusion, Ry
Two cases are different in regard to the broadcaster resistance: the heat flow is
unidirectional (resistance with one dimension), or it is two-dimensional (resistance
with two dimensions). We define here two surfaces (Figure 8.12):
— the chip surface, S,:
Sp=Lyx-Lyy
— and the surface of the broadcaster cooler’s, Sy:
Sq = LaxLay

where L, and L, are the dimensions of the chip and broadcaster.

The first case is relevant when the component and the cooler have the same size
(S, = Sq) and in the second when the cooler is larger than the component (S, < Sy).
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8.4.1.1.1. Dissemination resistance with one dimension

In the simple case of a single layer broadcaster, i.e. made of a single material,
this resistance is the easiest to define, since it is only to describe the passage of heat
flow through a uniform material (Figure 8.12.a):

. €d
Rdlff—kd. S;

where e is the thickness of the broadcaster, ky is the thermal conductivity expressed
in W-K-l.m~!1, and S, the surface flowed by the flux.

In this case, it is easy to reduce the importance of this resistance by reducing the
thickness of the broadcaster, within the mechanical limits of the system, of course.

When the broadcaster is made up of several layers, we add the dissemination
resistances of each layer:

n n
e Cd;
Raitfiotal =ZR diffi —Z—’
P —~Kkai.Sd

Hecat source Hecat source
Waxat'saxml
YYY YUY ovoy YYYY Y YUYy
(@) Sd=Sp (b) Sd>Sp

Figure 8.12. a) Unidirectional heat flow, b) dissemination of heat flow

8.4.1.1.2. Dissemination resistance with two dimensions

Let us study now when the heat flow is two-dimensional (Figure 8.12b). This
occurs when the component is smaller than the cooler, and is amplified when the
broadcaster incorporates a thermal barrier. As we have said before, to achieve a
cooler where the silicon component and the fluid will be electrically isolated, we
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will need to integrate a layer of silicon oxide inside the broadcaster. Due to its low
thermal conductivity, this layer will cause heating, but it will also “slow down” the
flow of heat and thus force it to disseminate in the area above it. The barrier is a
negative result of the thermal cooler’s performance, but a well-optimized design can
reduce this defect. Indeed, if the surface of the cooler is sufficient and if the position
of the insulation layer and its thickness are carefully selected, the exchange can be
improved by the simple fact that the flow of heat encounters a bigger surface than in
the cases of a one dimensional flow. We can now see that a compromise is required
when adding an electrical insulator, between its thickness, its position in the
broadcaster and the surface of the cooler. A more complete modeling must be
effectuated for each configuration.

8.4.1.2. Thermal resistance by convection, R o,

As we have said, convection means the exchange between the walls of channels
and fluid. We defined above the concept of heat exchange coefficient h. The
convection thermal resistance is inversely proportional to this coefficient:

R, =—

1
conv h.SC

where S, is the surface of heat exchange, i.e. the surface of the channel walls.

The difficulty in characterizing the heat convection is to determine the value of
coefficient h. It depends on many parameters such as the convection mode (natural
or forced), the geometry of the cooler (plan, with rectangular or circular channels,
etc.), the nature of the flow (laminar or turbulent) and its thermal and hydraulic
operation. It can be seen, considering the number of parameters, that there is no
exact formulation of this coefficient for all cases. In general, its value is taken into
empirical tables.

It is vital that the thermal resistance be improved to enhance the overall
performance of the cooler. There are two methods using parallel to achieve the
reduction of this thermal convection resistance: increasing the exchange surface S,
adapting critical dimensions of channels and fins, and increasing the thermal
exchange ratio amending the form of channels, the flow system, and so on.

8.4.1.3. Capacitive thermal resistance, R.qp

This thermal resistance varies slightly from the other two: the first two take into
account differences in temperature in the flow of heat plane, the latter is on the rise
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in temperature of the fluid between the channel inputs and outputs, i.e. in a plane
perpendicular to the flow of heat. This temperature rise is due to the amount of heat
absorbed by the fluid during its passage. It depends on the nature of fluid, its
calorific capacity, and the flow imposed on it:

Rca pu— pu— m < pu— €
" 2m.C P 2P

In this equation, m is the mass flow of fluid, C, its calorific capacity, T,
temperature of the fluid at the channel entrances, T the temperature of the fluid at
the channel exits, and T, the average of these two temperatures.

The thermal resistance must be limited especially in the structure we would like
to use, the closed loop. In this case, a secondary cooling system is necessary to
ensure the fluid entering the channels is always at the same temperature T.. If the
temperature of the fluid at the exit of the main cooler is limited, the secondary
cooling circuit is simpler and less expensive.

8.4.1.4. Square thermal resistance R,

To facilitate comparisons between the performances of different micro-coolers,
designers are accustomed to using a thermal resistance per area unit, which they call
square resistance R, expressed in K-W~1-m2. We note for example:

Rctot = Rtot X Sp

with S, the surface of the heating source.

8.4.1.5. Total square thermal resistance, R
The total square thermal resistance is the sum of three square resistors:
Rctot = Rcdiff + Rcconv + Rccap

We can now see all the compromises that will be needed to reduce total thermal
resistance without increasing too many other constraints: choice of the thickness of
the broadcaster between dissemination and the thermal barrier; compromise between
the reduction of critical dimensions and mechanical constraints; compromise
between an increased rate of flow of the fluid, for a reduced rise in temperature, and
a minimum loss of pressure; choice of flow system of the fluid, etc. All these issues
will be resolved during the global optimization of the cooler.
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8.4.2. Laws of convective exchanges from a thermal and hydraulic point of view:
the four numbers of fluids physics

In the preceding section, we saw that the convection part is essential to the
performance of coolers. In this part, we will revisit the laws calculating the
coefficient of thermal exchange h and characterizing the fluid flow (loss of pressure,
nature of the flow, etc.).

These laws are expressed in terms of four dimensionless numbers traditionally
used by specialists.

8.4.2.1. The Reynolds number

The flow can be laminar or turbulent. In the first case, the fluid flows in the form
of nets parallel to the walls; in the second, the concept of a net no longer exists, and
the movement of fluid particles is uncertain.

To find the flow system, this Reynolds number, Re, must be incorporated, which
depends on the density of the fluid p, its viscosity p and the hydraulic diameter of
the channels, Dy, as follows:

Re= p.v.Dn
n
. 4.5 D.1 )
with D= — = ———— in the case of rectangular channels,
p 2.(D+1)

with s and p respectively the section and perimeter of the channel, D its depth and 1.
its width.

This Reynolds number defines the transition from a laminar flow to a turbulent
flow. The value corresponding to this transition is well established for channels and
micro-channels (flow is laminar if Re < 2,300, otherwise turbulent, for channels of
dimensions in the order of a millimeter). However, in the case of micro-channels
(critical dimensions of about 100 microns or less), this limit is not clearly known. In
literature, the hydraulic designers evaluate it, according to the methods used, from
Re =400 to Re = 5,000 ((MOH 97, PEN 94, ZHU 97]). That is why, as a first step,
we will not make any assumption on the flow system instead we will try to
determine it by a more experimental approach.
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8.4.2.2. The Prandtl number

The flow can be established thermally and/or hydraulically. We talk about
thermally or hydraulically established system, when the temperature profile, or the
speed of the fluid in the channel no longer depends on its position along the channel.
The distance between the channel entrance, and the position from which the profiles
no longer evolve is called length of establishment. The Prandtl number, Pr, gives
information on the establishment of flow. This dimensionless quantity is defined by:

pne,

Pr=
: ki

where p is the viscosity of the fluid, C, its calorific capacity and k; its thermal
conductivity.

For the design of coolers, the flow is always regarded as being thermally and
hydraulically established. This assumption is necessary in order to facilitate the
stationary state design. Knowing that the heat exchange is still slightly better when
the flow is not established, if this hypothesis is not verified, the design result will
simply underestimated compared to reality.

8.4.2.3. Friction coefficient and pressure losses

When considering a flow of fluid, there is also the loss of pressure between input
and output of channels. This loss of pressure depends on the coefficient of friction
Cs, speed v, density of the fluid p, length of the channels L, and their hydraulic
diameter Dy, such that:

_4.Ce.L
AP= Dh. p2

The coefficient of friction Cy, can be calculated by two empirical formulae, one
for a laminar flow system:

2

D,

47+ 19.64G
rT TR, T (p 1P
e [Dh+l]

where G is a dimensionless parameter determined experimentally, taking into
account the form factor in the case of rectangular channels.
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For a turbulent flow system:

C, = (0.0929+1.01612 Dh/L) Re" """

8.4.2.4. Nusselt number

This number depends on the channel geometry and the nature of the fluid flow.
In the laminar system and where the flow is established thermally and hydraulically,
it is possible to calculate the Nusselt number analytically, as long as the speed
profile in the channels is known, and then the heat equation is solved. In the case of
cylindrical channels, it is relatively easy, but for more complex sections, such as
rectangles, it quickly becomes complicated, and we prefer then to determine the
Nusselt number empirically [TAI 89]. To this end, there are an array of experimental
values of the Nusselt number according to ratios in formed channels [KAY 80]. It is
possible, as demonstrated by [BEJ 84] to obtain from these experimental values, an
analytical equation of Nusselt according to the geometric parameters of the
channels. Two cases are distinguished:

— the four walls of the channels are involved in the heat transfer;
Nu =-1.04749.326G

— the fourth wall, the bottom of the channel, is adiabatic;
Nu =-14.859 + 65.623 G — 71.907 G 2 +29.384 G3

These formulae are valid when we make the assumption that the flow of heat is
uniformly shared on the walls involved in the exchange.

In the turbulent system, the Nusselt number is less sensitive to the geometry of
the channels. There are many correlations to approach analytically approaching the
Nusselt number. We consider those of [GNI 76] that are valid irrespective of the
boundary conditions on the walls:

Nu = 0.0214. (Re%8 — 100).Pr%4, when 0.5 <Pr < 1.5 and 10000 < Re < 5.100
Nu=0.012. (Re87 —280).Pr%4, when 1.5 <Pr < 500 and 3000 < Re < 10°

The Nusselt number is directly linked to the coefficient of thermal exchange h by
the formula:

—h.Dn
Nu= =
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This formula is valid in the case of rectangles, with = Dy/lc > 1.
Depending on the nature of systems, we can draw curves h(d):

k.Nu(G(3
WO

We note, while the coefficient of heat exchange h is growing with  in the case
of a laminar flow (Figure 8.13), it decreases in the case of turbulent flow (see Figure
8.14).
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Figure 8.13. Change of the coefficient of thermal exchange h according to the ratio
0= D,/lc (depth divided by channel width) in the case of laminar flow
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Figure 8.14. D/Ic change of the heat exchange coefficient h according to the ratio 8 = Dy/lc
(depth divided by channel width) in the case of a turbulent flow. Curve is limited to <2.5
because for higher values, flow becomes laminar

There are several other formulae giving Nusselt values, which may be multiplied
by 2, [BEJ 84, GNI 76, KNI 92, TAI 89]. All these formulae are provided with an
error of 20%, and for areas corresponding to different Reynolds numbers.

Nu =0.027.Re0-8.Pr 033

The Nusselt number is directly linked to the square convection resistance since:

1 D,

RCOIIVC =7
h  kNu

8.4.2.5. Conclusion

In this chapter, we recalled key relationships that can aid the design of a micro-
channel cooler with a coolant fluid. The more comprehensive calculation is done in
the referenced bibliography. In the next chapter, we will develop the calculation of
the distribution of temperature in the module, the cooler being represented by the
exchange ratio h.
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8.5. Modeling heat exchanges

To carry out this modeling, analytical methods are typically involved, as semi-
analytical or digital methods. Below, we describe the two last approaches on
examples treated within a research group.

8.5.1. Semi-analytical approach

Calculating of temperature distributions or heat flows in the operating devices, is
based on solving the equation of heat in the three dimensions of the devices volume
[PET 95, SZE 97]. However, solving this equation is generally not easy when one
proposes to take into account the boundary conditions that are necessary for
describing the realistic operating conditions that apply to this device for cases that
have immediate practical interest. The heat equation is a partial differential equation.
The analytical methods of solving the latter are essentially based on two techniques
that can reduce the problem with three dimensions to a problem with one dimension.
There are:

— methods based on the use of Green’s functions associated with real sources and
image sources; and

— methods based on the use of integral transformations adapted to the lateral
limit conditions set for the problem.

8.5.1.1. The methods based on the use of integral transformations.

There are scopes for preferential application of each of these methods depending
on the problem to be addressed. Thus, a problem where lateral limit conditions have
little importance is easy to deal with using the first method (Green’s functions),
while the second method (transformation) is more suited for solving problems where
the lateral limit conditions play a crucial role.

Whatever method is adopted, the analytical solution is finally obtained in the
form of a series involving more or less terms and, in cases of practical interest, can
only be operated with numerical calculation. That is why we prefer to use the term
semi-analytic method. In the following, we will show how it is possible to
apprehend with realism, the calculation of distributions of temperature and heat flux,
based on a semi-analytical method using the Fourier transformation. The structure
on which this method can be applied is the already complex hybrid power module
with several chips. The time needed to calculate the distribution of temperature or
heat flow through the proposed method can be surprisingly short. For simplicity and
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brevity, however we will reduce our demonstration, to the semi-analytic calculation
of distributions of temperature obtained under the static system of power dissipation.

