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Résumé en Francais

Introduction

Les véhicules hybrides et électriques connaissent un essor considérable ces dernieres années. De ce
fait, de plus en plus d’électroniques et plus particulierement des électroniques de puissance, sont
utilisées dans nos véhicules. Face a cette densification de 1’électronique dans un espace toujours
aussi restreint, les problémes de compatibilité électromagnétique (CEM) s’accentuent. En effet, les
systemes d’électronique de puissance sont des sources typiques d’interférences électromagnétiques.
Ainsi, afin de réduire ces perturbations électromagnétiques, des filtres doivent étre implémentés
dans le but de les atténuer et, de ce fait, rendre conforme un équipement, selon les normes qui
régissent la CEM.

Filtreen 7
0 T T

Atténuation mesurée
= =+ Atténuation prédite sans couplage

-20

-30

-40

-50 - |

s,, [dB]

-60

-70

-80

-90

100 ‘ LN ‘ ‘
10* 10° 108 107 108 10°
Fréquence [Hz]

F1GURE 1 — Comparaison entre l'atténuation mesurée et I’atténuation prédite sans tenir compte
des couplages

Les filtres pour la CEM, sont généralement constitués de composants passifs tels que les conden-
sateurs, les inductances et les tores de mode commun (TMCs). Ces filtres doivent étre dimensionnés
au cas par cas, selon lapplication et atténuation requise. Cependant, de nombreux parametres
peuvent avoir une influence non négligeable sur les performances d’un filtre. Parmi ces parametres
influents, le routage ou bien la mécanique peuvent fortement dégrader les performances du filtre.
Afin de prendre en compte ces éléments, la simulation électromagnétique 3D est une bonne solu-
tion. Effectivement, les modeles 3D sont souvent déja existants et peu d’informations sont requises
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RESUME EN FRANCAIS 2

pour effectuer ce type de simulations.

Un parametre qui influe également sur la performance d’un filtre, est la proximité des compo-
sants les uns par rapport aux autres, ou autrement dit les couplages inter-composants. En effet,
la Fig. 1 présente la différence qu’il existe entre I'atténuation mesurée et 'atténuation prédite
sans tenir compte des couplages inter-composants. L’écart est significatif (30dB & 10MHz) et une
telle erreur de prédiction peut entrainer d’importants problémes de design car le filtre sera sous-
dimensionné pour 'application.

La plupart des travaux menés jusqu’ici sont basés sur des simulations électromagnétiques 3D
et le désavantage de ces simulations est qu’elles prennent un temps considérable & la fois pour
la construction des modeles mais également pour la résolution. De ce fait, a chaque modification
de design, le calcul doit de nouveau étre lancé, ceci jusqu’a trouver une solution satisfaisante, et
donc cette méthode peut prendre plusieurs jours. De plus, un grand nombre d’informations sont
nécessaires sur les composants, tels que la géométrie exacte ou bien les propriétés des matériaux.
En regle générale, ces informations sont difficiles & obtenir et donc les modeles 3D sont compliqués
a construire.

L’objectif qui émane de cette problématique est le besoin de développer une méthode sim-
plifiée et rapide qui permettent de prédire les performances d’un filtre en tenant compte de son

implémentation et quelle que soit sa structure.

Expression analytique simplifiée d’un couplage magnétique

Afin de déterminer une inductance mutuelle, ou bien de fagon plus générale, un couplage magné-
tique, le principe est le suivant (Fig. 2) : lorsqu’un courant 4 circule dans un composant, un champ
magnétique B est généré et est couplé par le second composant a travers sa surface équivalente de

couplage S. Le lien qu’il existe entre ces deux composants est appelé une mutuelle inductance M
(Eq. 1).

B.-S = Mi (1)

-

FIGURE 2 — Principe pour déterminer une inductance mutuelle

De cette équation découlent donc les différentes thématiques de la these qui sont la détermina-
tion d’une surface équivalente de couplage, le calcul du champ magnétique généré par un composant
passif, dans le but de prédire une inductance mutuelle entre deux composants. Finalement, 1’en-
semble des inductances mutuelles entre les composants d’'un méme filtre devront étre prises en

compte pour prédire les performances du filtre.

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters



RESUME EN FRANCAIS 3

Détermination de surface équivalente de couplage pour les

composants passifs

Une surface équivalente de couplage permet de représenter la sensibilité au champ magnétique
d’un composant, autant en ce qui concerne le niveau de sensibilité que sa direction privilégiée.
Pour déterminer cette surface équivalente, une méthode utilisant des mesures en cellule TEM a
été développée. En effet, lorsque la cellule TEM (Fig. 3) est alimentée via une source RF (radio-
fréquence) tel qu'un VNA (Analyseur de réseaux vectoriel), un champ électromagnétique uniforme
est généré en cette cellule. De ce fait, il est possible de connaitre la valeur, le sens et la direction du
champ magnétique dans la cellule.Ainsi, la sensibilité des composants passifs sous des conditions de
champ magnétique maitrisées peut étre étudiée. Finalement, une surface équivalente de couplage

pour chaque composant pourra étre extraite afin de réutiliser ce type de caractérisation.

Port 2 - VNA
—
ETeEm
Port 1 @ ® @ ® @
VNA
500
E—
k

FIGURE 3 — Cellule TEM

Surface équivalente de couplage d’un condensateur

Pour déterminer la surface équivalente de couplage d’un condensateur, il est nécessaire de carac-
tériser le composant pour ses deux orientations privilégiées : lorsque la surface de couplage et le
champ magnétique sont colinéaires et dans le méme sens, et la seconde lorsqu’ils sont dans des sens
opposés. Ces deux mesures sont nécessaires afin de pouvoir supprimer la contribution du champ
électrique. En effet, un fort champ électrique est présent en cellule TEM et son influence doit donc

étre supprimée, par calcul, pour se focaliser uniquement sur I'influence du champ magnétique.

Structure interne

FIGURE 4 — Surface équivalente de couplage d’un condensateur

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters
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La direction privilégiée de couplage pour le condensateur est déterminée en effectuant des
mesures tout autour du composant. Il s’est avéré que la surface de couplage d’un condensateur est
localisée entre ses deux pins, le plan de masse et sa structure interne (Fig. 4).

De ce fait, & moins de connaitre la structure interne du condensateur, la meilleure facon pour

déterminer sa surface équivalente de couplage est d’effectuer des mesures en cellule TEM.

Surface équivalente de couplage d’une inductance

Pour les inductances, le principe est le méme que pour les condensateurs. Deux mesures sont
nécessaires, pour les deux directions privilégiées du couplage au champ magnétique. Il a ainsi été
déduit que la surface équivalente de couplage d’une inductance est orientée comme ses spires (Fig.
5).

—
Sec
F1GURE 5 — Direction de la surface équivalente de couplage d’une inductance

A partir des mesures en cellule TEM, sur de nombreuses inductances, les parametres dimen-
sionnant la surface équivalente de couplage d’une inductance ont été identifiés, a savoir : le nombre

de spires N, la surface d’une spire Sgp;re €t la perméabilité du matériau magnétique p, (Eq. 2).

Sec = N~Sspire'ur (2)

Pour une inductance verticale, le principe reste le méme. Celle-ci doit étre caractérisée de telle
sorte a ce que sa surface équivalente de couplage et le champ magnétique soient colinéaires.

Finalement, & moins de connaitre ou de pouvoir estimer la perméabilité du matériau magné-
tique, les mesures en cellule TEM restent la meilleure solution pour déterminer une surface de

couplage.

Surfaces équivalentes de couplage d’'un TMC

Quant aux TMCs, le principe est un peu plus complexe, du fait de sa géométrie et du fait qu’ils
possedent deux bobines distinctes. Une étude préliminaire a d’ailleurs été effectuée pour les deux
modes de fonctionnement d’'un TMC : le mode commun (MC) et le mode différentiel (MD). Pour
ce faire, la caractérisation s’effectue tout autour du composant. La Fig. 6 présente les résultats des
forces électromotrices générées au TMC en MC et en MD selon 'orientation du composant dans
la cellule TEM. 1l est alors clairement identifiable que le couplage lorsque le TMC est connecté en
MC est bien plus faible et n’a pas de direction privilégiée comparée au MD. Il peut donc en étre

déduit, qu’un modele représentant uniquement le MD, est suffisant pour modéliser un TMC.

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters



RESUME EN FRANCAIS 5
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FIGURE 6 — Forces électromotrices générées a un TMC a 100kHz pour le MC et le MD

Afin de modéliser finement le TMC en MD, dix surfaces équivalentes de couplage (cing par
bobinage) vont étre prises en compte (Fig. 7). Ces dix surfaces ont une position et direction fixes et
ainsi, il ne reste qu’a déterminer I’amplitude des surfaces de couplage. De ce fait, douze mesures en
cellule TEM sont nécessaires (& douze orientations différentes en cellule TEM), afin de déterminer
les dix surfaces de couplages (deux mesures pour la suppression de 'influence du champ électrique
et les dix autres pour la détermination des surfaces de couplage).

CRTT\\ 2 S

FIGURE 7 — Modele de couplage équivalent d’un TMC en MD

Calcul analytique de champ magnétique généré par un com-

posant passif

Maintenant qu'une méthode a été définie pour déterminer une surface équivalente de couplage, la
deuxieme étape est de pouvoir estimer la valeur du champ magnétique généré par un composant
passif. Pour ce faire, le modele équivalent de couplage peut étre réutilisé en tant que modele
d’émission, grace au théoreme de réciprocité.

Afin de calculer le champ magnétique généré par un composant passif, la loi de Biot et Savart

semble étre une bonne approche. En effet, son application est simple d’usage et permet de considérer

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters
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n’importe quel type de contour (Eq. 3). Le calcul du champ magnétique avec la loi de Biot et Savart
restera valide tant que le courant peut étre considéré constant. Cette condition dépend de la valeur

de la vitesse de propagation et ainsi que des matériaux (magnétiques, diélectriques).

al — ﬁrﬁznﬁ (3)

De plus, afin de correctement prédire le champ magnétique généré par un composant, il est
indispensable de prendre en compte I'influence du plan de masse (si tel est le cas). De ce fait, la
théorie des images doit étre appliquée afin de pouvoir prendre en compte I'influence d’un plan de
masse.

Pour chaque type de composant passif (condensateurs, inductances horizontales et verticales,
tores de mode commun horizontaux et verticaux), les surfaces équivalentes de couplages sont alors
réutilisées pour déterminer la valeur du champ magnétique qu’il génere. La Fig. 8 présente diffé-
rents exemples de champs magnétiques générés par un condensateur, une inductance et un TMC.

L’ensemble de ces calculs ont été validées par des mesures a l’aide d’un scanner champ proche.

Champ magnétique généré par un condensateur [uT] Champ magnétique généré par une inductance [uT]

9.8e+01
7.9e+01

216402
176402

par un TMC en MD [uT]

136402

B.4e+01 6.0e+01

420001
200 416401

2.2e+01

Y [mm]
Y [mm]
¥ fmm]

42e03 15601 3.0e+00

F1GURE 8 — Champs magnétiques générés par un condensateur, une inductance et un TMC en MD

Il est important de remarquer que le champ magnétique d’'un TMC n’est calculé que pour le
MD. En effet, comme le TMC en MC ne permet que peu de couplage magnétique comparé au MD,

le TMC en MC générera donc peu de champ magnétique (théoréme de réciprocité).

Calcul d’une mutuelle inductance entre deux composants pas-
sifs

Avec les deux thématiques précédentes (surface équivalente de couplage et champ magnétique
généré par un composant passif), il est désormais possible de calculer une inductance mutuelle
entre deux composants, quelle que soit leur position et leur orientation. En effet, I'Eq. 1 peut étre
appliquée directement.

Prenons ’exemple d’un cas tres simple de calcul d’une mutuelle inductance entre une inductance

et un condensateur, espacés de 25mm 'un de l'autre (Fig. 9).

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters
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AL LLLTITTY

' 25mm

FI1GURE 9 — Exemple d’une inductance et d’'un condensateur espacés de 25mm

Chacun des composants est caractérisé au préalable, en termes d’impédance et en cellule TEM.
Ainsi, le champ magnétique généré par 'inductance est calculé au niveau de la surface de couplage
du condensateur (Fig. 10). Le cheminement inverse donnera le méme résultat, en accord avec le

théoréme de réciprocité.

Champ magnétique généré par une inductance [uT]

2.1e+02
1.7e+02
1.3e+02

8.4e+01

50
40
30 4.2e+01

20

1.5e-01

X [mm]

Fi1GURE 10 — Champ magnétique de I'inductance sur la surface de couplage du condensateur

De cette maniere, une valeur constante de la mutuelle qui existe entre ces deux composants peut
étre extraite. Cette valeur sera alors valable tant que les conditions de la magnéto-statique sont
respectés. La Fig. 11 présente la comparaison entre cette valeur d’inductance mutuelle extraite par
le calcul et celle extraite par la mesure. Ce type de comparaison a été effectuée pour de nombreux

composants passifs, et ainsi la méthode de calcul de mutuelles est validée.

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters
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FIGURE 11 — Comparaison entre I'inductance mutuelle extraite par la mesure et par le calcul

Prédiction de ’atténuation d’un filtre quelle que soit sa struc-

ture et sa topologie

Désormais, quelle que soit la position des composants les uns par rapport aux autres, il est possible
de calculer les mutuelles inductances entre eux, deux par deux. Le grand avantage de cette méthode
est que, une fois les composants caractérisés, le calcul de couplage entre les composants est direct
et tres rapide.

La méthode qui a été choisie pour le calcul d’atténuation d’un filtre, est la MKME (Méthode
de Kron Modifiée pour la Compatibilité Electromagnétique). Cette méthode, basée sur ’analyse
tensorielle des réseaux est tres puissante et permet de décrire n’importe quel systeme quelle que
soit sa complexité. L’avantage majeur de la méthode de Kron est que la filtre peut étre décrit en
distinguant bien les parameétres intrinseéques au filtre (les composants et leurs éléments parasites)
et les parameétres modifiables (les couplages entre les composants). De plus, il existe une infinité de
structures et de topologies possibles pour les filtres. De ce fait, un algorithme générique de création
de graphe pour le calcul d’atténuation. De cette maniere, il est possible de calculer 'atténuation
d’un filtre, en MC et MD, quelle que soit sa structure, quelle que soit sa topologie. L’intérét d’avoir
développer une méthode générique est que ’ensemble de cette méthode est capitalisée en un seul
outil permettant la prédiction de performance d’un filtre. Cet outil est opérationnel et actuellement
utilisé par les ingénieurs design pour 'intégration des filtres.

Afin d’illustrer cette méthode, reprenons 'exemple de l'introduction (Fig. 1) d’un filtre en Pi,
composé d’un condensateur, suivi d’une inductance puis d’un second condensateur. [’analyse ayant
été effectuée, il est alors possible de prédire les performances de fagon treés précise (Fig. 12).

Ce simple exemple illustre bien les possibilités de calcul de cette méthode. Des cas bien plus
complexes ont été traités et validés, tels que des filtres composés de plusieurs centaines d’induc-
tances mutuelles.

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters
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Conclusion

L’objectif principal de cette these était de développer une méthode analytique afin de prédire les
performances d’un filtre en tenant compte de sa topologie. Pour ce faire, le travail a été divisé en
quatre grandes étapes : la détermination de surfaces équivalentes de couplage des composants pas-
sifs constituant le filtre, le champ magnétique qu’ils génerent pour finalement prédire un couplage
magnétique entre deux composants. La derniére étape a été de développer un algorithme générique
permettant le calcul d’atténuation d’un filtre, en considérant les couplages entre les composants,
quelle que soit sa structure. Finalement, cette méthode a été appliquée et validée sur de nombreux
cas d’applications.

L’ensemble de

présenté en Fig. 13. Cet outil permet le calcul d’une simple mutuelle inductance entre deux com-

Filtre en 7
O T T T T
.,
-20
-40
o
kel
= 60f
N
(2]
-80
4
-100 | Atténuation mesurée 1
= = Atténuation prédite sans couplage
Atténuation prédite en considérant les couplages
120 T T T T
10* 10° 108 107 108 10°

Fréauence [Hz]

FIGURE 12 — Prédiction des performances du filtre en Pi

la méthode a été capitalisée via un outil nommé GFD (Global Filter Design),

posants, ou bien la prédiction d’atténuation d’'un filtre.

Global Filter Design

Coupling Coefficient Extractor Filter Design
Component n°1 Component n°2 Structure

Capacitor v Capacitor - LC Filter v

I (O

11 T

FI1GURE 13 — Global Filter Design
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Context of the study

With the continuous progress of hybrid and electrical vehicles, power electronics are becoming
widely used in the automotive domain. Power electronics are typical sources of electromagnetic
interferences (EMI) and, therefore, well designed filters are required to reduce all those emissions.
The main role of a filter is to attenuate disturbances in order to comply with international standards
and, therefore, to obtain an EMC-compliant equipment, and particularly a CISPR25-compliant
system for automotive domain [1].

Figure 14: EMI filter examples in power electronics

All filters are different and are designed case per case according to the specific needs. However,
there are several parameters that can influence the filter performance.

One of those parameters is the coupling between the traces. Actually, that parameter has an
influence on the final filter performance as described in [2]. It can be dealt with 3D electromagnetic

simulation as presented in Fig. 15.

Figure 15: Different filter topologies for a structure, considering PCB traces [2]

Another parameter that have an influence on filter performance is the mechanical structure
that can enclose the filter. This part can also be studied with 3D simulation. Actually, it does
not require a lot of information on the component or on the material properties. It just requires
the 3D geometry coming from other study, like CAD (Computed-Aided Design) design. Fig. 16
presents an example of the 3D model considering the PCB traces and also the housing.
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4
v}t

Figure 16: Example of 3D modeling including PCB traces and housing for an AC filter

Then, one of the most destructive parameter, in terms of filter performance, is the inter-
component coupling as presented in [3, 4, 5, 6, 7]. Actually, it is presented in Fig. 14 different
filter examples where it is clearly identifiable that the components are very close from each other.
This proximity induces magnetic coupling between components and has a big influence on the final
filter performance. Let’s take the example from Fig. 17 which presents the difference between the

predicted attenuation without considering those inter-components coupling and the measurement.

« filter
0 T T

Measured attenuation
= = ' Predicted attenuation without coupling

-20

-30

-40

-50 |y

s,, [dB]

-100
10* 10° 108 107 108 10°
Frequency [Hz]

Figure 17: Comparison between the predicted attenuation without considering inter-component

coupling and the measured attenuation of a Pi filter

The difference between the predicted attenuation without coupling and the measured attenua-
tion is significant. Thus, a filter which is designed without considering the components proximity,
can be finally insufficient to reduce the EMI noises. In such case, additional work must be per-
formed like layout modification or mechanical enclosure. Therefore, in order to avoid those kind
of additional works, the integration and the components placement must be considered to have a
good prediction of filter performance.
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The majority of studies done on inter-component coupling is based on 3D electromagnetic
simulation like in [4, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18]. This methodology can be very
accurate, but is time consuming for model construction and solving. Furthermore, this kind of
simulation requires too much information on the components to build a 3D model.

(a) (b)
Figure 18: 3D model of a- inductor b- capacitor [4]

A lot of information on components is required and the model must be very accurate regarding
actual components (Fig. 18). All the components must be modeled in detail, going through
geometry but also the properties, internal structure etc.
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Figure 19: Multilayer capacitor model for 3D electromagnetic simulation [4]

Fig. 19 presents an example that shows the high level of accuracy which is required in terms
of modeling in order to obtain good results. All this kind of work is difficult to establish and
time consuming. Furthermore, all the filters must be studied case per case and there is no generic
methodology for filter design.

The objective that arises from all of those works is the need of developing an analytical and
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simplified method for filter design, not based on 3D modeling and generic enough to deal with any

kind of structures and topologies.

Inter-component coupling in filter design

Inter-component coupling in a filter design plays a major role on filter performance. Then, in
order to model a complete filter, the equivalent electrical models of passive components must be
considered, but it is not sufficient. The magnetic couplings between the components are mandatory
in order to have a good prediction of filter performance.

Actually, the mutual inductance M (Eq. 4), or more generally a coupling coefficient k, is a link

between two inductances Ly and Ls, which represents a magnetic coupling.

M = ky/Ly.Ly (4)

A mutual inductance between two inductances can be represented as in Fig. 20-a. Actually, a
magnetic coupling can also be represented as an electromotive force generated to the components
(Fig. 20-b).

i1

L:

(a) (b)

Figure 20: Two different ways to represent a mutual inductance

Those mutual inductances have a high influence on the filter attenuation as highlighted in Fig.

17 and, therefore, they must be considered.

Coupling minimization

The first idea, in order to avoid the degradation coming from the magnetic coupling between
components, is to reduce couplings. To minimize those couplings, the first step is to understand
how the components radiate and how the components couple the magnetic field. Each type of
component has a preferred orientation (or several) in emission and by reciprocity in coupling [19].

A first example for two capacitors in Fig. 21 is presented.
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(a) (b)

Figure 21: a- High b- Low coupling between two capacitors

When two capacitors are face to face as in Fig. 21-a, the magnetic field generated by the
first component is coupled to the second one, through its equivalent coupling surface. Thus,
the magnetic coupling between both components is high. However, when both components are
perpendicular like in Fig. 21-b, the majority of the magnetic field generated by the first component
does not pass through the coupling surface and, therefore, the magnetic coupling is significantly
reduced.

For an inductor and a CMC in DM, the principle is the same as for capacitors. The preferred
orientation of the magnetic field generated by the first component and the preferred orientation of
the coupling to the second component are determined, as presented in Fig. 22 and Fig. 23. The
coupling for CMC is only considered in DM because CM does not allow a high coupling compared
to DM. This point will be detailed in Sect. 2.7 dedicated to the determination of the equivalent
coupling model of a CMC.

WU

ik

3

§

(a) (b)

Figure 22: a- High b- Low coupling between two inductors
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(a) (b)

Figure 23: a- High b- Low coupling between two CMCs in DM

As for capacitors, in order to minimize the coupling between two inductors or two CMCs, the
component can be turned by 90° as presented in the two previous figures. This reasoning can also
be applied for coupling minimization between a capacitor and an inductor, a capacitor and a CMC,
etc. This comes from the knowledge of emission direction and coupling direction as presented in
[19].

In filter design, to avoid the degradation coming from inter-component coupling, a first step
can be the minimization of coupling. This methodology can be applied when there are only two
or three components. However, in a real world application, with significant room constraints, this
minimization cannot be applied systematically. Indeed, the filter must be designed by considering
inter-component coupling and by understanding and knowing which couplings are destructive or

not.

Objectives of research studies

The objective of this thesis is to simplify coupling phenomena and to base reasoning only on

analytical calculations and exploitation of measurements.

M

-

Figure 24: Principle to determine a mutual inductance
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The principle which is going to be used is based on Eq. 5 and 6, where the mutual inductance
M can be expressed in Eq. 7, considering that p is the complex variable coming from the Laplace
transform. Actually, the mutual inductance can be estimated from the magnetic field created by
the first component and the equivalent coupling surface of the second component. The flux ¢
created by the magnetic field B on the equivalent surface S are linked to the current by the mutual
inductance M (Fig. 24). Eq. 7 clearly describes the different topics (Fig. 25).

dp=B-dS —¢=B-9 (5)

do _, di

o =M = ¢.p=M.ip (6)

B.-S = Mi (7)

Coming from Eq. 7, the main steps of the thesis work can be described.

The first chapter deals with the determination of an equivalent coupling surface or, more gener-
ally, an equivalent coupling model. Actually, all types of components can have one, several or even
no preferred orientation regarding magnetic field coupling. The second chapter is then dedicated to
the magnetic field generated by passive components. A mutual inductance can be estimated using
both previous topics and will be presented in Chapter 3. Finally, filter performance prediction
considering magnetic coupling, with MKME (Modified Kron’s Method applied to Electromagnetic
compatibility), will be presented in the last chapter. The methodology will be validated under
different examples, through real world applications.

Chapter n°2 Chapter n°3
2 Equivalent Coupling Magnetic field 2

Model calculation
Capacitor, Inductor, CMC Capacitor, Inductor, CMC

Chapter n°3 f Coupling coefficient Impedance i Chapter n°1

extraction model
Between Capacitors, Capacitor, Inductor,
Inductors, CMCs CMC

Filter attenuation Chapter n°4

prediction
Whatever the structure
Whatever the topology

Figure 25: Organization of the different topics
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1.1 Introduction to the main concept of EMI filter design

The design of EMI filters is a key point for EMC (electromagnetic compatibility). Actually, those
filters are needed in order to reduce the EMI (electromagnetic interferences) that come from EMI
sources. Different structures of filter exist and, therefore, it must be designed case per case con-
sidering the required noise attenuation. Finally, in order to build up filters, a good knowledge of
passive components in terms of impedance is mandatory.

Therefore, in this first chapter, some general and well-known basics of EMC are presented, such

as EMI sources, EMI filters and passive components modeling.

1.2 EMI noise sources

There are two main types of noise sources: natural and artificial sources, as described in [20].
Natural sources gather the earth’s magnetic field, lightning or electrostatic discharge for example.
Artificial sources can be intentional, such as radar, radio communication, television or medical
equipment. There are also unintended sources coming from electronic devices that generate para-
sitic emissions or from power electronics, with motor control for example. Here, only the unintended
artificial noise sources are considered and, more particularly, noise sources coming from electronic
and electric equipments.

There are two types of noise propagation that must be distinguished, differential mode (DM)
and common mode (CM).

DM noise generally comes from power supply or switching cells. This mode is called the
“normal” mode because functional signals are mostly defined in that mode. DM is characterized

by currents flowing in the opposite direction for a pair (Fig. 1.1).

>
Source
RS
(o]
(@)
~J
Noise
source <

Figure 1.1: DM propagation noise

As far as CM noise is concerned, it appears generally in high frequencies (beyond MHz). CM
noise comes from parasitic capacitances between the equipment and its ground reference, as pre-
sented in Fig. 1.2. CM noise is commonly named parallel mode because currents are in the same
direction for a pair and flow back through the reference.
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Figure 1.2: CM propagation noise

Therefore, the filter structure must be chosen depending on the mode that requires to be
filtered.

Actually, in order to identify the different noise sources and their level, SPICE (Simulation
Program with Integrated Circuit Emphasis) simulation is a good solution. By considering parasitic
elements, switching cells etc. it is possible to determine which noise is dominant and, therefore,
identify the required filtering.

