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Abstract - This paper describes how layout modeling of power module has been used to
forecast conducted electromagnetic interferences (EMI) of an integrated converter. PEEC
method has been used to account for inductive parasitic of printed circuit board (PCB) bus
bars, Direct Bonded Copper (DBC) substrate, wire bonds and heat spreader. After validation in
simple example of three-phase inverter, cabling model has been implemented in circuit

simulation to forecast conducted EMI.

I. INTRODUCTION

As the use of power electronic devices is getting
more and more important, improving their
efficiency and reliability becomes a major issue.
The level of electromagnetic interference (EMI)
is a determining factor for the electrical
performance of a system and, regarding these
aspects, the geometrical structure plays a
decisive role. Therefore, predicting with a
satisfying  accuracy the electromagnetic
compatibility (EMC) requires precise models of
components and electrical interconnections. The
non ideal behavior of the cabling can be
modeled thanks to Partial Element Equivalent
Circuit (PEEC) method. This paper presents a
study carried out on a power module with a
focus on the modeling of the cabling using
InCa3D software [1]. The model of the module’s
internal connections and busbars will be
presented in section II. To validate the PEEC
model, a comparative study between several
modeling results and measurements will be done
in section III. Knowledge of the electrical
behavior of the cabling thanks to a reduced
impedance matrix allows EMC analysis to be
performed. By integrating the cabling model into
a circuit simulator, the conducted EMI can be
computed as shown in part IV.

II. CONNECTIONS MODELING OF A
POWER MODULE
Modeling method

The internal layout of a power module (Direct
Bonded Copper - DBC, wire bonds, PCB for

gate drive ...) builds up a very complex 3D
geometry. To model the electrical behavior of
the power module interconnections, global and
local phenomenon have to be considered with
the same resolution. Even if finite element
methods appear to be well adapted to determine
local physical features, the necessity to take into
account the whole structure to determine global
values like inductances rules out this method.
PEEC method has already shown its great
efficiency to compute parasitic inductances for
these kinds of complex systems [2].
Implemented in the InCa3D software, this PEEC
approach is based on analytical formula to
compute stray inductances and couplings [3].
Provided that there is no magnetic material and
that the current density is uniform, each
conductor is modeled as described on Fig. 1 by
its resistive (R) and inductive (L) contribution in
addition to the mutual coupling among
conductors (M).
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Fig. 1. PEEC modeling principle



To satisfy the second condition mentioned
previously a meshing of the conductors, where
each element is represented by an RLM
equivalent circuit, is done. Applied to the
complete system modeled, the PEEC approach
provides an electrical equivalent circuit of the
analyzed layout as presented in Fig. 2.
Obviously the size of the circuit obtained and
the resulting impedance matrix depend on the
mesh number. Attention has thus to be paid to
have a sufficient number of elements to model
correctly the electrical phenomena but without
exceeding the calculator memory capacities. The
investigation undertaken for this study to
determine the appropriate meshing of each
conductor will not be detailed in this paper. [4]
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Fig.2. PEEC modeling with meshing and model
reduction principle

Considering the impedance matrix obtained with
PEEC method, the interest lies in the fact that it
can be used by circuit simulators for transient
analysis. Once an appropriate mesh has been set,
the equivalent resistive and inductive
contributions ie. [R] and [M] matrix are
computed. See (1) where n is the number of
partial elements. The advantage of the PEEC
method is that these matrixes are computed only
once as they exclusively depend on the
geometry. (2) explains how the impedance of the
system is obtained by introducing the frequency.
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As [Z] is a full n*n matrix, its size is prohibitive
for subsequent circuit simulation. The
impedance matrix is thus reduced to be used in a
circuit simulator where all the components of the
inverter (passives, sources, semi conductors...)
are added. To achieve the system reduction, the
input/output points are identified and thanks to
circuit equations solving, a reduced impedance
matrix corresponding to a vision of the geometry
seen from these connecting points is obtained.
This leads to a smaller equivalent circuit (see
Fig. 2.), in which all values depend on the
frequency used for the model reduction. The
reduced model obtained can be exported to the
simulator [5].

Technological aspects of the power module

This studied power electronic module (600V —
75A nominal current) is a complete three phase
inverter including 6 control pins and multiple
pins for power connections. It is designed for
AC motor control, and its maximum switching
frequency is 20 kHz.

The three phase inverter contains 12
semiconductor components (6 IGBT and 6 free
wheeling diodes) to perform 6 switch functions.
Fig. 3. represents the electrical diagram of the
inverter with these semiconductors and includes
the input and output connections as well as an
input capacitance that minimizes the voltage
undulation and acts as a power supply.

To get the equivalent circuit of the power
module studied, all connections of the system
that play an electrical role have to be modeled
within the InCa3D geometry descriptor. So,
geometry of pins, wire bonds, DBC substrates,
as well as the heat spreader are described. This
heat spreader does not have any electrical
connection with the rest of the module, but it
acts on it like a ground plane. It has therefore an
influence on the self and mutual inductances of
the other conductors situated close to it.
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Fig. 3. Schematic diagram of the power module
(APT). Top: picture of the power module

In addition to the internal connections of the
power module described before the input PCB
busbars have been represented within the
InCa3D model that is presented in Fig. 4.

