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G2ELab (UMR 5269 INPG-UJF-CNRS), Bat Ense3, B.P. 46

38402 St Martin d’'Héres CEDEX France

Abstract

The subject of this paper is related to EMC filtgegration. Due to stray interactions betweerefitomponents and PCB
tracks, or between the components themselvesrahsféer function of the filter can be modified. Tierk will first study
these stray interactions and the possible elecgaetec modelling using PEEC method. Then, we aioppsing an auto-
matic procedure to determine the optimal compop&dement and the associated track design, in eoderprove the filter
transfer function. Therefore, light models are reeed here will be presented and validated using@exgental results.

1 Introduction

Integration in power electronics, leads to reduistadces
between the converter components. On the EMC Filter
point of view, which represents usually 30% of tien-
verter volume, the efforts of integration are esbc
needed. Therefore, strong interactions can be enemd,
between filter components and circuit tracks, oween

2.2  Useof PEEC modeling method for Ca-
pacitors
221 "Physical" mode

On a magnetic point of view, a capacitor is onlydmaf
several thousands of layers of metallization. thsiously
not possible to describe the exact internal geomsith
all the thin film layers. Therefore, a homogeniaatiech-

the components themselves. Some authors have wlread nique has been used, associated to a simplifiethgep

experienced and reported these phenomena in ¢natlite

[1], and even proposed some guidelines for compgonen
placement and the associated layout [2]. This wundc
poses some models to better analyse these steradnt
tions, based on PEEC method. Going further thanpi"
avoiding interactions as in [2], we would like te bble to
use them, as in [3] or [4] for instance. Therefaaitable
models have to be proposed, needing less computatio
time.

2 Use of PEEC modelsfor filter
components
2.1  Advantage of PEEC modeling method

PEEC method is an integral method allowing solefeg-
tromagnetic problems by meshing the conductors, @mlg
not the air around [5-6]. Therefore, it is veryardgsting to
handle the complex 3D geometries encountered inepow
Electronics, as the power modules for instance [7].

Up to now, it has been especially used to modelirttes-
connects, but we would like to use it also to hanitie
passive components stray electromagnetic behaviour.
deed, it would allow obtaining all stray couplingstween
the components and the tracks in a single compgiete
tromagnetic model, using a very powerful quick noeth
Obviously, some simplifications of the componentge-
try have to be done, and the objective is to fooughe
stray behaviour of the inductive and capacitive pom
nents only.

(Figure 1). Like Dowell method [8] the resistivitip
adapted. Five electrodes allow accounting for theent
division inside the lateral metallization and theaft of
component. This number of electrodes results franade
off between the physical possibility of current idign
among several paths and a limited increase of coenet-
rical complexity.

The extremities of the electrodes are connectetgyser-
fect equipotentials. This model accounts thereforethe
capacitor magnetic behaviour only, and has to ba-co
pleted with a series capacitance.

The magnetic behaviour of this equivalent componént
thus supposed to provide the Equivalent Seriesteasie
(esr), the Equivalent Series inductance (esl) drttieoca-
pacitor and the associated magnetic couplings with the
surrounding environment (other components and $jack
Thus, the model calibration will be achieved onBEséand
esr values. As illustrated in Figure 1, the modsd three
degrees of freedom which have been used to fit sexne
perimental measurements on a particular capaoifar-r
ence. These three parameters are the homogengstivre
ity and the thickness of the equivalent electrodesl the
spacing between them.

Ten 680nF plastic capacitor have been measurecesucc
sively on an impedance measurement bridge to oltia&in
esr and esl. The average C value is 640nF. Thegwess|
is 9.4 nH, with a very small variation of some %heTav-
erage esr at 10 kHz is 21.8@mwith a 10% variation.
These values have been chosen to calibrate thelmode
Figure 1 shows the impact of the three model paramme
on the esl (with a given value of electrode spading



which has heen adiusted using the esr value).
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Figurel The proposed PEEC mouci iui a vapauitor and
the parameters adjustments to fit the esl.
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The identification results in:

p=7.310Q.m

k =8.125 mm

t=0.85 mm
The rest of the geometry is fixed by the actual ponent
size.
The model validation has been achieved using tiperéx
ment illustrated in Figure 2. Two identical 680n&paci-
tors (actual value measured 640nF) have been assdci
in parallel on a simple PCB. The relative positiafighe
capacitors are variable. Close together, the magoeti-
pling is obviously greater than for the extreme itas
where the capacitors are far away. The impedan@sime
urement of this association is illustrated in Feg®, and
Figure 5 shows the comparison of the PEEC modéhef
association with the measurement, for the positibere
the capacitors are close. The matching is also gmothe
other positions. To be noticed that in this apphoad im-
pedances and couplings are taken into accounkstriac-

mental results) gives 12.6 nH. The 3.2 nH diffeeenor-
responds thus to the influence of all couplingswieen
components and between tracks and components.id his
not negligible, and the good agreement betweemibeel
and the measurements validates the proposal.

