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Abstract—The Electromagnetic Compatability (EMC) analysis
of Electromagnetic Interference (EMI) filter circuits using 3D
numerical modeling by the Partial Element Equivalent Circuit
(PEEC) method represents the central topic of this paper. The
PEEC-based modeling method is introduced as a useful tool
for the prediction of the high frequency performance of EMI
input filters, which is affected by PCB component placement
and self- and mutual-parasitic effects. Since the measuring of all
these effects is rather difficult and time consuming, the modeling
and simulation approach represents a valuable design aid before
building the final hardware prototypes. The parasitic cancellation
techniques proposed in literature are modeled by the developed
PEEC-Boundary Integral (PEEC-BIM) method and then verified
by the transfer function and impedance measurements of the
L-C and C-L-C filter circuits. Good agreement between the
PEEC-BIM simulation and the measurements is achieved in a
wide frequency range. The PEEC-BIM method is implemented
in an EMC simulation tool, GeckbEMC. The main task of
the presented research is the exploration of building an EMC
modeling environment for virtual prototyping of EMI input filters
and power converter systems.

Index Terms—Electromagnetic Interference (EMI) filter, 3D
electromagnetic modeling, Partial Element Equivalent Circuit
(PEEC) method, parasitics, mutual coupling, parasitic cancel-
lation techniques, virtual prototyping.

Note: This paper has never been published in other confer-
ences or journals and it has been fully edited to its submission
for consideration to the IEEE Transactions on Power Electron-
ics.

I. INTRODUCTION

T o meet Electromagnetic Compatibility (EMC) regula-
tions, power electronic devices have to be designed with
respect to EMC standards for High Frequency (HF) Electro-
magnetic Interference (EMI) noise emission and susceptibility.
EMC standard requirements defined by European or USA
regulations for a wide-range of applications, e.g. CISPR and
FCC [1], have to be considered in the earliest design stages
in order to satisfy market demands on time with high-quality
performance. Therefore, there is an ever-increasing interest in
efficient EMI mitigation techniques and EMI/EMC modeling
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and simulation tools enabling the prediction of the electromag-
netic behavior prior to the final hardware implementation.

The well-known cause of EMI problems in power elec-
tronics is fast switching of high currents and voltages within
the power converter systems. The EMC compliant power
electronics must fulfill the limits for both conducted and
radiated EMI noise levels. It has been shown that the EMI
mitigation techniques at the noise-source-side such as soft-
switching techniques [2], different modulation schemes [3],
improvement of high-frequency behavior of switching devices
[4] etc., can reduce the generation of EMI noise by up to
approximately 5-10dB, but the main improvements come
from the employment of proper EMI design, EMI filtering,
and shielding measures [5]. The EMI radiation problems can
be eliminated to the required extent by adequate layout and
shielding techniques, and EMI filters has to be used in order to
decrease EMI conduction noise. Additionaly special care must
be taken concerning more sophisticated electromagnetic ef-
fects including components’ parasitic effects, mutual coupling,
wiring, PCB layout, grounding, etc. The aim of EMI filters
is to attenuate the conducted noise signals exiting the power
electronic device and propagating through the AC power lines
and to the surrounding equipment. Conventional EMI filtering
is achieved by passive power line filters interfaced between
power lines and Switched Mode Power Supplies (SMPS) and
do not require complicated control schemes (as is the case with
an active filtering approach which is rather used for harmonic
filtering). However, the passive EMI filters introduce additional
cost and volume and have to be properly designed.

The design of EMI input filters has to be observed as part
of the overall design process of power converter systems. A
good understanding of EMI noise generation and propagation
is necessary for building “good” EMI filter designs and
hence EMC analysis represents an important task for power
electronic engineers. The design of passive EMI filters has
been typically based on rules of thumb which demand great
practical experience [6] or based on the analytical methods
derived from the equivalent high (HF) circuit description of
EMI filter components [7]. The modeling of an EMI filter
as a two-port network was described in [8], where the mu-
tual coupling parameters were extracted from the scattering-
matrix measurements for the identification and quantitative
assessment of self- and mutual-parasitic effects. The main
problem of this equivalent HF circuit approach is to define
a proper electrical circuit that corresponds to the real physical
behavior, and furthermore the complexity of such a circuit can
be computationally very expensive.