8.5.1.2. Stating the problem — key assumptions

Figure 8.15 provides a schematic overview of top views and cross-section views
of a hybrid power module with IGBT and diodes. As shown in Figure 8.15b, it is
assumed that this module is cooled in an effective manner on its underside because
of the large power dissipation which is often characteristic of this device in normal
operation [BEL 97].
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Figure 8.15. Schematic view of a hybrid power module
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From the thermal point of view, this module can be regarded as an assembly of
various layers of rectangular form materials, characterized by different thermal
conductivities and diffusivities. In this assembly we must also not underestimate the
role of interfaces between layers, which even of practically negligible width, may
have, because they are non-ideal, a considerable weight in the thermal behavior of
the whole. If one considers the flow of heat dissipated in the active areas of the
components, this will be in a preferred direction “z” while allowing the flow of heat
to flourish more or less locally following the other two directions (x and Yy),
depending on the flowed materials. It is assumed that the underside of the assembly
exchanges heat with a heat sink, maintained at a temperature of reference. This
exchange of heat is characterized by a convective coefficient of exchange, h,
expressed in W-cm2-K~1 and whose dimension is identical to the heat conductance
per area unit, g, that characterizes the heat exchange between two adjacent layers
separated by a non-ideal thermal interface.

If the cooling established at the bottom of the structure is really effective (forced
air convection or circulation of a coolant liquid), one can ignore the heating power
evacuated from the top and the side edges of the structure by natural convection and
radiation. These last two mechanisms for the exchange of heat are indeed
characterized by exchange factors that are very low if the temperature of the
structure remains within acceptable limits in practice. In these circumstances, we
may make a simplifying assumption, considering that all sides in contact with the
environment are adiabatic, with the exception of the lower side which is in contact
with the heat sink.

As the thickness of active zone (100 microns) is generally very small compared
to the total thickness of the pile, it is convenient to consider that dissipated heat is on
a surface rather than in a volume. This allows us to use a simplified form of the
equation of heat, and impose the flow of heat as a limit condition on the surface at
the limit of active zones, which are located in the immediate vicinity of the upper
surface of the pile.

Moreover, if we considers the side view given in Figure 8.15b, it may be noted
that a detailed analysis of the thermal behavior of the entire structure must take into
account the fact that the latter is divided into parallelpiped blocks, each of them
including multiple plane layers interfaced one over the other. Thus the analysis of
the structure outlined in Figure 8.16 is used to identify 13 blocks which are:

— the eight chips and underlying welding (block “P”);
— the two dispatchers of heat (blocks “RC”);

— the two insulating substrates (blocks “SI”);

— the copper base (block “E”).
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The mathematical formalization of the calculation of temperature across a
structure as described in Figure 8.15 must therefore be divided into two stages:

— calculating the distributions of temperature and flow in each of the blocks
which constitute the complete structure;

— taking into account the thermal interaction between various blocs according to
their relative positions.

8.5.1.3. Principle of calculating of temperature and flow distribution in a block

Figure 8.16 shows the mathematical problem of heat flowing in a block
[LET 93]. The distribution of heat flow is assumed to be known on the upper side
(in the plane z = 0) and the distribution of temperature is assumed to be known on
the underside of the block (in the plane z=z,). We must first calculate the
distribution of temperature at the top of the block, and the distribution of heat flow
to the lower surface. When both values are determined, we can remove one or the
other of these quantities in any internal plan of the block if necessary.

power dissipating ﬂ y axis
areas

2=z layeri:w;k ;D ;g ’
72=27, /
- L >

. lateral faces are adiabatic
zaxis temperature distribution
issetinplanez=2z ,

Figure 8.16. Geometric and thermal description of a multi-layered block

If the assumptions made above are correct — the flow of heat is imposed on the
upper side of the block and the distribution of temperature is defined on the lower
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surface, with the other sides of the structure being adiabatic — we must solve the
following system of equations:

Heat equation in layer i: V6, =0
- . ., 00, 00,
Thermal conductivity at interface i: k,—-| =k,  —
Z z=2z; aZ z=z;
- . . k, 00,
Thermal conductivity at interface i: 6,,, =0, + ——
gi aZ z=z;
L 00,
Boundary conditioninz=0: p(x,y)=—k G_Z
< 2=0
Boundary conditioninz=z_: 0, (z,y,2,)=0,,(x,y)
. . 00, a0, .
Boundary condition on lateral sides: —=0, g‘ =0, Vi

Using an appropriate linear transformation, we can transform in each layer the
Laplace equation into a regular differential z equation. Given the boundary
conditions on the lateral sides, this transformation is in this case turned into a double
cosine transformation which must be applied to distributions of temperature 6(x, y,
z) [DOR 96] as follows:

1L V4 V4
@i(nx,ny, ):E'([{Hi (x,y,z)cos(nx zxjcos(ny Ty]dxdy

Laplace equations in each layer i are transformed into:

d2 . 2 2
?’ =m’6, with m’ =|n, I+ n, s
dz L /

where n, and n, are wave numbers, with theoretical values between 0 and infinity,
and m can be defined as a spatial pulse.

As the double cosine transformation is linear, all conditions of continuity and
boundary conditions defined for distributions of temperature and flow also apply to
transformations of these distributions. The solution of the equation for the layer i can
be written:

©,(m,z)= C;(m)e™ + Cim)e™™
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For a solution, we should in principle calculate the coefficients Cy(m) and C’(m)
for each layer i using the continuity and boundary conditions equations imposed in
z=0 and z = z,. This provides the expression of the transformation of temperature
0,(ny, n,, z) or flow ®,(n,, n,, z) being determined in the plane where we want to
calculate the solution, this expression can be further evolved by the following
reverse transformation:

4 o= = cos nijcos(nyZ]
@(x,y,z)=— Z z@i(nxﬂny’z)

Ll =0 (é‘nx,o + lesny,o + 1)

n,=0 n,

In practice, the direct and inverse transforms will be discrete and carried out by
numerical methods, which as a priori excludes the possibility of infinite wave
numbers. A highest value must be retained for wave numbers depending on the
maximum spatial resolution you want to deal with. For this limitation, one can
directly apply Shannon’s sampling theorem. For example, if we seek to obtain a
spatial resolution equal to Ax and Ay following x and y respectively, the maximum
wave numbers 7ymax and 7yma, should verify the following inequalities:

Mymax > 2L/A | Mg > 2U/A.

8.5.1.4. Calculation of temperature or flow distribution in a block

In practice, there is no particular need to look for direct expressions of
coefficients Cy(m) and C;’(m) in each layer i. And it may be noted that these factors
can be eliminated by involving transformed distribution expressions of temperature
and flow ((O;s, Dip) at the entrance to the layer i (at z=2z;,;) and (®;s, D;is) at the
output of the layer (z = zi). You can then write the relationship matrix as follows:

cosh (me, ) sinh (me,) N cosh (me, )

[%E]:[Ai (m)].[zfs] with [A, (m)|= ok sioh(me, ﬂ;_k :n];mei)“oj;(mei)
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where [A;(m)] is the chain matrix (according the theory of quadrupoles)
representative of the layer i which gives distributions of temperature according to
distributions at the output of layer i.

The major advantage of the introduction of formalism to the theory of
quadrupoles at this level is to treat a block with any number of layers without
difficulty. It should be noted that for a number of layers equal to n whose thickness
and thermal conductivities are known, we can link the transformed entry
distributions (Qs, ®s) to those of the exit (Os, Ps), by a chain matrix [A(m)] that we
calculate directly, using the product of elementary chain matrices whose coefficients
are calculated for each layer in the following order:

[A(m)] = [Ay(m)]-[Ay(m)]-......[A, (m)]

Such a procedure offers the advantage of guaranteeing a perfect numerical
calculation, even if the calculation of the chain matrix of a complex structure,
formed by a succession of many layers and for very large wave numbers is required.

For example, suppose we want to calculate the distribution of temperature at the
surface of the block where the distribution of dissipated power is known, and where
the distribution of temperature is imposed on the underside of the block. By
applying the previous formalism of quadrupoles to the thermal problem, it becomes:

= o A(m)
(gﬂ B [A(m)]((as} = o Azzi(m)zs %ZE

:m ¢ Azz(m) g

where [A(m)] is the chain matrix of the complete block and Aj(m) designate the
coefficients of this chain matrix.

The procedure for practical calculation will be facilitated and will proceed as
follows:

1) The transformations of 05 and ¢ are made digitally by applying a Fast Fourier
Transform algorithm, which allows us access to the m spectrum of these quantities.

2) The output we want to calculate is established using the adequate relationship
of the m spectrum.

3) The inverse transformation of this new m spectrum is proceeded, and this
provides the distribution of the sought after quantity.
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Such a procedure allows for the quick calculation of temperature or flow map,
even in cases where a high spatial resolution is required. For example it takes
between 15 and 20 seconds to calculate a temperature or flow map of 128 by 128
points [DOR 97]. It should be noted that in many problems, the spatial resolution of
the calculation in a block may be limited, thus accelerating the calculation procedure
speed. We can of course, without any particular difficulty, complicate the
calculation process to access the distributions of temperature or flow in a plan
located anywhere in the block. In practice, it may be particularly interesting to
calculate the distributions of temperature at the interfaces between layers so as to
reveal the flow of heat on each layer.

8.5.1.5. Extension of calculation to a complex assembly of blocks, s

Regardless of the complexity of the defined block assembly, we can show that
the procedure of calculation can be reduced to the implementation of a recurring
basic procedure, which is to look for the flows at the interface between two
superimposed blocks, as shown in Figure 8.17.

®E2 q>EZ
YVYYY
o @ Block 2
S2 S2
L 1 1 1 1
vy vy vy
e @
B Block 1

-
-
-
-
-

Figure 8.17. Schematic view of a basic assembly of two blocks

The search for the distribution of flows to the interface between blocks 1 and 2 is
iterative and implements a relaxation algorithm for which a simplified chart is given
in Figure 8.18.

As shown in Figure 8.18, we can see that the algorithm uses a weight coefficient
set between 0 and 1 whose choice is crucial for two reasons:
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— it is often necessary to obtain the convergence of iterative processes;

— it sets the speed of convergence of iteration.

Initialisation
data : 65,(x,y) in block (1)
Og2(x,y) in block (2)
set Os2(x,y) = 0 in block (2)
calculate ¢s>(x,y) in block (2)
set 0sa(X,y) = Ori(X,y)
record (g(X,y)

&

Ogi(x,y) calculation in block (1) by
transforming and using :
1 Alp
Op = — Osi +
Aly Aly
O, inverse transformation and set
Os2(xy) = Bri(x,y)

set:
% Op1x =0 Qerk+ (1 -01) Op1xr

(sa2(x,y) calculation in block (2) by
transforming and using :
A2y
D= — Py - —— Oy
Aly A2,
@, inverse transformation and set

Oe1(X,y) = Psa(X.y)

Dy

Op1x = Opixt ?

O51(x,y) andOg;(x,y) calculation

End

Figure 8.18. Simplified iterative procedure for 2 blocks

The practice of numerical calculation shows that there is no convergence
problem during assembly, such as the upper block (2) has a lower conductance than
the lower block (1), and in these conditions, the coefficient may be made equal to 1,
leading to the fastest convergence. Now, when block (2) is a better heat conductor
than block (1), the choice of a weight coefficient equal to 1 leads to a divergence in
the calculation. The convergence can be restored if we reduce the weight coefficient
(o< 1); the choice of its value, however, reduces the convergence speed of the
iterative process, often very a low factor, ensuring the convergence of computing
after a very high number of iterations. To establish an optimum weight coefficient
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value and ensure convergence of the iterative process within a minimum number of
iterations, a more serious analysis of its dependence on the thermal properties of
blocks 1 and 2 is required. By finely analyzing the iterative process between the two
blocks, whose lateral dimensions are identical (to be able to apply the same
transformation), we can show that transformed ®g; entering the block 1 during
iteration number k is

O] @21 o |4 g+g? g ).q=|1-of 1+ 222402
+ a2, A2, AL, 42, AL,

where Al; and A2; designate chain matrix coefficients of blocks 1 and 2
respectively.

This expression shows that ®g;; is the sum of the terms of a geometric
progression, with reason q, which actually depends on the weight coefficient chosen
and on the thermal properties of blocks 1 and 2, via the chain matrix coefficients on
these blocks. The calculation process will converge if the module of q remains
below 1, which leads to the inequality:

2
I+ A2, A1},
A2,, Al

a<

The coefficients Al; and A2; of chain matrices depend on the spatial pulsation m.
It is necessary to ensure that inequality is respected in the worst case i.e. for the
maximum value of the spatial pulsation m (hence the biggest wave numbers
corresponding to the transformation are made on the distributions of temperature
and flow within these two blocks). In cases where the lateral dimensions of blocks
are different, we can make a similar mathematical analysis, but the practical
operation of the results of this analysis is too difficult to implement. It is better to
choose a weight coefficient according to criterion o simply ensuring that in the
upper block (2) the maximum spatial pulsation remains less or equal to the
maximum value defined for the lower block (1).

The extension of the calculation procedure does not become a problem if you
divide the complete structure of the model into sub-assemblies under the same level
of interconnection. In referring to the case of the structure outlined in Figure 8.15b
and going back from the base to the chips, we can successively define the following
subassemblies:

— level 1: there is 1 subset formed by the base “E”, which supports both
insulating substrates, “SI” right and left;
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— level 2: there are 2 subassemblies formed by the insulating substrate “SI” right
and left that support heat dispatchers “RC” right and left, respectively;

— level 3: there are also two subassemblies formed by heat dispatchers “RC”
right and left that support chips IGBT,, IGBT,, D; and D, and there are chips
IGBT3, IGBT4, D3 and D4.

Such a decomposition may be made on any structure and each defined subset
may be individually treated with the algorithm of the Figure 8.18. An identical
algorithm can be implemented to find the flow into the base that supports all other
blocks. We simply note that when a subset is characterized by a weight factor o less
than 1, the convergence of calculation can be assured if we proceed for this subset
with local iterations preserving the stability of the local calculation.