Let us take the example of the noise prediction of a buck converter. In order to perform
that, Fig. 1.3 presents the block diagram of the simulation. It includes the different elements
for conducted emission simulations which are widely developed in [21, 22, 23, 24, 25]. This block
diagram is composed of a battery, two LISNs (for conducted emissions measurements), a filter, a
buck converter, a load (which is in this case a resistor) and finally a CM impedance.

LISN+ = - -
_|_ =

Battery Filter Buck converter Load
£ -I_
= LISN- = - -
- |
- cM
impedance
£

Figure 1.3: Block diagram of noise perturbation estimation for a buck converter

A first step can be to estimate the conducted emissions coming from the buck converter without

filtering. Thus, the voltages measured at LISNs level are directly the noise coming from the
converter.
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Therefore, those voltages are used to extract the related DM and CM noises as presented in
Fig. 1.4.
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Figure 1.4: DM and CM noise coming from a Buck converter

It clearly appears that, for this particular example, the DM noise is dominant compared to the
CM one. Actually, it comes from the switching cell of the converter. Nevertheless, the CM noise
is not negligible and it mainly comes from the CM impedance. The limits that are presented in
Fig. 1.4 are totally arbitrary and just allow to illustrate the filter design principle.

Actually, it appears that the DM noise overtakes the limit in the frequency band coming from
100kHz to 30MHz and must be reduced by at least 30dB at 200kHz. For the CM noise, it does not
overtake the limit and, therefore, a filter more dedicated to DM attenuation must be integrated to
the system. This filter must have an operational frequency band coming from 100kHz to 30MHz,
and a minimum of 30dB attenuation at 200kHz.

Through this example, it was presented a methodology for CM and DM noises estimation.
Considering the limits, the required filter performance is defined and, so, the filter will be de-
signed in consequence. Therefore, the inter-components coupling, that have an influence on filter
attenuation, must be considered in order to finally predict the real performances.

The main objective of the thesis work is to ensure that the implemented filter will provide the

required attenuation on the correct frequency band.

1.3 EMI filters

1.3.1 Filter attenuation signification

The parameter that characterizes a filter is its attenuation in decibels (dB) and is measurable
through its So; parameter. This parameter corresponds to the transmission coefficient between
the input and the output of the filter. The S parameters matrix can be defined as the ratio between
the incident wave a; (Eq. 1.1), and reflected wave (Eq. 1.2), as it is described in Eq. 1.3 with

k.

Vit Zol;

s (1.1)

Q;
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- — Zol;

b = Vi Zoki (1.2)
27y
b;

Sij = P lax=0 (1.3)

J
These S parameters for a two-port network can be presented as in Fig. 1.5 by considering £

as an AC voltage and Zy the characteristic impedance with Zg = Z; = Zs = 509). S;; parameter
is the reflection coefficient of port ¢ when all the other ports are terminated by characteristic
impedances. The S;; parameter is the transmission coeflicient from port j to port ¢ considering

that all the other ports are terminated by characteristic impedances.

S21 |

71 11 I2
22

I S11 2ports S22 I
Q Network
E

S

12

Figure 1.5: S parameters of a two-port network

It must be noticed that it is mandatory to know input and output impedances in order to
correctly build the filter. Those impedances have a major influence on filter attenuation as pre-
sented in Sect. 1.3.3. It is necessary to characterize the filter under characteristic impedances, so
Zy = 71 = Zs = 508, but it is also necessary to predict the filter attenuation considering the real
impedances, by simulation or calculation.

1.3.1.1 Analytical calculation

S parameters can be expressed as a function of currents and voltages presented in Fig. 1.5. Eq.

1.1, 1.2 and 1.3 can be summarized and applied to the two ports network.

e Si1 = z%|a2:0’ it can be considered that as = 0 < V5 + Zyls = 0 and considering Kirchhoff
1&W,E=V1+Z0[1 :>S11:%—1

e Si9 = 2—;|a1:0, it can be considered that a; = 0 < V; + Zyl; = 0 and considering Kirchhoff

law, E = Vo + Zolp = S1p = 24t

e So1 = Z—ﬂa?:o, it can be considered that as = 0 < V5 + Zylo = 0 and considering Kirchhoff
law, E=Vi+ 2y = So1 = %

o Sy = Z—z|a1:0, it can be considered that a; = 0 < V; + ZyI; = 0 and considering Kirchhoff
law, E = V5 + Zyls :522:%_

In order to simplify all these equations, the AC voltage E can be fixed at E = 2V. Indeed, the S
parameters matrix can be presented as in Eq. 1.4.

5] = Su Sy _ (-1 W (1.4)
So1 Sao Voo Va-—1
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The output voltage of the two-port network is then the image of filter attenuation . It must be
noticed that the result is a voltage ratio and is dimensionless.

There are two types of noise and so two types of filter. Indeed, the filter must connected in
order to induce a DM or CM current, to extract its performance.

For the first case dedicated to DM noise, the filter must be connected in DM in order to extract
its performance in the presence of a DM current. Fig. 1.6 shows how it can be done by using Fig.
1.5 and considering the two-port network as the filter.

iz i
Z1

i
@ Filter

E

Figure 1.6: DM attenuation calculation

The AC source voltage E = 2V and the characteristic impedance Z; = 5012 are located between
both inputs and a characteristic impedance Zy = 502 is located between both outputs, in order
to extract V5, the image of the DM attenuation.

Figure 1.7: CM attenuation calculation

For the second case, the filter must be connected in CM in order to extract its performance
in the presence of CM current. Indeed, both inputs are shorted and connected to a characteristic
impedance Z; = 50€2 and the AC source voltage F = 2V. Outputs are also shorted and connected
to a characteristic impedance Zs = 5012, as presented in Fig. 1.7. A CM current flows through the
filter and, therefore, the voltage V5 is the image of the CM attenuation considering that 0 < o < 1
the proportion of the current going on each edge (depending on impedances).

This kind of calculation can be performed with nodal analysis such as in a SPICE simulator, or
using a modal analysis such as MKME. The choice here is to use a modal analysis as in [26, 27, 28],
which is very practical in terms of speed of calculation and genericity [29].

Another advantage of MKME is that everything is configurable and all parameters are grouped
and classified into two different categories: the intrinsic parameters and the modifiable ones. This
point is very important because the difference is clearly made between all the fixed parameters
(filter components and their parasitic elements) and all the modifiable ones (the coupling between
the components).
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Finally, it must be noticed that all the reasoning that will be presented is capitalized in a unique
generic tool and, therefore, speed of calculation and genericity are mandatory.
Indeed, MKME appears as a good choice to study filter attenuation considering inter-component

coupling. Consequently, it will be presented in detail in Chapter 4.

1.3.1.2 Attenuation measurement

The attenuation of a filter is measurable through its So; parameter. The dedicated device is the
VNA (Vector Network Analyzer) that can measure S parameters in magnitude and phase. The
principle is to connect the filter input to the first port and the filter output to the second port and,
thus, measure the corresponding S parameters (Fig. 1.8).

Figure 1.8: Filter attenuation measurement with a VNA

S11 parameter is thus the reflection coefficient of the first port, Ss; the transmission coefficient
from the first port to the second one, Si5 the transmission coefficient from the second port to the
first one and finally, Sao is the reflection coefficient of the second port.

Before performing any measurement, a VNA calibration must be done in order to compensate
wire and connector effects. Indeed, the reference plane is located at the input and output of the

filter in order to only measure the S parameters of the filter and not the filter including connections.

VINA Port 1 VNA Port 2

iz

Filter i

Figure 1.9: DM filter attenuation measurement

Both modes must be measured separately and Fig. 1.9 can be considered as a filter attenuation
measurement in DM. Actually, this configuration induces a DM current to the filter and, therefore,
its performance for a DM noise can be extracted. It must be noticed that a transformer is necessary
at the filter output. Its role is to insulate both ground ports of the VNA, in order not to short
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a part of the filter. Actually, the grounds of the two ports of the VNA are connected together
and, thus, the transformer is mandatory to extract the real DM filter attenuation with the So;

parameter and not only a part of the filter.

VINA Port 1 VINA Port 2

iL(1-a) Filter[” i, (1-a)

Figure 1.10: CM filter attenuation measurement

The CM filter attenuation measurement is based on the same principle as in the previous
subsection, the filter must be connected in order to induce a CM current. Fig. 1.10 presents this
kind of measurement, both inputs are shorted and connected to the first port of the VNA, and
both outputs are shorted and connected to the second port. Finally the So; parameter represents
the CM filter attenuation considering that 0 < o < 1 the proportion of the current going on each
edge (depending on impedances).

Examples here are for SMA connectors making the link between the filter and the VNA.

1.3.2 Filter structures

The main objective of a filter is to attenuate the disturbances generated by electronic equipment.
To do so, the idea is to introduce an impedance discontinuity. For example, if the input and
output impedances of the system, regarding the filter position, are low (regarding 5012), the goal
is to integrate a filter with a high impedance. Typically, inductances and common mode chokes
(CMCs) present high impedances whereas capacitors present low impedances.

Regarding the mode of the perturbation, the filter must be adapted for DM or CM or both.
All the structures that are presented in the following subsections can be used on their own or by
mixing them together. The structure has to be chosen according to the required attenuation. The
higher the number of filter cells in cascade, the higher the filter order and, therefore, the better
the filter performance. For instance, a single LC filter presents an ideal behavior of —40dB/decade
whereas a double LC filter in cascade presents an ideal behavior of —80dB/decade.

In the following subsections, different filter structures are presented but are not exhaustive.

1.3.2.1 Filter structures dedicated to low input and output impedances of the system
regarding the filter position

The objective of a filter is to introduce an impedance discontinuity. The system presents low input
and output impedances, regarding the filter position. Indeed, the filter should present high input
and output impedances (Fig. 1.11).
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Filter Structures

Input Output
system Differential mode Common mode system
impedance impedance

L L cmc
Lo - - WL W | e
L L

c :C I —
o —l_ ) ._'{Y&(YY\_.

cmc cmc

Figure 1.11: Example of structures for low input and output impedances of the system regarding

the filter position

The idea is, thus, to present a high impedance and to respect the current path. It must be
noticed that a differential mode choke (DMC) can also be used for DM filter structure. This
component is based on the same principle as CMC but dedicated for DM attenuation.

1.3.2.2 Filter structures dedicated to low input and high output impedances of the
system regarding the filter position

For this case, the system presents low input and high output impedances, regarding the filter
position. Indeed, the filter should present a high input impedance and a low output impedance
(Fig. 1.12).

Filter Structures
Input Output
system Differential mode Common mode system
impedance impedance

4 L :Eﬂl J— I

Low High
L]

L

o —l_ —l_= '_(YY\ T ey o

CMC CcmC

Figure 1.12: Example of structures for low input and high output impedances of the system

regarding the filter position

1.3.2.3 Filter structures dedicated to high input and low output impedances of the
system regarding the filter position

Now, the system presents high input and low output impedances, regarding the filter position.
Indeed, the filter should present a low input impedance and a high output impedance (Fig. 1.13).
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Filter Structures
Input Output
system Differential mode Common mode system
impedance impedance

High Low

T T,

cmc cmC

Figure 1.13: Example of structures for high input and low output impedances of the system

regarding the filter position

1.3.2.4 Filter structures dedicated to high input and output impedances of the sys-
tem regarding the filter position

Finally, for the case when the system presents high input and output impedances, regarding the

filter position, the filter should present low input and output impedances (Fig. 1.14).

Filter Structures
Input Output
system Differential mode Common mode system
impedance impedance

. 0 ="M
[ CI—“ =,
T o oL Sem_T

c c | p— I
1, T T,

cmcC

High High

Figure 1.14: Example of structures for high input and output impedances of the system regarding

the filter position

1.3.3 Influence of input and output impedances on filter attenuation

Until then, input and output impedances, in order to characterize the filter, are considered as
matched impedances such as Zy = Z; = Zs = 50€). However, those impedances are rarely matched
on a real application. Then, the filter will not have the same performance as the one predicted.

In order to illustrate this influence, let us take a first example presented in Fig. 1.15 of the atten-
uation calculation of a simple capacitor. The capacitor model is composed of the self-capacitance
in series with its parasitic resistance ESR and inductance ESL. This model is presented in detail
in Sect. 1.4.2.
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Figure 1.15: Attenuation calculation for a 10pF capacitor

Thus, in order to calculate the filter attenuation, £ = 2V and Z; = Z; = 5082 are considered.
The final attenuation in Fig. 1.16-a presents an efficient attenuation from 10kHz to 400MHz.
Actually, it comes from the impedance ratio in Fig. 1.16-b which confirms the frequency band of

attenuation.

C Filter Attenuation

:
Z,72,7500

Comparison between Z1 IZ2 & Zc

== Capacitor impedance

1Z1 10

I
5 I
= |
» 40 1
I
-50 !
1
-60 [ !
10kHz — 400MHz _ 10kHz — 400MHz |
€ > <€ >

70 L L L L 102 L L L L

10* 10° 10° 107 108 10° 10 10° 10° 107 108 10°
Frequency [Hz] Frequency [Hz]
(a) (b)

Figure 1.16: a- C Filter attenuation under matched impedances b- Impedances comparison

However, if the system presents a low impedance at the filter input (for example Z; = 1Q), the
final filter attenuation is degraded (Fig. 1.17-a) because the impedance ratio is not so high (Fig.
1.17-b). Thus, filter performance and frequency band are clearly reduced. This example shows the

importance of the good knowledge of system impedances.
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Figure 1.17: a- C Filter attenuation under non-matched impedances b- Impedances comparison

Another phenomenon that can come from the poor knowledge of impedances is the bad attenu-

ation of self-resonances. For a single LC filter, there is only one self-resonance (two components and

so one resonance) which is located at f; =

1
2V LC’

Generally, when impedances are matched, this

resonance is damped thanks to the 502 terminations. However, when impedances are unmatched,

this self-resonance is no more damped. Then, the filter can amplify instead of attenuating. Let

take the example of the filter in Fig. 1.18 with a 10pH inductor (the equivalent model is presented

in Sect. 1.4.3) and a 1pF capacitor. The self-resonance is thus located at 50kHz.

LC Filter Attenuation

10 . e T ,
| Rp=12kQ I
: Cp=1.2pF|
0 . ]
5mQ L=10uH |
Zl nducto'y "
0 N N 1T
-20 ESL=16nH
m' dl
2 ol ] |
% L
40 + ]
-50 8
-60 Z1=1 Q /Z2=509 i
Z1=ZZ=50(Z
_70 T 1 1 1
10 10° 10° 107 10°
Frequency [Hz]

10°

Figure 1.18: LC filter attenuation with matched and unmatched impedances

This kind of problems must be taken into account to avoid the amplification of signals that
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are supposed to be attenuated. A damping network must be integrated after the filter [30]. The
rule of thumb to design such damping network is to use a capacitor Cgpypnt = 4.C and a resistor
Rehunt = \/L/T For the present example, it gives Cspynt = 4uF and Rgpyunt = 382 as the damping
circuit, and provides good results, as presented in Fig. 1.19.

LC Filter Attenuation

1 ®
Z 1 | Cpshunt=2pF |
1

1
shunt=30Q)

S,, [dB]
A
o

7O e 2,212/ 2,250/ Damped
-80 Z,=10Q/Z,=509 / Undamped i
Z1=Zz=509
-90 S SSESS= e == 1 L
10* 10° 108 107 108 10°

Frequency [Hz]

Figure 1.19: LC filter attenuation with matched and unmatched impedances, with and without

damping

1.4 Modeling of passive components

1.4.1 Impedance measurement

For the purpose of building model, for filter structures presented in Sect. 1.3.2, it has been
mentioned briefly in Sect. 1.3.3, that a passive component has parasitic elements. Actually, a
capacitor is not a pure capacitance, as an inductor does not present a purely inductive behavior.
Passive components have a frequency behavior which must be characterized and transposed to an
equivalent electrical model, in order to correctly predict a filter attenuation for the frequency range
dedicated to the conducted emission tests (from 150kHz to 108MHz). However, the validity of the
models that are going to be presented can be extended to a wider frequency range.

All equivalent models are based on impedances extracted from measurements with the aim of
identifying parasitic elements. Different measurements can be performed to extract an equivalent
model.

The first one, which is the more direct one, is to use an impedance analyzer. The working
principle for an impedance analyzer is simple: a voltage is applied to the component and the
current flowing through the component is measured. This way, the extraction of the impedance is
direct thanks to Ohm’s law.

The second one is to use a VNA and by converting the S parameters to Z parameters, it is
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possible to extract the impedance.

For the VNA, the extraction is indirect because the impedance must be extracted from the S
parameters that are measured. Before any measurement, a first guess is necessary on the impedance
level which is going to be measured. According to the chosen measurement, So; series, So; parallel

or S1; (Fig. 1.20), the accuracy is not the same regarding the measured impedance [20, 31, 32, 33].

VINA Port 1

| VNA Port 1 || VNAPort 2 |

juauodwo)

(a) (b) (c)

Figure 1.20: a- Sopseries b- Sy parallel ¢- S7; measurements

The S5 series measurement is more dedicated to components that present high impedance, that
is greater than 50§2. This measurement is thus more dedicated to inductors or CMC. To calculate
an impedance from the measured series So1, Eq. 1.5 can be used, considering that Zy = 501 is
the VNA impedance.

7 — 2~ZO 1- SleeMes (15)
S2lse’r‘ies
The Ss; parallel measurement is more dedicated to component with a low impedance, such as

capacitors. To calculate an impedance from the measured parallel So1, Eq. 1.6 can be used.

S21 arallel
'4
(1 - Slearallel)

Z = Zog (1.6)

The S7; measurement is dedicated to component with an impedance near 50§2. To calculate

an impedance from the measured Sy1, Eq. 1.7 can be used.

1451
1-5u

Whether with the VNA or impedance analyzer, a calibration phase is mandatory in order to

7 =27

(1.7)

compensate for wire and connector effects.

The point that determines the measurement method is the frequency range and the required
accuracy. Actually, the impedance analyzer can measure an impedance from a tenth of Hz un-
til some MHz, whereas the VNA can perform a measurement until a few GHz. However, the
impedance analyzer measurement is very accurate from tenths of m$ until hundreds of k2 (Fig.
1.21) whereas the VNA measurements are much more limited [20].
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Figure 1.21: Measurement accuracy for impedance analyzer measurements [34]

1.4.2 Capacitor

A capacitor is a two-port passive component, widely used in filter structures. There are a lot of

different technologies of capacitors, such as:

e Ceramic capacitors: very stable in temperature and can work at high frequencies thanks to

their small size and small capacitance value (from 1pF until 10pF),
e Film capacitors: from 1nF until 10uF', very stable in temperature and frequency,

e Electrolytic capacitors: polarized and generally used at low frequency because of their high
capacitance value (from 1pF until 10mF'). The performance of electrolytic capacitor highly

depends on temperature.

Actually, each capacitor presents the same profile over frequency in terms of impedance. Fig. 1.23
presents the typical behavior of a 10uF capacitor.

The used impedance analyzer has an operational frequency band from 20Hz until 30MHz and
thus limits the model to this frequency band. To go farther, it is possible to perform a measurement
with the VNA and, therefore, widen the frequency band in which the model is valid.

Different models for capacitor exist like in [35, 36] but the model that combines simplicity
and accuracy is composed of a capacitance C' (the self-capacitance of the capacitor), a parasitic
inductance ESL and a parasitic resistance ESR (Fig. 1.22).

| YN AN
cl | ESL ESR

Figure 1.22: Equivalent model of a capacitor
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Capacitor Impedance
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Figure 1.23: Impedance of a 10pF capacitor

From Fig. 1.23, the three types of behavior can be identified:

e At low frequency, the capacitive behavior is dominant. From 20Hz until hundreds of kHz, it is
clearly identifiable with its —20d B /decade negative slope. In order to extract the capacitance
value, the idea is to choose a frequency where the slope is constant and apply the impedance
relation Z¢ = jﬁ For example, at 1kHz, the impedance can be extracted (Z¢c = 15.692)

and finally gives a capacitance value of C' = 10uF.

e Then, the resonance appears, which marks the transition from the capacitive to inductive
behavior. At this particular frequency, both behaviors compensate for each other, thus the
resistive behavior is dominant. In the present example, the resonance appears at 350kH z,
the impedance value is about 30mS2, which provides the ESR.

o Finally, the inductive behavior appears and is clearly identifiable thanks to the +20d B /decade
slope. This inductance is called the equivalent series inductance and corresponds to the ca-
pacitor connections. Consequently, the bigger the capacitor (in size), the higher the ESL. In
order to extract the inductance value, the idea is to choose a frequency where the slope is con-
stant and apply the impedance relation Z; = jLw. For example, at 10M H z, the impedance
can be extracted (Zgsr = 1.2692) and finally gives an inductance value of ESL = 20nH.
Another possibility to determine the inductance value is to use the resonance frequency. Ac-
tually, at the resonance frequency, the capacitive and inductive behaviors compensate for
each other. Thus, Zgsr = Z¢ and, consequently, ESL = W that gives a value of
ESL =20nH.

Particular case of electrolytic capacitors:

As explained at the beginning of this section, electrolytic capacitors are widely used when a
high value of capacitance is required. However, the main drawback is that the frequency band
where the equivalent series resistances ESR is dominant is wide and, therefore, its variation is
visible [37].
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Electrolytic Capacitor Impedance
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Figure 1.24: Impedance of a 22pF electrolytic capacitor

Fig. 1.24 clearly shows that the capacitive and inductive behaviors are still easily identifiable
whereas the resistive part is hard to determine because of its variation. Consequently, it is not
possible to simply use the RLC in series model for an electrolytic capacitor. The model in Fig.
1.25 can be used to reproduce this particular behavior. The methodology to determine each cell

of the model is described in [38] and more generally in [20].

Cn—Rn
H )
|
C2 | R,

. | | NY\_/\/\/\_.
G| | ESL R:

Figure 1.25: Equivalent model of an electrolytic capacitor

1.4.3 Inductor

An inductor is a two-port component, generally composed of a coil wound on a magnetic material.
The objective of an inductor is to present a high impedance, so that, when a current flows through
the component, the magnetic material increases the impedance and finally improve the filtering.
There are several types of inductors: the horizontal inductor, the vertical one or the toroid inductor
(Fig. 1.26).
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W,

Wi = %=

Figure 1.26: a- Horizontal b- Vertical c- Toroid inductors

The typical frequency behavior of an inductor is presented in Fig. 1.27.

Inductor impedance
I ‘
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Figure 1.27: Impedance of a 2pH inductor
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Figure 1.28: Equivalent model of an inductor

Different models exist to describe an inductor behavior like in [35, 39]. Here, Fig. 1.27 presents
a typical behavior and it begins by a resistance Rs which is related to the resistance of the wire.
Then the inductive behavior appears, which is characterized by L, the self-inductance of the
component. The resonance appears, where the parallel parasitic resistance R, is related to losses
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in the magnetic material. Finally, the capacitive behavior characterized by C, is related to the
capacitance between each turn and also between both ports.

The measurement has been performed in two steps as can be seen in Fig. 1.27. Actually, the
measurement with the impedance analyzer does not provide enough information on the inductor
to have a complete model. Moreover, to obtain the entire typical behavior of an inductor, the
first measurement is completed with an impedance extracted from a VNA measurement. The four
steps of behaviors can be determined:

e At low frequency, the series resistance Ry is clearly identifiable and Ry = 75mf),

o Then, the inductive behavior appears, this part is recognized by the +20dB/decade slope. In
order to determine the inductance value, the method used to extract the parasitic inductance
of a capacitor can be used. For example, at 1M Hz the impedance can be extracted and

Zy = 12.69. It gives an inductance value of L = 2uH.
o The resonance appears and the parallel parasitic resistance R, can be extracted: R, = 6.8k2.

o Finally, the capacitive behavior is identifiable with its —20dB/decade negative slope. The
capacitance value can be extracted in the same manner as for a capacitor. However in this
case, the capacitive behavior is not totally stable. Indeed, the resonance frequency is used to

extract the capacitance value such as C}, = Wﬁ and it gives for the present case a value
of C), = 0.2pF.

Particular case of multi-resonance phenomena:

On power electronics, the components that composed the filter can have a relative big size.
Therefore, propagation effects can appear on the frequency range of interest (below 108MHz) and
can induce multi-resonances phenomenon (Fig. 1.29). Thus, the classic model, only composed of

a series resistance and an RLC in parallel, is not sufficient to reproduce this kind of behavior.

Inductor Impedance
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Figure 1.29: Impedance of a 24pH inductor
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Consequently, it is sometimes necessary to use a more complete model to have a good repre-
sentation of the reality. The multi-resonance model presented in Fig. 1.30 is based on cascaded
parallel RLC cells. All those cells are calculated from resonance frequencies (f,) and anti-resonance

frequencies (fy).

Cpl” szll Cpn
W W W
pl p2 pn
—ANN M MY\L ... Mmn_1l,
Rs L: L2 Ln

Figure 1.30: Equivalent model of an inductor with multi-resonances

The model in Fig. 1.30 comes from [40] and is derived to be applied to inductors. The first step
of the model definition is to determine the first cell: same methodology as for a classic inductor.
Then, in order to determine the next cells, the calculation is based on previous cells, resonance

and anti-resonance frequencies:

Inductor Impedance
T T

Measurement

= = Model

12| 1€

1 1l 1
10° 108 107 108 10°
Frequency [Hz]

Figure 1.31: Three cells multi-resonance model for a 24pH inductor

The resistance values are determined at the resonance frequency as presented for a classic
inductor. Then, Fig. 1.31 presents the model for the 24pH inductor; three cells were required in
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order to have a good model from 150kHz to 108MHz, the frequency range of interest.

1.4.4 Common mode choke

A common mode choke (CMC) is a four-port component, made of two coils wound on the same
magnetic toroid core. Both coils can face each other (Fig. 1.32-a) or be wound together (Fig.
1.32-b).

) (]
Coil Coil
n°1 n°2

(b)

Figure 1.32: CMC windings a- facing each other b- wound together

It must be noticed that a CMC has its two windings in the same direction. This way, when a
CM current goes through the component, a magnetic field is generated inside the core, increasing
the impedance and, finally, the CMC can play its filtering role. A differential mode choke (DMC)
has its two windings in the opposite direction to play its filtering role when a DM current goes
through the component. Here, only the CMC model is presented. Nevertheless, it is possible to
use this method to build a model for a DMC, simply by inverting the two measurements.