The selection of EMI suppression components has to be
carefully performed taking into account HF phenomena which
in turn negatively influence the frequency performance of
components. It is shown in [9]-[12] that 3D electromagnetic
modeling based on the numerical techniques can provide a
comprehensive insight into the electromagnetic behavior of
EMI filter components (inductors, capacitors, resistors) and
thus, it can be considered as useful tool for the optimization
of the EMI filter design procedure [6]. The Partial Element
Equivalent Circuit (PEEC) method has been shown to be
the most suitable numerical technique for fast and accurate
EMC modeling of power converter systems. Accordingly, the
main topic of this paper is the EMI/EMC analysis and 3D
electromagnetic modeling of the self-parasitic and mutual
coupling effects of passive EMI filter components using the
PEEC numerical technique. Coupling between two numerical
techniques, the PEEC method and the Boundary Integral
Method (BIM), i.e. PEEC-BIM method, first proposed in [13],
[14] for the detailed electromagnetic modeling of EMI filter
inductors, allowes the 3D PEEC-based modeling to become
a useful tool for the prediction of the high frequency (HF)
performance of EMI input filters and power converter systems.
The main aim of this paper is to introduce the developed
PEEC-BIM method as a useful approach for the assessment
of dominant parasitic effects that determine the HF response
of the EMI filters. Since the dominant parasitic effects are
a combination of different self- and mutual-parasitic effects,
they are hard to analytically calculate and measure. It is shown
in this paper that the developed PEEC-BIM method enables
a detailed EMC analysis, which simultaneously takes into
account different electromagnetic effects of the PCB layout,
self parasitics, mutual coupling, electrostatic shielding, and so
on. Moreover, it is demonstrated that the developed PEEC-
BIM modeling approach implemented in the 3D PEEC-based
simulation tool can be used to evaluate the applicability of
parasitic cancellation techniques proposed in literature for the
efficient cancellation of the self-parasitic and mutual-coupling
effects in complete EMI filter circuits.

In Section II, the main principles of 3D electromagnetic
modeling based on the Partial Element Equivalent Circuit
method are described. An extension of the standard PEEC
method, the PEEC-Boundary Integral (PEEC-BIM) method
was developed to enable modeling of EMI filter inductors.
The main feature of the proposed method is the PEEC-
based modeling of magnetic components for power electronics
that was previously lacking for the implementation of a full
3D PEEC-based EMI/EMC modeling environment. The EMC
modeling of EMI filter inductors and capacitors is presented in
Section III. Some parasitic cancellation techniques proposed
in literature were investigated and verified both by the PEEC-
based simulation and measurements. Finally, the advantages
of using the 3D EMC modeling approach based on the PEEC
method for EMI/EMC analysis of EMI filters are summarized
in Conclusions. In the Appendix, the basic PEEC formulas
are explained to provide a more complete understanding of
PEEC-based 3D electromagnetic modeling.

II. PARASITIC EFFECTS OF EMI FILTERS

EMC analysis can be divided in three parts: (1) identifica-
tion of the EMI sources, (2) finding the critical signal paths and
coupling loops, and (3) EMI prevention by means of different
EMI mitigation techniques including the design of EMI filters
[15]. However, the final task of building an EMI filter cannot
be performed independently of the first two steps, especially
in the HF range when parasitics start having a significant
influence on the EMI filter performance [16].