8.5.1.6. Computer implementation and a calculation example

In order to apply the calculation principles developed in the preceding sections,
a computer program called LAASTHERM was developed. In its current version,
this program can treat structures with a maximum of 100 blocks spread over 10
levels of interconnection. A set of 300 layers can be freely distributed among the
100 blocks and the power dissipation on each block can be accurately described
through a set of 1,000 rectangular shape basic sources that can be arranged on the
upper surface of this block. The LAASTHERM software also makes a pre-analysis
of thermal properties for each of the blocks which have been defined and
determines:

— for each block, the minimum spatial resolution required,;

— for each level of interconnection, the weight coefficient o, which will be
chosen for the stability of local iterative calculation.

Figure 8.19 gives a calculation example of the temperature and flow
distributions, made by LAASTHERM for the structure described in Figure 8.15a
(geometric structure and thermal data) and for the following distribution of power
dissipation:

—IGBT), 140 W; Dy, 70 W; IGBT,, 120 W; D,, 60 W;
—IGBTj3, 100 W; Ds, 75 W; IGBT4, 130 W; Dy, 80 W.
Figure 8.19a gives the general map of surface warm-up; such as an infrared

camera would reveal in a view from above, whose case had been opened. Figures
8.19b and 8.19¢ show the heat flow distribution maps, leaving the dispatcher heat
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“RC” and the insulating substrate “SI” of the right side of the module. Figure 8.19d
shows the distribution of heat flux that leaves the underside of the base. The spatial
resolution is 16 by 16 points for all blocks, except Block “RC” for which it is 16 by
32 points and the base “E” for which it is 32 by 32 points. The calculation time
required to obtain all these results is less than a minute on a workstation.

8.5.2. The numerical models

In this section, we will outline the two digital simulation softwares that we used.
Other softwares are marketed, especially Ancys that many designers recommend.

8.5.2.1. Flux 3D
8.5.2.1.1. Description

The Flux 3D software developed at Electrical Engineering Laboratory in
Grenoble [SAB 86] allows us, through the module Fluxtherm, to solve the equation
of heat in a system, in permanent system. The user must define the geometry of the
problem, creating points and lines, surfaces and volumes. He must assign physical
properties to these areas and volumes (for example, in our case, the thermal
conductivity of silicon and water). Then comes the important step of meshing: this is
a finite element software: each line of the geometry includes points more or less
close together according to the desired accuracy of calculation. The software then
creates a mesh whose elements are tetrahedrons. The last step is to implement the
boundary conditions on the borders of the system. The convection is characterized
by the heat exchange conditions along the walls where the convection takes place:
the user must provide the value of coefficient h.
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The simulation gives, as the main result, the temperature at any point in the field
under study: we deduce the average volume temperature of the junction, which in
turn allows us to calculate the square thermal resistance of convection and diffusion:

[%j” T(x,y,2).dV =T,]

¢

Rcconv + Rcdiff =

8.5.2.1.2. Advantages

The Flux 3D software provides two major attributes for modeling thermal
electrical devices, namely:

— This software promotes research into electro-thermal coupling (module Flux
Chip) [RAE 97]. However, in this study, which deals mainly with design of micro-
coolers, we will not take this opportunity and we will instead, consider the power
dissipated as a given value.

— Typically, the default of finite element software leads to long computing times
when the mesh is dense, as is the case if one wants to have a good consideration of
interface phenomena. Indeed, they require the very thin mesh areas, leading to
numerous elements and therefore equations to solve. In Flux 3D, the problem is
greatly simplified by the potential introduction, of superficial elements with breaks
to represent very thin areas (skirmishes, brazing). Their introduction provide
precision areas with very different thicknesses.

8.5.2.1.3. Defects

Finite element softwares like Flux 3D essentially present three limitations:

— warm up and moving fluid are not taken into account: the fluid is considered as
isothermic. The convection is therefore governed solely by the coefficient h, which

is difficult to assess, and needs to be imposed by the user;

— the time of calculation, which nevertheless remains high (about ten minutes to
several hours if we simulate the cooler in its entirety);

— the need for a new meshing when changing the geometry of the cooler, makes
this method badly-suited to the design.
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8.5.2.2. Flotherm
8.5.2.2.1. Description

The software was developed by the Flomeric Company to model the thermal and
hydraulic aspects encountered in various applications ranging from the air
conditioning for a room, to the cooler for power electronics. By solving the Navier
Stockes equation, in addition to those of heat, we obtain the temperature at any point
in the field, the speed and pressure of the fluid at any point. As with Flux 3D, the
average temperature of the heating source is treated as a junction temperature and
we get the total square resistance.

8.5.2.2.2. Advantages

The design of the Flotherm software provides, in our case, four advantages over
the previous one:

— it allows for consideration of the fluid-wing convection: the h coefficient is not
imposed by the user, but determined from the hydraulic and thermal equations;

— it takes into account the fluid mechanics: the problem can be solved in various
situations, such as an established or not hydraulic system, a laminar or turbulent
system,

— the software has libraries of materials, geometric shapes, and objects (fan,
pump, etc.); and finally,

— other conditions such as heat radiation or natural convection can be treated.

8.5.2.2.3. Defects

Flotherm presents the following limitations:

— the parallel piped mesh does not permit the calculation of heat exchange on
curved surfaces or ramps. It is therefore not possible, for example, to simulate
coolers with trapezoidal or cylindrical channels;

— the software does not take into account the electro-thermal coupling;

— computing time is relatively short for simple applications, however, for the

same reasons as those cited for Flux 3D, it remains too long to reach an
optimization: the resolution time varies between one minute and ten hours
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depending on the complexity of the problem (the calculation convergence
difficulties arise mainly from the hydraulics).

8.5.2.3. Simulation results

We have now addressed the relevance of the two programs, namely knowledge
of the junction temperature of a heating component according geometric and
hydraulic parameters and a cooler.

Let us now examine what other results it is possible to obtain. As we said, Flux
3D solves the equation of heat along a wing. It is then possible to trace the isotherms
in this wing, as seen in Figure 8.20. Given the different symmetries, and to gain
calculation time, we simulate a part consisting of a channel and its two half-fins
located on both sides.

Heat source

70
60

i \¥2 Half-fins

50

30

20

Channel

Figure 8.20. Isotherms in two half-fins, data from Flux 3D:
simulation of a channel and its two silicon half-fins

In this figure, we see that the isotherms are all parallel to each other and
perpendicular to the fins axis. The flow of heat is therefore unidirectional expressed
by the vertical axis.

The Flotherm software also takes into account the fluid flow within the cooler.
By simulating the entire structure, we gain access to the temperature map inside the
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cooler (Figure 8.21), to the distribution of load losses (Figures 8.23 and 8.24) and to
the velocity vector (Figure 8.22). Through these simulations, we have seen, for
example: that the fluid is distributed uniformly in the channels when the holes are
centred (which is the case of our coolers), see Figure 8.22 and 8.23; and a movement
of fluid when the holes placed on the diagonal, which does not allow as good a
distribution (Figure 8.24).
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Figure 8.21. Mapping the temperature of fluid in the cooler
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Figure 8.23 Mapping the fluid pressure in the cooler
whose holes are centred in relation to the collectors
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Channel network

Water exit Water entry

Figure 8.24. Mapping the fluid pressure in the cooler
whose holes are on a diagonal

8.5.3. Taking into account electro-thermal coupling

In the power circuits for electrical energy conversion, power components act as
switches with cycles from a state of high impedance (blocked-state), to a state of
low-impedance (passing-state). If we analyze the power dissipation of such a
component during a cycle of commutation, we can usually see that in the blocked-
state the leakage current remains low enough to make the power dissipated by the
component negligible. The component only accounts its power dissipation in the
passing-state when its losses during commutation switching frequency becomes
significant. As the electrical component characteristics, depend on temperature and
as its commutation times are also influenced by temperature, there is interaction
between the power dissipated in the component and its warm-up: this fact is called
electro-thermal coupling. Figure 8.25 illustrates the concept of electrothermal
coupling with a simplified functional diagram [BEL 97, HEF 93].

i —>
—» P=F(@iv,T) >

T=G®P)

Figure 8.25. Functional diagram representative of electro-thermal coupling

Despite the apparent simplicity of the functional diagram in Figure 8.25, solving
an electro-thermal coupling problem is not trivial. Indeed we must have software to
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calculate the temperature (and/or its distribution) in electrically active areas of the
component. We should also put into equations the power dissipation in active areas
taking into account the fact that their temperature varies.

8.5.3.1. Various possible approaches

Given the level of sophistication expected in the modeling of the electro-thermal
coupling, two types of approaches are possible.

8.5.3.1.1. Without taking into account the distributed power dissipation

This procedure is often used when we simulate the operation of a complex circuit
with a circuit simulator or a behavioral simulator. In this case, we assume that the
active area of the component is characterized by a single temperature. The thermal
equations are introduced to assess the temperature of each active area and the
electrical equations used to calculate the voltage and current through the active areas
are dependent on temperature. This type of procedure is simple to use but it does not
provide information on the intrinsic behavior of the component because it
completely ignores the distributed nature of current lines in the active area of the
component.

8.5.3.1.2. With consideration of distributed power dissipation

This procedure is more accurate because it takes into account that the current
density is not uniform in the active area of a power component subject to heating. A
distributed thermal simulation must be coupled with a procedure for calculating
local power dissipation, taking into account distributions of voltage, current, and
temperature in the active areas. Although the waveforms of voltage and current in
the component are generally complex in converters, it is practically impossible to
use a circuit simulator to calculate the local quantities i(t) and v(t) in the active
areas. In order to achieve such a goal, the nature of the distributed component should
considered; this requires the description of each elementary part of this component,
by a complete electrical model. Given the practical difficulties that we encounter
when we digitally simulate the operation of a circuit, with multiple components,
whose electric models are usually non-linear; it is difficult to envisage this solution.
Now, analytical simplified procedures may be developed for calculating the
distribution of power dissipation based on reasonable assumptions. This procedure
makes it possible to discover in greater detail, the electro-thermal behavior of a large
component or group of components.

The electro-thermal modeling made in the context of section 8.5.3.1.1 is
relatively common and one can find many examples in the literature. Electro-
thermal modeling according the context of section 8.5.3.1.1 is rarer, however, and
the following development will focus exclusively on this technique. With this
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technique it is possible to determine whether the electro-thermal behavior of a large
component, or of a power module is stable, and, if it would prove unstable, also
whether there is an electro-thermal instability, locally or globally.

8.5.3.2. Determining the power equation

To simplify and maintain the brevity of the statement, it is limited to a static
evaluation of the effect of electric and thermal coupling on large components or
components mounted in parallel to achieve power modules. We assume further that
the power dissipation in components is mainly due to losses resulting, during the
passing-state, of a global current in components imposed by the external circuit.

For almost all the components used in the converters circuits, the calculation of
power dissipation in the passing-state can be done without too much error by the
approximation of a dropout linear voltage according to the passing current. If this
component is isothermal, its direct voltage drop V,, can be written:

{VOH=VS+R IV I 20

on~-on

I,=0 V V,_ <V

where I,, means the passing current imposed by the external circuit, Vg is a
threshold voltage and R,, is a series resistance. These last two terms depend on the
operating temperature of the component. The second condition is applied to prohibit
any possibility of reversing the current I,, when the voltage V,, becomes less than
the value of the Vg threshold voltage.

In practice, the expression above, describing a component approaching a direct
voltage drop is all the more valuable when the component is subject to a passing
current of strong intensity. The resistance R,, of controllable components (MOS and
IGBT transistors) can be determined by the value of the voltage command applied to
the command electrode of the component (e.g. grid-source voltage for a VDMOS
transistor).
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Vcom

1

Figure 8.26. Schematic spread of the active zone
of a non-isotherm component

When the component is no longer an isotherm, we should represent its active
area as shown in Figure 8.26. The active zone should be treated as a parallel
assembly of basic components, operating so that the direct voltage drop, V., is
common, and sharing common current I,,, depending on the local temperature.
Assuming that the common current I, is imposed by the external circuit and that the
distribution of temperatures in the active area is known, we can calculate the current
I; and common voltage drop V,, in solving the system of equations:

I :ivon _VS(Ti)

i S R on (Ti )
N

zli = Ion

i=1

VI<i<N

where S refers to the total surface of the active area and S; to the surface of element i
at temperature T; of the active area [VAL 97]. This system of equations implicitly
assumes that each element of the active area is still characterized by the law V (Lo,
T), which was defined for isotherm components.

To better meet the physical reality, we must prevent the emergence of negative
currents I;, when solving the system of equations. Under these conditions, numerical
resolution can no longer be calculated analytically, but should be done only by
looking for iterative values of V,,, which can verify that the sum of all currents I; is
equal to the current I,, imposed on the component by the outside circuit. When
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appropriate allocation of the current I; is obtained, we can simply calculate the
distribution of dissipated power in the active area with the relationship:

P - {w(n)%&(x)]n

i

Knowledge of the distribution of power can then revive the calculation of
temperature distributions, and complete electro-thermal calculation can be achieved
by implementing a numerical algorithm whose simplified process is given in Figure
8.27.