There are two predominant modes for a CMC and, therefore, two measurements are required
to build the CMC model:

o A CM measurement, to apply a CM current to the CMC (Fig. 1.33-a),

o A DM measurement, to apply a DM current to the CMC (Fig. 1.33-b).

wUy 7T\

(a) (b)
Figure 1.33: a- CM b- DM measurements
Therefore, the self-inductance properties of the choke are extracted from the CM measurement,

whereas its leakage properties are extracted from the DM measurement. Typical DM and CM

measurements are presented in Fig. 1.34.
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Figure 1.34: DM and CM impedances of a 2.5mH CMC

Different models exist in the literature, like in [41, 42], but are generally limited, in terms of
behavior representation or frequency. Furthermore, in the majority of the existing models, two
different models exist for the CMC, one for DM and one for CM. Therefore, we developed a model
that can represent different typical behaviors of CMC, that can be valid until high frequency and
that can group DM and CM in a same model.

The objective here is to present the three different models that were developed for three different
types of behaviors. Those models consider both CM and DM of CMCs. The first model is the
simplest one and consists of single parallel-RLC based circuits. This model is sufficient if there is
no multi-resonance in the frequency range of interest (like for inductors) and if the permeability
of the magnetic material is constant as a function of frequency. Then, a model of a CMC inspired
from [40] will be explained. The proposed model will be applied to several different CMCs and
its validity will be shown. The last model is based on a methodology which makes it possible
to approximate an inductive slope different from +20dB/decade. This model enables to build
a representative model for all types of CMCs, regardless the steadiness of the permeability in

frequency.

1.4.4.1 Classic model

In this model, each winding of the CMC is considered as a simple inductor and is modeled by
using the classic model of an inductor with its parasitic resistance and capacitance (Fig. 1.35).
The left part is dedicated to CM and the right part to DM. The self-inductances Ly are coupled
by a coupling coefficient ks = +1 in order to have an impact only on CM. Moreover, the leakage
inductances L; are coupled by a coupling coefficient k; = —1 in order to have an impact only on
DM.
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Figure 1.35: Classic CMC model

The Rgeries element is the parasitic series resistance and comes from the wire resistance of each
winding. This element is not part of CM or DM but can be visible in CM, DM or both. It can
be clearly identified with its resistive behavior at low frequency. Eq. 1.10 can be used to extract
this value from CM and DM measurements with Rg.-iespay the extracted resistance in DM and
Rgeriesom the extracted resistance in CM.

Rseries
Rseries = % = 2'RseriesCM (110)

Common mode:

In order to identify Ly, Cs and Ry, the first step is to extract Loas, Coy and Repy directly
coming from the measurement presented in Fig. 1.33. The methodology to extract those values is
the same as for a simple inductor. In the present case, it gives Loy = 2.5mH, Copr = 15.6pF
and Ropy = 18k€2. To go from CM impedance to self-impedance, Eq. 1.11, 1.12 and 1.13 are used.

L.= Lo (1.11)
C, = Conr/2 (1.12)
Rs =2.Rowm (1.13)

Finally, it gives for the present case Ly = 2.5mH, Cs = 7.8pF and R = 36kS).
Differential mode:

As far as the leakage is concerned, the first step is to extract Lpys, Cpy and Rppy directly
coming from the measurement presented in Fig. 1.33. In the present case, it gives Lpys = 23.4uH,
Cpy = 8.2pF and Rpys = 19.4k€Q. To go from DM impedance to leakage impedance, Eq. 1.14,
1.15 and 1.16 are used.

Ly = Lpy /4 (1.14)

C,=2.Cpu (1.15)
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Ry = Rpu /2 (1.16)

Finally, it gives for the present case L; = 5.85uH, C; = 16.4pF and R; = 9.7kQ2.
Fig. 1.36 presents the comparison between DM and CM measurements and their models. There

is a good agreement but in order to extend the valid frequency band, the multi-resonance model

can be used.

CMC impedances - Classic model

10° w .
cM
. = = +CM model
. | DM
10 DM model

1zrel

108 107
Frequency [Hz]

108 10°

Figure 1.36: Classic model of a 2.5mH CMC

1.4.4.2 Multi-resonance model

The multi-resonance model for CMC, like multi-resonance model for inductors, is based on [40].
The model is presented in Fig. 1.37 and the cells calculation is based on the same equations as
in Sect. 1.4.3. The indices n and m refer to the sufficient number of cells to model the CMC.

Actually, the sufficient number is equal to the number of resonances that must be represented.

Csll I Csnl I CllI I ClmI I
Coil Rs1 Rsn R Rim
w1 Lm L,
Rseries Ls1 Lsn L Lim
ks=+1 ks=+11 ki=-1 ki=-1
Rseries Ls1 Lsn L Lim o
Coil U/ UN
n2 Rs1 Rsn p A Ri1 Rima A
Cs1] | Csn| | Cizy| Cim| |

Figure 1.37: Multi-resonance CMC model
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For the present case, in order to have a representative model until at least 108MHz, two
resonances in CM must be represented and three in DM. Indeed, it gives n = 2 cells in CM and
m = 3 cells in DM. Thanks to Eq. 1.8 applied to CMC for DM and CM, it gives an equivalent
model with a result presented in Fig. 1.38. Finally, the model is valid and representative in the

current frequency range of interest but can also be extended by using additional cells.

5 CMC imped - Multi-r model 5 CMC imped - Multi-r model
10 T T T T 10 T T T T
cMm DM
= =+ CM model DM model
]
104 | "‘ 4
\ I
10° £ \
= \
< \
102 F 5
101 L
/’
1 01 1 1 1 L 100 1 1 L 1
10 10° 10° 10 10° 10° 10 10° 10° 107 10° 10°
Frequency [Hz] Frequency [Hz]

Figure 1.38: Multi-resonance model of a 2.5mH CMC

1.4.4.3 Dispersion model

The dispersion model comes from a real need to build model for all types of CMC. Dispersion can
be identified when the inductive slope is lower than +20dB/decade. Tt comes from the decrease
of magnetic permeability of the closed material constituting the CMC. Actually, the higher the
permeability, the lower the cut off frequency as presented in Fig. 1.39. It presents an example of
the evolution of the magnetic permeability over frequency for nanophy cores [43]. Those materials

present very high permeability and, therefore, the dispersion is clearly visible at low frequency.

100 000

N
\\~
~\':=\
N
M
10 000
NITHL SN
N\ N
\ \\\.\
\m
1000 |
1 10 100 1000 10000

Frequency (kHz)
Figure 1.39: Example of permeability over frequency for nanophy core [43]

In most cases, the permeability of the magnetic material is assumed constant with frequency.
However, it must be noticed that it is actually impossible to have a magnetic material with constant
permeability, but this variation often occurs in high frequencies. Nevertheless, some magnetic
materials present this feature at low frequency, which has an influence on the impedance.

For this type of magnetic material, the classic model, which is a simple parallel RLC, is not
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sufficient. The main characteristic of a dispersive material is that the inductive part is not identi-
fiable with a constant +20dB/decade slope. The slope is positive but lower than +20dB/decade.
In [44], a methodology which uses multiple parallel-RL cells in order to reproduce the behavior of
this kind of CMC is introduced. However, it is said that the approximated values of R and L are
empirically determined. A method is defined in order to calculate those cells which are effective to
reproduce such behavior. The general structure of the dispersion model is presented in Fig. 1.40.
This model is only applicable to CM because the dispersion can only be visible in CM. Actually, in
CM, the magnetic material presents a high permeability and, therefore, the permeability decrease
can easily visible. However, in DM, the relative permeability is very low and, thus, that decrease
cannot be visible.

Rseries Ls1
ks=+11 ks=

Rseries Ls1

Coil Rs1 Rsn
n°1 A A

Coil

n2 Rsipn | ] Rsnh A Ri

Figure 1.40: Dispersion CMC model

In order to explain how to calculate those cascaded RL cells, a simple example for a +6dB/decade
slope between 1MHz and 10MHz is used. The first step is to define the number of cells that are
required to reproduce that kind of behavior. The first studies show that three cells for each decade
are sufficient (Fig. 1.41). The objective for those cells is to spread their cut-off frequencies over
the defined frequency range from 1MHz to 10MHz.

0 Impedance vs Frequency

w5 |R1 Vv RZW Rs VV |
M M YL

L1 L2 L3

Celln°3
251 Cell n°2 / 1
Celln°1 / /

Impedace [dB]
N
o

(9]
T

10° 108 107 108
Frequency [Hz]

Figure 1.41: Three cascaded RL cells
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It must be noticed that the amplitude of the impedance cells are totally arbitrary in Fig. 1.41.
The important point is the location of their cut-off frequencies which are spread over the decade. In
the case of three cells, there are two components per cell: one resistance and one inductor. Indeed,
there are six unknowns and, therefore, six equations are required to calculate all the elements. The
method is to define six points at which the total impedance is going to be calculated in order to

determine all parameters.

For example, at 2MHz the measurement level can be written as Z,,,,,,,.. With the three defined
cells, the total impedance can be expressed as the sum of those three cells:
ZszHz = Zcelll + Zcell2 + ZcellS (117)

However, this equation can be reduced thanks to the distribution of the cut-off frequencies over
the frequency range.

ZszHz =R+ ](L2 + L3>W2MHz (1.18)

Using the same reasoning, a system with six equations and six unknowns can be built as follows:

s 0 0 0 jwimm: JwiMH: JWiMH: Ry
Zminins 100 0 JWIMH: JWiMH-= Ry
Zmos= | _ | 1 00 0 JWoMHz JW2MH-= ' R3 (1.19)
L 110 0 0 JW3MHz Ly
Zmnrr 110 0 0 JWeMHz Lo
Znronrn. 111 0 0 0 Ls

The last step is to invert the matrix to finally obtain the components of each cell. In order to
illustrate this example, Fig. 1.42 presents a curve with a slope of +6dB/decade and the impedance
of our model with three cascaded RL cells. The model provides a behavior really close to the

measurement and enables to validate the methodology. The relative error does not exceed 2%.

Approximation of a +6dB/dec slope
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Figure 1.42: Impedance of three cascaded RL cells compared to measurements

This methodology can be applied to a real dispersive CMC as in Fig. 1.43.
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Figure 1.43: Dispersion model of a 2.4mH CMC

1.5 Conclusion

In this chapter, the main concept of EMI filter design were presented. The different EMI noise
sources were introduced, such as DM noise source coming from power supply or switching cells
and CM noise sources coming parasitic capacitances between an equipment and its reference.
Therefore, in order to reduce those noises, different possibility of filter structures were presented.
Then, equivalent electrical models of passive components building up the filter are presented.
For capacitors and inductors, existing electrical models were presented. As long as CMCs were
concerned, different models were developed for three different types of behaviors.
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2.1 Introduction to the equivalent coupling model principle

In order to determine a mutual inductance between two passive components, the equivalent cou-
pling model of each component must be known. For some components like capacitors or inductors,
their equivalent coupling model can be reduced to a simple surface, thanks to their geometri-
cal properties. However, for more complex components, such as CMCs, several surfaces must be
considered to correctly model it.

It must be noticed that the equivalent coupling surface is not a physical surface: it is a model
that simplifies and represents the magnetic sensitivity of a passive component. The equivalent
coupling model is then fixed for each component and can represent a coupling level whatever the
orientation of the component, while considering the skin effect, the proximity effect (with PCB
ground plane) or the presence of a magnetic material.

The idea is to characterize the component under a uniform well-known magnetic field and
determine if the component has a preferred orientation and if it is sensitive to that magnetic field.
Indeed, the equivalent coupling surface is determined considering a uniform magnetic field using
the TEM (Transverse ElectroMagnetic) cell.

The following section presents the TEM cell, its main properties and how to determine the
magnetic field level inside the cell. Then, the measurements with the TEM cell are presented,
when the direction of the surfaces can be determined a priori or not. The methodology to extract

the equivalent coupling model is presented and finally applied to capacitors, inductors and CMCs.

2.2 The TEM cell

A TEM cell (Fig. 2.1) is based on a 50€2 transmission line principle, built with three conductors:
two ground planes and the center conductor called the “septum” [45, 46, 47]. The TEM cell used

for experiments is the one dedicated to integrated circuit characterization [48, 49].

Port 2 - VNA

A

Septum v

Figure 2.1: The TEM cell

The cell is powered by an RF source, a VNA in our case. This way, a quasi-uniform electro-
magnetic field is generated inside the cell [50, 51, 52, 53]. The field is considered uniform [48, 54] as
long as the width of the cell is lower than half a wavelength. Considering the dimensions presented
in Fig. 2.2 and Eq. 2.1, it gives a frequency limit of 833MHz for that TEM cell.

A=c/f (2.1)
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Figure 2.2: TEM cell dimensions

The field value generated inside the cell depends on injected power [45, 55]. The TEM cell
is powered by the first port of the VNA. The second port of the VNA is connected to the DUT
(Device Under Test) installed in the cell ceiling. The So; parameter thus quantifies the transfer of
the uniform electromagnetic field to the DUT.

Before operating the TEM cell, it is essential to know the magnetic field generated inside the
cell. The induced wave inside the TEM cell is considered a plane wave. The wave vector k is
constant and parallel to the septum. The electric and magnetic field components of the wave,

Ergym and Hrgyy, are located in the plane perpendicular to the propagation direction, and can

be represented as in Fig. 2.3.

S\YiiTZZle
T S©=

Figure 2.3: Electric and magnetic fields in the plane perpendicular to the propagation direction

Considering that the size of the DUT is small compared to the one of the cell and that the DUT
is located in the middle of the cell ceiling, the field vectors Ergy and Hrpas can be represented

as in Fig 2.4.

Port 2 - VNA

|_|
Erem
VNA Septum
- 500
k

Figure 2.4: Magnetic and electric field vectors considered in the TEM cell
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2.2.1 Analytical calculation of the magnetic field inside the TEM cell

First of all, let us consider Eq. 2.2 to establish a link between the magnitude of the electric field
——— e

||[ETEr]|| and the one of the magnetic field ||Hrga|| taking into account the impedance of the

propagation medium 7y = 1207.

I|Ereml|| = nol|HrEM| (2.2)

VNA

TEM cell

500

|

Figure 2.5: Equivalent circuit of the TEM cell measurement

Using the equivalent circuit in Fig. 2.5, the electric field inside the TEM cell can be calculated:

VTEM = Vg/2

i = = = -2 oV, =\/8P.Z
2 Zo 8 Zo g 0

—_— V. V8P, Z
1Brem|| = 52 = —=— > (2.3)
with P;, the power injected into the first port, Zy the characteristic impedance of the cell and
h the distance between the septum and the ground plane. Using Eq. 2.2 and Eq. 2.3, the magnetic

field inside the TEM cell can be expressed:

—_— V8P Z,
l|Hreml|| = 7}”;3 " (2.4)

giving for a 10dBm injected power, a theoretical value of 88mA /m for the magnitude of the
magnetic field.

2.2.2 Magnetic field measurement in the TEM cell

Using a magnetic field probe, the field inside the TEM cell is measured in order to confirm the
calculation. To do so, a calibrated magnetic field probe is placed inside the cell so that the normal

to the surface of the probe is in the same direction as the magnetic field (Fig. 2.6).
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Port 2 - VNA

Port 1 HﬁM@@i)L@@

VNA Septum

Figure 2.6: Magnetic field measurement in the TEM cell

The TEM cell is powered by the first port of the VNA and the S3; parameter measured at the
second port, connected to the probe, represents the magnetic field inside the cell. Fig. 2.7 presents
this S5 parameter extracted from measurements. The noise observed at low frequencies is due
to the limitation of the VNA measurement dynamics. Thus, Fig. 2.7 compares the measured So;

parameter with the typical dynamic range of a VNA (about 100dB). It is then clear that, below
300kHz, no valid measurement can be extracted.

Comparison between the S21 parameter and the noise floor
-20 T T

S,, parameter

= =+ Noise floor

s, [dB]

140 b ‘ | ‘ |
10* 10° 108 107 108 10°
Frequency [Hz]

Figure 2.7: S9; parameter measurement

Furthermore, another parameter which must be checked is the standing wave ratio (SWR) as
presented in Fig. 2.8. In fact, beyond 800MHz, the SW R starts deviating significantly from 1 and
therefore no valid measurement can be extracted hereafter (when SWR>1.2).
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Figure 2.8: Standing Wave Ratio inside the cell

Those two parameters give a valid frequency band going from 300kHz to 800MHz. Then,
after extracting all S parameters and determining the valid frequency range, the So; parameter is

converted to an emf (electromotive force) induced to the probe:

€mfp,~0be =1/ 2Z0|521|2Pm€j¢321 (25)

The magnetic field can be calculated using the antenna factor AF and using Eq. 2.6.

—
||HTEM|| = emfprobe~AF (26)

The antenna factor depends on the used magnetic field probe. For the used one presented in

Fig. 2.9, the diameter is of 10mm and its associated antenna factor changes with frequency.

Antenna Factor

10° .

T

10°
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% 108

102
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Figure 2.9: Magnetic field probe - Antenna Factor

Finally, Fig. 2.10 provides the evolution of the magnetic field over frequency :
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Figure 2.10: Magnetic field inside the TEM cell, extracted from S parameters measurement

As can be seen in Fig. 2.10, the extracted value of the magnetic field is quite constant from
300kHz until 300MHz (83mA/m for P;, = 10dBm), which is very close to the one calculated in
Sect. 2.2.1. It can be noticed that, in the following sections, that evolution of the magnetic field

will be used to obtain the most representative value.

2.3 DUT measurements in the TEM cell

2.3.1 Definition of the normal to the coupling surface

The first measurement to be carried out is the determination of the direction of the coupling
surface, i.e. the orientation for which the induced electromotive force is the highest. According to
Eq. 2.7, it is possible to calculate an electromotive force generated to the DUT from the measured

S91 parameter.

emf = 220|321|2Bn€j¢521 (27)

This step also makes it possible to determine if only one equivalent surface is necessary for the
model. Thus, using the following measurements, it is determined if there is one or more preferred
orientations and, consequently, one or more coupling surfaces. To do so, the orientation of the
coupling surface of a simple loop can be determined by performing different measurements (Fig.

2.11) corresponding to different orientations.
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Figure 2.11: Measurements to determine the direction of the coupling surface

Using the nine measurements presented in Fig. 2.11, it is possible to extract the associated
emf at a fixed frequency to compare the orientations. The result is presented in Fig. 2.12 and it
clearly appears that orientation n°5 is the preferred one.

105 emf extracted from S2 1 parameter at 1MHz
4

emf [V]

Orientations

Figure 2.12: Electromotive forces extracted from Sy parameter at 1IMHz.

It can be concluded that there is only one preferred orientation and, therefore only one equiv-
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alent coupling surface. Then, the sensitivity of the loop can be modeled as one simple loop.
That measurement is called from now the measurement at 8 = 0°, which means the coupling
surface of the DUT and the field crossing this surface are collinear. Furthermore the direction of

the coupling surface is determined by the right hand rule (Fig. 2.13).

Port 2
VNA

Figure 2.13: Orientation and direction of the coupling surface for a loop

This step is mandatory when the direction of the coupling surface cannot be determined a

priori.

2.3.2 Measurements to be carried out on the DUT

Once the orientation of the coupling surface of the loop is known, two measurements must then
be carried out, the first for # = 0° where the coupling surface and the field are collinear and in
the same direction, the second for # = 180° where both vectors are collinear but in the opposite
direction (Fig. 2.14). These two measurements are needed in order to cancel the electric field

contribution; it will be described in Sect. 2.4.1.

— —
HTEM HTEM

W WY 453

Figure 2.14: Measurements at 6 = 0° and 6 = 180° on a loop

Fig. 2.15 plots the electromotive forces obtained from both measurements. Those measure-
ments are valid from 300kHz because of the measurement dynamics and up to 100MHz due to the
matching of the TEM cell.
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emf extracted from 321 measurements at 0° & 180°
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Figure 2.15: emf extracted from S parameter measurements at = 0° and 6 = 180°

2.4 Extraction of the equivalent coupling surface

Once the electromotive forces are extracted, three operations must be carried out in order to

extract the equivalent coupling surface:

e The first step consists in removing the electric field contribution to consider only the contri-

bution of the magnetic field,
e Then, the second step takes into account the influence of the DUT impedance,

e Finally, the third step determines the equivalent coupling surface of the component.

2.4.1 Subtraction of the electric field contribution

This part re-uses the measurements performed in Sect. 2.3.2. These electromotive forces, em fgo
and em f1gg°, can be decomposed into two parts in Eq. 2.8 and Eq. 2.9. The first one is dedicated
to the magnetic field contribution emfy and the second one is dedicated to the electric field

D iy
contribution em fg.

emfo = emfu + emfr (2.8)
emfigee = —emfy + emfg (2.9)

This makes it possible to use only the contribution due to the magnetic field (Eq. 2.10):

—— emfoo — emfigpe

emfg = 5 (2.10)
emfr = emfor + em fisoe (2.11)

2
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Fig. 2.16 depicts the evolution of the electromotive forces due to the two different contributions.
It can be noticed that the magnetic field contribution is higher than the one of the electric field

on the whole frequency band.

102 emf coming from the magnetic and electric field contributions

Electric field contribution
Magnetic field contribution

108 107 108
Frequency [Hz]

Figure 2.16: Electromotive forces coming from the magnetic and electric field contributions

2.4.2 Integration of the impedance of the DUT

The next measurement is carried out on the DUT using an impedance analyzer [20], with the aim

of canceling its influence on the measurement.

Impedance of the DUT
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12| 1]
3

102 10* 108
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Figure 2.17: Impedance of the DUT

The DUT can be modeled by a simple RL circuit in series with Rpyr = 2.7mS and Lpyr =
27nH. Tt must be noticed that, as it is presented in Sect. 1.4.1, the extracted value of the resistance
presents more than 10% of uncertainty. However, it does not have an influence on the final result
as long as this impedance is inferior to 50€2. Actually, in order to include the impedance influence
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and correct the extracted electromotive force, the following equivalent circuit can be considered
(Fig. 2.18).

Zpurt

ZVNA=500Q

Figure 2.18: Equivalent circuit of the measurement

with m the part of the measured electromotive force coming from the magnetic field con-
tribution, Zy x4 = 5082 the impedance of the VNA, Zpyr the impedance of the DUT, Vpyr its
associated voltage, i the current through the loop, em fy the corrected emf which is finally used
to calculate the coupling surface of the DUT.

Consequently, Eq. 2.12 can be established to calculate emfy (Fig. 2.19). That equation
validates the fact that, if the DUT impedance is very small regarding 50€2, it does not have an
influence on the final results.

emfg = Vpyur +emfg =emfy <DUT+VNA)

2.12
ZyNA (2.12)

Corrected voltage used to calculate the coupling surface

108 107 108
Frequency [Hz]

Figure 2.19: Corrected voltage used to calculate the coupling surface

2.4.3 Extraction of the equivalent coupling surface

Using the final corrected electromotive force, it is now possible to calculate the equivalent coupling
surface using the following formula:
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— ) _
emfy = —jwBrenr - See = —jwpo||Hr e || ||Secl|cost
— emjy
|| Secll = ! (2.13)

—jwpo||Hrem||cosd
with # = 0° the orientation of the DUT inside the TEM cell (Sect. 2.3.2) and S, the equivalent
coupling surface of the DUT. As illustrated in Fig. 2.20, the equivalent coupling surface is relatively
constant over frequency and equal to S.. = 55mm? at 1MHz.
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Figure 2.20: Equivalent coupling surface for a 8mm diameter loop

This value can also be determined using the dimension of the loop. It is directly linked to the

2. Furthermore, the loop ends on the bottom face

surface of the 10op Sipep = 7(d/2)? = 50mm
of the FR4-PCB, having 1mm thickness, as shown in Fig. 2.21. Therefore, an additional surface
Sadditional = dmm? can be added to Sioop, Which gives a total surface determined by geometrical
parameters: Syt = 55mm?. It can be concluded that the equivalent coupling surface for a simple

loop is basically its physical surface.

Additional
Surface

Figure 2.21: 8mm diameter loop
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2.5 Application case: the capacitor

All the steps defined in the previous part are now applied to the particular case of a capacitor. For
this example, the 10pF capacitor presented in Fig. 2.22 will be used.

Figure 2.22: Application case: 10nF capacitor

2.5.1 Measurements performed on the DUT

In the same way as for the simple loop (Sect. 2.3), different measurements are performed to
determine the preferred orientation. It turns out that the coupling surface is located and oriented
like the surface delimited by both pins. Thus, the two measurements presented in Fig. 2.23 will
be used for the next steps.

W

VNA ! @
Port 2 ! ‘ _;
VNA YS

Wb

VNA

180°

Figure 2.23: Measurements at § = 0° and 6 = 180° on a 10pF capacitor

2.5.2 Measurement post-processing

As presented in the first case for a loop, three steps are needed to extract the equivalent coupling

surface:

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters



CHAPTER 2. EQUIVALENT COUPLING MODELS OF PASSIVE COMPONENTS 69

e Remove the electric field contribution to only use the magnetic field contribution,
o Include the influence of the capacitor impedance (Sect. 1.4.2),
o Extract the equivalent coupling surface over frequency (Fig. 2.24).

The measurements are valid from 130kHz to 100MHz because of the measurement dynamics and
the SW R. Furthermore, to extract a valid equivalent coupling surface, the slope of the impedance
has to be checked. The impedance has to present an inductive behavior, i.e. a 4+20dB/decade
slope. For this example, the first resonance frequency of the capacitor is located at 39kHz and so,
from 130kHz to 100MHz, the impedance has indeed a +20dB/decade slope.

Equivalent coupling surface - 10puF Capacitor

200

20 I |
10° 107 108
Frequency [Hz]

Figure 2.24: Equivalent coupling surface on a 10pF capacitor

A value of S.. = 112mm? can be extracted at 10MHz. This value is relatively constant from
1MHz to 100MHz, but slightly decreases when frequency increases. This comes from skin and
proximity effects with the PCB ground plane: the current tends to flow on facing surfaces and,

consequently, the equivalent coupling surface will decrease as observed and discussed in [4].

2.5.3 Geometrical approximation

A capacitor can be geometrically approximated as a simple loop; the equivalent coupling surface
is located between the pins of the component, the ground plane and the internal structure (Fig.
2.25). Tt is thus possible to calculate a value of Se. = 113mm?2.

This makes up for a good approximation, but the internal structure of the component has to
be known, and it does not provide evolution with frequency. Therefore, such an approximation
requires the component to be broken up or to be analyzed by Xray. The geometrical approximation
provides a good tendency for design, but it is difficult to set up. As a result, the best way to
determine the equivalent coupling surface of a capacitor is a measurement with the TEM cell.
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-

dint=3mm
+1mm (width of PCB)

dpins=28.4mm ' y

Figure 2.25: Internal structure of a capacitor

2.5.4 Validation of the coupling model with a uniform magnetic field

The aim of this section is to validate the coupling model using a uniform magnetic field and by
calculating the electromotive force to be compared with measurements. The example in Fig. 2.26

can be considered, which corresponds to a measurement with 8 = 30°.
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\
\
\

->

S
*30°

Figure 2.26: Example of validation of the coupling model for a capacitor

Eq. 2.13 can be recalled and applied to this case, where § = 30° and the equivalent coupling

surface is considered constant.