Figure2 Experimental setup to validate the model: asso-
ciation of two capacitors in parallel.
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Figure 3 Impedance of the parallel association of the two
capacitors close from each other: comparison betwee

simulated (solid line) and measured (dot line) galu

2.2.2 Simplified model

Even if the previous model is a simplification rediag
the actual capacitor geometry, it is still compésd gen-

pedances and associated couplings, coupling betweenerates large PEEC model size. Furthermore, thevaqui

components, and with the tracks. The equivalentignd
tance that would be obtained without all these togp
would be 15.8 nH (accounting for the two paralleksd
and all tracks inductances). The simulation (andeex

lent electrode thickness t impacts not so muchrésailt,
as shown in Figure 1. Another model has thus been p
posed, somewhat less accurate but very simpledier ¢o
reproduce the magnetic stray coupling (Figure 4).



A single electrode is used, linked with a perfegtiipo-
tential to the lateral metallization. The currenforced to
circulate along the single electrode, and thus¢peesen-
tation is less "physical" than in the actual cormgmdn
However, the results are still fair regarding thagmetic
behaviour, in comparison with the previous model.

The equivalent resistivitp and the spacing k are used to
fit both esl and esr (k stays obviously below thpacitor
size).

Spacing “k”
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Figure4 A simplified model of the capacitor and the k
spacing influence.

Using p = 1.25.10' Q.m and k = 4.5 mm leads to
esl =9.37 nH and esr = 20.9hat 10 kHz. The model va-
lidation has been carried out using the same agipit as
previously. Figure 5 shows the comparison betwdwn t
model and the experimental result for a speciaitipos
where the two capacitors are the closest. The teesué
still good, what is reasonable in comparison wité pre-
vious model. The equivalent inductance that casdan in
the high frequency range is 13.0 nH, in comparigadth
the 12.6 nH of the previous model and measurement.
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Figure5 Capacitor parallel association (close together).
Impedance measurement (dot) and simulation (so$id)
ing the simplified model.

2.3  Useof PEEC modelling method for Induc-

tors

2.3.1 Actual description of the geometry

PEEC method does not allow, up to now, to handie no
homogeneous magnetic medium, even if some worke hav
proposed interesting methods [9], [10].

Fortunately, the stray magnetic field is very fegpdndent
of the presence of the magnetic material, as usdd1i
and illustrated in this paper. Therefore, a PEEGiehba-
sed on the conductors description only can be m@gho
Obviously, it will not be able to represent thd fatluctive
behaviour, and it will be necessary to completeyia se-
ries inductor, in order to account for the effettte mag-
netic material. However, the stray magnetic fieldl e
accurately represented by this method.

Several experiments have been achieved using tirivid
ductors associated with different materials: onexiglas
non magnetic tore, and a iron powder one (Figurd@p
different windings have also been used, in ordecheck
the validity of the assumption on a non uniform avirg.
PEEC simulations have been carried out using tkerie
tion of the winding geometry. In order to check #imglity
of the model to reproduce the coupling, the induttas
been located near a test loop. The voltage indutehis
loop defines the mutual coupling between the inoluahd
the environment. This experiment is illustratedrigure 7.

Figure 6 Different toroidal inductors using two materials
and two windings shapes.

Figure7 Test configuration to check the mutual coupling
between the inductor and the environment.



All kinds of windings and materials have been tsihe
results are summarized in table 1. It is clear thatpres-
ence of the magnetic material has no impact omtatial
coupling, even for non homogeneous windings. Fran T
ble 1, it can be also seen that the proposed msdalirly
good. The 10% difference with measurement canyehsil
explained by measurement inaccuracies, and some mis
takes in the winding description for the simulation

Table 1 Identification of the mutual coupling with the-en
vironment.

Experimental results[nH] Simul ation] nH]
Material |Iron Powdel Plexiglass None
Full winding10,8 10,9 9.8

Quarter tu

winding 11,1 11,6 10.4

2.3.2 Model simplification

However, as for the capacitor, the previous modeiob

heavy to be used in an optimization process. Thesef
further simplifications have been proposed. A siniplop

has been used to replace the full winding, astititisd in

Figure 8. It generates the same field around thepce

nent, even if obviously, the field inside the wgis no

more represented. However, this field contributeshe

inductor value only, which is not necessary sir@ mo-

del must be completed with a series inductor, astioreed

previously.