Initialisation
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3D thermal calculation
Tin+1 determination
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Pipn+1 determination

!

l yes

End

Figure 8.27. Simplified electro-thermal calculation process

8.5.3.3. Examples of electro-thermal simulation

8.5.3.3.1. IGBT module

Figures 8.28a to 8.28c give examples of a simplified electro-thermal calculation
conducted on a chip module IGBT MG75J2YS40, whose data on the geometric
layout and thermal structure are recalled in Figure 8.28a. For purposes of electro-
thermal calculation, the active area of an IGBT has been divided into 64 by 64
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thermal cells. The direct voltage drop during the passing-state of the IGBT can be
calculated from the threshold voltage, Vs, of the on-state resistance, r, whose values
in relation to the temperature are:

Vs(T) = 1.7213 - 1.644 103 T - 1.229 10-5 T2

H(T)=1.198 102 +8.74 105 T

insulator chips
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Figure 8.28. Example of an electro-thermal simulation module IGBT MG75J2YS40
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Figure 8.28b shows the calculated evolution of the highest and lowest
temperatures of the active area, depending on the external current imposed on the
chip, while Figure 8.28c gives an indication of the distribution of this current in the
different thermal cells which have been defined. It should be noted that in this case
the local electro-thermal behavior of IGBT is stable, which makes in practice a very
low dispersion between the minimum local current established in the hottest cells
and the maximum local current established in the coldest cells.

8.5.3.3.2. MOS transistor module

The following example focuses on the electro-thermal study of a hybrid module
including MOS transistor reference MTM 8N60 mechanically mounted as shown in
Figure 8.29a and assembled as a bypass, six by six, for the electrical operation.
Figure 8.29b recalls data on the thermal structure of the module, and the direct
voltage drop during the passing-state for a thermal cell of index, i, and temperature,
T;, of a MOS transistor is calculated from its resistance, r,,;, during the passing-state.
This is given by the relation:

Foni(T3) = 0.432 N (1 +2.864 1073 T; + 1.371 105 T2)

It is assumed for this study that only chips 1 to 6 are active and share a common
current imposed by the external circuit.

Figure 8.29¢ shows the calculated evolution and the maximum temperature
reached by chips no. 1 and 2 according to the total current imposed by the external
circuit. Note first the good homogeneity of maximum temperatures which are very
similar when the external current increases, thereby demonstrating that the power
dissipated by each of MOS transistors remains well balanced and that the electro-
thermal local stability of the MOS transistors module is very good.

Figure 8.29d shows a comparison of the maximum temperature evolution that
can be achieved depending on the current; considering on the one hand a R,
independent of temperature, and on the other hand the full effects of the electrical
and thermal interaction. We can see that taking into account the full electro-thermal
interaction leads to a significantly lower current value at the limit of overall thermal
stability. The latter is crossed when the power dissipation is no longer compatible
with the power, which can be evacuated by the cooling device.
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Figure 8.29. Example of electro-thermal simulation of a MOS transistor module
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Figure 8.29¢ shows the evolution of currents conducted by the various chips
according to the total current imposed on the module. It should be noted that these
currents are very similar for different chips, even when approaching the thermal
limit imposed by the stability of cooling. By way of comparison, Figure 8.29f shows
the impact of a degraded thermal contact under chips 2 and 5: it is assumed that the
thermal resistance of the weld of chips 2 and 5 is increased by a ratio of one to three
compared to welds of other chips. While this situation leads to a significant
overheating of chips 2 and 5, the current conducted by these chips only decreases
slightly. We can therefore say that in practice, if we observe, in a MOS transistor
module whose chips are mounted in parallel, strong maximum inequalities of
temperatures between chips, this disparity in temperatures is caused by the
imperfections in the thermal environment near chips.

8.6. Experimental validation and results

In this section, we will present the experimental results obtained from two test
benches. The first operates a direct measurement of temperature and the second an
indirect method. Both methods are commonly used.

8.6.1. Infrared thermography

8.6.1.1. Overview

General principles of radiation physics teach us that, the surface of a body
brought to an absolute temperature, T, radiates a power density p (expressed in
W-m2) into the surrounding space proportional to the fourth power of its
temperature (Stefan-Boltzmann law). The radiated wavelengths and their relative
intensity depend on the temperature provided by Planck’s law. Conversely, we can
use the radiated power, detected in an appropriate wavelength range to determine,
under certain specified conditions, the temperature of the body under observation:
this is the principle of infrared thermography which operates with electromagnetic
radiation commonly in the wavelength range of 2 to 10 um. There is no attempt here
to rebrief on theoretical infrared thermography, which may be found in the above
cited works, we simply to show how it is possible to operate in practice to measure
the temperature of the active parts of hybrid integrated circuits when they are
operating. Currently, infrared thermography is practiced with an infrared camera
connected to an electronic monitor, whose role is to interpret the radiometric image
directly in the form of a map of temperature, provided that the local emissivity of the
surface on which the radiation is studied is known.
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8.6.1.2. Precautions

It should be noted first that measuring the operating temperature of a component
by infrared thermography requires direct observation of its surface and therefore
requires the investigator to work on components whose environment has been
altered to make this observation possible. In particular, the junction temperature of
an encapsulated component cannot be accessed by thermography. At least the case
must be opened and all the protective layers removed to give direct access to the
optical surface to be observed.

Then take into account the fact that the surface to observe has multiple areas of
a different nature (the semiconductor oxide or passivant, metal), characterized by
very different emissivities that make it difficult to directly interpret the radiometric
image under the form of a thermal map. In general, we get good results only if the
surface emissivity is homogeneous. For this, the easiest method is to paint the
surface with a thin layer (10 to 15 um) of black paint to ensure a uniform emissivity
value close to unity (> 0.95) with the wavelength range operated by the IR detector
of the camera.

When dealing with the surface in order to standardize its emissivity, we should
be vigilant of the paint deposit thickness. Figure 8.30 shows the problem of
determining a constant temperature, T, from the temperature, Ty, measured by the
infrared camera on the surface of the deposit of paint of thickness e, conductivity, k,
and assuming that the heat was evacuated by convection (characterized by the
coefficient h) from the surface of the deposit of paint. Under these conditions, we
can easily show that the quantities

ATy (= Ty — Ta) and AT (= T — T,) are linked by the relationship:

( he)
AT={1+-°JAT,

This relationship clearly shows that the difference in measured temperature ATy,
drops representative to the real temperature difference AT, as soon as the ratio he/k
remains low compared to the unit. We conclude immediately that if the measured
temperature must remain representative of the temperature sought, the filing of paint
which is generally characterized by a low thermal conductivity (< 0.01 W-K-1.cm™)
must be much finer if it is to be associated with the large convective exchange ratio
observed at the surface.
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e, k

Figure 8.30. Classic problem of measurement by infrared thermography

The general purpose infrared cameras are made to provide the radiometric
images at a rate of 30 to 100 images per second. In these circumstances, it is as if the
thermal scene was observed sampled at a frequency of 30 to 100 Hz. Applying the
classic rules (Shannon’s theorem) on sampling, we should restrict this technique to
observe static or at least slow phenomena, characterized by relatively long time
constants (= 0.1 s). We may therefore observe the slow transitional heating resulting
from the gradual heating of the housing, characterized by constant timespans of
several seconds or even minutes. The rapid heating on chips in cases of accidental
electrical overload, are often thermal transients characterized by time constants
ranging from a few ps to the ms.

8.6.1.3. Example of thermo-graphic survey

Figure 8.31 shows a thermography record done on a power IGBT module (MG
200 JYS1 from Toshiba). For the purposes of experimentation, the module was
mounted on a water cooler which helps maintain its underside in contact with water
at a constant temperature. The upper part of the case has been removed, as well as
the freezing filling, contributing to the electrical passivation of the components and
their protection against corrosion. The surface of the module was covered with a
black paint to make its emissivity uniform. A preliminary calibration was done by
heating the module; by circulating a water at regulated temperature to verify that the
emissivity of the surface is actually homogenous, and close to 0.9. This actually
helps to interpret the radiometric image as a map of temperatures. For this
experience, chips 1 (top) and 2 (bottom) are mounted in parallel and share a total
current of 90 A under a common voltage drop equal to 2.94 V. The total power
dissipated by the module is 265 W and is divided into 140 W for chip 1 and 125 W
for chip 2, which explains why chip 1 seemed hotter according to the thermography.
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Figure 8.31. Example of thermography statement for an IGBT power module

The thermography also shows that the power dissipation is far from negligible in
the connection wires that bring the current to the IGBT chips collectors. The
distortions of the observed temperature distribution in the active areas of the IGBT
chips are due to the local connection wires. A more detailed study and comparison
calculated temperature distributions and those measured by infrared thermography
determined with certainty that the cooling module is characterized by a convective
coefficient exchange whose value is not constant but varies, depending on the
position at the base of the module.

8.6.1.4. Conclusions

Due to the constraints applied to the sample under test, it is clear that the infrared
thermography is not an appropriate technique for junction temperature measurement,
for components operating in normal conditions. However, the fact that it is able to
provide with good definition (an image is commonly made up of 100 lines with 256
pixels, and is even better for the most recent devices) information on the distribution
of the surface temperature of the studied components, this technique can be an
excellent tool for validation of thermal modeling results.
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8.6.2. Indirect measurement of temperature from a thermo-sensible parameter

8.6.2.1. Description of the measurement bench

We present in this chapter measurements taken on an IGBT equipped with a
cooler made of micro-channels flowed by the circulation of water.

The measurement bench, presented in Figure 8.32 consists of a hydraulic open-
loop, a heating source and different systems for measuring temperature.

The hydraulic system itself is composed of a debimeter, a 10 um filter limiting
the risk of channel obstruction and a digital gauge measuring the loss of water
pressure between the input and output of the cooler at collector limits, with an
uncertainty of 10 mBar.

To characterize a cooler, we should apply a constant power P to its upper side —
this is the role of the heating source — and have access to three temperatures: that of
water at the input of cooler T, that of water at the output T, and that of the upper
surface of the cooler, which we called junction temperature Tj.

From these different measures, we deduct the thermal square resistance by the
equation:

T' —Te

R cmestot= , where ¢ is the heat flow

The water temperatures at the entrance and exit are measured through
thermocouples inserted in the hydraulic pipes, and linked to an acquisition system
using the Madena software. The uncertainty on the measures is around = 0.5°C.
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Figure 8.32. Schematic of the measurement bench

In the case of copper coolers, an IGBT without case is directly soldered onto the
upper side of the cooler, which also plays the role of connector with the drain. The
measures of current and voltage give the power value (P=¢-Sp=UI). The
temperature at the junction of IGBT in this case is equal to the temperature of the
upper surface of the cooler, since the thermal resistance of the solder can be
considered negligible (less than 1% of the total resistance) [LAF 96]. The measure
of this junction temperature is made indirectly by measuring an easily accessible
magnitude, called the thermo-sensitive parameter (TSP), whose value varies with
temperature following a known law. The TSP usually chosen is the voltage drop
when the device is flowed by a low measurement current I, (10 mA) [GRA 85]. The
circuit in Figure 8.33a allows us to make flow a current of the form given in Figure
8.33b. The current I, issued by the pilot switch, ensures the heating of the IGBT.
The time of application must be sufficient to achieve a permanent heat operation
(around 100 ms) [MEY 98]. For the measurements, this current is blocked by the
pilot switch. The component under test, is then flowed by a calibration current
supplied by an auxillary source. Vg, is measured on its terminals. The measurement
time is about 100 ps.

The law Vg (T)) is linear and increasing with a slope close to 2 mV/K. This
method has mainly been used for copper cooler characterization experiments. Some
previous work has shown that this temperature is near the volume average
temperature of the chip in steady state operation [FAR 94]. This is the definition that
we gave to the junction temperature:
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Figure 8.33. a) Mounting allowing the measurement of the TSP of the test component,
b) waveform of the current flowing through the device under test

8.6.2.2. Results of measurements

The following results were obtained on copper coolers prototypes made by Luc
Meysenc during his thesis [MEY 98]. Table 8.2 gives their main characteristics.

channel | channel fin thickness | channel | size of red section
depth width width spreader no. channels
D (um) | lc(um) | e(um) | eq(um) n Li=Ly
Prototype Cu 1 3,040 311 288 1,800 27 1.6x1.6 cm? | rectangle
Prototype Cu 2 730 230 165 1,800 41 1.6x1.6 cm* | rectangle

Table 8.2. Key geometrical parameters for two copper prototypes made by LEG

Here, the thermo-sensitive parameter method measurement introduced in the first
section was used.

In the best case, it is possible to dissipate, through these copper coolers, a power
density of 300 W-cm 2 for a junction temperature rise of 60°C. Note that this cooler
does not include electrical insulation between the chip and the fluid.
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Q q) Rcmes
(I'min1) (W-ecm™) (K-em>W-1)

Proto 0.63 156 027
Cul 133 156 0.24
1.75 156 023

2 156 0.22

35 156 02

Proto 05 156 031
Cu2 07 156 0.26
1 156 023

13 156 022

Table 8.3. Results of measurements on copper micro-coolers (Q is flow of water)

8.7. Conclusion

Throughout this chapter, we examined the various aspects involved in cooling
power electronic components. We recalled the basic rules for evaluating the losses.
We have presented different heat exchanges involved in this type of devices. A
substantial portion of the chapter was devoted to thermal modeling of modules on a
few examples of software tested during national research operations. It is obvious
that this presentation is not exhaustive and that there are other tools that can lead to
comparable results.

These modeling approaches, especially those made from analytical equations
(which are much faster) are required to design coolers well suited for this type of
application.

Finally, we presented some measurement methods and experimental results that
validate simulations with acceptable accuracy for this type of problem.

Acknowlegement: the authors thank Professor J.M. Dorkel (LAAS, Toulouse-
France) for his great participation to the writing of several paragraphs of this
chapter.
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Chapter 9

Towards Integrated Power Electronics

9.1. The integration

9.1.1. Introduction

Power electronics is a branch of electronics which uses semiconductor devices
for making systems to transform the form, size and/or frequency of waves that carry
electrical energy. These operations are carried out with powers far greater than those
encountered in linear electronics. For reasons of efficiency, but also because they
cannot safely remove a large fraction of the flowing power, these semiconductor
devices work between two states, either with a current of the magnitude of the
nominal current and a very low voltage at the terminals, or with a voltage close to
the nominal voltage but with a current as low as possible. Furthermore, to achieve
the necessary conversions, these components must move from one state to another
during little dissipative transitions. All these constraints lead to a switching
operation in which the role of the semiconductor components can be like that of an
operating switch between two states: opened or closed. Thus, the important
characteristics of these devices are blocking voltage (a few volts to a few thousand
volts), the passing current (a few amps to a few hundred amps), the voltage drop
during on-sate operation and switching times which set the losses of conduction and
commutation.