. H o
emfiy,. = —jwpol[Hrm||-[[Sec||-cos(30°) (2.14)

considering that ||PE4>|| is the magnetic measured inside the cell (Sect. 2.2.2) and ||S—>ec|| the
surface of the capacitor extracted from measurements in the TEM cell (Sect. 2.5.2).

Fig. 2.27 depicts the electromotive force calculated from the coupling surface and a measure-
ment at & = 30°. It can be concluded that the model really fits with the electromotive force

extracted from measurements.
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Comparison between eme

102 extracted from measurement and model
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10 : '
10° 107 108
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Figure 2.27: Comparison between em fy extracted from measurement and model

2.5.5 Particular case of MLCC capacitors

As far as MLCC capacitors are concerned, the principle remains the same as for bigger capacitor.
The component is characterized in the TEM cell for its two preferred orientations of magnetic
coupling. Then, using both measurements, the electric field contribution is removed, in order to
only consider the magnetic field contribution. The impedance is then considered as in [20] by using
abacus that gives the parasitic elements values depending on the technology and the housing of
the MLCC capacitor. Finally, the surface is extracted.

7S

P
e
Figure 2.28: MLCC capacitors

In order to have a global view of the equivalent coupling surface of MLCC capacitors, two
different packages are tested: 0603 capacitors and 0805 capacitors each with five different capaci-
tance values: 100pF, 1nF, 10nF, 100nF and 1uF. According to Sect. 2.5.3, the equivalent coupling
surface is located between the two pins of the component and the ground plane and the internal
structure. Therefore, for the MLCC capacitor, it depends on the length of the capacitor, 1.6mm
for 0603 and 2mm for 0805, and on the distance between the internal structure and the ground
plane. In [4], it is demonstrated that the metallic internal structure is spread in layers on the
whole structure. Therefore, theoretically, the surface only depends on the package length and on
the distance between the bottom of the component and the ground plane.
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Equivalent coupling surface of 0603 capacitors
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Figure 2.29: Equivalent coupling surfaces for 0603 and 0805 MLCC capacitors

Fig. 2.29 presents the comparison between the measured surfaces and the one calculated from
geometrical properties (the component is located at 0.8mm from the ground plane). It can be said
that the surface is generally underestimated and it comes from the uncertainty on the soldering,
as presented in Fig. 2.30.

. Possible gap
e

OO

vPort 2

VNA

Figure 2.30: Possible gap in capacitor soldering

Finally, as we have more confidence in the geometrical parameters than in manual soldering, the
theoretical surface values will be used. Furthermore, the use of the theoretical value of the equiv-

alent coupling surface for MLCC capacitors will be validated in Sect. 4.5, through an application
case.

2.6 Application case: the inductor

For this example, the 2pH inductor presented in Fig. 2.31 is used.

Figure 2.31: Application case: 2pH inductor
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2.6.1 Measurements performed on the DUT

In the same way as for the simple loop (Sect. 2.3), different measurements were performed in order
to determine the preferred orientation. It turns out that the coupling surface is oriented like the
turns of the inductor, parallel to the windings. Thus, the two measurements presented in Fig. 2.32

are used for the next steps.

Port 1 W

—
/
VNA —_—
=—

Port 1 ‘1"1’_) e ‘l"l’

VNA S
,,,,,,,, = -

180°

Figure 2.32: Measurements at 8 = 0° and 6 = 180° on a 2pH inductor

2.6.2 Measurements post-processing

As presented in the first case for a loop, three steps are needed to extract the equivalent coupling
surface:

e Remove the electric field contribution to only use the magnetic field contribution,
o Include the influence of the inductor impedance (Sect. 1.4.3),

o Extract the equivalent coupling surface over frequency, taking into account the magnetic
material within the inductor (Fig. 2.24).

The measurements are valid from 80kHz to 100MHz because of the measurement dynamics and
the SW R. Furthermore, to extract a valid equivalent coupling surface, the slope of the impedance
has to be checked. The impedance must present an inductive behavior, i.e. a +20dB/decade slope.
For this example, the first resonance frequency of the inductor is located at 360MHz and so, from
80kHz to 100MHz, the impedance has indeed a +20dB/decade slope.
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Figure 2.33: Equivalent coupling surface taking into account the magnetic permeability of the
material

For mutual inductance calculations that are going to be presented in the following Chapter, it
is not necessary to separate the surface and the magnetic permeability . Actually, the total surface,
including the influence of the material is used. Indeed, the calculations are simplified.

However, to only extract the coupling surface of the inductor, the result in Fig. 2.33 can be
divided by an estimation of the magnetic permeability p,.. An approximation can be made by
calculating the air core coil Ly,

1o N?Si00p
Lo = EoStewn (2.15)
with NV the number of turns of the inductor, Sj., the surface of one turn and [ the length of
the inductor. A more accurate methodology to extract the air core coil has been developed by
considering the internal couplings between each turn. This principle is presented in Sect. 3.4.2.

Thus, with the impedance measurement carried out in Sect. 2.6.1, it is possible to calculate
the magnetic permeability such as g, = Limeasured/Lair- Finally, the equivalent coupling surface
can be extracted at IMHz: S,, = 238mm?.

2.6.3 Geometrical approximation

An inductor can be approximated as a succession of N loops. The equivalent coupling surface of
an inductor can be calculated as presented in Fig. 2.34: the product of the number of turns by
the internal surface of a loop. It gives a value of S.. = 234mm? for the present case. A little
difference is observed between the one calculated from geometrical approximation and from the
measurement; this difference comes from the uncertainty on geometrical parameters and on the

magnetic material properties.
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Sioop

Figure 2.34: Equivalent coupling surface of an inductor

This yields a good approximation but does not give its evolution with frequency. Furthermore,
the influence of the magnetic material is not considered, and some approximations have to be made
to obtain an estimation. Whereas the geometrical approximation can provide a good tendency for
design, the best way to determine the equivalent coupling surface of an inductor is the measurement
with a TEM cell.

2.6.4 Extraction of the magnetic permeability

Another possibility is to use the TEM cell measurement to extract the magnetic permeability of

a magnetic material. Actually, as it is presented in Sect. 2.6.2, the extracted surface from TEM

cell measurements is enhanced by the permeability of the material constituting as expressed in Eq.
2.16 considering that 6 = 0°.

emfir = —juoporse | Hrmar | - 1Seell ¢ o l1Setl] = — ot (216)

Jwpol[Hreml|

Furthermore, it was presented in Sect. 2.6.3 that the surface, without considering the per-

meability, can be calculated from geometrical parameters. Therefore, the surface including the

material influence can be divided by the physical surface (Sect. 2.6.3) in order to only extract the

magnetic permeability seen by the coil (Fig. 2.35)

Effective magnetic permeability - 2uH Inductor

o L ! ‘
10° 108 107 108
Frequency [Hz]

Figure 2.35: Effective permeability - 2nH Inductor
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This permeability is generally called the “effective” magnetic permeability because that is seen
by the coil and highly depends on the geometry of the coil. This point will be presented in Sect.
3.4.

2.6.5 Validation of the coupling model with a uniform magnetic field

In order to validate this coupling model, the electromotive force generated to the component by
a uniform magnetic is calculated and then compared to measurement. The example in Fig. 2.36

can be considered, which corresponds to a measurement with § = 30°.

|41

Figure 2.36: Example of validation of the coupling model for a horizontal inductor
Eq. 2.13 can be recalled and applied to this case, where 8 = 30°.

, — .
em iz = —jwpopr||Hrparl]-|[Secl|.cos(30°) (2.17)

e —
considering that ||[Hrgas|| is the magnetic measured inside the cell (Sect. 2.2.2) and ||Se.|| the

surface of the inductor extracted from measurements in the TEM cell (Sect. 2.6.2).

Comparison between eme

extracted from measurement and model

10°

T
Extracted from measurement
= = Calculated

108 107 108
Frequency [Hz]

Figure 2.37: Comparison between em fg extracted from measurement and model
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Fig. 2.37 depicts the electromotive force calculated from the coupling surface and a measure-
ment at § = 30°. It can be concluded that the model really fits with the electromotive force

extracted from measurements.

2.6.6 Vertical inductor

For the vertical inductor (Fig. 2.38), the principle is the same but the component must be turned
on its side so the turns are oriented like the magnetic field inside the TEM cell. This way, the
whole magnetic field can be coupled to the inductor and so the equivalent coupling surface taking

into account the magnetic material can be extracted.

Figure 2.38: 8.4pH vertical inductor

2.7 Application case: the common mode choke

A CMC (Fig. 2.39) is a four-port component composed of two windings which are in the same
direction. Its main objective is to filter and remove the common mode using a magnetic material.
Consequently, two modes are predominant as presented in Sect. 1.4.4: the DM and the CM.

Winding n°1

Winding n°2

Figure 2.39: Common mode choke

As a result, two kinds of coupling models must be defined: one for CM and one for DM. The
first step is to determine whether one of the modes is predominant or not. For this purpose, a
CMC was characterized using the TEM cell for both modes. The 6.8mH CMC presented in Fig.
2.40 will illustrate the methodology.

Figure 2.40: 6.8mH CMC
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The component is characterized in CM by connecting both windings to reproduce the circuit
as seen by a CM current (Fig. 2.41-a). For DM, the outputs of the two windings are connected

together and the measurement is done between the inputs (Fig. 2.41-b).

(a) (b)

Figure 2.41: a- CM b- DM measurements

A sufficient number of measurements with the TEM cell must be made to determine whether

there are preferred orientations and a predominant mode.

2.7.1 Differential mode analysis

The differential mode is the remaining inductance of the CMC when the flux inside the magnetic
material is canceled. The TEM cell is then powered through the first port of the VNA, and the
second port on the CMC is installed in the cell ceiling. Therefore, the So; parameter represents
the transfer of the uniform electromagnetic field to the CMC.

Port 1
VNA

Figure 2.42: DM measurement on a CMC

The aim of this part is to compare electromotive forces generated to the CMC in DM for
different orientations. S parameter measurements every 30° from 0° to 360° thus provide a good
overview of the coupling level according to the direction of magnetic field. The idea is to re-use the
methodology presented in Sect. 2.3.1 to determine the orientations of the surfaces because they
cannot be identified a priori.

Fig. 2.43 plots the results of the So; parameters measured from the CMC for different orienta-
tions. It is clear that the transfer of the uniform electromagnetic field to the CMC highly depends

on the orientation of the component.
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821 Parameters measured with the TEM cell
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Figure 2.43: S3; parameters measured with the TEM cell

The measurements are valid from 50kHz to 100MHz because of the measurement dynamics and
the SW R. Furthermore, to extract a valid equivalent coupling surface, the slope of the impedance
has to be checked. The impedance has to present an inductive behavior (+20dB/decade slope).
For this example, the first resonance frequency of the CMC in DM is located at 5.2MHz (Fig.
2.44). Therefore, the valid frequency range has to be reduced to 50kHz to 1.5MHz to extract a
coupling model.

DM impedance of CMC

10° ¢

10* 10° 108
Frequency [Hz]

Figure 2.44: DM impedance of CMC

The next step is to calculate electromotive forces from the measured S9; parameters and figure
out to which extent the magnetic field contributes to these emfs.
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Figure 2.45: em fs extracted from So;measurements

It can be seen that there are preferred orientations, but the contribution of the electric field is
quite high and must be suppressed. Nevertheless, Fig. 2.45 clearly shows that the magnetic field
contribution is always higher than the one from the electric field.

This reasoning must be transposed to CM to compare both modes, and finally determine
whether there is a dominant mode or not.

2.7.2 Common mode analysis

As far as CM measurement is concerned, the CMC must be connected in CM, as shown in Fig.
2.46.

Port 1
VNA

Figure 2.46: CM measurement on a CMC

The aim of this part is the same as for DM, namely to compare electromotive forces generated
to the CMC in CM for different orientations of the component. Like for DM measurements, the S

parameters are measured every 30° from 0° to 360° and compared to one another.
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321 Parameters measured with the TEM cell
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Figure 2.47: S5; parameters measured with the TEM cell

Fig. 2.47 highlights that the S2; parameters do not depend on the orientation of the CMC;
moreover, the level is really low.

As presented in the previous subsection, in order to determine the valid frequency range, the
measurement dynamics, the CM impedance and the SW R must all be checked. The valid frequency
band where these measurements can be exploited ranges from 50kHz to 300kHz.

emf extracted from 32 1 measurements
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E-field contribution
10-6 1 I T T
0.5 1

15 2 25 3
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Figure 2.48: emf extracted from S3;measurements

Fig. 2.48 clearly shows that the only measured emf is the one generated by the electric field
inside the TEM cell. There is no significant magnetic coupling to the CMC in CM.

2.7.3 Comparison between DM and CM analyze

In the previous subsections, an analysis of each mode, DM and CM, was carried out. The first
conclusion that can be drawn is that the CM of a CMC does not allow a high level of magnetic
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coupling inside the TEM cell compared to DM (Fig. 2.49). Actually, the electromotive force
generated to the CMC in CM is in the range of the micro-volt, whereas for DM it is in the range of
the milli-volt. Furthermore, the CM measurements does not highlight preferred compared to DM.

%103 emf extracted at 100kHz emf extracted at 100kHz

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Angle [°] Angle [°]

Figure 2.49: Comparison between electromotive forces generated from DM and CM

Actually, it comes from the fact that, when the CMC is connected in CM, it emits very few
magnetic field in the air because the majority of the field is concentrated inside the core. However,
when it is connected in DM, the magnetic field inside the core is almost canceled and, therefore,
all the field goes outside the core and emits more than in CM.

Finally, it can be concluded that only the DM coupling model is necessary to have a good

representation of a CMC in its coupling environment.

2.7.4 DM coupling model of a CMC
2.7.4.1 Coupling model definition

The aim of this part is to determine an equivalent model which can reproduce the profile of
Fig. 2.49, and which can be deduced from the measurements in the TEM cell. The idea is to
approximate the CMC as a succession of loops. Those have a fixed orientation and direction, are

located on the mean perimeter of the CMC and are as large as needed to reproduce the magnetic

&
CRICTT SHURE.

575—‘559

coupling presented in the previous section.

Figure 2.50: DM coupling model of a CMC with 5 loops per winding

Fig. 2.50 depicts an example of a CMC coupling model with five loops per winding, but
this model can be extended to more than five loops. The aim of this part is to determine the
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ten equivalent coupling surfaces of the coupling model to reproduce the coupling profile of a CMC
presented in Fig. 2.49. The case of five loops was chosen because this model was used and validated
for several application cases and was sufficient in terms of modeling.

According to Sect. 2.4.2, the electromotive forces extracted from the measured S2; must be
corrected by the impedance of the DUT to extract the real contribution of the magnetic field to the
DUT. Finally, by re-using Eq. 2.13, it is possible to calculate an equivalent coupling surface, which
is, in the case of the CMC, a total equivalent coupling model including all coupling surfaces. Eq.
2.18 presents how to extract this equivalent coupling model considering that 3 is the orientation
of the coupling surfaces with respect to the direction of the uniform magnetic field.

([ E—c (2.15)
—j2m fpopr || Hrpar||cosp
For each measurement, the ten surfaces have an influence on the generation of each electromotive

force. The orientation of the loops constituting the coupling model is called 6 and is fixed, like
in Sect. 2.3.2. For example, the ten orientations of each loop can be considered in Eq. 2.19

considering that 6; is the orientation of the surface S; according to Fig. 2.50.

[6;] =[ 60° 30° 0° —30° —60° —60° —30° 0° 30° 60° ] (2.19)

The surfaces can be oriented differently. Actually, it depends on the real aperture angle of the
windings. This repartition is a good compromise but can induce some errors if the aperture angle
of the modeled CMC is very low. This parameter must be adapted depending on the studied CMC.

For the example of Fig. 2.51, the aperture angle is of 120° and, therefore, the best way to
represent that CMC is to use a model with 8 going from -60° to 60°. Nevertheless, for a CMC with
an aperture angle of 30°, § should go from -15° to 15°.

Figure 2.51: Aperture angle of the studied CMC

Then, to calculate the ten surfaces, ten Sz; measurements are needed in order to build up a
square matrix (to ensure the possibility of matrix inversion). The orientation of the CMC inside
the TEM cell is called «. For example, the ten orientations in Eq. 2.20 can be taken into account
to build the coupling model, considering that the element «; is the orientation of the CMC in DM
inside the TEM cell according to Fig. 2.49.

[a;] = 0° 30° 60° 90° 120° 150° 180° 210° 240° 270° ] (2.20)

Finally, 3;;, the orientation of each loop at each measurement is a 10-by-10 matrix such as:

[Bi5] = [6:] — loy] (2.21)
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It is now possible to express Eq. 2.18 by taking into account the whole coupling model and not
only one equivalent coupling surface. Therefore, by inverting the [cos(f;;)] in Eq. 2.22, it is now
possible to calculate the equivalent coupling surfaces building up the coupling model.

Y [emeL] -1
Sil = Bii 2.22
[11:5;11] EPSr— |HTEM||[COS( i)l (2:22)

Another point that must be taken into account, is the remaining permeability ppys of the

magnetic material when the magnetic flux inside is canceled.

2.7.4.2 Extraction of the DM permeability of a toroidal core

The principle is based on the same methodology as for simple inductor: estimate the DM air core
coil Lpasair, and use the DM measured inductance Lpys like ppysr = Lpay/Lpaair- To calculate
the air core coil, the methodology described in Sect. 3.4.3 is based on the consideration of internal
couplings between the turns of the coil and is very accurate.
Then, the Lppsqir can be calculated and Lpasqi = 3nH and so gives a value of upys = 25.
For mutual inductance calculations that are going to be presented in the following Chapter, it
is not necessary to separate the surfaces and the magnetic permeability . Actually, all surfaces,

including the influence of the material are used. Indeed, the calculations are simplified.

2.7.4.3 Extraction of the coupling model at a fixed frequency

For this calculation, it is mandatory to determine the frequency where it would be wise to extract
the coupling model. According to Sect. 2.7.1 , electromotive forces are valid in the frequency
range going from 50kHz to 1.5MHz; the coupling model can thus be computed at an intermediate
frequency such as 500kHz for example. The coupling model is finally composed as follows, by

considering the magnetic material:

S [ 4.6¢3
Sy 8.2¢73
S3 9.6e~3
Sy 8.5673
Ss 5.1e73
pom[S| = ppm S = 5 1e-3 (2.23)
S~ 8.5e73
Ss 9.6e73
So 8.2¢73
L S1o ] L 4.6e~3 ]

2.7.4.4 Extraction of the coupling model over frequency

The extraction of the coupling model can be achieved in the whole frequency range where the
measurements are valid. Fig. 2.52 presents this evolution, and it must be noticed that the variation
is acceptable. For the ten different surfaces considering the magnetic material, the variation does
not exceed 8%. It must be noticed that the surfaces Sg to Sig coincide respectively with surfaces
S5 to S7 (thanks to their orientations).
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DM Equivalent Coupling Surfaces of CMC
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Figure 2.52: DM equivalent coupling model of CMC

2.7.5 Validation of the coupling model with a uniform magnetic field

The aim of this section is to validate the coupling model using a uniform field and by calculating
the electromotive force to be compared with measurements. The example in Fig. 2.53 can be
considered, which corresponds to a measurement with o = 30°.

Figure 2.53: Coupling model validation

Eq. 2.21 can be recalled and applied to this case. The angle 3 is the one presented in Eq. 2.24
as the angle between the magnetic field and the coupling surfaces.

T
[ﬂ]:[30° 0° —30° —60° —90° —90° —60° —30° 0° 30°} (2.24)

Finally Eq. 2.25 presents the calculation to estimate the electromotive force when the CMC is

oriented at 30° compared to the uniform magnetic field.

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters



CHAPTER 2. EQUIVALENT COUPLING MODELS OF PASSIVE COMPONENTS 86

10
em i = 327 fptopiontl [Hrmall Y (155 .cos(8;)) (2:25)
j=1

considering that ||jm>|| is the magnetic measured inside the cell (Sect. 2.2.2) and ngH the
surfaces constituting the equivalent coupling model of the CMC in DM extracted from measure-
ments in the TEM cell (Sect. 2.7.4.3).

For the coupling surfaces, the fixed values presented in Eq. 2.23 are used. Finally, Fig. 2.54
depicts the electromotive force calculated from the coupling model and the measurement carried out
and presented in Sect. 2.7.1. It can be concluded that the model really fits with the electromotive
force extracted from measurements. The relative error does not exceed 2%.

Comparison between eme

extracted from measurement and model
.

107"

Extracted from measurement
= = Calculated

10° 10°
Frequency [Hz]

Figure 2.54: Comparison between em fy extracted from measurement and model

2.7.6 Vertical common mode choke

For the vertical CMC (Fig. 2.55), the principle is exactly the same but the component must be
characterized by turning the component on its side, so that the surfaces of the vertical CMC are
oriented like an horizontal CMC inside the TEM cell.

Figure 2.55: 2mH vertical CMC
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2.8 Conclusion

In this chapter, the developed methodology in order to determine an equivalent coupling model
of passive components was presented. The different steps of calculation to extract an equivalent
coupling model from TEM cell measurements were also detailed.

Capacitors and inductors can thus be modeled as a simple surface from two measurements in
the TEM cell. For inductors and CMCs, the extracted surfaces take into account the magnetic
material influence. Finally, for CMCs, several surfaces are required to have a good representation
of its magnetic sensitivity.

The whole methodology has been accrued in a tool, named Equivalent Surface Extractor (ESE
tool) as presented in Fig. 2.56. The developed tool and its associated test bench are detailed in
Appendix A.1.

[4] Equivalent_Coupling Surface_Extractor (=R NCN ]

Help >

Equivalent Coupling Surface Extractor

Two ports Components

Capacitor Horizontal Inductor Vertical Inductor
L
K
~
= =
Four ports Components
Horizontal Common Mode Choke Vertical Common Mode Choke

de - oF -

Figure 2.56: ESE tool
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3.1 Introduction to the mutual inductance estimation

In order to determine a mutual inductance between two passive components, the methodology is
based on two main formulas (Eq. 3.1 and 3.2) considering that ¢ is the flux of the magnetic field
B crossing the surface S, M the mutual inductance and p is the complex variable coming from the
Laplace transform.

Actually, the principle is that when a current ¢ flows through a component, a magnetic field
B is generated. This magnetic field is coupled to the second component through its equivalent
coupling surface S. Finally, the link that exists between the two components is called a mutual

inductance M or more generally a coupling coefficient k.

dp=B dS —¢=18 -5 (3.1)

dp . di g
i Ma = ¢.p= M.i.p (3.2)

B =M. (3.3)

In Chapter 2, the methodology to determine an equivalent coupling model was presented.
This methodology is applicable to capacitors, inductors and CMCs. In the following section,
the magnetic field calculation is explained. Actually, this calculation can be studied by different
approach such as the simulation, like in [56, 57] or by models developed from measurement with a
near-field scan [58, 59]. The objective here, is to re-use the measurement that are already done for
coupling model in order to calculate a magnetic field, without performing additional measurement
and based on analytical calculation.

Then, using those two methods (coupling model and magnetic field), the extractions of a mutual
inductance between two passive components will be presented.

Finally, a last point about self-inductance prediction is presented. Actually, the principle for
mutual inductance calculation can be extended to self-inductance calculation for straight coils and
toroid coils.

3.2 Magnetic field calculation principle

3.2.1 Biot & Savart Law

The Biot and Savart law is one of the fundamental laws of magnetostatics, that formulates the
magnetic field at any point of space generated by a steady-state line current. Actually, when
a current flows through an electric conductor, the magnetic field at any point of space can be
calculated as the sum of the contributions d@ created from a current element IdS.
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DXON
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=

1

Figure 3.1: Contribution Eg at point P created by a current element [ cﬁ

B = ﬁ%lﬁ (3.4)

The Biot and Savart law is valid since the current is considered steady in the circuit. Conse-
quently, the frequency must not be too high to consider a constant current (in order to stay in the
quasi-static approximation). The distance to point P must be sufficient to consider the section of

the conductor thin enough to be negligible.

3.2.2 Reciprocity principle

The reciprocity principle, applied to circuits, states that : “In any physical linear network, the
positions of an ideal voltage source and an ideal ammeter can be interchanged without affecting
their readings” [60, 61, 62, 63, 64, 35]. In other terms, let us consider the two coupled inductors
in Fig. 3.2. If a current ¢; is considered through the first inductor Ly, an electromotive force Vs
is generated to Lo thanks to the mutual inductance M between the two inductors. Inversely, if a
current is is considered through the second inductor Ls, an electromotive force V; is generated to
L, thanks to the mutual inductance M between the two inductors. Both reasonings are the same

and so respect the reciprocity principle.

FEeliE

Figure 3.2: Reciprocity principle applied to circuits

In other terms, the reciprocity principle can be applied to electromagnetism. Actually, it
was demonstrated in [65] that, when there are two antennas A; and A, located at O; and Oy
respectively, the magnetic field measured by A; if A emits and the one measured by As if A;
emits are the same in level and in phase (Fig. 3.3). Indeed, the emission surface and the coupling

surface are equivalent.
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A1 A2 A1 A2

Hi H2

Figure 3.3: Reciprocity principle applied to antennas

In our research work, the reciprocity principle is widely used. Actually, it is considered for
mutual inductances: mutual inductances calculated from the first component to the second and
inversely are considered equivalent. Then, it can also be considered that the equivalent coupling

surface and the equivalent emission surface are equivalent.

3.2.3 Image theory

The image theory comes from field behavior in the presence of an obstacle and for the present case,
the magnetic field behavior in the presence of a ground plane. This theory assumes that, if there is
a perfect electric conductor, flat and infinite in extent [66, 61, 63, 64, 35], the magnetic field which
is reflected from the ground plane must be taken into account to have a better representation of
the total magnetic field. The field reflected from the ground plane can be estimated by taking into
account the image of the real source with respect to the ground plane [62]. Fig. 3.4-a and Fig.

3.4-b present the image theory for vertical source and horizontal sources.

% P (xp,yp,zp) \:< P (xp,yp,zp)

h h
Ground plane Ground plane
Virtual Virtual
source source ¢
(Image) T (Image)
(a) (b)

Figure 3.4: a - Vertical b - Horizontal sources and their images considering an infinite ground plane

It must be noticed that, in practice, the ground plane cannot be considered infinite. Neverthe-
less, since the ground plane is large enough compared to the size and position of the source and
the point of calculation, the image theory will be applied.