Table 2 summarize the different results obtainetth wiis

simplified model. Even if the accuracy is reducedcom-

parison with the geometrical modelling, the conemck is
still good, and the computation times are reduaaandti-

cally. The effect of the equivalent loop positi@yarding
the tore geometry has also been studied. The losgtqn

is located in the center of the core. For the exarmop a

full winding, a disposition on the top of the caveuld re-

sult in a too low mutual inductance (6.4 nH), wlar®n

the bottom, the mutual would reach 15.8 nH, whabis

high in comparison with measurement.

Finally, several other dispositions of the testpldoave

been checked, using the experimental system ofr€&igu
and all results match pretty well the simulatiorisboth

complete and simplified model.

—>

Figure8 Test configuration to check the mutual coupling
between the inductor and the environment: Left detep
PEEC model for an inductor to represent the mutaat
plings with the PCB tracks. Right simplified model.

Table 2 Identification of the mutual coupling with the-en
vironment for the simplified model.

Experimental results [nH] S mulation[ nH]
Material |Iron Powdel Plexiglass None
Full winding10,8 10,9 9.9

Quarter tu

winding 11,1 11,6 9.8

Figure 8 Test configuration for other disposition of the
sensor loop.

3 Modelsvalidation in afull filter

The final validation of the proposed models is $@ them
in a full filter, and to check various layouts. Anple dif-
ferential mode filter has been used for this puep@®m-
posed of a differential mode inductor (488 and two Cx
capacitors (the ones identified in section 2). @ifeerent
layouts are summarized in Figure 9. The chosenigars-
tions intend to maximize or minimize the couplingsor-
der to investigate a large panel of solutions. feck the
validity of the models used, each simulation hagnbe
compared with measurement. Impedance measurement as
used in the previous section is not completelyadliét for
checking the model accuracy, since the stray coggldo
not impact the input or output impedance signiftgan
Therefore, we used a network analyzer, to obtanfitter
transfer function, by measuring the scattering mgtiS
parameters"). Figure 10 illustrates the differen€eising
the input impedance and the transfer function éendaise of
the considered differential mode filter, accountiiog a
simple magnetic coupling between the two capacitdrs
OnH, 2nH or 4nH. It is clear that the transfer fimT is
more appropriate.

From the comparison of Figure 11, between all thees
and the measurement, it is clear that the comphetdels
provide a good correspondence with measurement, and
that the simplified models are sufficient to acdotor
stray couplings in an optimization process, witmited
computation times in comparison with the "full” nedsl



Figure9 The different layouts used in the validation. A)

Standard — B) Max coupling between components @) Mi
coupling between components - D) Min coupling betwe

components — E) Max coupling with the tracks
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Figure 10 Impact of a stray coupling between the Cx ca-
pacitors on the EMC Filter transfer function anctiog in-
put impedance.

4 Use of modelsfor Hierarchical
Sorting of Couplings
Among all the possible couplings involved in a EMIE

ter, we have listed the component to componentthed
component to track couplings. The proposed models a

suitable to account for all these couplings, everthie
simplified version, dedicated for optimization; hewer,
another interesting application of the simulatisrto al-
low differentiating all couplings, in order to irstegate
the most influent.

To achieve this task, the components have beensksp
at a very high distance of the tracks (1 meter}, il
linked to the PCB tracks using perfect equipotésntia
Therefore, the coupling with the track becomes igeg|
ble. In this case, the transfer function becomey elwse
to the simulation without couplings. On the othand,
we can localize the components far away from eah o
in order to reduce the component to component dogsl
However, the track to component coupling is stitgent
and the transfer function is still different frommetsimula-
tion without coupling;

Therefore, it can be concluded that the most ingmbrt
stray couplings are the component to tracks ones.

5 Conclusion

The originality of this paper was not to illustratee im-
pact of stray coupling on the EMC filter transfanétion,
since this has already been investigated by sewaeathbrs.
The first contribution is to sort these stray caugd by
hierarchical importance (component-track couplimg- i
pacts more the transfer function than componertoto-
ponent coupling). The second contribution is toppse
PEEC models to investigate the coupling. Complebel-m
els are presented, as well as optimization modethich
will allow a real optimization of the EMC filteryaut. Go-
ing further than previous work, it will be possibiiet only
to avoid couplings, but also to use them, in adplimiza-
tion procedure.
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