Since the first devices, improving performances of power components is
achieved in general by:

Chapter written by Patrick AUSTIN, Marie BREIL and Jean-Louis SANCHEZ.
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— increased voltage and current ratings of devices;
— optimizing performances during the commutation;
— improved security areas;

— greater simplicity of command.

These improvements are the consequences of technological progress in the field
of microelectronics, development of new structures and specific studies carried out
in the field.

Although the performances to optimize for power components are different from
those of integrated circuits, the explosion of microelectronics had a significant
impact on the development of power components. In terms of power components,
the first trend was mainly an increase in the ratio V.A/mm?, while for integrated
circuits, progress corresponds to an improvement in the ratio of the number of
transistors/mm?2. Over the past twenty years, the microelectronics industry has
developed significantly with major research effort towards reducing dimensions.
Although evolution has taken place in different directions, a transfer of
technological progress and means of production was made from the field of
integrated circuits to the power components, as shown in Figure 9.1.

In terms of structures, a large number of power components are developed from
devices used for the first time in the field of signal processing. 15 years elapsed
between the first introduction by the FAIRCHILD Company in 1954 of a bipolar
transistor with silicon planar technology and the arrival of the first transistor adapted
for use in power. The penetration of MOS transistors in the field of power took place
within the same time span as the development of the first VMOS power transistor in
1976. The first realization of a silicon-based MOS transistor was conducted in 1960.
This time span saw the adaptation of electrical devices for the application of power
requirements. This introduction of MOS technology in the field of power devices is
the decisive step that marked a break in the evolution of power components in terms
of both performances and structures. The reduction in size of VDMOS structures for
low and medium voltage led to a significant reduction of resistance during the on -
state operation. For the first time, reducing the size of a power component led to an
improvement in its performances, thereby joining the mode of development of
integrated circuits. This reduction in size has been made possible by improved
manufacturing technology processes from microelectronics, such as double diffusion
based on the creation of polycrystalline silicon grids. These devices have benefited
from research progress in the field of microelectronics, and sometimes production
lines used for older generations of integrated circuits. These works on MOS power
components then allowed the rapid development of IGBT, which now constitutes the
major axis of power components, and the study of new grid MOS devices such as
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MCT, BRT, EST, etc. This has naturally led to the development of power integrated
circuits.

These integrated power circuits are an extension of the integration of logic
circuits by adding an element of power to signal processing circuits. As in any
development in power semiconductor devices, the first achievements were
applications with low voltage and low current.

V.A/mm?
MCT
Power IGBT
devices VDMOS .
_
GTO Power Evolution
Thyristor integrated
Diodes circuits
Technological
evolution New structures
Integrated circuits
>

Nb. of transistors/mm?

Figure 9.1. Impact of technological advances in microelectronics
on power components

Currently, only a portion of applications in the domain of very low power
(automotive electronics) use integrated power circuits. However, the majority of
applications on the power grid can also enjoy the benefits of integration. We will
present as a first step the main methods of monolithic integration, and we will then
outline the best suited strategies for integration of new functions for the power
electronics of the future.

9.1.2. The different types of monolithic integration

The strategy for integrating power functions can be handled in two ways: either
by promoting the functionality compared to power elements, by promoting the
optimization of the power part [CHA 95a, SAN 99a]. The “Smart Power” and HVIC
(high voltage integrated circuit) devices are more relevant to the first approach and
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are made from technologies of integrated circuits (CMOS or BiCMOS). The devices
based on the functional integration of the second approach are based on power
component technologies.

9.1.2.1. Power integrated circuits

Technological advances in the field of microelectronics have made it possible to
integrate into a single chip, power components and logic and analog circuits to serve
as command, diagnosis and protection. Thus, the first power integrated circuits for
low voltage applications emerged in 1985, fifteen years after the initial integration
of signal components.

These power integrated circuits were developed under two names, “Smart
Power” circuits and HVIC circuits [RUM 85]. The difference between the two
families is essentially linked to the power element and to the ranges of current and
voltage addressed:

— for “Smart Power”, the power component alone is generally vertical
(VDMOS);

— for HVIC, power components are lateral and very often of MOS type
(LDMOS).

HVIC are multi-output circuits able to support up to a few hundred volts but
presenting very low current densities inherent to the lateral components used. In
contrast, “Smart Power” components, more efficient in terms of current densities,
and may pass currents of several amps.

The study of insulation techniques between the low voltage area and the power
elements was one of the most important challenges of this family of components
(Figure 9.2). The self-insulation, the junction insulation and the dielectric insulation
are the main solutions used today. However, the dielectric insulation is still costly
and, despite its effectiveness, it is still reserved for applications requiring a very
strong insulation.
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Figure 9.2. Insulation techniques for vertical and lateral power components

The first generations of power integrated devices Smart Power were carried out
with a technology which does not allow very large densities of integration
(Figure 9.3). The new generations of “Smart Power” components, Smartmos 5
(Motorola), BCD5 (ST-Microelectronics), SIPMOS (Siemens) are designed from
VLSI technologies which must be able to allow for the design of power components
able of support voltages in the order of 100 V, using insulation techniques developed
in recent years (by junction insulation, dielectric insulation).
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Figure 9.3. Structures and standard elements on Smart Power Technology

These technologies make it possible to integrate complex digital circuits (DSP)
and micro-controllers. While in the first Smart Power circuits the surface of the
power component was often greater than that of the integrated circuit, the trend is
reversed in the new power integrated circuits, which are characterized by the
integration of new functionalities. This trend is accompanied by a reduction of
design rules and advanced technologies. Figure 9.4 shows a block diagram of this
type of circuit that can be described as “new Smart Power”. It is divided into three
parts: the interface circuits, control circuits and signal processing, and the power
element. In terms of interface circuits, the trend is to replace the bipolar circuits with
BICMOS circuits, for more desirable performances. The signal processing circuit
functions correspond to CMOS with low power consumption and high density of
integration. The power devices are generally based on DMOS technologies to
achieve lateral structures (LDMOS), or vertical structures (VDMOS). In view of
increasing functionality, memory can also be integrated. The BCD technologies
(Bipolar, CMOS and DMOS) allow considerable flexibility in order to achieve the
different types of above mentioned circuits.
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Figure 9.4. Block diagram of a Smart Power circuit

The main areas of application of these power integrated circuits are portable
equipments telecommunications and automotive electronics. The development of
these circuits is mainly supported by automotive applications such as ignition,
injection, ABS, lighting, command of small motors (lift windows, air conditioning).
The optional level of integration, the range of power and hence the power
component are then functions of the proposed application.

The technologies developed for integrated logic and analog circuits with low
voltages were utilized a few years after power integrated circuits (Figure 9.5). This
different development is linked, on the one hand, to the important work in the field
of integrated circuits supported by an important market, and on the other hand by the
complexity of integrated circuit manufacture for larger power, where insulation and
voltage strength aspects must be accounted for. Today, this gap is reduced to only
one generation, while lengths of MOS transistors channels reach 0.6 um for power
integrated circuits, against 0.35um or 0.18 um for VLSI (very large scale
integration) electronics. This development can allow an estimation of trend for the
future of integrated power circuits. This evolution towards an increased degree of
integration leads to integrated systems on a single chip in the field of low power.
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Figure 9.5. Comparison between the evolutions of “Smart Power” and VLSI technologies

9.1.2.2. Functional integration

The concept of functional integration in power electronics has emerged from the
operating principle of the first power devices, such as thyristors and especially triacs
[BOU 02, BOU 04, GEN 64a, GEN 64b, PEZ 97a] (see Figure 9.6). In this mode of
monolithic integration, the function is made by surface interconnections but also by
many electrical interactions between different semi-conductive areas which must be
carefully designed and sized.

Without reaching the complexity of functions obtained with “Smart Power”
components, devices made by functional integration can obtain specific features for
applications of control and protection by combining several basic elements
[CHA 95b, SAN 97, SAN 99b, MAR 00]. This mode of integration, based on the
vertical power components ability to withstand voltages of several hundred volts,
and transit currents of several amps, is better suited to the development of new
functions for power applications of medium power connected on electrical energy
distribution networks. At the moment, functional integration is evolving both in
terms of designing new functions of monolithic power and on developing new
technological solutions.

STMicroelectronics, for example, uses this concept of functional integration in
the development of new power functions, under the name ASD™ (application
specific discrete). The ASD™ 1is an approach responding quickly to the
specifications imposed by a customer [PEZ 95a].
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9.1.2.2.1. The AC Switch™ structure

The extension of functional integration enables the development of new
command and switch protection functions [PEZ 95b, PEZ 96, PEZ 97b, PEZ 97c],
with advantages over discrete components (volume reduction and performances).
Figure 9.6 represents an AC Switch™ structure developed by STMicroelectronics in
Tours. This structure is well suited for grid applications.

A2 (OUT) GATE

com Al
(com)

Figure 9.6. Cross-section view of an ACS structure and electric symbol (patented structure)

Unlike the triac, two thyristors with anode trigger are managed by a single
command. This command, on top of the chip, is referenced in relation to the
underside of the chip. This allows a decoupling of the two thyristors (improves dV/dt
strength) and facilitates the use and mounting of chips onto a single base (such as a
radiator).

The technology used is a planar technology with better reliability and lower
manufacturing cost. Moreover, the use of suburb P+ areas ensures the robustness of
the device in avalanche, and avoids the use of a varistor.

However, the operation under negative command confines the use of the AC
Switch to two quadrants (Q2 and Q3 of triac). One of the main strengths of this
structure is the design of its trigger which is isolated from the power part by the
junction. The reaction of the trigger on the command circuit (called “kick back™)
becomes low enough to allow the direct command of the trigger by a micro-
controller circuit.

9.1.2.2.2. AC Switch™ structures with a predetermined trigger [PEZ 95A] over a
half period

The following power structure has a monolithic form in which we find an
AC Switch™ with a predetermined trigger, on a half period, which remains
automatically conductive on the next period. This device has a sensitive trigger, does
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not require a strong boot current, and presents a good immunity against parasitic
triggering in terms of dI/dt and dV/dt.

This AC Switch™ consists of a series mounting of two blocks. Each includes a
thyristor and an antiparallel diode (Figure 9.7). The first block includes a thyristor
with a trigger output. The second block includes a thyristor and a vertical diode in
the same substrate. The electrical interaction between these two structures is very
strong so that the charges stored during the blocking of the diode are used for
triggering the second thyristor (Figure 9.8).
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Figure 9.8. Cross-section view of the AC switch device with a predetermined trigger

This power device includes a conventional thyristor (7HI) with a trigger
electrode (G), and a diode (D7) mounted in antiparallel. This diode D/ is mounted in
series with a second thyristor (7H2), which is mounted with a second antiparallel
diode D2. The structure now has two main electrodes, 4/ and 42 and a command
electrode G. Thus, if the electrode A/ is polarized positively compared to the
electrode A2, the current passes between 4/ and A2 through the diode D2 and
thyristor 7H1 after applying an order on the thyristor 7H/. Then the thyristor 7H2
automatically becomes a conductor during the half period following the conduction
phase of the diode D2.
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The operating principle (see Figure 9.7) and the cross-section view of the
structure (see Figure 9.8) highlight the strong electrical interaction between the
different structures. This interaction is being used to develop a new feature, which
illustrates the potential to create new functions, offered by the mode of functional
integration.

9.2. Examples and development of functional integration

Functional integration is not confined to the bipolar structures and multi-layer
interactions in silicon. It also applies strongly to other technologies and more
particularly to the MOS technology. This gives new lines of components making
better use of silicon. The best known state of the art is certainly IGBT. However,
many variants have emerged through a process of functional integration. In this part
we describe, by example, the functional integration process of a MOS-thyristor
function. We then discuss specific functions. The dual thyristor example will be
developed to show how, through a process of functional integration, a specific
component can be fully established.

9.2.1. The MOS thyristor structures

The use of MOS technology for power devices offers a degree of freedom in
designing the additional functions of integrated power because they can combine the
advantages of both MOS transistors and electrical interactions in the volume. The
MOS structures have a high input impedance (considerably simplifying command
circuits). However, in standard configurations of vertical MOS structures adapted to
power applications, the compromise between on-state resistance and voltage
strength limits their use in the range of medium and low powers. To take advantage
of this voltage command, research has been undertaken to combine MOS and
bipolar structures for “high voltage” applications. The IGBT (insulated gate bipolar
transistor) (see Chapter 2), based on this type of association, has undergone an
important industrial growth in recent years. The device meets the advantage of a
voltage command (via a grid of MOS transistor) and a low on-state resistance linked
to the modulation of conductivity inherent to the injection of carriers by the anode
structures in the low N- doped region. This approach was then extended to MOS-
thyristor associations that are the integration foundation of new power switches.

9.2.1.1. Ordering the closure of MOS thyristor structures

In the case of devices such as classical thyristors with a large N-type base, the
closure order is carried out through a N-channel MOS transistor that is connected
between the cathode and the N base of the PNP structure [BAL 79, JAE 87]. Most of



508 Power Electronics Semiconductor Devices

these devices (known as MOS thyristors or MOS gated thyristors) presented in
recent years in the literature are derived from power VDMOS transistors, in which
the N drain region is replaced by a P-type region strongly doped to obtain a vertical
structure of four thyristor type layers, equipped with an isolated control (Figure 9.9).
On this semi-conductive architecture, we can identify a PNP transistor coupled with
a NPN transistor, as in a conventional thyristor, and a resistance under short circuit
Rec corresponding to the resistance of the P region under the N™ cathode. In this
configuration, the P-type substrate of the MOS transistor is connected to its source
region (the thyristor cathode) through this resistance R¢c (see Figure 9.9).