Furthermore, this theory induces that, in the presence of a ground plane, not only the equiv-

alent emission surface must be duplicated, but also the equivalent coupling surface, thanks to the
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reciprocity principle (Sect. 3.2.2).
Finally, it must be noticed that, on power electronics, the filter components are sometimes
connected by lead frame and not on a PCB. Therefore, in the case where there is no ground plane,

the image theory should not be applied.

3.2.4 Scope of application

The Biot and Savart law is applicable only for the magnetostatic domain. It means that the
current is considered constant on its whole path. Indeed, the length of the path must be very
small compared to the wave length. The objective here is to have a good representation of the
magnetic field generated by passive components for the conducted emission frequency band from
150kHz until 108MHz. Indeed, the length of the current path must be very small with respect to
the smallest wavelength associated to this frequency band, which gives A\in = ¢/ finae = 2.78m
considering that the medium is the air. Actually, the speed depends on the permittivity and the
permeability:

S S (3.5)

VHEE  \/Hofir€o€r

Indeed, whether for capacitors, inductors or CMCs, the medium cannot be considered to be

only the air. For the capacitor, the surface is located between the two pins, the internal structure
and the ground plane. Therefore, the medium at the surface location is the air and the FR4
material of the printed circuit board (PCB). As far as inductors and CMC are concerned, the
medium that must be considered is the magnetic material building up the turns.

Therefore, in order to determine the upper frequency of the validity domain, the current path
lpatn, must be ten times lower than the minimum wave length: l,qn < Amin/10. This condition was
determined through near-field scan measurements on different components. Actually, the emission
profile does not change since this condition is met.

In order to illustrate this frequency limit, the example of the CMC presented in Sect. 2.7 and
Sect. 3.2.7.1 is used. Actually, the current path is calculated from the equivalent coupling surfaces
determined with the TEM cell and so lpq:n = 421mm. Then, the minimum wavelength must be
of A\pin = 4.21m. Furthermore, the medium is the one of the magnetic material building up the
CMC in DM. The relative permeability is p, = 25 (Sect. 2.7.4.2). Then, the speed is calculated
as v = 6.107m/s and a maximum frequency defining the limit of magnetostatic calculation for this
CMC is fraz =8.3MHz.

Therefore, the emission profile of this component should be the same until that maximum
frequency and hereafter, the emission profile should become to change. Fig. 3.5 presents the
emission profile of the CMC for three different frequencies in the magnetostatic domain, for 500kHz,
1MHz and 3MHz. The black lines are placed in the same place in order to define the low field
zones. Those zones will help to determine if the emission profile changes or not. Actually, the blue

zones are behind the black lines and do not move.
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Figure 3.5: Magnetic field generated from CMC measured at 500kHz, 1MHz and 3MHz with a
near field scan

Now, for higher frequencies as in Fig. 3.6, for 8MHz, 10MHz, 12MHz and 15MHz, it appears
that the blue zone becomes to move regarding the black lines that are the references for low field
zone. Therefore, it can be concluded that the frequency limit of 8.3MHz coming from the criteria
lpath < Amin/10 is appropriate. It must be noticed that this limitation is also visible on the phase
cartography.

Magnitude of Field in dBA/m at 7.943 MHz

Figure 3.6: Magnetic field generated from CMC measured at S8MHz, 10MHz, 12MHz and 15MHz
with a near field scan

Finally, this point must be checked for all magnetic field calculations, in order to determine the
valid frequency range. Furthermore, that limit gives also the frequency limit of mutual inductance
calculation. Actually, once that frequency limit is exceeded, the magnetic field profile changes and
the calculation cannot be simplified as presented in Sect. 3.1.

3.2.5 Application case: the capacitor

In order to calculate the magnetic field generated by a capacitor, the surface determined with
the TEM cell in Chapter 2 can be re-used. Indeed, using the reciprocity theorem, the equivalent
coupling surface is also the equivalent emission surface. Moreover, the ground plane must be taken
into account thanks to the image theory.
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In order to determine the dimensions of the rectangular surface, corresponding to the emission
surface of the capacitor, the two needed parameters are the distance between the two pins, called
dpins, and the height of the pins, named hpins. The parameter dp;ys is easily measurable from the
component and to determine the hy;,s parameter, the formula Apins = [Sec|/dpins can be used.

Finally, Fig. 3.7 can be considered to build up the Biot and Savart law for this application

case.

k
A.}f

1

v'=

P (xp,yp,zp)

Figure 3.7: Biot & Savart Law applied to a capacitor

From Fig. 3.7, the calculation can be divided into four steps, one for each segment building up

the radiation surface. The calculation is described for the four segments beginning with by to by.

d ins 5
Yp + pg ?
—_— A
o For by, dBy, = ‘%TIT% —xp 7 | dinteg,,
0 k
where integ, = [—Rpins : Rpins);
hpins Zp 2
—_— A
o For by, dBp, = ‘%TIT% 0 J | dintegy,
Tp k
where integ, = [—’dgi’” dpine ],
dpins 2
2 Y s
- A
o For b3, dBy, = ‘%IT% Tp j | dinteg,,
0 k
hpins + Zp %
o For by, dBy, = %:3 0 j dinteg,.
—zp k

All the calculations are detailed in Appendix B.1. Finally, the magnetic field generated by the
capacitor can be expressed as the sum of the four contributions mentioned above.

The objective is then to apply it to a real capacitor. The used capacitor is the same as the one
characterized in the TEM cell (Sect. 2.5).
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Two geometrical parameters of the capacitor must be measured; using calipers, the distance

between the two pins dpins = 28.4mm is measured and using the equivalent coupling surface,
—
hpins = |Sec|/dpins = 4mm can be calculated.

For this capacitor, the current path is about lpq¢, = 64.8mm (that corresponds to the perimeter
of the surface) and so the minimum wavelength must be of A, = 648mm. Furthermore, the
medium to be FR4 and the maximum relative permittivity is €, = 4.7. Then , the speed can
be calculated as v = 1.38.108m/s and a maximum frequency defining the limit of magnetostatic

calculations for this capacitor is fyar = 213MH z.

Magnetic field generated by C [uT]

8.2e+00
6.5e+00
4.9e+00

3.3e+00

1.6e+00

Y [mm]

4.2e-03

X [mm]

Figure 3.8: Magnetic field generated from C calculated Biot & Savart Law

Fig. 3.8 presents the magnetic field calculated from the Biot and Savart law for the 10pF ca-
pacitor at the ground plane level. Furthermore, the vectors represent the direction of the magnetic
field in the (X,Y) plane.

3.2.6 Application case: the inductor

The magnetic field calculation for the inductor is divided into different steps. To calculate the
field generated by an inductor, the equivalent coupling surface must be reused as the equivalent
emission surface. In order to obtain the right emission profile, the surface must be divided into as
many loops as turns. The surface determined in Sect. 2.6 takes into account the influence of the
magnetic material. Therefore, each surface is reduced to the surface of one turn and the current
is re-calculated to compensate for this surface reduction. This gives the possibility to perform all

calculations without considering precisely the geometrical parameters.

3.2.6.1 Horizontal inductor

Concerning the horizontal inductor, the Fig. 3.9 can be used for a unique loop and the principle

is the same for several loops.
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Figure 3.9: Biot & Savart Law applied to a loop in (Y,Z) plane

The objective is to consider each turn as one loop to calculate the direct magnetic field generated
to any point P and also the magnetic field reflected on the ground plane, if the latter exists (Fig.
3.10).

Equivalent

Emission
Surface

Ground plane

Image
loop

Figure 3.10: Image loop for horizontal inductor

First of all, let us consider the following formula, extracted from Fig. 3.9, to calculate the

magnetic field generated by one loop. Details are presented in Appendix B.2.

Y.cosp + Zsing — R
—Xcosop
— X sing

MO/J/TIR 1
dB — —
47 73

d (3.6)

T[N o

considering that d¢ = [0 : 2] and that X, Y, and Z are the distances to the point P for each

turn and its image. Finally, the sum of all contributions gives an estimation of the magnetic field
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generated by an inductor, as presented in Fig. 3.11 for a 2pH inductor (the same inductor as the
one characterized in the TEM cell in Sect. 2.6).

For this inductor, the current path is about lyq¢n = 177mm and so the minimum wavelength
must be A = 1.77m. Furthermore, the medium is considered to be the magnetic material
building up the inductor. The relative permeability is u, = 8.54. This value of the magnetic
permeability is calculated as p, = 1527% considering that Stgps is the surface measured in the
TEM cell. Then, the speed can be calculated as v = 1.03.108m/s and a maximum frequency

defining the limit of magnetostatic calculation for this inductor is f,qac = 58M H .

Magnetic field B generated by L [uT]

2.1e+02
1.7e+02
1.3e+02

8.4e+01

4.2e+01

Y [mm]

X [mm]

Figure 3.11: Magnetic field generated from L calculated with Biot & Savart Law

3.2.6.2 Vertical inductor

For the vertical inductor, the principle is exactly the same as for horizontal inductor but by
considering the loop in the (X,Y) plane (Fig. 3.12).

k
A.)—’f
1

<

P (xp,yp,zp)

Figure 3.12: Biot & Savart Law applied to a vertical inductor

Furthermore, considering the orientations of turns with respect to the ground plane, the image

is not the same as for horizontal inductor and is presented in Fig. 3.13.
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Figure 3.13: Image loop for a vertical inductor

This way, the following formula comes from the application of the Biot and Savart law to this

application case. The details are presented in the Appendix B.3.

.y 7

? poprIR 1 C?S(ﬁ E
dB = T’f‘_?’ —Zsm¢> ] d¢ (37)

Xcos¢p +Ysing — R k

Finally, by considering as many loops as turns and their images, it is possible to calculate the
magnetic field generated by a vertical inductor in the (X,Y) plane (Fig. 3.14). The used inductor
is the same as the one characterized in the TEM cell (Sect. 2.6.6).

This calculation is valid until 41.6M H z regarding the size of the inductor and the magnetic
material properties.

Magnetic field B generated by L [uT]
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Figure 3.14: Magnetic field generated from L calculated with Biot & Savart Law

3.2.7 Application case: the common mode choke

As presented in Sect. 2.7, a CMC connected in CM does not allow a high magnetic coupling
compared to DM. Indeed, thanks to the reciprocity theorem, it can be concluded that the CMC in
CM does not generate a high level of magnetic field compared to DM. Therefore, only the magnetic
field generated by the CMC in DM is calculated.
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In order to calculate that magnetic field, the equivalent coupling model from Sect. 2.7 can be
re-used as for capacitor or inductor. Actually, the total magnetic field generated by the CMC is
the sum of the contribution of each surface building up the model. However, in order to obtain
the right emission profile, the surfaces and the current flowing into them must be corrected. The
point is that the measured surfaces S.. are equivalent surfaces and not physical surfaces; they are
increased by the influence of the magnetic material. Indeed , the emitting radius is considered
as the physical radius R = % (with Score the surface of the core section) and the current is

Therefore, by performing this correction, the

corrected by the surface ratio as I = Iinjected SS
products R.I and Rsg,, . Iinjectea are still the same (considering that R, is the associated radius

t0 Sec).

3.2.7.1 Horizontal common mode choke

To calculate the magnetic field generated by a CMC in DM, the equivalent coupling model is
reused as an emission model. The CMC, characterized in the TEM cell (Sect. 2.7), is going to be
used for the magnetic field calculation. The following formula can thus be used to calculate the

magnetic field considering that 6 is the orientation of each surface

Ycosgp + Zsingpcosd — Rcosd
—Xcosp — Zsingsinf + Rsinf
— X singcost + Y singsin

d@ poppmIR 1

o do (3.8)

T D o

The validity domain of that magnetic field calculation is detailed in Sect. 3.2.4.
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Figure 3.15: Magnetic field generated from CMC in DM calculated with Biot & Savart Law

3.2.7.2 Vertical common mode choke

As far as the vertical CMC is concerned, the calculation principle is the same as for a horizontal
CMC. Indeed, the formulas presented in the previous subsection are re-used. A magnetic field
calculation generated by a vertical CMC is presented in Fig. 3.16. For this vertical CMC, the
upper frequency of the validity domain is 21.3M H z.
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Figure 3.16: Magnetic field generated from CMC in DM calculated with Biot & Savart Law

3.3 Prediction of mutual inductance

Now that the equivalent coupling surface and the magnetic field generated by passive components
are known, it is possible to estimate a mutual inductance between two passive components. This
kind of calculation will be presented for mutual inductances between two capacitors, two inductors
and two CMCs.

3.3.1 Between two capacitors

The first mutual inductance calculation example is dedicated to two 470nF" capacitors spaced by

10mm as presented in Fig. 3.17.

10mm

Figure 3.17: Capacitor positioning

The first step is to extract the magnetic field generated by the first capacitor on the second
capacitor surface. Indeed, a mean value of the magnetic field crossing the surface can be calculated
from Fig. 3.18 that presents the magnetic field level at the surface position.

Different possibilities can be used to extract the magnetic field crossing the surface. A first
possibility is to consider the real curve of the surface and perform an integration considering the
Neumann formula [67, 68]. However, as long as all coupling surfaces are simplified, thanks to the
determination in the TEM cell, the use of the Neumann formula seems to be unnecessary for good
prediction. Actually, a mean value of the magnetic field crossing the surface seems to be a good
approximation, like it will be presented in the following calculations. Indeed, all calculations are

simplified and direct for mutual inductance calculation.
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A mean value of the magnetic field Byeqn = 0.52u7 and a mean value of the angle between
the coupling surface and the field vector ,,cqn = 0° are extracted. Then, according to Eq.

3.3, the calculation is direct and gives a mutual inductance value between the two capacitors of
M caicutatea = 2.71nH.

Magnetic field B on S [uT] - X=10mm
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5.9e-01

5.3e-01
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4.0e-01

3.3e-01

Figure 3.18: Magnetic field generated by the first capacitor on the surface of the second one

To validate this calculation, the best way is to compare it to measurement. In order to do
this, Fig. 3.17 presents the measurement to be performed on the components to extract a mutual

inductance with a VNA. The S5, parameter is extracted and converted to the Z5; parameter
(Eq.3.9).

Sa1 Z
(1 —S11)(1 — Sa2) — S12891
Finally, the mutual inductance can be calculated from the measurement, as presented in Eq.
3.10.

Za1 = 2. (3.9)

I mag(Za1)
2r f
Fig. 3.19 depicts the comparison between the calculated mutual inductance and the one ex-
tracted from measurement.

M (3.10)

Mutual inductance between 2 capacitors
spaced by 10mm
T T

107 T

Extracted from measurement
= = Calculation

Mutual inductance [H]

Domain of extraction

108 107 108 10°
Frequency [Hz]

Figure 3.19: Comparison between mutual inductances extracted from measurement and calculation
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The calculation really agrees with measurement, and provides a good prediction even for low
values of magnetic coupling (in the range of nH).

Nevertheless, the extraction of the mutual inductance cannot be performed on the whole fre-
quency range, as seen in Fig. 3.19. Actually, it depends on the uncertainty coming from the S-
parameters measurements [20, 31] and can then be transposed to an uncertainty on Z-parameters,
and more particularly an uncertainty on Zs; parameter. Therefore, Eq. 3.9 can be expressed in

logarithmic expression as in Eq. 3.11.

In(Za1) = In(2) + In(S21) — In((1 — S11)(1 — Sa2) — S12521) + In(Zo) (3.11)

Therefore, by using the partial derivative, Eq. 3.12 formulates the uncertainty on the Zs;

parameter from uncertainty and measurements on S-parameters.

dZa _ dSa1 d((1 = S11)(1 — Sa22) — S12521)) (3.12)
Zan So1 (1 —511)(1 — Sa2) — S12521 .

Finally, Eq. 3.13 presents the uncertainty on Zs; parameter by considering separately each

uncertainty on the S-parameters and by considering that AS = (1 — S11)(1 — Sa2) — S12521.

dZsn 1 — S 1 S12 Sa1 1-5u
=dS1]————= +dSy1(=— + — dSi1o— +dS:
o npxg T nlg+ 1)+ S ye + e —rg

Fig. 3.20 depicts the evolution of the uncertainty on the Z3; parameter and, therefore, on

(3.13)
the mutual inductance. A maximum uncertainty can be fixed at 10%, which gives an accurate

measurement from 130kHz until SO0MHz.

Uncertainty on Z21 extraction
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Figure 3.20: Uncertainty on the Z5; parameter extracted from S-parameters

Furthermore, the extracted mutual inductance is valid since it is still in magnetostatic domain
and, therefore, it reduces the maximum frequency to 500MHz (depending on the current path as
presented Sect. 3.2.4). Actually, once the frequency limit of the magnetostatic is exceeded, the

magnetic field profile changes and the calculation cannot be simplified as presented.
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Finally, for this case, the mutual inductance can be extracted from 130kHz to 500MHz as pre-
sented in Fig. 3.19. This analysis of accurate calculation must be performed for all measurements.

3.3.2 Between two inductors

Let us consider the example from Fig. 3.21 for the mutual inductance calculation between two
inductors.

Port 1 Port 2
VNA

D S —

20mm

Figure 3.21: Inductor positioning

These two 1.8uH inductors are spaced by 20mm center to center. As for capacitors, the first
step is to calculate the magnetic field generated by the first inductor to the second one. In order
to have more accuracy, the calculation is performed by computing the magnetic field at each turn
position. Actually, the equivalent coupling surface of the inductor is divided into as many turns as
there are and are located at each turn position. Actually, the magnetic field generated to the first
turn and the one generated to the last turn are not the same. This way, the variation of magnetic
field, along the inductor, is considered.

Fig. 3.22 presents the magnetic field generated by the first inductor on the first surface (the
first turn) of the second inductor. This calculation is repeated for all turns.

Magnetic field B generated on S [uT] - X=20mm

1.7e+01

1.4e+01

1.1e+01

8.7e+00

3.4e+00

Figure 3.22: Magnetic field generated by the first inductor on the first surface of the second inductor

Therefore, a total mutual inductance value is extracted as the sum of all the mutual inductances
generated to each turn of the second inductor. Fig. 3.23 presents the comparison between mutual
inductances extracted from measurement and calculation.
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Figure 3.23: Comparison between mutual inductances extracted from measurement and calculation

The magnetic coupling is correctly predicted from 9kHz until 300MHz because of the uncer-
tainty and the limit of the magnetostatic domain.

3.3.3 Between two CMCs in DM

As far as CMCs are concerned, the objective is now to present the mutual inductance calculation
between two CMCs, the first one of 6.8mH and the second of 10mH spaced by 40mm (Fig. 3.24).

Port 1 Port 2
VNA VNA
T
- >
40mm

Figure 3.24: CMCs position

The mutual inductance calculation is divided into four steps because there are four different
mutual inductances between two CMCs in DM as presented in Fig. 3.25.

%/’

M22

Figure 3.25: Mutual inductances repartition between two CMC
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To compare with measurement, the sum of these four mutual inductances must be computed
because it is the only one which can be measured. This is a significant drawback because when
the two CMCs are not located on their main axes, the mutual inductances are not distributed in
an equivalent manner. Therefore, the dissymetry can not be taken into account by measurement.
However, by calculation, this distinction can be done. The calculation is then performed one

surface at a time and so these four different mutual inductances can be calculated.

1.1e+02
9.2e+01

6.9e+01

4.6e+01

2.4e+01

Y [mm]

8.4e-01

-20 0 20 40 60

Figure 3.26: Magnetic field generated by the first CMC to the second one

Fig. 3.26 presents the magnetic field generated by the first CMC and the position of the second
one. Then, the final result is a ten by ten mutual inductance matrix Mg, s, with all the mutual
inductances generated by the surface S; of the first CMC on the surface S; of the second CMC.

5 5
My =YY Ms,s, (3.14)

i=1 j=1

5 10
My =YY Ms,s, (3.15)

i=1 j=6

10

5
My = Z Z Ms; s, (3.16)

i=6 j=1

10 10

My =3 Ms,s, (3.17)

i=6 j=6
The mutual inductances My, = 1.43uH, My = 1.24uH, My = 1.11puH and Msy = 1.35uH
are then calculated. A little dissymetry appears and comes from the windings of the CMC which
are not totally balanced. Finally, the total mutual inductance, corresponding to the one which can

be measured, Mror can be calculated as in Eq. 3.18.

Mror = My + Mg + Moy + Moo (3.18)

Finally, Fig. 3.27 presents a good agreement between the total mutual inductance measured and
the sum of the four mutual inductances calculated. The magnetic coupling is correctly predicted

from 100kHz until 1.5MHz because of the uncertainty and the limit of the magnetostatic domain.
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Figure 3.27: Comparison between mutual inductances extracted from measurement and calculation

3.3.4 Conclusion

It was demonstrated here the efficiency of the mutual inductance calculation with Eq. 3.3. The
methodology was presented for mutual inductance calculations between two capacitors, two induc-
tors and two CMCs in DM. Other calculations between these passive components are based on the
same reasoning and were validated on about sixty mutual inductance measurements.

An analysis of the relative error between mutual inductances calculated and measured was
performed in order to validate the methodology.

Mean relative error in mutual indi predi
100 T T T T
90 6= Mﬁalrulatea - Mmeusured H
Mcalculated

80 [~ H
X 70 E
g
© 60 .
1)
=
® 50 N
g
- 40 N
3
S 301 .

20 - 1

. .
10pH -> 100pH 100pH -> 1nH 1nH -> 10nH 10nH -> 100nH 100nH -> 1uH 1pH -> 10pH

Mutual inductance measured [H]

Figure 3.28: Comparison between mutual inductances extracted from measurement and calculation

A point that must be highlighted in this study is the evolution of the relative error between the
measured and calculated mutual inductances regarding the magnitude of the mutual inductance.
It appears from Fig. 3.28 that, the higher the mutual inductance, the lower the relative error.
Therefore, below 1nH of estimated mutual inductance, the relative error would be too high to have
confidence on the calculation. Actually, it comes from the uncertainty on the geometry. When the
equivalent coupling/emission surfaces are high, or/and the components are very close, a small error
on the geometry will not have a high influence on the final results. Actually, a 1nH error on a 1pH

inductor will not change the result. However for low equivalent coupling/emission surfaces, or/and
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the components are far from each other, the slightest error on the geometry or on the position will

have a high influence on the final results.

3.4 Extension of the method to self-inductance prediction

3.4.1 Introduction to the self-inductance prediction

The self-inductance prediction is a key point for equivalent coupling surface estimation when the
measurement inside the TEM cell cannot be performed. Actually, it was demonstrated in Sect.
2.6 for inductors and in Sect. 2.7 for CMCs that the permeability of the magnetic material has
an influence on their equivalent coupling surface. Actually, the presence of a magnetic material
increases those surfaces. Therefore, from TEM cell measurements, there is no need to estimate the
self-inductance Lg;, of inductors or CMCs in order to calculate the permeability p, (Eq. 3.19) by

considering the measured inductance L, eqs-

Lmeas
= 3.19
0 .. (3.19)

Actually, that value of permeability is directly included in the extracted surface and, therefore,

that kind of calculation is not necessary. However, the TEM cell measurements are sometimes
impossible to perform, due to a lack of samples for example. Therefore, the estimation of the
self-inductance can be mandatory in order to estimate the permeability of the magnetic material
and finally the equivalent coupling surface for inductors and CMCs.

Different formulas exist on that topic as it will be presented in the following sections. However,
they are often limited and cannot take into account the interaction of both coils for a CMC for
example. Therefore, here is presented the methodology we developed for straight and toroidal

self-inductance prediction.

3.4.2 Straight coil

A lot of formulas exist in order to determine self-inductance, but the majority of these expressions
are valid only under some conditions on dimensions. For example, the best known equation is Eq.
3.20:

uoNQS

L= (3.20)

in which L is the self-inductance, o = 47.1077H/m the permeability of free space, N the
number of turns, S the surface of one turn and [ the length of the coil (Fig. 3.29). This formula
comes from Faraday’s law, first introduced in [69], as presented in Eq. 3.21 and Eq. 3.22.

odido .
emf—La —th = Li=N.¢ (3.21)
NI
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Figure 3.29: Dimensioning parameters for the self-inductance of a straight coil

This equation is very accurate when the solenoid bears a high [/R ratio. However, when this
ratio is lower than 1, Eq. 3.20 is no longer valid and other formulas must be used. Indeed, Rayleigh

and Niven’s formula (Eq. 3.23) is applicable only for short solenoids, when the I/R ratio is low:

S8R 1 2 8R 1

L= HORNQ(ZH(T) ~ 3t e (In( 7 ) — 1)) (3.23)

Those two equations are just a few examples; there are a lot of other formulas presented in [70].

The main drawback is that the majority of these formulas is based on approximations, or is hard
to use because of complexity. However, Eq. 3.24, which is briefly presented in [70] and a little
more detailed in [71], computes self-inductance as the sum of the inductances of all turns and all

the mutual inductances among turns (Fig. 3.30).

N—-1
L=N.Lr+ > 2(N—j).M (3.24)

1

<

This formula is considered as very accurate but is generally developed with Maxwell’s series
which are quite hard to use and time-consuming to establish. In [70], it is concluded that Eq. 3.24
is accurate and convenient when there are only few turns, considering its complexity. The purpose
of the following part is to re-use Eq. 3.24 along with the simplified method (Sect. 3.3) to calculate

mutual inductances with no limitation on coil dimensions.

Lr Lt .. Lr
(M) Y K\O/\
N NN N N

Figure 3.30: Principle of self-inductance calculation
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3.4.2.1 Analytical formulation

In order to calculate mutual inductance, the principle presented in Sect. 3.3 will be used. Therefore,
the first step in the determination of mutual inductances among all turns consists in computing the
magnetic field generated by one turn on another. Indeed, the magnetic field calculation performed
using the Biot and Savart law can be resumed as in Sect. 3.2.6.

To simplify the calculation, as the inductor is wound on the x axis, only the x component of
the magnetic field can be considered. Therefore, it can be considered that Y =0 and Z = 0.

It was demonstrated in Sect. 2.6 that the equivalent coupling surface of a simple loop is basically
its physical surface. Moreover, the total value of the magnetic field crossing the surface can be
reduced to the one crossing the center of the surface. For better accuracy, the magnetic field can
be integrated on the surface but, as presented later, the results are accurate enough without this
integration.

Finally, it can be considered that ¢ is going from 0 to 27 in order to cover the whole loop. Eq.

3.25 presents the formula used to calculate the magnetic field generated by a loop:

pol R?