Fig. 4. View of the InCa3D model of the power
module. Top: with PCB bus bars; Bottom:
without PCB bus bars

III. MODEL VALIDATION

An export from InCa3D of the reduced
impedance matrix to simulation tools like Saber
or Portunus [6] makes it possible to include the
cabling model within circuit simulation. This
enables transient analysis of the complete
circuit. In addition, inductance calculation can
be performed directly in InCa3D software. The
switching loop inductance is the comparison
criteria selected for this study.

In order to check the accuracy of the PEEC
model, a series of tests has been made. The aim
was to compare inductance of the loop presented
in Fig. 5.
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Fig. 5. IIH-DIL loop on the power module
electric diagram

This value has been obtained -either by
measurements, direct computing in InCa3D or
by circuit simulation including the PEEC model.
The last method consists in modeling with a
circuit simulator the inverter thanks to discrete
component and to add the InCa3D cabling
model in order to account for the non ideal
behavior of the connections. A transient analysis
permits to obtain the over voltage that appears
during switching phases as well as the current
waveform and thus to calculate the inductance
value.

Table 1 presents the results obtained on the

power module modeled without the input
busbars.
. Difference
Saber with Difference
Measure- | a3 | nCa3D InCa3D/ 1 1 ca3py
ment Measure-
model Saber
ment
Inductance
for I1H- 75.00nH | 71.35nH 72.60 nH 5.11% 1.75%
DIL loop

Table 1. Measurement and simulation values for
1IH-DIL loop inductance — without input PCB
busbars




The experiments on the power module were
undertaken by Hispano-Suiza company [7] and
only little information was available regarding
the tests conditions. It is hard to evaluate the
accuracy of the results obtained without
knowing exactly where the inductance has been
measured and the position of the input capacitor.
However the error remains small and we can
consider that the model of this power module is
realistic.

To validate the complete model including the
two input busbars, other simulations were done
on the same switching loop. The results obtained
are reported in table 2.

\?veil?he T fv?glunus Difference Difference
InCa3D InCa3D InCa3D InCa3D InCa3D
/Saber /Portunus
model model
I1H-D1L
loop 53.01nH | 53.30nH | 52.80nH | 0.56% 0.38%
inductance

Table 2. Simulation values for 11H-DIL loop
inductance — with input busbars

It can be assumed from the very close results
obtained with several simulations, that the model
of the interconnections generated by InCa3D is
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accurate enough to be used for EMC
simulations.
IV. EMC MODELING

EMC emissions and especially common-mode
disturbances are decisive to evaluate the
efficiency of embedded systems. Analyzing the
influence of integration technologies on EMI is a
topical demand during designing process. This
can be achieved with simulations as will be
shown here. An investigation has been made on
common-mode interference currents with a
circuit simulator.

The cabling model obtained with PEEC method
is not sufficient for this kind of simulation as it
provides only the inductive behavior. To
complete the power module description a
capacitive model of it has been implemented in
the schematic diagram. To do this, the first step
consists in identifying the points of the electric
circuit that are submitted to strong potential
variation. It is usually sufficient to place a
capacitance between these points and the
reference to have an acceptable capacitive
model.

InCa3D cabling macro component
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The value of the capacitance may be worked out
either by measurements as has been done in this
study, either by calculation through simple
analytic formulae or by finite element analysis.

It has to be noticed that the capacitive model
used here is quite simple and may be improved.
Besides, the load used for this simulation is not
representative of the reality as a simple R-L load
is modeled. More accurate model could have
been used as done in [8]. However, the aim of
this study is not to present much accurate results
on the conducted EMI but to show how this kind
of investigation is possible.

Besides, to compute the conducted EMI, the
inverter is connected to power supply through a
Line Impedance Stabilisation Network (LISN).
Fig. 6 presents an equivalent diagram of the
three-phase inverter, LISN and load, where all
interconnections of the power module are
summarized into a single macro-component.

The FFT of LISN voltage provides conducted
EMI simulation and the results of the study
undertaken with the power module are presented
in Fig. 7.

Combined to more precise load and power
module capacitive models, a sensibility study
could also be achieved with this modeling
method as has been done in [9]. The approach of
associating precise cabling models, components
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and load into a circuit simulation is very
interesting to evaluate the impact of integration
technologies modifications on EMC emissions.
One could imagine using the methodology
presented in this paper to compare the EMI
spectrum modeled to international EMC
standards. Integrating these considerations early
in the design process could have significant
impact on the developing cost of new products
by reducing the number of prototypes.

V. CONCLUSION

Simulations on conducted EMI of a three-phase
inverter have been carried out. The modeling
with PEEC method of a power module
interconnections to account for inductive stray
elements has been presented. The inductive
behavioral model of connections obtained with
InCa3D has been successfully validated. Thanks
to the automatic coupling this model can be
exported to circuit simulator. The electric circuit
is completed by a capacitive model and by the
other components which allows the computing
of the current and voltage waveforms. That way,
the power module’s EMI spectrum can be
forecasted and the EMC performance estimated.
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Fig. 7. LISN voltage spectrum obtained with circuit simulation
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