. A
Cathode Gate .
v %
A/
N- epitaxy OG
P+ substrate )—‘ Rec
7777777777777 7777777777777
Anode K

Figure 9.9. Cross-section view and equivalent circuit of the thyristor MOS

Most of the components that were developed derive from VDMOS power
transistors or IGBT, and are multi-cellular type. But the concept can be applied to
single components designed from thyristor structures, in which the trigger region is
replaced by a MOS grid [DAR 86, SAN 90].

9.2.1.2. Orders at the opening of MOS thyristor structures

Several approaches have been proposed to achieve the opening of a thyristor
through a MOS transistor. The latter may be placed:

— in series between the semi-conductive region of the cathode and the cathode
contact in order to be able to interrupt the current flow;

— between the N- base region of PNP transistor and the N region of the NPN
transistor collector to remove the coupling between the two transistors; or
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— in parallel with short circuit resistance between the cathode and the base for
value variation, thus changing the level of maintenance current in the thyristor.

9.2.1.2.1. MOS transistor placed in series between the semi-conductive cathode
region and cathode contact

In the first option (see Figure 9.10), the EST (emitter switched thyristor)
[BAL 90], the cathode region (called cathode floating) of the thyristor structure is
linked to an outside contact by a MOS transistor, which plays the role of a short
circuit. The passage of current between the anode and the external cathode contact
occurs only when the MOS transistor is on; the process of opening happens when we
block this transistor.
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Figure 9.10. An EST device: a)equivalent electrical schematic; and (b) a cross-section view

The configuration of this structure places a MOS transistor in series with the
thyristor. This contributes to increasing the on-state voltage drop of the device.
Indeed, this additional voltage drop becomes a handicap when the current range of
the structure is increased. This integration solution leads to the presence of a
parasitic vertical thyristor located between the anode and the cathode contact. The
device control by the MOS transistor is lost when the thyristor begins to take effect.
The closure order is ensured by a MOS transistor placed in an identical pattern to
that of the MOS thyristor described in the preceding section.

The solution of setting a MOS in series with a thyristor has also been proposed
under the name FIBS (five layers bimos switch) [LIL 92]. This involves a five-layer
structure and the integration of several MOS transistors within a single cell (see
Figure 9.11). The structure is controlled by 3 integrated MOS transistors, one for the
closure and two for the opening. At the opening, the first transistor (MOS A)
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connects the cathode of the device to the emitter region of the thyristor. This
transistor is therefore placed in series with the thyristor as in the EST structures. To
achieve the opening process, we must block the MOS transistor A. From this point
on, the device may be likened to a five-layer structure with two junctions to ensure
blocking: the main junction (base P base N-) can withstand high voltages, while the

other junction made of N- area and P™ short circuit cannot support them. At this
level, the MOS transistor B can eliminate the breakdown problem if it is passing at
the time of deadlock. This MOS section also enables the movement of holes from
the anode, via the P+ short circuit of cathode.
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Figure 9.11. FIBS device: (a) cross-section view, and (b) equivalent electrical schematic

In another solution called DMT (depletion mode thyristor) [BAL 88], the MOS
transistor is placed in series between the base of the PNP transistor and the NPN
transistor collector (see Figure 9.12). Applying a negative voltage on the grid
induces a depopulated layer in the region A, located under the base of the NPN and
between the grids. The distance between these grids is optimized so that this region
is entirely depopulated for grid voltages of 10 volts. Once this area is depopulated,
the grid polarization produces a potential barrier, i.e. electrons, thus eliminating the
coupling between bipolar PNP and NPN sections. The opening process is that of a
PNP bipolar transistor with an open base. Thus, for these devices, the evolution of
current during this period of openness presents a “tail current”, corresponding to the
evacuation by recombination of charges stored in the base.
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Figure 9.12. Equivalent electrical schematic and cross-section view of a DMT structure

9.2.1.2.2. Transistors placed in parallel with short circuit cathode base resistance

Regarding the latter solution, two different approaches using MOS transistors
should be distinguished for integration: one is to directly link the two semi-
conductive cathode regions and the P base region of the NPN transistor; the other is
to connect them via an intermediate semi-conductive region.

Indeed, on the cross-section view of the device shown in Figure 9.13, we note

the presence of an additional P region outside of the thyristor section, and linked to
the cathode. Applying a negative voltage on the MOS grid induces the formation of

a channel on the surface of the N~ region, which connects the P base to the

intermediate P™ region. This helps to reduce the value of the short circuit cathode-
base resistance, and will momentarily increase the constant current value of the
thyristor section. Opening occurs as soon as this value is higher than its flowed
current. This arrangement proposed by BALIGA is known as the BRT (base
resistance thyristor) [NAD 91].

It is possible to directly link the P base and the cathode through a MOS transistor
acting as an ordered short circuit, thus reducing the value of short circuit resistance
between the cathode and base (see Figure 9.14). This decline in resistance increases
the value of the constant current, i.e. the nominal current, and allows the device to
open for currents less than this maintenance current. This mode of openness is used
in devices known as MCT [ART 93, BAU 91, TEM 86].
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Figure 9.13. Equivalent electrical schematic and cross-section view of a BRT structure

The effectiveness of opening these devices is directly linked to the performance
of the MOS structures. It is convenient to make small cells in order to get the highest
Z/L ratio (width divided by the length of the MOS channel), thus leading to a lowest
possible on-state resistance and to an effective emitter-base short circuit. The
constraints imposed for these MOS structures, in terms of optimizing the Z/L ratio,
are similar to those encountered in the low-voltage VDMOS devices, and as for the
latter, the optimization of electrical characteristics are made through deeper
integration.
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Figure 9.14. Equivalent circuit of an opening command by emitter-base short circuit

In the case of the DGMOT structure (dual gate mos thyristor), a lateral MOS

structure in a P box allows for short circuiting of the P base with the N™ emitter (see
Figure 9.15). At this level, opening occurs when the maintenance current becomes
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greater than the nominal current. Note the adopted technology is similar to that of
IGBT because we have a vertical structure with four layers.
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Figure 9.15. Cross-section view and electrical equivalent diagram of a DGMOT device

In the case of five layers structures, one should distinguish two types of devices:
the NMCT [ART 93] and the PMCT. The principles for closing and opening are the
same but the type of MOS transistors used for opening and closing is reversed
because the successive layers of the thyristor structure are also reversed. The N or P
qualification refers to the type of the thyristors lowest doped base thyristor. In the
case of a N base, the integration mode imposes an N-channel MOS transistor for
setting conduction and a P-channel for the opening (see Figure 9.16); while in the
case of a PMCT with a P base, we have a P-channel MOS for setting conduction and
a N-channel for the opening.

As the relationship between the mobility of electrons and holes is clearly
favorable to electrons, the PMCT solution displays an improved performance at the
opening from that of its counterpart NMCT. However, the real difficulty of
manufacturing P-type low-doped substrates in a reproducible way, and the difficulty
of growing thicker layers (thicker than 150 um) by epitaxy, put the PMCT devices
out of competition for immediate applications where the voltage required is greater
than or equal to 1,200 volts.



514  Power Electronics Semiconductor Devices

Cathode Gate

NMOS

<

N- — | _

N+
P+ substrate (
7777777777777 A
Anode
(a) NMCT device
Gate

Anode

P- epitaxy

P+

N+ substrate
7777777777777777777777747/777777777777777777

Cathode
(b) PMCT device

Figure 9.16. Cross-section view and equivalent circuit of
(a) a NMCT structure and (b) a PMCT structure

9.2.2. Evolution towards the integration of specific functions

Currently, the concept of functional integration can be used to obtain, on the one
hand, originals ways of switching which are not exploited in the usual components;
and on the other hand, ways to perform new functions including in a monolithic
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device where the power components are together with protection elements,
amplification and validation of the command. This must ultimately lead to improved
performances, better adaptation to requirements (manufacturing can be made for a
given application), and greater simplicity of design equipment. Firstly we will
present the integration strategy adopted for the dual thyristor function; and secondly
the integration of a switch-breaker function. These examples will enable us to
highlight the generic nature of this mode of integration before outlining the possible
developments for the integration of power functions.

9.2.2.1. The dual thyristor

The static switches involved in the conversion must possess static characteristics
directly related to the reversibility of the energy conversion. It is possible to consider
four different types of switches:

— non-reversible (e.g. the bipolar transistor, the diode);
— only reverse voltage (e.g. the thyristor);
— only reverse current (e.g. the dual-thyristor, the MOSFET); and

—reversible voltage and current (e.g. triac).

The dynamic characteristics of components — their way of switching and
therefore way of command — must be linked both to the structure of the converter
and its strategy of control. These components must either have orders for blocking
or triggering, or present spontaneous commutations.

So far, only diodes, transistors, thyristors, and triacs devices have been
monolithic. However, it is possible to obtain new integrated switches such as dual
thyristors based on the method of functional integration.

The properties of the dual thyristor can be established from those of the thyristor
in applying the rules of duality [FOC 78]. Indeed, as the thyristor is blocked during
the passage of zero current (or, more accurately, below the keeping current value)
the dual thyristor switches on with the passage of the zero voltage (by increasing
values). The blocking is obtained by order if the switch is flowed by a positive
current, as a thyristor is turned on by the order if a positive voltage is applied on its
terminals. All properties of thyristor and dual thyristor are summarized in
Figure 9.17 [CHE 88]. If the thyristor function is available as a monolithic device
for a long time, dual thyristor function is achieved by combining the basic power
components (bipolar transistor, MOST, IGBT, and diode) with a logic command
(see Figure 9.18). The integration of these discrete solutions into silicon offers even
less benefit as it does not exclude the major handicap of these circuits, namely the
need for bulky, costly and potential EMC disturbance vector auxiliary power
supplies. In the following sections, we will show that the functional integration
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[BRE 98a] is able to achieve global function beyond the constraints described
above.

THYRISTOR DUAL THYRISTOR

I

Current unidirectionality Current bidirectionality
Voltage bidirectionality Voltage unidirectionality
Turn-on control Turn-oft control
Self turn-on if V>Vy Self turn-off if I>Iy;
Self turn-off at zero Self turn-on at zero
voltage crossing voltage crossing

Figure 9.17. Symbols, characteristics and comparative properties
of the thyristor and dual thyristor
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Figure 9.18. Discrete solution making the dual thyristor function

The dual thyristor function is a three segment switch, reversible in current. In the
family of power semiconductors, the thyristor is the only one to present, under
positive bias, a bi-stable blocked-conductive behavior, and to remain started after
the abolition of the command order . The basic power device ensuring the “dual
thyristor” consists of a thyristor structure. The static characteristic can be obtained
by a thyristor structure associated with a diode placed in antiparallel. In terms of
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dynamic characteristics, this function must exhibit a spontaneous switch-on at zero
voltage and a switch-off ordered by a pulse. Thus, the full functionality can be
obtained by completing the thyristor-diode association of two adapted cells for self
switch-on and switch-off made with two MOS.

Thus, the heart of the function is constituted by a thyristor with self switch-on
and switch-off ability. Figure 9.19 shows the equivalent electrical circuit of the
power component for this function and the associated status table. At the closing, the
thyristor switches on spontancously when the anode voltage becomes positive
through the current supplied by the MOS transistor with preformed M1 channel,
whose drain current feeds the base of the PNP section and acts as a triggering
current for the thyristor. The switch-off is then made by applying a positive voltage
to the transistor M7 grid, to bypass the emitter base junction of the NPN transistor,
as is the case in MCT structures. If we analyze the electrical diagram of this
function, it is clear that the MOS transistor with preformed channel M| must include
a N-channel since it is in parallel with the NPN transistor. As M7 can be either N-
channel or P-channel, we can consider two very different structure types for the
monolithic integration of the switch function: a four layer structure (where M2 is a
N channel), and a five layer structure (where M7 is a P channel). As the integration
strategy is based on the main component, and as the achievement of auxiliary
components must be done by adding a minimum of technological steps, we opted for
a four-layer technology type thyristor. In order to make the drain of the opening
NMOS, it is necessary to add an additional N box. The main role of this transistor
is to short circuit the P base with the N cathode of the thyristor element. For this, a
Pt region is added and linked to the drain. To obtain the NMOS closure, a
preformed channel area is added to link the N~ base (drain) to the N* cathode
(source). The P base serves as a substrate for both MOS transistors. Figure 9.20
shows a schematic cross section of the four layer structure.

This integration is therefore based on the device being able to switch-on and
switch-off by itself. The thyristor block can be provided by a pulse command [BRE
96, BRE 98a]. A diode placed in antiparallel ensures the reverse conduction of the
device as provided in the dual thyristor. This structure nevertheless has the
disadvantage of a boot transistor leakage current prevalent when the device is on
hold status. Some developments have been made to reduce these problems, and
several references are available on this subject [BRE 97, BRE 98b, BRE 98c, BRE
99, BRE 01, MAR 99, SAN 99c].
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Figure 9.19 Electrical equivalent schematic and functional
table of a thyristor able to switch on and off by itself
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Figure 9.20. Schematic cross-section view of the four layer structure

9.2.2.2. Evolution towards new switch functions

The functional integration of the design and implementation of monolithic
specific functions can also be applied to other types of functions [MAR 00]. One
example is the power micro circuit-breaker [SAN 99¢] or self switch-on and self
switch-off structures [LAU 99]. The development of a bi-stable feature becomes an
essential basic sub-assembly for more complex functions. Figure 9.21 below shows
the schematic diagram of a micro circuit-breaker structure based on the integration
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of several building blocks. The associated table on its right summarizes the function
of each brick.