Bioop,j = 2~(XJ2 —|—R2)3/2 (3.25)

The X; parameter depends on the distance between the turns of the coil. Therefore, X; can
be expressed as in Eq. 3.26 :
x, = It (3.26)
J N -1 .
Finally, using Eq. 3.3, mutual inductances can be expressed as follows:

poR*S(N — 1)
2.((J1? + (R(N — 1))2)3/2
Therefore, Eq. 3.27 can be substituted in Eq. 3.24 in order to obtain an expression of the total

My = (3.27)

self-inductance of a straight coil. Indeed, we developed Eq. 3.28 for self-inductance prediction of

a straight coil.

N-1
L= N.Lp + uyR*S(N — 1)*

Jj=1

N—-j

()2 + (R(N — 1))2)3/2 (3.28)

The last step is to estimate the self-inductance of one turn Lp. As far as the self-inductance
of a coil is concerned, there are many formulas, most of which are presented in [72]. The formula
developed by G. Kirchhoff in [71] and also presented in [72] is accurate enough for this kind of

calculation:

Ly = MOR(M(%) — 1.75) (3.29)

This equation is applicable when the p/R ratio is small. Furthermore, the current must be
uniformly distributed over the cross section of the ring which implies that frequency must not
be too high with respect to loop size. Consequently, all the required parameters in order to
determine a self-inductance are now determined. This analytical approach must then be validated

by measurements.
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3.4.2.2 Validation by measurements

Eq. 3.20, 3.23 and 3.24 (the last one using Eq. 3.28) for the prediction of the self-inductance of
a straight coil are going to be compared. To do so, a sample coil can be used with the following

properties:
e Radius of one turn: R = 5.7mm,
e Number of turns: N = 10,
o Wire radius: p = 0.3mm,

o A parametrical analysis on the length of the coil (varying from 7mm to 57mm) is performed

in order to illustrate the validity domain of the different formulas (Fig. 3.31).

=
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Figure 3.31: Parametrical analysis on self-straight inductance
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Figure 3.32: Self-inductance prediction for a straight coil

In Fig. 3.32, it appears clearly that Eq. 3.20 is not accurate when the I/R ratio is small. For
example, for the smallest coil length, the self-inductance value is overestimated by a factor of 2.
However, when the [/ R ratio becomes higher, the self-inductance is better predicted but is slightly

underestimated.
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As far as Eq. 3.23 is concerned, the validity domain is very low because once the /R ratio
exceeds 1; the self-inductance calculation is totally wrong and even becomes negative. For small
coil lengths, the self-inductance is predicted quite correctly, but there are still some discrepancies.
Finally, the equation we proposed in Eq. 3.24 clearly shows that the method is very accurate,
whatever the /R ratio. Furthermore, this calculation is more accurate than Eq. 3.20 for long coils
and more accurate than Eq. 3.23 for short coils. The advantage of that method is that only one
equation can be used, which takes into account all the intrinsic parameters of the coil without any

limitation on dimensions and turn distribution.

3.4.3 Toroidal coil

The main objective for computing the self-inductance of a toroidal inductor is to predict the leakage
inductance of a CMC. Like for straight inductors, different formulas exist for the extraction of the
self-inductance of toroidal inductors. It has been presented in [73] that inductance can be calculated
from Eq. 3.20 but by considering the associated mean path, with 6 the aperture angle of the coil
(Fig. 3.33):

N2
HoN7S5 (3.30)

Figure 3.33: Parameters of the self-inductance of a toroidal inductor

However, it is demonstrated in [74] that, when the coil covers less than 40°, the mean path
cannot be considered as presented in [73]. Actually, when 6 becomes very small, the mean path

tends towards zero in Eq. 3.30. Therefore, in [74], a modified mean path is introduced (Eq. 3.31):

,U,()N2S
L=—5 0 (0 2 (0 0 (3:31)
\;%t (3 +1+sin(5))2D7, (5 — 1+ sin(5))?

with D.,: the external diameter and D;,; the internal diameter. Those two formulas are
described as accurate in [73, 74]: Eq. 3.30 for wide wound coils and Eq. 3.31 for tight wound coils.
A point that must be highlighted with those formulas is that the second coil is not taken into
account. Actually, for a CMC, there are two coils and so those two coils must be considered to
have the correct results (Fig. 3.34). The internal couplings of one coil have an influence on its

self-inductance but the second coil has also an influence on the self-inductance of the first one.
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Dext

Figure 3.34: Parameters of the self-inductance of a two coils wound on a toroidal core

The purpose of the following section is to use the same principle as for straight inductors (Eq.

3.24) to estimate the self-inductance of a toroidal inductor and compare it to existing formulas.

3.4.3.1 Analytical formulation

In order to calculate self-inductance for toroidal inductors, the inductance of each turn and also
the mutual inductances among turns are considered. For the inductance of each turn, Eq. 3.29 is
used like for straight coils. For mutual inductance calculation, the magnetic field calculation must
be taken into account for x and y components because the windings are in the (x,y) plane. Indeed,
we developed Eq. 3.32 and Eq. 3.33:

ol Ycos¢p — R
dBioop_x, = == d 3.32
o= T U (X3 + Y7 + R? — 2RYcos¢)3/? ¢ (3.32)
1 —-X;
ABrooy-y, = 12 s 4 (3.33)

Am (X2 +Y? + R2 — 2RY;cos¢)3/
with Bjop—x; the x component of the magnetic field, Bjyop—y; the y component of the magnetic
field and ¢ going from 0 to 27 in order to cover the whole loop. Parameters X; and Y; depend

on the distance among turns and, consequently, the radius R of the toroid and also the aperture
angle 6. Then, Eq. 3.34 and Eq. 3.35 are considered.

X, = Rsin( Njf ) (3.34)
Y; =R(1— cos(Njf 1)) (3.35)

Finally, by applying Eq. 3.24 and considering the parameters presented in Eq. 3.32 to Eq.

3.35, it is possible to calculate the self-inductance of the toroidal inductor.

3.4.3.2 Validation by measurements

Eq. 3.30, 3.31 and 3.24 (the last one using Eq. 3.32 to Eq. 3.35) for the prediction of the self-
inductance of a toroidal coil are going to be compared. To do so, a sample coil can be used with

the following properties:

e External diameter: D.,; = 39.5mm,
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e Internal diameter: D;,; = 23.1mm,
e Wire radius: p = 0.3mm,

A parametrical analysis on the aperture angle of the coil (from 15° to 180°) and while the number
of turns N goes from 3 to 20 turns, is performed (Fig. 3.35).

Figure 3.35: Parametrical analysis on self-toroidal inductance
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Figure 3.36: Self-inductance prediction for a toroidal coil

Fig. 3.36 clearly shows that Eq. 3.30 and Eq. 3.31 are not accurate enough to predict the self-
inductance of a toroidal coil. Furthermore, the difference between both formulas for an aperture
angle less than 40° is barely visible. However, Fig. 3.36 demonstrates again the accuracy of Eq.
3.24. The self-inductance is correctly predicted whatever the number of turns or the aperture

angle.

3.5 Conclusion

The mutual inductance calculation is divided into two main steps. The first step, dedicated to

the equivalent coupling model, was presented in Chapter 2. The second step was dedicated to
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the magnetic field calculation. This kind of calculation can be performed thanks to the equivalent
coupling model that is the equivalent emission model (reciprocity principle). Furthermore, as the
calculation is performed only for low frequency (magnetostatic domain), the Biot and Savart law
can be used for the magnetic field calculation. Then, using those two main steps, the mutual
inductance calculation could be achieved and was validated with measurement. Another study
that comes from the mutual inductance estimation, is the self-inductance calculation for straight
and toroidal inductors. Actually, a lot of formulas exist on this topic. Therefore, a generalization of

the self-inductance calculation was developed and validated, without any limit on coil dimensions.
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4.1 Introduction to the prediction of the filter attenuation

considering inter-components coupling

The last step of the methodology is then to bring together the first three chapters that contain
the impedance model of passive components, their equivalent coupling models, the magnetic fields
that they can generated and finally the magnetic coupling that can exist between them. Therefore,
using all those thematics, the objective here is to predict a filter attenuation considering the relative
position of the components. As it is presented in the first chapter, there exist a lot of different filter
structures and, therefore, a generic approach for filter attenuation calculation must be developed.

To do so, a first part dedicated to the Modified Kron’s method applied to EMC (MKME) and
its advantages are presented. It goes through the graph construction, the definition of tensors and
matrices and finally the resolution. Then, the work performed on the generic Kron’s graph devel-
opment is presented, and for the particular case of filter design. Finally, the whole methodology is

illustrated through real world applications.

4.2 Modified Kron’s Method applied to EMC (MKME)

The Modified Kron’s Method applied to EMC is an appropriate methodology to work on filter
design. Actually, this methodology is based on tensorial analysis of networks [75, 76, 77, 78] and
is applicable to any system regardless its complexity.

The choice here is to use a modal analysis, instead of a nodal analysis like in SPICE simulation,
which is very practical in terms of speed of calculation and generic structure [29]. Furthermore,
matrices and tensors are reduced for a modal analysis compared to a nodal analysis. Therefore,
calculations are much faster, which is even more visible in a structure that includes hundreds of
mutual inductances. It must also be noticed that all the methodology is capitalized in a unique
generic tool and, therefore, speed of calculation and generic structure are mandatory.

Another advantage of the MKME is that the intrinsic parameters and the modifiable parameters
are clearly separated. For the particular case of filter design considering the inter-components
coupling, the intrinsic parameters are the components: their models considering their parasitic

elements and the modifiable parameters are the mutual inductances between the components.

4.2.1 Graph construction

A graph is a set of nodes, edges, meshes, chords and networks [28, 26, 27, 79]. The graph (Fig.
4.1) is based on the electrical circuit of the studied system:

e A node is the intersection among two or more edges,
e An edge is a path between two nodes,

e A mesh is a closed path integrating further edges,

e A chord makes the link between two different edges,

e A network is a set of linked nodes, edges and meshes.
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Figure 4.1: Graph example

In concrete terms, in order to better understand these terms, a parallel can be drawn between
a SPICE simulation and the MKME. Creating a resistance on a SPICE schematic is the same as
defining an edge with the MKME. The creation of a coupling coefficient between two inductors is
the same as describing a chord, a coupling interaction with the MKME.

The advantage with a graph is that all the links and the interactions appear clearly. This way it
is easy to understand the interactions, the flux and how they interfere together. The mesh notion
is quite more abstract but very practical in terms of calculation. Actually, in the mesh space, only
the mesh currents are calculated and all the tensors are reduced compared to a nodal analysis.

Actually, there are as many spaces as there are types of element in a graph. There are the
node space, the edge space etc. and the objective here is to describe the filter in the edge space
and transform it to the mesh space to perform the calculation. This way, the description is simple,
thanks to the edge space, and the calculation is practical, thanks to the mesh space. Finally, the
system is transformed again to the edge space to interpret the results.

Each element building up a Kron graph, has its own number to distinguish each node, edge

etc. To construct a graph, the nodes are defined one by one as intersections (Fig. 4.2).

"

Figure 4.2: Nodes description

The second step is to link all the nodes through paths that are called edges (Fig. 4.3).
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Figure 4.3: Edges description

The next step is dedicated to meshes description. To do so, the required and sufficient number of
meshes to describe the graph must be determined. Thus, Eq. 4.1 from [28], is applied considering
that Nyjoges is the number of nodes, Negges is the number of edges, Nypetworks the number of

networks and N,,eshes the number of meshes.

Nmeshes = LVedges — Nnodes + Nnetworks (41)

Indeed, it gives a number of meshes Nyeshes = 3 to describe the entire graph. The meshes
must describe all edges and ideally they should not be superimposed (Fig. 4.4). The superposition
can be problematic particularly for CM attenuation calculation if the ground connection is not

correctly taken into account as it will be presented in Sect. 4.3.6.2.

Figure 4.4: Meshes description

Finally the graph is completed by the chords, if there are. For example, a chord between the
edges n°3 and n°5 can be considered in the final graph (Fig. 4.5).

The main advantage of that chord definition is that the coupling can be defined as a magnetic
coupling, a capacitive coupling or even a radiated near field or far field coupling.

The next step is to build all the matrices that can described the entire graph.
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Figure 4.5: Complete graph

4.2.2 Calculation of tensors and matrices

The goal is now to build tensors and matrices to express mathematically the entire graph as in
Fig. 4.5. Actually, the graph must be rebuilt from all tensors and matrices and inversely. The
first step is to define the impedance tensor in the edge space that describes the impedance of each
edge. Let us take the example of Fig. 4.5 and consider that each edge numbered i is weighted by
its own impedance Z;. Indeed, Z;ntrinsicy is the tensor including all the intrinsic impedances in

the edge space.

Zy 0 0 0 0
0 Z; O 0 0
Zintrinsicy = mat(diag(Z;)) = 0 0 Z3 0 O
0O 0 0 Zy O
0 0 0 0 Zs

(4.2)

It must be noticed that the intrinsic impedances are located on the diagonal because these
parameters are only part of their associated edges. Conversely, the coupling tensor integrates the
links between edges. This tensor Zoupiing, is the one regrouping the modifiable parameters. In
the present case, with the goal of studying inter-component couplings, Zcoupting, Will integrate
the mutual impedances that exist between edges. For example, the coupling tensor related to the
graph in Fig. 4.5 must represent the link between edges n°3 and n°5 and is bidirectional. This
link is a mutual inductance M and so the coupling impedance can be expressed as Zy; = M.p,
where p is the complex variable from the Laplace transform with p = jw = j2n f considering f the

frequency and w the pulsation.

00 0 0 O
00 0 0 O
ZcouplingE = 0 0 0 0 ZM (43)
00 0 0 O
00 Zy 0 O

Finally, these two tensors are summed to represent the total impedance network of the system.

This tensor is named Zg: the impedance tensor in the edge space.
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ZE = ZintrinsicE + Zcoupli’rLgE (44)

The following step is to define Eg, the source tensor in the edge space. Sources are located on
edges, indeed the source tensor has as many elements as edges (in the edge space). The considered
source F can be by default located on the first edge and is an AC source voltage so that F = 2V,
for attenuation calculation (Sect. 1.3.1.1).

Ep = (4.5)

o o o o m

Now that the impedance and the source tensors are defined, the link between the edge space
and the mesh space must be defined. The connectivity matrix Cg_, ;s fulfills this role by having
as many rows as edges and as many columns as meshes. The idea is to specify through that
matrix, which edge is part of which mesh. To build this matrix, let’s take the example of Fig.
4.5, the first edge is part only of the first mesh, so that the first line of the connectivity matrix is
Crpom(l,:) = ( 1 0 0 ) The second edge is part of the first and the second mesh, so that the

second line of the connectivity matrix Cr_,p(2,:) = ( 110 ) etc. Step by step, considering

all edges and all meshes, the connectivity matrix can be built as presented in Eq. 4.6.

(4.6)

0
1
Cpom = 1
1

O O = =
= O O O

o

0
With all those tensors and matrices, it is possible to rebuild the entire graph. Then, the

objective is to transform all the tensors to the mesh space to calculate the mesh currents to finally

go back to the edge space in order to interpret the results.

4.2.3 Resolution

The objective, in order to calculate the mesh currents, is to transform all the tensors describing
the graph in the edge space to the mesh space.

The tensor Zj; can be expressed in the mesh space as follows, considering that C%L _,,, is the
transposed connectivity.

Zyv = Cf i Z5.Crsm (4.7)

Another possibility is to build directly the impedance tensor Zj; in the mesh space. This way,
the calculation is even more direct and the first transformation is not necessary. In order to build
directly the impedance tensor in the mesh space, it must be noticed that the elements on the
diagonal are the ones related to the own impedance of the mesh. For example, the first mesh is
only composed of Z; and Z3 and so Z;(1,1) = Z; + Zs. However, for the extra-diagonal elements,

it regroups the common impedance of the two meshes. For instance, the element Z,;(1,2) which
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regroups the common impedances between meshes n°l and n°2 is only composed of Z5. Finally,

Eq. 4.8 presents the impedance tensor in the mesh space for the example Fig. 4.5.

Z1 4 Zs Zo 0
A= 7o Zo + Zg + 2y Zy+ 2y (48)
0 Zy+ Zy Zy+ Zs

In the same way, the source tensor in the mesh space Ej; can be calculated as:

Finally, by inverting the mesh impedance tensor Z,,, it is possible to calculate the mesh currents
Ips. It must be noticed that this modal analysis is convenient to use because in the mesh space,

only the mesh currents are calculated.

IM = (im)(ZM).EM)T (410)

The calculation is direct and allows to extract the voltage at any edge. Each edge voltage can

be calculated as in Eq. 4.11, considering that I, is the transposed mesh current.

Ve(i) = Zg(i,i).Cen(i,:). I (4.11)

Thanks to the Kron’s method, the attenuation calculation is simplified. Furthermore, the
objective is to predict a filter attenuation, taking into account the magnetic coupling, whatever
the filter structure. Indeed, the reasoning to build a generic graph and all its associated tensors

and matrices will be described in the following section.

4.3 Generic Kron’s graph development

This reasoning will be illustrated by the construction of a Kron’s graph with the filter presented
in Fig. 4.6, composed of a DM capacitor, a CMC and two CM capacitors.

Cs Ci
. Rs ’YYI;“I
Rseries Ls L = Cy
ESR
Cx
ESR ESL
- ESL
ESL
ESR
Rseri L Cy
svicles Ls \AN’ —_
Rs| Ri

Cs _| o]

Figure 4.6: Filter example for generic Kron’s graph definition
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4.3.1 Global parameters

First of all, the global parameters fixed by the user present the given latitude on the filter structure.
These parameters are determined to be sufficient in the description and not to overcome the user.

Some parameters are essential, such as:

e The number of components building up the filter. This first parameter gives an impor-
tant information: the complexity of the structure and also the dimension of all tensors and

matrices.

e The type of components: inductor, capacitor or CMC. It includes their equivalent electrical
circuit and their parasitic elements (Sect. 1.4). This parameter gives the possibility to build
all edges.

e Components connections. Using this information, the link between nodes and edges can be

determined.

e The magnetic coupling between each component pair, calculated thanks to the methodology

presented in Chapter 3.

With those four parameters, it is possible to build the associated graph, the calculation tensors

and matrices and finally predict the filter attenuation.

4.3.2 Determination of the number of nodes

As presented in Sect. 1.2, there are two different modes: the differential mode and the common
mode.

The first step is then to determine all the number of nodes for all types of elements. Actually,
the number of nodes coming from the components or the source is the same in CM or DM, as
presented in Fig. 4.7.

It must be noticed that for the capacitor, only one node is defined. Actually, the objective is to
have the smallest tensors and matrices, for easier and faster calculations. Therefore, for the case
of the capacitor, only the parasitic inductance must be isolated on its own edge (in order to define

the magnetic coupling).

ICL
1, -

Rp
Zin
ESR Rel ~Rs L
E Rs L
ESL
Input Capacitor Inductor cmcC

Figure 4.7: Number of nodes description
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The source, the components (considering their entire electrical models) and the output are all
considered as elements. Therefore, an element in series can be an inductor or a CMC, and an
element in parallel is a DM or CM capacitor.

As far as the number of nodes coming from the connections and the output are concerned,
those depend on the mode.

4.3.2.1 Number of nodes in DM

The algorithm, in order to determine the number of nodes coming from the connection and from
the output, is based on the following reasoning (Fig. 4.8):

e There is one less node than elements in series.
o If there is at least one element in series, there is a node at the output.

o If there is a CMC, an additional node is added.

For the CM capacitor, an additional node is defined between both capacitors.

T P Atleast
1 element
2 Y-cap in series
Zin o _
cmC é
Cx
E Zour
Cy
—0
1cmc
Figure 4.8: Number of nodes in DM
Finally the total number of nodes can be assumed as:
Nnodes = nodesinput + NnOdescomponents + NnOdescoﬂ,n,ﬂctzons + NnOdesoutput (4-12)

For the example of Fig. 4.6, it gives a DM number of nodes N, 4.5 = 10 and is validated with
Fig. 4.9.
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_I_ ’)
Cy
ESR
ESL é
Zour
= ESL
ESR
= Cy

Figure 4.9: Nodes in DM

4.3.2.2 Number of nodes in CM
For the CM, the algorithm is based on the following reasoning (Fig. 4.10):
o If there is at least one element in series, there is a node at the output.
e There are two nodes per CMC, starting from the second CMC.
e There are two nodes per pair of inductors, starting from the second pair of inductors.
e The DM capacitors are not taken into account because they are shorted in CM.

e For CM capacitors, no connection nodes are taken into account because they are connected

to the ground and this node is already defined with the source.

cmC _l_

At least 1
element in series
Cy =
Zn E T
—W—() o AN b
_I_ Zout

Figure 4.10: Number of nodes in CM

Finally, as for DM, Eq. 4.12 can be used for the calculation of the total number of nodes.
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For the example of Fig. 4.6, it gives a CM number of nodes N,,4.s = 7 and is validated with
Fig. 4.11.

Cs
Rs
Rseries Ls = Cy
%ESR
Zin E Zour
ESL
—VV —( < ) 1T AMA ’
= ESL
ESR
Rseries Ls = Cy
Rs|
Cs

Figure 4.11: Nodes in CM

4.3.3 Determination of the number of edges

For the number of edges, there is no difference between DM and CM (except that DM capacitors
are not taken into account in CM). The number of edges only depends on the source, the output

and the components, as seen in Fig. 4.12.

Zin |£L
edae jﬁdg ) Ia edge

E J edg Ro
edge
ESR o4y Re[  ""RVV cdge L
Rs"" edge L - Rs edge |
edge EsL
ZOUT edgeedge Rp
edge
Input Capacitor Inductor cMmC
Output

Figure 4.12: Number of edges

As mentioned in the previous subsection, the objective is to isolate each inductance on its own

edge and reduce as much as possible the other edges. For instance, for an inductor, the parasitic
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parallel resistance and capacitance are on the same edge. Finally, the capacitor is composed of two
edges, the inductor of three and the CMC of six edges.
As for the number of nodes, the total number of edges can be expressed as the sum of all the

nodes as in Eq. 4.13.

Nedges = Edgesinput + NEdgesoutput + Ned!]escornponents (413)

In order to validate this reasoning, it can be calculated with Eq. 4.13 that Negqges = 14 for DM
and validated with Fig. 4.13 -a. Negges = 14 for CM and validated with Fig. 4.13 -b.

—Ks

. LA
10"_ Cy R:e‘:ies [_: 3 8_I_ Cy
sk |14 42 ESR
. Zin 1 E 9 Zour

ESL ESL
Zour 2 12

= ESL 11 ESL

4
> ESR

Cy

ESR
- Cy Rsﬁr‘ikes

N o
l
-
(<)Y
|||—0
[3XY
H Wby

Figure 4.13: Edge definition a- in DM b- in CM

4.3.4 Definition of the impedance tensor

The definition of the impedance tensor is divided into two steps, the first one is dedicated to the
intrinsic impedance of each edge (the intrinsic impedance tensor) and the second one dedicated to

the integration of all the mutual inductances (the coupling tensor).

4.3.4.1 Intrinsic impedance tensor

This step is direct because everything is already defined. Step by step, Z;_g,,, for DM and
Zi—Feoy for CM are fulfilled by the edge impedances described in Sect. 4.3.3. These two tensors
directly come from the determination of edges presented in the previous section (Eq. 4.2). For
DM, there are 14 edges, indeed Z;_g,,, is a 14 by 14 diagonal tensor in the edge space.

Zl'_EDM = mat(dzag( ZIN ﬁp + ESR ESLp Rseries Llp

Rl . Rl 1
1+R,Ci.p Rsemes Ll~p 1+R,C,.p Cy.p + ESR

ESL.p &pJFESR ESLp Zour ))

For CM, it is the same principle as for DM, the graph is followed and Z;_g.,, is a 12 by 12

tensor because there are 12 edges in CM.
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Zi—ECM = ma‘t(dza’g( ZIN Rseries Lsp

R

s 1
1+Rs‘05-p Rseries + ESR

R,
Lsp 1+R:CE-p Cy.p

ESL.p ﬁerESR ESLp Zour ))

4.3.4.2 Coupling tensor

The coupling tensor comes from all the mutual inductances calculated with the methodology
presented in Chapter 3.

The DM coupling tensor Z._g,,, has the same dimension as the intrinsic impedance tensor
and so is a 14 by 14 tensor. There are 5 inductances and, consequently, 10 mutual inductances
in Z._g,,,- Those mutual inductances are called M;; with ¢ and j the edge position of each
inductance (i # j).

Let us take the example of the mutual inductance between the parasitic inductance of the
DM capacitor and the first leakage inductance of the CMC. These two elements are located on
edges n°3 and n°5 respectively. Indeed, Z._g,,,(3,5) = Ms35.p and Z._g,,, (5,3) = Ms3.p.
As demonstrated in Sect. 3.2.2 it can be noticed that M;; = M;; with ¢ # j and, therefore, the
coupling tensor in the edge space is symmetrical. It must also be noticed that the mutual inductance
between the two leakage inductance is fixed and so it can be concluded that Z._g,,,(5,8) =
Ze—ppy(8,5) = —L.p (according to Sect. 1.4.4). Finally, by doing this reasoning for all the

mutual inductances, Z._g,,, can be built.

Ze—Epar
00 0 0 0 00 0O 0O 0 0 0 0
00 0 0 0 00 0O 0O 0O 0 0 0
00 0 0 Mgy 00 Mg 00 Mgy 0 Myyz 0
00 0 0 0 00 0O 0O 0 0 0 0
00 Mss O 0 00 Mg 00 My 0 Msgz 0
00 0 0 0 00 0O 00 0 0 0 0
00 0 0 0 00 0 0O 0O 0 0 0
00 Mgz 0 Mss 0 O O 0 0 Msyy 0 My 0 |7
00 0 0 0 00 0O 0O 0 0 0 0
00 0 0 0 00 0 0O 0 0 0 0
00 Mus 0 Mius 0 0 Mus 0 0 0 0 My 0
00 0 0 0 00 0O 00 0O 0 0 0
0 0 Muas 0 Mizs 0 0 Mas 0 0 Mgy 0 0 0
00 0 0 0 00 0O 0O 0 0 0 0

For CM, it is the same principle but this time, there are 4 inductances and so 6 mutual
inductances. It must be noticed that, as presented in Sect. 2.7, the CMC in CM cannot couple the
magnetic field. This way all couplings with the CMC, M3 9 = My 3, M3 11 = M113, Mgo = My
and Me 11 = Mi16 are equal to zero. Furthermore, M3s = Mgz = L, because the coupling
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coefficient between the two windings of the CMC in CM is +1. Finally, My 11 = M9, the mutual

inductance between the two CM capacitors, remains.

k)

c—Ecm —

O O O O O O o o o o o o
O O O O O O O o o o o o
OOOOOO§OOOOO
[
O O O O O O o o o o o o
O O O O O O O o o o o o
OOOOOOOOOW:OO
O O O O O O O o o o o o
O O O O O O o o o o o o

4.3.5 Definition of the source tensor

O;OOOOOOOOOO
©

O O O O O O o o o o o o

O O O O O O o o o o o o

The definition of the source tensor is quite simple. Here, the source edge is fixed at the first edge.

Consequently, the source tensor has a unique column and has as many rows as edges with £ = 2V

located at the first elements and all others equal to zero. This way, Eg,,, has 14 elements and

Eg.,, contains 12 elements as presented in Eq. 4.14.

Eppu = /EECM =

O OO0 O O OO OO0 o o o o

O 0o O o0 oo oo o oy

(4.14)

4.3.6 Definition of the connectivity matrix: the transfer matrix between

the edge and the mesh space

In the same way as for tensors description, the connectivity matrix depends on the mode. The first

step is then to determine the sufficient number of meshes in order to describe the graph, according

to Eq. 4.1. The developed methodology is based into two main steps: the first one is dedicated to

the assignment of the mesh and the second one to the construction of the connectivity matrix. The

two algorithms that are introduced for DM and CM present the mesh assignment by considering

M; as the main mesh #i and M/ as the secondary mesh #i. A secondary mesh is a mesh that
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comes from the equivalent electrical model of components and not from the filter structure. Indeed,
by considering those secondary meshes, all main meshes follow one another.
Those reasonings are generic enough to give the possibility to build a graph for any structure

and then to calculate an attenuation for all types of passive filters.

4.3.6.1 Determination of meshes and connectivity matrix in DM

According to Eq. 4.1, the number a meshes for DM is Nyeshesp,, = D- Depending on the

components and the connection, the reasoning is:

M1

[ What is the next element? MN

!
b

Rs1-2

L1

M’i Rpl/ Cp1

L2

Roz/Codf>{ 1'i+1 | l l
Mi = Mi Mi = Mi
MI': MI"+1 MI’ = M’i+2 Ml = MI+1 H MI = Ml+1

Figure 4.14: Algorithm to determine DM meshes

Fig. 4.14 presents the algorithm in order to determine the relation among all edges and meshes
in DM. It can be illustrated with Fig. 4.15 that presents the DM meshes definition for the filter
example of Fig. 4.6.
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Rseries Li > _I_CY B> I
ESR

ESL
= ESL

Zout

ESR
Cy

Figure 4.15: Meshes definition in DM

Finally, all that remains is to build the associated connectivity matrix such as presented in Eq.

4.15. Lines refer to edges and columns to meshes.

10 0 0 O
110 00
110 0 0
01 0 0 O
01 010
0 0010
oo =| o 1 o0 0 s (415)
0 00 0 1
01 100
01100
0 1.1 00
01100
0 01 0O

4.3.6.2 Determination of meshes and connectivity matrix in CM

As for DM, the first step is to calculate Np,esneso,, the sufficient number of meshes to describe
the CM graph, which gives Np,eshesoy, = 6. The methodology is also based on the assignment of

meshes.
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Mi = Mi

M’i = Mi+1

Figure 4.16: Algorithm to determine CM meshes

M’i = Ml’i+2

MN-1

Likewise, Fig. 4.16 presents the algorithm in order to determine the relation among all edges
and meshes in CM. It can be illustrated with Fig. 4.17 that presents the CM meshes definition for
the filter example of Fig. 4.6.

Cy
ESRA 3

ESL
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ESL
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ESR| 4
Cv

Cs
Rs
5
Rseries [
Th
Zin E
WH—71
Ty2
Rseries [ ¢
6
Rs
Cs

Figure 4.17: Meshes definition in CM

Finally, all that remains is to build the associated connectivity matrix such as presented in Eq.

4.16.
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Chos Moy = (4.16)

O O O B OO O O K =
O = = O O O = = O OO O ==
_ O O = = O O O O O o O©
= = = O O OO OO OO O o o o
O O O OO oo o -+ OO
O O O O O =, O O o o o

4.3.7 Transformation and attenuation calculation

With minimum information about a given filter, it is possible to build its associated graph and all
the tensors and matrices that describe this graph mathematically. The methodology of calculation
can be followed as presented in Sect. 4.2.3. The first step is then to express all the tensors in the
mesh space thanks to the transfer matrix: the connectivity. Then, the impedance tensor in DM:
Znpy (Eq. 4.17), the source in DM: Eyy,,,, (Eq. 4.18), the impedance tensor in CM: Zyy,,,, (Eq.
4.19) and the source in CM: Eyy.,, (Eq. 4.20) are calculated.

Znton = Chosntpns(ZieBon + Ze—EBpn)-CoosMpy (4.17)
Enrtpns = Chonipn -FEon (4.18)
Znions = Chonton-(Zi-Bon + Ze—Eor)- Coonion (4.19)
Evor = Chrien, EEon (4.20)

The next objective is to calculate the mesh currents in DM: Ip/,,, (Eq. 4.21) and in CM: Ip.,,
(Eq. 4.22).

IMDM = (inv(ZA/ID]\/I)'EMDM)T (421)

IMCM = (inU(ZMCM)'EMCJW)T (422)

Finally, from all those mesh currents, it is possible to estimate the voltages at each edge. The
main advantage of performing all calculations in the mesh space is that only the currents are
calculated. Actually, thanks to Kirchhoff’s voltage law, the mesh voltages are equal to zero. This
point represents one the most significant differences between nodal analysis (in the node space)
and modal analysis (in the mesh space).

The final objective here is to calculate the voltage at the output edge that represents the filter
attenuation (Sect. 1.3.1). For the used case we have followed till now, the voltage that represents
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the filter attenuation is the one on edge #14 for DM (Eq. 4.23) and on edge #12 for CM (Eq.
4.24).

VEOUT—DM = ZOUT-CE—>MDM(14, :).I]:(;DM (423)

Veour—on = Z2our-Coomon (12,2) D01, (4.24)

Therefore, thanks to this methodology, it is now possible to estimate any filter attenuation
whatever the structure and the topology. Actually, that methodology was included in tool that
build up automatically the Kron’s graph thanks to Fig. 4.14 and Fig. 4.16.

In order to illustrate the whole reasoning, different application cases will be presented.

4.4 Application case: attenuation of a LC filter and its op-
timization

The first use case is dedicated to the study of a LC filter, composed of a 2pH inductor and a 1uF
capacitor spaced by 34mm as presented in Fig. 4.18.

Port 1 Port 2
VNA VNA

34mm
Figure 4.18: LC filter composed of a 2pH inductor and a 1uF capacitor

The first step, as described in Chapter 1, was to characterize the components with an impedance
analyzer and/or a VNA in order to determine the equivalent electrical model. Fig. 4.19 presents
the two characterized components. For the capacitor, only the measurement with the impedance
analyzer was sufficient in order to build the model. However, for the inductor, the measurement
with the Z-meter was not sufficient because it did not highlight all the different behaviors of the
inductor. Therefore, a measurement with the VNA complemented the measurement from the
Z-meter in order to build the equivalent electrical model of the inductor.
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Figure 4.19: Equivalent electrical models of a 1uF capacitor and a 21H inductor

The second step was then to characterize the two components in the TEM cell in order to
determine their equivalent coupling surface. To do so, the methodology presented in Chapter 2
was followed. Fig. 4.20 presents the equivalent coupling surfaces versus frequency for the capacitor

and the inductor.

Equivalent Coupling Surface of a 1uF capacitor Equivalent Coupling Surface of a 2uH inductor
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Figure 4.20: Equivalent coupling models of a 1pnF capacitor and a 2pH inductor

Thanks to the methodology presented in Chapter 3, the mutual inductance between the two
components could be calculated. The advantage of this part is that, once all the formulas are de-
veloped and generic enough to be applicable to any case, the calculation is very fast and, therefore,
gives the mutual inductance whatever the position of the components.

Actually, for the current position and connection between the components, it gives a mutual
inductance of M = 9nH. It is important to notice that the mutual inductance is positive and,
therefore, it adds more parasitic inductance to the capacitor edge. Finally, it can be concluded that
this position leads to a degradation of the filter attenuation as presented in Fig. 4.21, regarding

the attenuation considering no coupling.
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LC Filter Attenuation
Spaced by 34mm, Positive mutual inductance

0
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Figure 4.21: LC filter attenuation for placement as defined in Fig. 4.18

Therefore, the first idea in order to avoid the degradation from the magnetic coupling, is to
change the sign of the magnetic coupling without moving he components. Indeed, the components
connection is changed to induce a negative coupling and not a positive coupling. Actually, with a
negative coupling, the parasitic series inductance of the capacitor is reduced and so the attenuation
is improved as presented in Fig. 4.22.

LC Filter Attenuation
Spaced by 34mm, Negative mutual inductance

Attenuation with no coupling
Measured Attenuation
-10 = = *Calculated Attenuation
-20 -
o 301
k=3
&
D40 -
-50
-60
34mm
70 e L L !
10* 10° 108 107 108 10°

Frequency [Hz]
Figure 4.22: LC filter attenuation for a distance of 34mm and negative mutual inductance

This example shows that, just by switching the components connection, an improvement on
the filter attenuation can be made. For the current filter, this change induces a 10dB improvement
at 10MHz. Nevertheless, it must be noticed that a negative coupling, will improve the filter atten-
uation, only when the mutual inductance is lower than the parasitic inductance of the capacitor.
A negative coupling will not always improve a filter performance.

It has been demonstrated in [4] that the filter response for an LC filter is optimized when

the mutual inductance completely cancels the parasitic inductance of the capacitor. Therefore, in

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters



CHAPTER 4. PREDICTION OF THE FILTER ATTENUATION CONSIDERING
INTER-COMPONENT COUPLING 138

order to obtain the best performance for this LC filter, the mutual inductance between the two
components should be equal to M = —19nH. Therefore, by fixing the mutual inductance value, an
infinite number of positions can be identified as presented in Fig. 4.23. The black arrows represent
the correct center positions and orientations of the capacitor with respect to the inductor in order
to obtain the best filter attenuation. That calculation is performed automatically with the tool we

developed.

30 Areas of Best Position k=-0.095119

101

Y [mm]
o

10 F

X [mm]

Figure 4.23: Areas of best positions for the capacitor location and orientation

Finally, it was chosen to put the capacitor in the main axi of the inductor and at a distance of
24mm in order to reach the optimized coupling. The components connection is correctly made to
obtain a negative coupling between the components. The resulting filter attenuation is presented
in Fig. 4.24 and it can be noticed that, regarding the first position of the components, with a

minimum of changes, the filter performance is improved by 25dB at 10MHz.

LC Filter Attenuation
Spaced by 24mm, Negative mutual inductance

Port 1 Port 2
VNA VNA

-20

Attenuation with no coupling

o' Measured Attenuation Vs
= 30 F = = ' Calculated Attenuation 4
m&
-40 - 8
-50 B
60 | | = |
10* 10° 108 107 108 10°

Frequency [Hz]

Figure 4.24: Optimized filter attenuation

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters



CHAPTER 4. PREDICTION OF THE FILTER ATTENUATION CONSIDERING
INTER-COMPONENT COUPLING 139

The resonance that is observed around 10MHz comes from the frequency dependency of the
equivalent series resistance as identified and already discussed in [4]. Actually, from Fig. 4.19, the
equivalent series resistance of the capacitor is extracted at the resonance frequency around 1MHz.
However, that value of ESR evolves over frequency and can be measured with the impedance
analyzer. Thus, it can be seen in Fig. 4.25 a value of 20mf) is correctly extracted at 1MHz but
beyond, this value increases and the resonance is visible at 10MHz as in filter attenuation in Fig.
4.24.

Equivalent series resistance of 1uF capacitor

12| [Ohm]
2

102 . 1 I |
10° 10 10° 10° 107
Frequency [Hz]

Figure 4.25: ESR of the capacitor
It must be noticed that the optimization is very sensitive. Actually, a simple error of 1mm on
the position of the capacitor will induce a degradation. Fig. 4.26 presents the LC filter performance

by moving the capacitor Imm closer to the inductor, and 1mm further.

LC Filter Attenuation

Spaced by 23mm
Spaced by 24mm
-10 - Spaced by 25mm b

-30

s, [dB]

-40 -

-50 |-

-60 |-

70 ‘ ‘ | |
10* 10° 108 107 108 10°
Frequency [Hz]

Figure 4.26: Tolerance on the distance between both components

The degradation at 10MHz is of 10dB for the both positions with respect to the optimized one.
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Furthermore, that degradation can be even more important if the components are not correctly
characterized (impedance used from supplier data sheet, equivalent coupling surface determined
from geometrical properties etc.). Actually it will induce even more errors in the calculation
and therefore the filter performance won’t be accurately predicted. It can be concluded that the

methodology of ESL cancellation can be a good approach for optimization, but it is very sensitive.

4.5 Application case: Pi filter on a LED driver for a DC/DC

converter

The second application case is dedicated to a Pi filter composed of two 4.7pF MLCC 0603 capacitors
and a 3.3puH inductor (Fig. 4.27). The objective here is to compare different positions of the

capacitors.

Position n°1 Position n°3

Position n°2

Figure 4.27: Pi filter for three different positions of capacitors

The component models presented in Sect. 2.5.5, dedicated to the study of MLCC capacitors,
are re-used. Then, the filter performances for the three different positions can be predicted and
are presented in Fig. 4.28.

It is clearly identifiable that the coupling between the two capacitors is destructive and bypass
the inductor. Actually, there is a 35dB degradation at 10MHz between position #1 and position
#3. This kind of behavior is typical and has been identified through several application cases.
Actually, when two capacitors are coupled but not on the same potential, it is very destructive
for a filter attenuation. However, when the two coupled capacitors are on the same potential, the
coupling has almost no influence on filter performance. It was presented in [80] that the coupling
between two capacitors on the same potential can reduce the filter performance. However, it has

a very little impact compared to the coupling between two capacitors not on the same potential.
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Figure 4.28: Prediction of Pi filter performances for three different positions of capacitors

Finally, the prediction can be validated with measurements as presented in Fig. 4.29.
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Figure 4.29: Comparison between predicted an measured performances of a Pi filter

From this kind of application case, a design rule can then be identified. When two capacitors
are not on the same potential, the magnetic coupling must be reduced to avoid filter performance
degradation.

4.6 Application case: OBC (On Board Charger) H filter

The third application case is dedicated to the study of an H filter, composed of two 2.43mH and
2.13mH CMCs and a 2.2pF DM capacitor, as presented in Fig. 4.30.
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L1=2.43mH L2=2.13mH

W | W
Cx=2.2uF,

L] L]

Figure 4.30: H filter composed of two CMCs and a DM capacitor - Initial position

The predicted attenuation for this position of the components is the one presented in Fig. 4.31
and is validated by measurement.

H filter

Measured | |
= = ' Calculated
No coupling

-20 [

s,, [dB]

-80 -

-90 -

-100 :
10° 107
Frequency [Hz]

Figure 4.31: H filter performance for initial position

This attenuation is, therefore, the one corresponding to the initial position of the components.
The objective is then to improve the filter performance at 1MHz and so to improve the attenuation.
The first idea is then to identify the destructive coupling, the one which degrades the most the
filter performance. To do so, the two CMCs are brought closer as presented in Fig. 4.32.

Initial Position

Position n°2

Figure 4.32: Two CMCs brought closer

Therefore, by calculation, it is predicted that this position will degrade the filter performance as
presented in Fig. 4.33 -a. This was validated by measurements (Fig. 4.33 -b). It must be noticed
that for that topology, the couplings between CMCs and the capacitor are still low, compared
to the first one. Actually, by representing the equivalent coupling surfaces of each component, it

appears that the surface of the capacitor is always perpendicular to the ones of both CMCs, for
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the first position and even the second one. It can then be concluded that the coupling between
both CMCs is destructive, regarding Fig. 4.33 and must be reduced.

0 H filter attenuation N H filter
L Initial position: Calculated | | Position n°2: Measured
-10 Position n°2: Calculated -10 — = - Position n°2: Calculated
No couplin No couplin:
-20 PIno 20 pmme—s Pre
- -7 -
80 -~
i
-40
g 3
= = 50f g
S &
[2) [2)
.60 |- 1
-70
-80 1 -80 -
90 9 -90 -
-100 - -100 :
10° 107 10° 107

Frequency [HZ] Frequency [Hz]

Figure 4.33: Predicted H filter performance for position #2 a- compared to initial position b-
compared to measurement

One possibility, in order to reduce the coupling between the two CMCs, is to move them away
from each other as it can be seen in Fig. 4.34.

Position n°3
Initial Position

Figure 4.34: Two CMCs moved away from each other

H filter attenuation H filter attenuation

Initial position: Calculated
Position n°3: Calculated
No coupling

Position n°3: Measured
Calculated

S,, [dB]
S,, [dB]

-100 t -100 t
10° 107 10° 107
Frequency [Hz] Frequency [Hz]

Figure 4.35: Predicted H filter performance for position #3 a- compared to initial position b-
compared to measurement
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Actually, the predicted attenuation is considerably improved as presented in Fig.4.35 -a. This
topology was validated by measurements (Fig.4.35 -b).

An improvement of 30dB at 1MHz is highlighted in that position. However, in a real world
application, there is not so much space to put the components as far as in Fig. 4.34. However,
there are some discrepancies from 3MHz to 10MHz. That difference was not studied but it can
come from the influence of the component connexions. As the components are far from each other,
the connexions are long and can have an influence on the filter attenuation. This phenomena is
only visible on this measurement because it is the only position where the connexions are long.
For other positions, the connexions are very small, as the components are very close.

Therefore, in order to minimize the coupling between the two CMCs, the second one is laid on
its side (as a horizontal CMC) and turned by 90° (Fig. 4.36). Actually, by understanding how the
components couple, like in Fig. 23, the coupling can be reduced.

Initial Position

Position n°4

Figure 4.36: Second CMC laying down and turned by 90°

From Fig.4.37 -a, it clearly shows that the filter performance is improved by 20dB at 1MHz and
the criteria of minimum of space is respected. This topology was also validated with measurements
(Fig.4.37 -b). However, there are still some discrepancies from 3MHz to 10MHz. This difference
can come from parasitic capacitances between the components. Actually, they are very close from
each other and it could explain the resonance at 6MHz. For the first and the second position
that phenomenon is not visible because the magnetic coupling is dominant. For that position, the

magnetic coupling is reduced and, therefore, the capacitive coupling could explain that discrepancy.
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Figure 4.37: Predicted H filter performance for position #4 a- compared to initial position b-
compared to measurement
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Through this example, a filter topology improvement was presented. It clearly shows that,
with a minimum of space and by understanding how components couple together, it is possible to
improve filter performance (as introduced in Chapter ).

4.7 Application case: Power filter application

The last application case presents one of the advantage of the MKME use for filter design: the
simplicity of coupling definition. Therefore, Fig. 4.38 presents the studied filter. It is composed of
three cells of filtering for the three phases, same filter for each phase.

Cell n°1 I

Cy11=4.7nF |Cy22-4 7nF
L1-5mH | 2=2.13mH

W T
sz—ZuF |sz=2 uF |Cx3=1.4uF

Cy12=4.7nF Cy22=4.7nF

:
I
T
il
I

Cell n°3

Figure 4.38: Power filter application case

Indeed, there are nine passive components per cells of filtering and two CMCs. Therefore,
there are eleven inductances per cells of filtering that can induce magnetic couplings. Finally, by
considering the three cells, it induces 528 possible couplings, that is clearly very difficult and long
to implement in a SPICE simulation. Actually, all the couplings should be defined manually one
by one and it would be time-consuming. Therefore, using the MKME, the analysis is simplified
thanks to the tensor description.
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Figure 4.39: Prediction of power filter performance for the three cells

The results for the three different cells are presented in Fig. 4.39. It is clearly identifiable that

the degradation is very important regarding the attenuation without considering the coupling.

Finally, the calculated attenuation can be compared to measurement, for the first cell for example,

like in Fig. 4.40. There are some discrepancies from 10MHz to 100MHz that can come from

components electrical models that are not sufficient or other phenomena like layout influence that

is not included in this calculation.

DM filter attenuation - Cell n°1
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108
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Figure 4.40: Prediction of DM filter performance for cell #1 compared to measurement
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4.8 Conclusion

In this chapter, the generic Kron’s graph development was presented in order to predict a filter
attenuation whatever the filter structure and the filter topology. Here, all the presented topics
were gathered: the equivalent coupling model of passive components and the magnetic field gen-
erated by those components to predict a mutual inductance and finally a filter attenuation. This
methodology presents a major advantage compared to 3D simulation. Actually, for 3D electromag-
netic simulation, it takes time to build up the model, but the solving also takes time. With that

methodology, the calculation is generic and once the model are build, the calculation is very fast.

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters






Synthesis and conclusions

The main objective of this thesis work was to introduce a methodology for filter design considering
component proximity. Actually, it was demonstrated that the proximity has a big influence on the
filter performance. Therefore, that coupling phenomenon must be taken into account in order to
predict a filter attenuation correctly.

Most of the previous research work performed on that topic was based on numerical study such
as 3D electromagnetic simulation. The main drawback of that approach is that a lot of information
on components is required in order to build the filter 3D model, such as the exact geometry or the
material properties. Furthermore, in addition to being time-consuming for model construction, it
is also time-consuming for solving. For each analysis, the simulation must be re-launched and,
therefore, it takes too much time for a filter analysis.

The methodology that was developed through this thesis work is based only on measurement
and analytical calculation. Therefore, once the models are built, the resolution and the analysis
can be performed very quickly.

The methodology is divided into different main steps. The first one gathers component charac-
terization inside the TEM cell. This characterization makes it possible to determine the magnetic
sensitivity of each component. Indeed, their equivalent coupling model composed of one or several
surfaces can be established. This property is fixed for each component in amplitude and direction.
Actually, for capacitors and inductors, there is only one equivalent coupling surface. For capacitors,
the surface is oriented like the one delimited between the pins of the components. For inductors,
the equivalent coupling surface is oriented like the turns of the component and is increased by the
influence of the magnetic material. Finally, for CMCs, only the DM coupling model is necessary
because a CMC can only couple a magnetic field when it is connected in DM. Therefore, the DM
coupling model is composed of several surfaces (ten in the presented cases) with fixed orientation.
All the surfaces presented here are equivalent surfaces and not physical ones. Actually, those sur-
faces represent a sensitivity to the magnetic field by including all influent parameters such as a
magnetic material for example.

The second step is dedicated to the magnetic field calculation. Actually, the equivalent coupling
surface is re-used as an equivalent emission surface, thanks to the reciprocity theorem. Therefore,
in order to estimate a mutual inductance between two components, the magnetic field generated
by the first component on the equivalent coupling surface of the second one is calculated and,
therefore, the coupling is calculated.

Thanks to this coupling extraction, the filter performance can then be estimated considering
the placement of the components. To do so, the Modified Kron’s Method is used and a generic
Kron’s graph was developed for attenuation calculation. That genericity is very important because,

this way, there is not limitation on the filter structure and also in the filter topology.
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Finally, in order to build up the global methodology, a tool was developed, named Global
Filter Design (GFD). This tool is divided into two main menus. The first one is dedicated to the
extraction of the magnetic coupling between two passive components (capacitors, inductors and
common mode chokes). The second menu is dedicated to filter performance prediction, considering
several fixed structures and the possibility to build a custom structure. Therefore, by considering
all the components properties, the filter attenuation can be predicted very accurately. GFD tool
is operational and is currently used by design teams for filter design as the examples presented in
the last chapter.

The global methodology was applied to several typical filter structures in order to cover a
maximum of the possible cases. The comparison between the predicted attenuations and the
measured ones presents the high accuracy of the methodology. It can be applied to low order
filter (like the example of the LC filter) or for higher order filter (like the example of power filter
example), the methodology is still very accurate.

The next steps will be more dedicated to the placement optimization of filters. Actually,
it was presented that, using those inter-component couplings, it was possible to improve filter
performance. For LC filter, it is quite simple because there is only two components. However, in
the last application case on a power filter, a structure with 528 possible couplings was presented
and it clearly appears that the optimization is not obvious compared to LC filter. A first step
can be to determine the destructive couplings and the ones which have no influence. This is what
has been done in the second application case. Through a practical example, a design rule was
identified: the coupling between two capacitors, not on the same potential, must be as low as
possible. Those examples are first clues for filter design optimization. Another possibility could be
to base the optimization process as for LC filter. Actually, for LC filter, the objective was to reduce
the parasitic elements using the mutual inductances. That could be applicable to higher order filter
but is still complicated when there are several components. Furthermore, as the constraint in terms
of space is high, but also considering mechanical structures, this solution cannot be applied for all
couplings. Therefore, the two proposed solutions can be mixed for optimization placement.

Finally, another step will be dedicated to the integration of the layout influence. Here, only
the magnetic coupling between the components were presented and it was highlighted that those
couplings have a major influence on DM attenuations and very few in CM. Actually, the filter
performance in CM is more affected by the layout: the coupling between traces but also between
traces and the components. Some works using 3D electromagnetic simulations were already devel-
oped as presented in the introduction. Therefore, in order to improve the existing methodology,
this point could be added to the current methodology, for accurate prediction of filter performance
in differential mode but also in common mode. A perspective is to include in the generic tool,
Global Filter Design, the influence of the layout. This step could be performed with the MKME,
which can easily formulates coupling between meshes, whereas with a usual SPICE simulator, it is
not possible.
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Appendix A

Tools development

A.1 Equivalent Surface Extractor - Measurement bench

Equivalent Surface Extractor (ESE) (Fig. A.1) is a tool for extracting an equivalent coupling
model of a passive component from TEM cell measurements. Once the equivalent coupling model
is extracted, the surface (for capacitors and inductors) or surfaces (for CMCs) can be used in
Global Filter Design tool (Sect. A.2) for coupling coefficient calculation and filter performance

prediction.