TMA cell:
Anode Self-sw1tch-0.n. of [5k during zero
transition of Vg
Preformed
channel IGBT ’_I—‘
Self-firingMOS
thyristorcellwih - JGBT cell with preformed channel:
turn-off electrode .
| Current generator for blocking order
o — .
Enrichment NMOS cell:
: Blocking cell, receives order
—|E for blocking and short circuit
from trigger-cathode junction
Enhancement — Depletion of thyri stor-MOS
mode "j mode
NMOS NMOS
t Depletion NMOS cell:
Cathode

Set maximum current and creates the
voltage rise which drives the switch-off

Figure 9.21. Structural schematic of a micro circuit-breaker function

This basic structure may also be implemented to synthesize a self switch-on and
self-blocking component. In this case, the device incorporates a sensitivity or a
threshold detection of one or two electrical quantities (current and voltage).
Depending on the nature of the component, it can block or become a by-pass.
Furthermore, through a process of functional integration, this type of specific
function can be designed and implemented by association and cohabitation of
building blocks. Figure 9.22 shows the principle schematic of such a function.
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Figure 9.22. Structural schematic of a self switch-on and self-blocking function

9.3. Integration of functions within the power component

The monolithic integration of functions within a power component is an
important aspect, which comes as additional to functional integration. It is based
close to or within the power component, on integration of electrical functions to
facilitate the implementation but also to improve the characteristics of the integrated
component. This process must be completed to limit the additional associated
technological costs, without penalizing the characteristics of the main function,
namely the power switch. There are command and associated type functions (closely
implemented command, supply of the command, mono or two-way communication
interface, etc.) and so-called protection functions [ALK 04, LAU 99, MIT 04a].
Other functions, such as state observers or sensors can also be considered. In this
chapter we will discuss two examples of function integration to illustrate this theme.

In addition, other types of functions can be integrated. These functions are
mainly about the electrical and physical environment of the component, but this time
on the power side. As such, we can consider monolithic integration of CALC
(circuit aid to the commutation), based on passive components, but also among other
thermal functions for the development and/or the evacuation of the heat flow
created by the chips. To illustrate this section, we discuss the case of two cooling
solutions, integrated within the silicon chip.

9.3.1. Monolithic integration of electrical functions

The reliability and availability of power systems are a concern of current
research in power electronics. This requires semiconductor power performances not
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only in normal but also in extreme systems. An extreme system is unusual
conditions of power component operation: transitional overload, accidental short
circuit, wrong operation of the application system, high dI/dt and dV/dt, high
dissipated energy, special application, etc.

In such conditions, components are at their ability limits, leading to failure of
operation, which can, in turn, lead to the destruction of components, and in the most
serious cases, destruction of the system. The integration of specific protection
circuits in the heart of the component, protecting it from failures of the external
circuit, is therefore a valuable contribution for increasing the “reliability” and the
availability of power systems [ALK 04, LAU 99].

In order to utilize more powerful devices receiving a close and self-protected
command, it is necessary to associate with power component protection and control
functions. These functions should not require the implementation of complex
circuits. In this case, the power component occupies the largest area and fixes the
technology.

Given that polysilicon is used in MOS technology for the manufacture of grids of
power components (VDMOS or IGBT), this material can also be used to define the
active areas in which we can use a number of protection components (resistors,
diodes, MOS transistors). For example, it is possible to produce a layer of
polysilicon on the field oxide of power components, this insulates against the power
part, and receives the low voltage components (NMOS, diodes, resistors) (see Figure
9.23).

Vertical IGBT NMOS Poly Diodes & Resistors
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Figure 9.23. IGBT integrating protection circuits made from a polysilicon layer

9.3.1.1. Short circuit protection function

Within this general framework, we are interested in the IGBT protection against
short circuits. At the onset of a short circuit, the power switch delivers an important
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current with full voltage to its terminals. The dissipated power in the power structure
is very high and its destruction is almost inevitable, because the temperature exceeds
the allowable temperature for the junction. There are two types of short circuits: the
first is already present at the of the power switch-on (type 1) and the second (type 2)
appears when the power switch is already in conduction. Monolithic integrated
solutions allow IGBT protection against short circuits in both type 1 and type 2.

9.3.1.1.1. Monolithic integrated detection and protection circuit

The short circuit state is detected if two conditions are met simultaneously:

— a switch-on command is applied to the switch grid; and

— power voltage is present on the anode.

The schematic of the electrical circuit protection principle is given in Figure
9.24. The main elements of this design include a power supply, a load resistance Rc,
the IGBT, a circuit of grid command (synthesized by a resistance Rg and a voltage
source Eg) and the detection and protection circuit against short circuits. This
detection and protection circuit consists of an anode voltage sensor, a delay MOS
(Md), a delay resistance (Rdelay) and a cut-off MOS (Mc).

Load

Anode
voltage

sensor T
Power

supply

delay-MOS

Eg ( ) (Md)

Figure 9.24. Schematic of the detection and protection circuit against short circuits
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9.3.1.1.2. Operation principle of the anode voltage sensor

If the detection of grid command does not make a major problem, it is not the
same for the detection of anode voltage. Indeed, on the one hand the anode is on the
back side of the plate and on the other hand, this voltage can be of very high value
(from a few to a few hundred kV). The anode voltage sensor must overcome these
two problems.

Figure 9.25 shows a schematic cross-section view of the vertical structure of the
anode voltage sensor. It is materialized with the help of two Pt wells referenced to
ground, of a deep and low-doped N~ base (which is naturally present in a power
switch and allows the voltage strength) and a P* or N* implantation on the rear. A
heavily N doped region is located between the two P' regions, and allows an
ohmic contact. This contact can detect a voltage Vensor, Which is an image of the
voltage applied to the anode. There is no particular technological difficulty in

producing this sensor. It may be easily integrated into any process of power
technology [LAU 99].

V sensor
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Figure 9.25. Vertical cross-section view of anode voltage sensor

For a given thickness of plate, voltage Vgnsor depends on the physical
characteristics of the P* wells (C, = surface concentration of P*wells; X;= junction
depth of P* wells); thickness of the plate W; length 1, between wells; length of
metallization “e” of ohmic contact, V. (its influence remains modest and is
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especially significant for high values of anode voltage); and, of course, the voltage
applied to the anode. The parameters for optimization of the sensor are thus: e, X,
Csand 1.

Figure 9.26 illustrates the behavior of the electrical voltage sensor, the change in
voltage Vensor, depending on the voltage applied to the anode for different lengths,
“I”. The technological parameter values used for this example are: W =300 pm,
X;=6 um, C, = 2.10 cm3 and e =4 pm.
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Figure 9.26. Voltage Vs, depending on the anode polarization and the distance [ between
the two P wells (X; = 6 um, C; = 2.10"% em™3, e = 4 um, W0 = 300 um)

Vensor iNCreases with the voltage applied to the anode but within a much lower
range (between 5 and 25 V for a voltage anode up to 1,000 V). This voltage range
can be directly used by a signal processing and information circuit. In fact, Vgepsor 1S
an image of the anode voltage. The optimization of this sensor shows that for a
given anode voltage and a thickness W of plate, the increase in technology
parameter values Xj and C;, leads to a decrease in the value of Vpsor. Similarly, for
identical conditions, a reduction in length will decrease the value Veyor.

These findings on the electrical behavior of the sensor can be explained by the
recovery of the potential lines between the two P* wells. Indeed, shorter length
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and/or deeper P* wells (large X; and/or Cy), leads to a more effective recovery. Thus,
the high potential line values cannot reach the ohmic contact issuing the Veqsor
value.

9.3.1.1.3. Principle of operation of detection and protection circuit

The integrated structure corresponding to the circuit layout of detection and
protection against short circuits (Figure 9.24) is shown in Figure 9.27. Around the
IGBT, the elements are integrated in order to obtain a recovery of potential lines
between each P area. There are two possibilities for integration of the delay
resistance (Rdelay). The first is to achieve a diffused layer, the second is to
materialize resistance on the surface of the structure with a layer of polycrystalline
silicon, deposited on the field oxide.

Control
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Figure 9.27. Integrated structure corresponding to the electrical diagram of Figure 9.24

At the onset of a short circuit, the anode sensor voltage delivers a continuous
Viensor image of the supply voltage. This voltage will trigger the command of the
cut-off MOS (Mc) via the delay MOS (Md). The latter must be calibrated so as to
obtain a voltage on the cut-off MOS grid that exceedes its threshold voltage (Vrc)
when a short circuit appears. In normal operation, V., must be significantly lower
than the threshold voltage of the cut-off MOS (Vensor < V1c).

In the case of a short circuit of type 1, the delay MOS can load the grid of the
cut-off MOS with a delay determined by the time constant RC formed by its grid
capacity and the delay resistance (Figures 9.24 and 9.27). Thus, during a normal
commutation (transition from state OFF to state ON of the switch without the
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presence of a short circuit). This time period allows the grid of the switch to take
charge while the anode voltage drops down to a value equivalent to that of the on-
state (a few volts). Indeed, without this delay time, the cut-off MOS would
immediately be (active) and the switch could not operate. Once active (validation of
the presence of a type 1 short circuit), the cut-off MOS discharges the grid for the
power switch, making a (controlled) short circuit from the power switch to the
ground. Switching to the on-state of the switch is then impossible.

If the phenomenon of short circuit occurs while the power switch is already in
the on-state (type 2), anode voltage moves from a low value (voltage drop of the on-
state) to full voltage. The anode voltage sensor then delivers a voltage above the
threshold voltage of the cut-off MOS, which then discharge the gate of the IGBT. In
this case, there is no delay time since the grid command of the delay MOS is already
established. Note the introduction of the short circuit detection and protection circuit
to the centre of the isolated grid power switch does not change its behavior under
static and dynamic operation.

Figure 9.28 shows simulation results showing both the changes in command
voltage (Eg) and voltage on the grid of IGBT without the presence of a short circuit,
and for a type 1 short circuit. The change in grid voltage without short circuit shows
that the presence of the detection and protection circuit does not alter the electrical
behavior of the IGBT for a commutation from the on-state to the off-state. In
contrast, the grid voltage of the IGBT in case of a type 1 short circuit, goes under its
threshold voltage (=4 V) within 300 ns, despite the grid command Eg.
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6 —| 7 IGBT gate voltage
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1= il /m case of short-circuit (V)
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Figure 9.28. Two-dimension electrical simulation of detection and protection circuit with an
isolated grid power IBGT in the case of a type 1 short circuit
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9.3.1.2. The self-supply of the close command of an isolated grid switch

In power electronics, supplying the close command of a grid switch is a “basic”
brick for its implementation. It helps to provide energy to the close command,
usually via a galvanic isolation to ensure the adaptation of voltages. Its integration
within the power component has several advantages:

— simplification of the implementation of the component;
— reduction of the connections and increased reliability;
— reduction of conducted type EMC propagation paths; and

— creating a board to supply auxiliary functions.

However, to be “viable” economically and technically speaking, the integration
of this type of supply must remain simple, without additional major technological
and especially generic cost. To meet these functional but also technology
requirements, the best choice is not always the most obvious. International research
has shown several ways to supply the command of a grid switch, it now remains to
identify those that can be integrated within a VDMOS type power chip.

One of these is to take the energy on the terminals of the component when it is
available [MIT 04a]. Its originality lies in the fact that all the active components can
be integrated within the power chip through its own technological process. Based on
the very simple and general principle of the linear regulator, this solution helps to
overcome the problems of galvanic isolation and monolithic integration, while
providing a solution for high efficiency conversion. Its electric schematic is given in
Figure 9.29.
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Figure 9.29. Electrical schematic of an integrated function
for supplying the close command of a power switch
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9.3.1.2.1. Principle of operation

The operating principle is based on a “pulsed” linear regulator placed in parallel
with the power transistor. When the main transistor is blocked, the circuit in parallel
regulates the voltage of a capacitor storage via an auxiliary power transistor and a
branch of polarization. When the transistor enters the on-state, blocking diode Db
prevents the capacitor discharge. The energy stored in the capacitor is then used to
supply the close command of the switch during its conduction phase. It is important
that the main switch be regularly blocked to enable the self-supply system to store
renewed energy.

9.3.1.2.2. Realization

The power components all share the same constraints in voltage, which greatly
facilitates their monolithic integration. In addition, they all have as a common
electrode, the rear side of the component. The low-voltage components can be made
on the surface via the technological process of the main transistor. A cross-section
view of the whole is given in Figure 9.30. It should be noted that a VDMOS process
can, with approximate flexibility, create all the functions. The various elements of
the self-supply must be properly designed in order to obtain the desired functional or
electrical interface characteristics.

Drain
Main MOSFET Auxiliary  Blocking diode |  Zener diode
MOSFET

Bias diode Dp

Figure 9.30. Cross-section view of all elements of the supply system as a monolithic
integration compatible with the main switch (except the element of storage)

Such a solution is based on a system approach closely coupled with a desire for
monolithic integration (Figure 9.31). If it is not universal, it has some advantages as
being simple, efficient and very easy to implement [MIT 04c]. Figure 9.32 shows
the result of a practical implementation where we can observe the proper operation
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of a power transistor via the evolution of its drain source voltage. We can also see
that the function regulates (more or less effective following the specification and

characteristics of components) the close command voltage.
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Figure 9.32. Simulation results showing the evolution
of waveforms during storage capacitor recharge

Evolution of the close command supply technique can be considered,
implementing a JFET type power switch instead of the auxiliary transistor and its
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branch of polarization (see Figure 9.33) [MIT 04b]. This component can be fully
integrated within the power component, thus providing a simplified solution with
similar but different characteristics from the previous solution.
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Figure 9.33. Electric schematic of another technical solution (with a JFET transistor) for
integration and compatible for supplying the close command

9.3.2. Extensions of integration

9.3.2.1. The passive elements

The reductions in the size and weight of portable equipments (telephones, micro-
computers, electronic diaries) are linked to a reduction of power dissipation. This
strategic niche has led to development of works related to the development of
passive components on silicon, in the prospect of moving towards monolithic
converters. This approach should reduce the number of components, their
connections and lead to more reliable and less expensive products. Many filtering
applications based on RL networks are also involved.