4 Equivalent Coupling_Surface_Extractor e =
Help

Equivalent Coupling Surface Extractor

Two ports Components

Capacitor Horizontal Inductor Vertical Inductor
(I S
i Jn
I <~
= =) =>

Four ports Components

Horizontal Common Mode Choke Vertical Common Mode Choke

o - oF -

Figure A.1: ESE tool main interface

There is one menu per component: for capacitors, horizontal and vertical inductors and hori-
zontal and verticals CMCs. This tool is linked to its test bench as presented in Fig. A.2. The test
bench is useful, in terms of precision and regularity, to perform both measurements for capacitors

and inductors, and also the twelve measurements for CMCs.
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A i
Star shape support

i,
°

Figure A.2: ESE test bench

The process is the same for all the components. Actually, once the tool is launched, the user
choose the menu dedicated to the component he wants to characterize and then, a new interface
opens (Fig. A.3) and the initialization begins. The laptop connected to the test bench checks that
the Arduino module is correctly connected, that the VNA also and that the associated calibration

is recalled.

Equivalent Surface Extractor -
Capacitor Equivalent Surface Extractor
Capacitor
Initialization
=) Initialization
Done !
PCB installation
(4] Please wait =/e =
: 0° Definition
Please wait...
Arduino connexion I
VNA connexion via GPIB I
Recall calibration set 3¢

Figure A.3: ESE tool - Initialization

Then, the user can access to the PCB installation menu. In that menu, the different steps for
PCB installation are described. When the step is finished the user can validate it and go further

as presented in Fig. A.4.
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PCB installation PCB installation PCB installation

t by

Instructions Step 1 : Use the arrows below to rotate Instructions Step 2 : Use the 1.5mm hexagon key to Instructions Step 3 : Screw the circular PCB to the
the star and make the hole accessible remove the star from the motor shaft star on the 3 colums
sep 1 2 B @ B @ sep @ 2 @B @ B @ stp @ @ 3 @ B @
b el ol G bl bl (o R bl el o
([ Done? Done? ] Done 2
PCB installation PCB installation PCB installation

Instructions Step 4 : Put the star with the PCB back on Instructions Step 5 : Tighten using the 1'5”"/" Instructions Step 6 : If each step is finished, you can
the motor shaft up to the mark hexagon key. No need to tighten very hard! validate the installation by clicking on Done
soll @ @ 4+ B @ sl @ @ @ s @ sl @ ® @ B
& & e sl el Wl (@l PR
[ Done? ] Boned Done 2

Figure A.4: ESE tool - PCB installation

The installation is divided into 6 steps:

e Step #1: the servo motor lift the star to give the possibility to the user to rotate it with the

stepper motor. The objective is to make accessible the hole to remove the star.
o Step #2: the user can remove the star from stepper motor shaft.
e Step #3: the circular PCB can be screwed by the user.
e Step #4 and #5: the star can be put back to its place.
e Step #6: Validate the installation.

Then, the 0° definition menu must be done. In that menu (Fig. A.5), the user can rotate the star

until the coupling surface and the magnetic field are collinear.

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters



APPENDIX A. TOOLS DEVELOPMENT 160

0° Definition

VNA

Instructions : Use the arrows below to rotate the star
and make the coupling surface and the magnetic
field collinear. Do not connect the second port fo

the DUT!

Figure A.5: ESE tool - 0° Definition

The menu dedicated to measurements can be used as presented in Fig. A.6. Once the PCB
is connected to the second port of the VNA the user can press the “start measurements” button
and, thus, both measurements for the capacitors are performed and saved. For inductors, two
measurements are performed also whereas for CMCs, there are twelve measurements every 30°.
During the measurements, the user can attend the progression with the picture is updated at each
step of the measurements (fixed position, rotation etc.).

Measurements

W W

VNA

Instructions : Connect the second port of the VNA to
the DUT with the right-angled SMB cable. Pay
attention that the connexion can rotate

Start Measurements

Figure A.6: ESE tool - Measurements

Once the measurements are performed, only the electrical equivalent model remains to be
fulfilled to extract the model. Finally, Fig. A.7 presents an example of the fulfilled interface for
the characterization of a 470nF-capacitor.
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Load TEM cell Measurement  Export

Capacitor

Initialization

PCB installation

n
v

0° Definition

n
v

Measurements

n
vV

Electrical Model

n
v

ing Wave Ratio

Equivalent Surface Extractor

Done !

Done !

Done !

Done !

Done !

SWRal0*
SWRal 160"
At Maximum SWR acceptable

= I
0 —___/

521 [dB]

-100

-120

S21F

with the TEM cell

-20 0

40t

60|

-80 -

Measurement at 0°
Measurement at 180°

10°

108 107
Frequency [Hz]

Coupling Surface of the Capacitor

108 10°

10°

——mean(S)=105.4102mm?

10° 10% 107 10°
Frequency [Hz]

Frequency [Hz]

107

Figure A.7: ESE tool - Capacitor example

A.2 Global Filter Design

One of the major objective of the thesis work was to develop a generic and automatic tool for filter

design. Actually, that tool is necessary for filter performance prediction whatever the structure

and whatever the topology.

Therefore, Global Filter Design (GFD) is a tool for extracting coupling coefficient between two
components or extracting a filter attenuation for different structure. Once the equivalent model
(with the couplings) is extracted, the netlist file (.lib) of the filter can be generated. Indeed, the
model can be used in a global product simulation as shown in Sect. 1.2 in order to use the filter

in its real environment.

The tool is divided into two parts (Fig. A.8):

o Extraction of coupling coefficients between capacitors, inductors and common mode chokes.

o Prediction of filter performance considering inter-component coupling for five fixed structures
(LC, Pi, T, Cascade and complete filter structures) and a custom structure which can be

built up by the user from basic elements.
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4] Global Fiter_Design =l
Help N

Global Filter Design

Coupling Coefficient Extractor Filter Design
Component n°1 Component n°2 Structure

Capacitor - Capacitor - LC Fiter -

g — W1
1 1 T

=

Figure A.8: GFD tool main interface

A.2.1 Component menus

GFD tool is organized with one menu per component. Actually, inside those menus, the user must
fill in all the required parameters for mutual inductance calculation.

Capacitor menu:

The capacitor menu is divided into different topics. The first one is dedicated to the geometrical
properties of the component, the capacitor width, length and the distance between pins. Then,
the equivalent electrical model is required, including the capacitance value, the equivalent series
inductance and the equivalent series resistance. Finally, the center position must be specified,
considering that the first component is always fixed at the origin. The final point is to fill in
the equivalent coupling surface value. This parameter is extracted from TEM cell measurements
(or from geometrical parameters as seen in Sect. 2.5.3) and the tool dedicated to this surface
extraction is described in A.1.

— Component n°1: Capacitor
MLCC ] " ) =
Size of the Capacitor 2 Length
Width 107 mm . Capacitor model
Length 311 mm 10
Distance between pins 283 mm
Capacitor Model CE) 102
Capacitance 1e-06 E
8
Series inductance 2008 H £
3
Series resistance 003 Ohm & 10°
o E Distance between pins
Center Position = P
X0 0 mm
102
Yo
g b 10 108 108 Length
Angle 0 ? Frequency [Hz]
Calculation [ Cear ]
Equivalent Coupling Surface
Constant Equivalent Coupling Surface @
S= | 0000133 | m* -
Calculation Capacitor Distance
x10* Equivalent coupling surface of C ,_,_,_,_,¢ between ¢
— s V and the
13
12
10° 10° 107 10° 10°
Frequency [Hz] Done?2 )

Figure A.9: Capacitor menu and its associated caption

For MLCC capacitors, the menu is simplified because the geometrical properties, the equivalent
electrical model and the equivalent coupling surface only depend on the technology, the package
and the capacitance value. Therefore, Fig. A.10 presents this simplified menu.
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[SIMicE e o] B (]
Em
y 4
® e
Technology x7R =
Housing 0805 -
Capacitance
value : C = 1e-9 F
Distance to the
ground plane : d = 1 mm
X Position : X0 = 0 mm
Y Position : Y0 = 0 mm
Angle = 0 ¢

Figure A.10: Capacitor menu and its associated caption

Inductor menu:

The inductor menu depends on inductor nature. Actually, there are horizontal and vertical
inductor and, therefore, there are two different menus as presented in Fig. A.11 and Fig. A.12.

However, whether it is for horizontal or vertical inductors, the menus are organized in the same

way. The geometrical properties are required, the equivalent electrical model and then, the center

position of the component. Finally, the equivalent coupling surface extracted from ESE tool is

entered. This surface includes the influence of the magnetic material building up the coil.

Component n°1: Inductor

Size of the Inductor 2
Inductor length 122 mm = =
External Diameter 65 mm /w ﬁ
ﬂ 2 2
Number of tuns 11 tums N
Wire Diameter mm 1 1
Distance between L and the o8 e
Solid o © Winding Direction 1 () Winding Direction 2
Inductor Model e Inductor model
Inductance 1.8¢-06 H
Parasitic Capacitance 10-12 E 2
=
Parallel Resistance 10000 ohm 3, 10%
Series Resistance 0.001 omm 8
§
Center Position B 40
2 10
X0 0 mm E
Yo 0 mm
102
i
e 2 104 108 108
Calculation Clear Frequency [Hz]
Equivalent Coupling Surface
Constant Equivalent Coupling Surface -
with permeability @
swr= | 000119 me
[ Calculation
%10 Equivalent coupling surface of L with ur
=13
£l
2 Constant Surface
Lol
108 108 107 108 P08 ?

Length

External
diameter

External

diameter .
Distance

............ between L
s ) and the
I_ Tength ground plane

Figure A.11: Horizontal inductor menu and its associated caption
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Component n°1: Inductor

Size of the Inductor @
Inductor length 6 mm
External Diameter 7 mm
Number of turns 7 s
Wire Diameter 05 mm 1 2 1 2

Distance between L and the
ground plane
Inductor Model

4 mm © Winding Direction 1 () Winding Direction 2

Inductor model

10
Inductance 8.37e-06 H
Parasitic Capacitance | 2.26-12 E
2
Parallel Resistance 6000 omm O, 10?
Series Resistance 00135 | om 8
§
Center Position B 100
g
X0 0 mm E
Yo 0 mm
B 107
Angle
a : 104 108 10°
Calculation Clear | Frequency [Hz]

Equivalent Coupling Surface
Constant Equivalent Coupling Surface
‘with permeability

Stpr= 0.0023 m*
Calculation |
x10° Equivalent coupling surface of L with ur
-
Eoal oo sul ]
C22f
10° 108 107 10° [ Donez ]

External
diameter

Length

and the

....... Distance
I between L
¥ ground plane

Figure A.12: Vertical inductor menu and its associated caption

Common Mode Choke menu:

Like for inductors, there are also two different menus for CMCs, one for horizontal CMCs (Fig.
A.13) and the other for vertical CMCs (Fig. A.14). Geometries are described for both types of
CMC. Then the DM and CM model and the center position must be entered. Finally, the ten

surfaces that describe the equivalent coupling model of the CMC are specified. Those values are

directly extracted from the ESE tool.

Component n°1: CMC

Size of the CMC @
External diameter 38 mm
Internal Diameter 20 mm
Height 7 mm
DM Electrical Model | CM Electrical Model 11 21 11 21
Series Resistance 0.152 Ohm| ' @ winding Direction 1 ) Winding Direction 2
DM Inductance 7.56-05 H : cmMc model
Parallel capacitance 1.840-11 Pl oM
Parallel resistance 61075 Ohm g =]
CMC Position 2
Distance to the ground 5 mm &
plane 7
g
X0 ) LU
Yo 0 mm
10°
Angle 0 mm 104 108 10°
[ Calculation Clear Frequency [Hz]
Equivalent Coupling Model
s 5P cu [ Load ESE Extraction |
Sag Sas sA1=| 0.002026 | m* SB1= 0002228 m*
SA2=| 0.004519 | m* $B2= 0.004144 m*
SA3=| 000529 | m* SB3= 000520 & m*
SBL Ses SA4= 0004144 = m* SB4= 0004519 m*
62 Sh3 SB4 SA5= 0002228 | m*  SBS=| 0002026 m*
Done 2

Internal diameter
——>

HeighlI

External
diameter

,,,,,,, Distance
between CMC
y Vand the

U U ground plane

Figure A.13: Horizontal CMC menu and its associated caption
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Size of the CMC

Component n°1; CMC

Internal diameter
P —

External diameter 284
Internal Diameter 184
Width 157
DM Electrical Model | M Electrical Model|
Series Resistance oot | omml [ Winding Direction 1 (©) Winding Direction 2
DM Inductance 1.189¢-05 = cmMc model
Parallel capacitance 7.26-12 i (= i Width
Parallel resistance 13100 Ohm ‘g
CMC Position 8 External
Distance to the ground 1 e diameter
plane B
-4
-
Yo 0 mm L)
10°
Angle 0 mm 104 108 10°
Calculation Clear Frequency [Hz]
Equivalent Coupling Model
i Se1 [ Load ESE Extraction |
4 Sez SA1=| 0001017 | m*  SB1=| 0001148 | m* Distance
Sa3 SA2=| 0001837 m* sB2=[ go01913 | m* | |} T between CMC
Sa3 SA3= 0.002165 m* SB3=| 0.002165 | m* v and the
Saq Spa SA4=| 0001913 | m* $B4=| 0002165 | m* U L ground plane
Sas sS85 SA5= 0.001148 | m" $B5=| 0.001017 | m*
Done 2

Figure A.14: Vertical CMC menu and its associated caption

A.2.2 Component

connections

Component connections are very important because they set the sign of the mutual inductances

between the components. Fig. A.15 provides an example is given for components connections for

a filter composed of a DM

capacitor, a CMC, another DM capacitor and two CM capacitors.

+

Filter Design

Component n°1: Capacitor X
Component n°2: CMC o G 7 - 2 Gi]
- 1 Q )i ]r = 13 14 7
Component n°3: Capacitor X ‘* wme_____ AL L - g 0 I .
Donet T 10 > 23 2 19
Component n°4: Capacitor Y m [ = 5

Component n°5: Capacitor Y

Done! 40

24 5

R

Done!

Done! -60

Figure A.15: Example of component connections

A.2.3 Calculation of filter performance

Once the component menus are filled in and the component connections specified, a new menu

appears for attenuation calculation. All that remains is to click on the corresponding arrow in order

to launch the calculation (very little time). Finally, it is possible to compare several topologies

(for different positions of the components). It is also possible to enable and disable one or more

couplings in order to identify which ones are destructive.

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters



APPENDIX A. TOOLS DEVELOPMENT 166

[

[E=sn =]
|Save Load Export Help Options -
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= Done!
Component n°2: CMC 50
= & o 2] 43 {14 le rd
- : < : [ = 2
Component n°3: Capacitor X LI s i J_w T, 1 10
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v o 000 | 000001 00583 00223
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Figure A.16: Example of GFD calculation
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Appendix B

Magnetostatic field calculation

B.1 Application case: Capacitor

The objective of this part is to detail the calculation of the magnetic field generated by a capacitor

considering the four segments as presented in Fig. 3.7. Thus, the calculation is divided into four

steps:
« For by, it can be considered that 7 = r_; ~ 7 with ﬁ =| y J
0 i
and 7 = | Zdins J
integ, k
Furthermore, integ, = [—hpins : hpins| is the integration domain on which the calculation is made
2 i
for segment by. 7 can be calculated with 7 = ﬁ} - ? = yp + dp;“ J
zp —integ, k
d,, . .
Thus 7 = (/22 +y2 + 22 + %2 +integ? + ypdpins — 22pinteg. .
0 i
e A
It is also possible to calculate s = ( digZeg Ydinteg, = | 0 J | dinteg..
1 k
dpins o
Yp + 5 7
. = P A .
Finally, dBy, = Z—;Tﬁ? = ‘%TIT% —x, J dinteg,
0 k
2 ;
« For by, it can be considered that 7 = r_p> — ? with ﬁ =\| v J
0 i
and 7 = | integy b
hpins k
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o) ;
7 can be calculated with 77 = ﬁ — ? = | yp—integy j
Zp — hpins ]Af
Thus r = \/xf, +y2 + 22+ h2,,  +integ2 — 2.(ypintegy + Zphpins)-
0 i
= N
It is also possible to calculate s = ( dig:eg )dinteg, = | 1 j | dintegy.
Y ~
0 k
hpins — Zp %
. - Is I ~ .
Finally, dB,, = %Xﬁ =5 0 j | dinteg,
Tp k
v ;
« For by, it can be considered that 7 =7, —  with T = Yp J
0 i
and 7 = % j
—integ., k
7 can be calculated with 77 = ﬁ — ? = Yp — d”T" J
zp +integ, k
dine ; ;
Thus r = /22 +y2 + 22 + ”Tz + integ? — ypdpins + 2zpinteg..
0 i
- ~
It is also possible to calculate s = ( dig;q )dinteg, = 0 J | dinteg..
-1 ke
dpins ~
dpins _ g 3
. NTEN 3 ~ .
Finally, dBy, = {;—i’j,;ﬁ = ’%71%3 Tp 7 | dinteg,
0 k
« For by, it can be considered that 7 = ﬁ ~ 7 with ﬁ =| y J
0 i
and 77 = | —integy J
_hpins k
Furthermore, integ, = [% : d"T} is the integration domain on which the calculation is made
for segment by.
7 can be calculated with 77 = 7"—,,> - ?? = | ypt+integy j
Zp + hpins k
Thus r = \/xl% +y2 + 22+ h2,,  +integ2 4 2.(ypintegy + Zphpins)-
0 i
- A
It is also possible to calculate s = ( dig;g )dinteg, = | —1 J | dintegy.
2y "
0 k
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— hpins + Zp
Finally, dBy, = pl #xd8 _ pol 1 0

47 2 T

dinteg,

Ty <o

—,
Finally, by integrating the four contributions along the current path, the level and the direction

of the magnetic field generated by a capacitor can be estimated.

B.2 Application case: horizontal inductor

For the horizontal inductor, the calculation must be divided into two steps. The first one is to
calculate the direct magnetic field generated by the inductor, by considering each turn as a single
loop. The second step is to consider the ground plane by taking into account the reflected field on
it and, therefore, the image of each loop.

The loops are located in the (Y,Z) plane and the loops are spaced along X by the distance
between adjacent turns.

Let us consider the Fig. B.1 to determine X,,, Y,,, and Z,,, the distances between the center of
the loop n and the point P.

y
P (xp,yp,zp)

x1,y1,21) W(x2,y2,22) § (x3,y3,23)

Figure B.1: Example of field calculation for three loops - 3D - Projection on XY plane

Thus, the Biot and Savart law can be applied. The first step is to consider 7 = r—p> — ? with
X, 7 0 7
r_; = Y, J and 77 = | Rcos¢ J
Zn k Rsing k
Furthermore, ¢ = [0 : 27] is the integration domain and so:
X, i
T =7~ =| Y,— Reoso 5
Zn — Rsing k
Thus r = /X2 + Y2 + Z2 + R — 2R.(Y,,c05¢ + Z,sind).
. 0 i
It is also possible to calculate 5 = (%)d(/) =R| —sing 7 | do.
oS} k
Finally:
i B im0 REOTT) ()
47 12 dr 3 " .
— X, sing k
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By integrating the contributions of all turns and their images, the level and the direction of the
magnetic field generated by a horizontal inductor can be calculated.
B.3 Application case: vertical inductor

As far as the vertical inductor is concerned, the principle is the same as for horizontal inductor
but, this time, the loops are located in the (X,Y) plane and the loops are spaced along Z by the
distance between adjacent turns (Fig. B.2).

z
P (xp,yp.zp)

(x3,y3,23)

1(x2,y2,22)
1
1

: (x1,y1,21)

Figure B.2: Example of field calculation for three loops - Projection on YZ plane

Then the Biot and Savart calculation performed for horizontal inductor is re-used and, therefore,

X, i Rcos¢ i
7= ﬁ; — ? with 7’_; = Y, J and 77 = | Rsing j
Zn k 0 k
Furthermore, ¢ = [0 : 27] is the integration domain and so:
X, — Rcos¢ i
7= -1 =| Y, Rsino ;
Z, 3
Thus 7 = /X2 + Y2 + Z2 + R — 2R.(X,,c0s¢ + Y, sing).
—sing 7
- N
It is also possible to calculate s = (‘325 )dp =R cos¢ 5 | de.
0 3
Then:
—ZnCOSQ i
u”xﬁ popr IR 1 . 5
B = 1= = = - d
ar 12 ar 73 Znsm’¢ J ¢
Xpcos¢9 + Yy sing — R k

considering that X,,, Y,,, and Z,, are the distances between the center of the loop n to the point
P.
Finally, by integrating the contributions of all turns and their images, the level and the direction

of the magnetic field generated by a vertical inductor can be calculated.

M. Stojanovic - Study and modeling of inter-component coupling for filter design Application to automotive EMI filters



APPENDIX B. MAGNETOSTATIC FIELD CALCULATION 171

B.4 Application case: horizontal common mode choke

For the horizontal CMC, the equivalent emission surfaces are represented as in Fig. B.3. Actually,
in the models that are developed with the TEM cell, the ten surfaces have a fixed orientation and

depend on the equivalent coupling model.

P (xp,yp,zp)

Figure B.3: Example of field calculation for one loop - Projection on XY plane

Xn i
Therefore, by the same reasoning as for inductor, it gives r_; = Y, 3 and 77 =
Zn k
Rcospsind i
Rcospcost 7 | considering that @ is the orientation of the current loop regarding the y
Rsing k
axes.
Therefore, for the ten surfaces, as extracted in ESE tool, those orientations are fixed and
=1[—-60° —30° 0° 30° 60° 60° 30° 0° —30° —60° ].

Furthermore, ¢ = [0 : 27| is the integration domain and so:

X,, — Rcosgsint i
7= 7"_; — ? = Y., — Rcos¢pcost J
Zn — Rsing k
Thus r = /X2 + Y2 + Z2 + R2 — 2R.(X,,cospsind + Yy,cospcost + Z,sind).
N —singsinf i
It is also possible to calculate (ﬁ = (%)dqﬁ =R| —singcosb 7 | do.
coSp k
Then:

Y, cos¢ + Z, sinpcost — Rcosf
—Xncos¢p — Z, singsint + Rsinf
— X, singcost + Y, sinpsind

= _ pl# % dS _ poppuIR 1
47 r? 47 73

d¢

T D o

It must be noticed that, when § = 0° the formula for the straight horizontal inductor is

recovered.
Finally, by integrating the contributions of all turns and their images, the level and the direction

of the magnetic field generated by a horizontal CMC can be calculated.
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B.5 Application case: vertical common mode choke

As far as vertical CMC is concerned, it is based on the same principle as for horizontal CMC but
this time, the equivalent emission surfaces are represented as in Fig. B.4. Actually, in the models
that are developed with the TEM cell, the ten surfaces have a fixed orientation and depend on the

equivalent coupling model.

P (xp,yp,zp)

I(x1,y1,21)

Figure B.4: Example of field calculation for one loop - Projection on YZ plane

Xn 7 Rcoso i
Therefore, it gives @ = Y, |.| 7 and ? = Rsingcost J considering
Zn, k Rsingsin k

that 6 is the orientation of the current loop regarding the y axes.
Therefore, for the ten surfaces, as extracted in ESE tool, those orientations are fixed and

0=1[—-60° —30° 0° 30° 60° 60° 30° 0° —30° —60°].
Furthermore, ¢ = [0 : 2] is the integration domain and so:
X, — Rcoso i
7= r_; — 7? = | Y, — Rsingcost J
Zy, — Rsingsinf k

Thus 7 = /X2 + Y2 + Z2 + R? — 2R.(X,,c05¢ + Y, singcosl + Z, sinpsind).

—sing 7
I o

It is also possible to calculate d.§ = (%)d(ﬁ =R | cospcost j | de.
cosgpsinf k

Then:

Y,cospsind — Z,cospcost
—Xpcospsint — Z, sing + Rsinf
Xpcospcostd + Y, sing — Reost

aB — pul 7 x a8 _ pHoppuIR 1
47 2 A7 73

de

T D o

It must be noticed that, when 6 = 0°, the formula for the straight vertical inductor is recovered.
Finally, by integrating the contributions of all turns and their images, the level and the direction

of the magnetic field generated by a vertical CMC can be calculated.
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Résumé: La CEM (Compatibilité ElectroMagnétique)
est de plus en plus importante dans la conception
des systemes électroniques et plus particulierement
dans le domaine automobile. En effet, avec la
densification de I'électronique dans les véhicules, les
problémes liés a la CEM sont de plus en plus
fréquents. Ainsi, afin de limiter ces interférences
électromagnétiques, des filtres correctement
dimensionnés et implémentés doivent étre utilisés.
Chaque filtre est dimensionné en tenant compte de
'environnement dans lequel il va étre introduit.
Cependant, de nombreux facteurs peuvent altérer
ses performances, tel que le routage, la structure
mécanique ou bien les couplages internes au filtre,
entre les composants eux-mémes.

Cette these traite de l'étude de linfluence des
couplages inter-composants sur les performances
d’un filtre pour la CEM.

En effet, les méthodes existantes sont basées
uniguement sur des simulations électromagnétiques
3D qui sont couteuses en terme de temps et requiert
également un trop grand nombre d’informations sur
les composants (propriétés géométriques, des
matériaux etc.).

Ainsi, une méthode uniqguement basée sur des
calculs analytiques et exploitations de mesures a été
développée. Cette méthode simplifiée est trés
efficace car elle permet la prédiction des
performances d’un filtre, quelle que soit sa topologie
et quelle que soit sa structure.

Cette méthode a été validée via de nombreux cas
d’applications de filtres implémentés sur des
systémes d’électronique de puissance du domaine
automobile. Finalement, cette méthode a été
capitalisée au travers d’un outil pour le design et la
prédiction des performances de filtre pour la CEM en
tenant compte de la proximité des composants.

Title : Study and Modeling of Inter-Component Coupling for Filter Design Application to Automotive EMI
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Abstract: EMC (ElectroMagnetic Compatibility) is
increasingly important in electronic and electrical
systems and more particularly in the automotive
domain. Actually, there are more and more power
electronics equipments in a vehicle and, therefore,
EMC issues are more recurrent. In order to limit EMI
(ElectroMagnetic Interferences), well designed filters
are needed.

Each filter is designed corresponding to a system and
the required attenuation. However, different
parameters can have influence on the filter
performances, such as the layout, the mechanical
structure or the inter-components coupling of the filter.
Therefore, the thesis work is based on the study of
the filter performance considering inter-components
coupling.

Some methods exist on that topic bu are generally
based on 3D electromagnetic simulation, which is
time-consuming and requires a lot of information on
components  (geometrical  properties, material
properties etc.).

Therefore, our work is based on a methodology only
based on analytical calculation and measurements.
That simplified methodology is very accurate
because it can predict a filter performance, whatever
the filter topology, whatever the structure.

That method was validated under several application
cases on power electronics systems for automotive
domain. Finally, the whole methodology has been
accrued in a tool for filter design that can predict a
filter attenuation by considering the components
proximity.
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