Recent developments in the field of micro-technologies have profoundly changed
the  microstructure manufacturing possibilities. These new techniques are
particularly well suited for the manufacture of windings on silicon. The achievement
of resin elements and the electrochemistry of magnetic or conductive materials
supports the creation of magnetic cores and windings with a thickness of several
tens of microns. Generally, the so-called “cold” technological process is able to
operate post-processing and therefore consider integration with semiconductor
devices. First prototypes with a value of inductance of 35 nH/mm? at 1 Mhz were
made. The manufacturing process used is fully compatible with the standard CMOS
process and micro-converters with an output power of 1 to 2W may be
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incorporated. The other major passive element that would be good to integrate on
silicon is the capacitor. Note, the deep etching technology, which uses the volume of
silicon to maximize energy storage per area unit.

9.3.2.2. The integrated cooling

The thermal environment of power components determines their proper
operation and their electrical performances. On the one hand, it is important to
facilitate the evacuation of losses generated by the component and on the other hand,
it is interesting to maintain a temperature as homogeneous as possible within the
component. For this reason, research is undertaken to integrate within the power
chip, a thermal function playing the role of heat distribution, ensuring an isothermic
operation of the chip (in case of non-uniform loss). Figure 9.34 shows two possible
solutions for silicon: one of them is based on the integration of a single phase micro-
channel exchanger, the other is based on the integration of a heat pipe dispatch.
Figure 9.35 shows the schematic diagram of a heat pipe for heat dispatching [AVE
02a].

(b)

Figure 9.34. (a) All silicon single phase exchangers, (b) all silicon heat pipe

evaporator adiabatic condenser

network liquid vapor
capillary

Figure 9.35. Principle schematic of exchanger
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The distribution of heat increases the exchange surface with the rear and thus
making the flow a more important heat flux. This helps to maximize the current
rating of the semiconductor components. For example, for a MOSFET transistor, the
current rating may be greater than the conventional specifications if the exchange on
the back side is particularly powerful.

The evacuation of heat can also ensure greater uniformity of temperature within
the chip. Thus, when hotspots appear locally, the integrated heat dispatcher can limit
the local heating; which often makes a thermal runaway, and the destruction of the
component possible.

9.3.2.2.1. Realization

The heat dispatcher is created within the crystalline structure of the component.
This limits the adverse effect of the interfaces and thus maximizes the performance
of the exchanger or the dispatcher. Its integration also helps to spread the flow of
heat before the first critical thermal resistance, that of the electrical insulator
(usually a ceramic type AIN, AL O;, etc.).

The dispatcher is made using the techniques of deep etching and pasting of plates
(silicon wafer bonding). The plates are engraved to create an important exchange
surface, a capillary network. The assembly by plate pasting integrates the thermal
function into the silicon. The diagram below (Figure 9.36) presents this assembly.

Plate A
7 l+500un
Plate B
VA
‘| 10 mm
Plate C
50mm

Figure 9.36. Pasting of three layers to produce the thermal function
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The photos in Figure 9.37 present some views by using microscope to
electronically scan a micro-channel network and a capillary network. The resolution
sought is the micrometer [AVE 02b, AVE 04].

Figure 9.37. (a) Micro-channels network for a single phase heat exchanger;
(b) capillary network for heat pipe structure

9.3.2.2.2. The exchanger

The integrated single phase exchanger evacuates the losses generated by the
device via a circulating fluid in a network of micro-channels. The large exchange
surface associated with a phenomenon of forced convection helps to maximize the
exchanges between the chip and the ambient. The groove size is a major parameter
resulting from compromise between the exchange surface and loss of charge and
dirt. Indeed, if the achievement of a silicon micro-channel technology poses no
particular problem, optimization of such an exchanger does not automatically lead to
a very dense network of micro-channels. Studies have been conducted in this way to
simplify the design of this type of function but the theory of heat at a micro level
does not clearly identify the possible optimum.

In the figure, this type of exchanger can extract a significant amount of heat per
unit area. Table 9.1 gives some experimental values for a laboratory prototype.

AP: P: electric power
/Q.l pressure delivered %TJ Reons me? sured Reom
min drop Watt C K/em?W calculated
50 33 0.56 0.85
05 0.066 100 63 0.53 0.85
50 26.6 0.48 0.4
! 022 100 50.2 0.45 0.4

Table 9.1. Figures for an all silicon single phase exchanger
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9.3.2.2.3. The dispatcher

The monolithic integrated dispatcher enables increase of the exchange surface
and therefore the flow of exhaust heat per unit area, while promoting the thermal
balance within the chip. This last feature is based on the creation of a particularly
powerful heat sink. This is achieved by a heat pipe that helps maintain an equivalent
resistivity near zero within the thermal function. The hot areas, called evaporators
are then linked to the cold areas, known as condensers, by a capillary network
(Figure 9.35). The liquid trapped in the heat pipe is sprayed on one side, and
transferred to the condenser, where it becomes a liquid. The way back is through a
capillary network, a real pump of the integrated thermal function. The operating
principle is described by the diagram in Figure 9.38.

Heat source

Capillary network Cold area

Figure 9.38. Schematic of the heat pipe with heat dispersal

For the heat dispersal function, the evaporator is on the front and the condenser
is on the back side. For the heat dispatcher function, evaporators and condensers are
both on the front, with only the condenser at the rear.

Figure 9.39 is an illustration of the isotherm and heat transfer effects obtained
with the use of a heat pipe in silicon technology.
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Figure 9.39. Changes of temperatures on surface of an all silicon heat pipe
for several filling conditions
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This process of thermal integration has the potential to affect power components
as has been mentioned, but can also affect other applications of microelectronics,
and more particularly the very important market of computers and microprocessors.

9.4. Design method and technologies

9.4.1 Evolution of methods and design tools for functional integration

In the past, the design of power discrete devices (diodes, bipolar transistors,
MOS, IGBT, thyristors, triacs) was made for a given range of power and frequency.
Regardless of the precise characteristics of the future application, electronic power
application designers were choosing in a catalog the best-suited devices meeting
their specifications. This approach, separating the activities of device designers from
those of power systems engineers, is no longer adapted to the design of integrated
power functions. A new approach is to develop specific functions knowing as a
priori the specifications of the functionality, the electrical characteristics of the
function, and the constraints imposed by its environment. These specific functions
result in a de facto system approach.

As we have previously demonstrated, a device based on the mode of functional
integration results from the association of basic cells in the silicon. These
associations are the topology, layout and physical characteristics of the different
semiconductor layers of a cell that determine its electrical functionality. From this
point of view, 2D simulation tools based on solving physical equations of a structure
described by the physical characteristics of layers (doping profiles, oxide
thicknesses, etc.) and their design, can obtain the mode of operation, and the
electrical characteristics of the device, at the cost, however, of a careful description
in terms of networking and use of appropriate models and physical parameters. The
mode of description, based on the topology of the integrated structure, is at a level
too far from the functionality and even electrical characteristics. The exclusive use
of 2D simulation tools is not particularly well suited to the design of such functions,
even if their development constitutes an essential link in the chain of design.

As the function design is closely linked to the surrounding system, the electrical
schematic, as a first step, remains the best suited symbolic representation for
designers, even if all the subtleties in terms of electrical interactions cannot always
be translated. Thus, each cell must be defined by its electrical equivalent, associated
models and surface topologies (drawings of masks).

Several phases lead to the design of an integrated device fulfilling the functions
defined by a specification. The first phase is to define the function from an electric
viewpoint, the second concerns the design of the integrated structure providing this
function. During these two phases, designers do not have the same objective, and
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indeed do not have the same approach, nor the same culture. Tools and specific
methods of design are therefore needed to obtain a coherent approach taking into
account the technological and system components of the problem. In this case, the
common denominator is made up of a library of basic elements taking into account:
the technological aspects through schematic cross-section views of the cells and
surface topology; the electrical aspects represented by the equivalent electrical
schematic, and the associated models. These models are based either on a more
electrical description for the first phase, or a more physical for second, while
generally taking into account both aspects in each case.

The problem in the first phase is to define the electric schematic that ensures the
functionality required by the specifications. The designer must have a tool enabling
a “functional” approach to the problem, based on purely electric considerations, both
in terms of output characteristics, and input parameters. These requirements are
consistent with the characteristics and specificities offered by the behavioral models.
These are based on a description of the behavior of electrical characteristics
corresponding to an operation of the component. These behavioral models are
mathematical forms.

The other phase involves the design of the integrated structure, i.e. the
determination of technological and geometrical parameters. In this perspective, we
need to develop analytical models to highlight the influence of physical and
geometrical parameters on the electrical characteristics of the function (or behavior
in the application sought). At this stage, a library should allow us to make a quick
first design of the structure to be integrated, including the number of cells to
integrate (requested surface), and values of technological parameters. With this
approach, 2D simulation tools can then be used to validate the results of this design
phase before committing to the manufacturing stage. The organizational structure of
Figure 9.40 illustrates this design strategy.
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Figure 9.40. Organization chart describing the design methodology for functional integration

The following table (Table 9.2) presents an inventory of the major basic cells
listed for a 4-layer N/P/N/P thyristor type technology integrating the four types of
MOS transistors, channel N and P, with enrichment and with depletion.

9.4.2. The technologies

The functionality and electrical characteristics of devices based on this method
of functional integration depend not only on the arrangement of semi-conductive
layers and surface topology but also on the physical characteristics of different
regions.
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The technology used in functional integration must therefore be composed of
optimized stages, which are compatible with each other. The technological process
of producing a structure for an electrical function will be established from the
association of all or part of the optimized steps of this sector. This pipeline can be
established around an “in-line” process with polysilicon grids in order to achieve
basic power devices of the MOS/bipolar family (IGBT, MOS-Thyristor) and
supplemented by specific technological steps achieving:

— integrated elements on the rear side;

— the possibility of introducing the four types of MOS;

— the possibility of carrying out two types of P cells;

— P— peripheries;

— P+ cells; and

— the introduction of specific technological steps.

The step sequence must be in accordance with the final heat balance of each step.
Figure 9.1 shows the technological step sequence of a flexible chain.
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Figure 9.41. Linking technological steps
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9.4.2.1. A sequence example

The main building blocks of this technology are made in the following way:
implementation of P* cells front and rear, producing the N* cathode on the rear side,
creating the N doped polysilicon grid, leading to P cells and N cathode aligned with
the grid and production of preformed N and P channels.

The starting substrate is N-type silicon. P*, P and N* regions are made by ion
implantation (boron for the P type and arsenic for the N* type). The redistribution of
the P* regions (front and rear) and the N* rear cathode is done, during the creation of
the gate oxide made at 1,100°C, and during redistributions of P cells and N*
cathodes on the front side at 1,150°C. The gate polysilicon is deposited by LPCVD
from the decomposition of silane (SiH4). This is doped by N dissemination of
phosphorus. The preformed channels are achieved through the polysilicon by ion
implantation of boron for P-type channels and phosphorus for N-type channels.
They are then redistributed at a temperature of 950°C. Figure 9.42 shows the
sequence of technological steps for the creation of the polysilicon grid, P and N*
cells.
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Figure 9.42. Different sequences of technological steps
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9.4.2.2. Specific technological steps

Increasing the complexity of the integrating power functions leads to the
development of specific technological steps compatible with the flexible basic
industry process. These developments are attributed to progress made in recent years
in the techniques used in the field of micro-technology. The reactive ion etching
(RIE), the deep etching of silicon by KOH or EIR, the chemical deposits under high
pressure vapor (CVD) or low pressure (LPCVD), the deposits of thick resins, the
electrochemical deposition, the thermo migration of aluminum, the report of layer
and new techniques of assembling being the main examples. The mastery of these
techniques will achieve, over time, variable integrated capacities, micro-windings,
micro-transformers, micro-converters, micro-coolers, etc.

The control and integration of these technologies into flexible technology will
ultimately allow, the foundations of power structure design to incorporate active and
passive elements, and also develop new features.

9.5. Conclusion

Power electronics was developed in parallel with microelectronics, although it
has different objectives: increasing controlled powers, and increasing signal
processing capacity.

Major technological advances have been made in the field of microelectronics,
that over the past 30 years have had interesting consequences for power electronics.
In this chapter, we discussed examples of monolithic integration based on silicon
technology (hybrid-type integration of circuits is also possible). Two methods stand
out: one emphasizes functionality, while the other relies instead on optimizing the
operation and related characteristics.

Initially, achievements using the Smart Power technology were made in the low
voltage field, corresponding to automobile applications. However, the main success
of these techniques of integration comes from the conjoining of bipolar and MOS
technologies, which has provided many power component prototypes, but also to the
IGBT which is today the best component for great power.

The success of the IGBT is a great springboard for promoting the integration of
power and it seems likely, as we showed in the last parts of this chapter, that we will
evolve to silicon chips, incorporating many features, and achieving a self-contained
device ready to use, reliable and compact (integration of auxiliary power supplies,
controls, safeguards, cooling, etc.).
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It also seems that by adding the integration of some passive components, we can
in the next decade, develop autonomous micro-systems performing the switching
function for high power and packaging of electrical energy, which is so widespread.
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