A. State-of-the-Art

Degradation of EMI filter performance due to parasitic
effects has been a topic of interest of a lot of research
[8], [16]-[22]. Namely, the equivalent series inductance of
filter capacitors (ESL) and the equivalent parallel winding
capacitance of filter inductors (EPC) become dominant over
the main electrical properties, i.e. capacitance C and induc-
tance L, respectively. Additionally, the mutual electromagnetic
couplings have an impact on the EMI filter performance and
have to be minimized simultaneously. These mutual-parasitics
originate from the placement of the filter components, PCB
layout, and grounding. Consequently, EMI filters with the
same topology and selection of filter components can exhibit
different insertion loss. With increasing switching frequency
and higher power density, the space constraints and construc-
tional effort for building EMI filters become more pronounced,
and all parasitic effects have to be considered in much more
detail. Even though the presence of self- and mutual-parasitics
have been studied a lot over the years, distinguishing and
assessing the influence of these effects on the overall HF
behavior of EMI filter is still regarded as a complex task.

Neugebauer et al. [17]-[19] proposed different techniques
for the self-parasitics cancellation of filter capacitors and
inductors. These cancellation techniques were theoretically
proven and verified by measuring the frequency response of in-
dividual components. The integration of a parasitic inductance
cancellation technique into an existing EMI filter was inves-
tigated in [19]. However, the demonstrated results represent
only one particular example and a more detailed investigation
about the practical applicability of these techniques in real
EMI circuits is still missing. The work of Wang et al. [8],
[16], [20]-[22] covered the main problems introduced by the
parasitic effects of EMI filter performance in the HF range.
The identification and quantitative assessment of these effects
was performed by observing an EMI filter as a two-port
network and extracting the mutual coupling parameters from
the scattering-matrix measurements in [8]. Furthermore, it
was shown by experiments that the self-parasitics cancellation
techniques do not introduce significant improvements if the
mutual parasitic effects dominate and they are not sufficiently
reduced in advance [20]. The cancellation of mutual inductive
coupling between EMI filter components was proposed in [21],
[22]. The authors analyzed the possibilities to apply different
cancellation techniques to a real EMI filter in [20], but only
concentrating on EMI filter circuits with regular, i.e. aligned,
component arrangements. A general approach to analyze all
these properties of EMI filters has not been developed so



far. Accordingly, the motivation of this paper is to introduce
3D electromagnetic modeling as a useful tool for detailed
EMC analysis of EMI filters which allows the prediction
of all parasitic effects and EMI filter performance in the
frequency range of interest defined by the EMC regulations,
i.e. according to European CISPR 22 standard conducted
emissions limits extend from 150kHz to 30 MHz.

B. EMC Analysis based on 3D Numerical Modeling

Nowadays, with increased computational power of per-
sonal computers, virtual prototyping based on 3D electromag-
netic modeling and simulation has become the state-of-the-
art for EMI/EMC design of EMI filters and power converter
systems [6], [23]. The theory behind 3D electromagnetic
modeling is based on numerical techniques such as Finite
Element Mechod (FEM), Method of Moments (MoM), Par-
tial Element Equivalent Circuit (PEEC) method, Boundary
Element/Integral Method (BEM, BIM), etc., which is rather
the focus of the Computational Electromagnetics (CEM) than
the Power Electronics society [24]. However, the applicability
of 3D electromagnetic modeling to EMC problems in power
electronics is, as it will be shown, quite significant. Con-
cerning accuracy, computational speed and complexity, the
Partial Element Equivalent Circuit (PEEC) method can be
seen as the most suitable numerical technique for solving the
EMC problems for power electronics applications, which in
turn can be described as circuit-field coupled problems. The
3D electromagnetic modeling approach based on the PEEC
method is presented in this paper in more detail with a special
attention to the modeling of EMI filter components and virtual
design of EMI filters in a wide frequency range.

The proposed PEEC-based modeling approach enables the
modeling of full EMI filter circuits in an efficient and accurate
way including both self and mutual parasitic effects. It can
provide a comprehensive EMC analysis of different EMI
filter structures including the influence of various effects on
EMI filter performance such as components parasitics, mu-
tual couplings, PCB layout, component placement, grounding,
and shielding. A brief introduction into the PEEC modeling
methodology is presented in the following section.

C. The Partial Element Equivalent Circuit Method

The PEEC method was originally derived for the electro-
magnetic modeling of complex IC interconnections [25]. It
is based on the discretization of electrical conductors into
partial elements, i.e. inductance, capacitance, resistance, and
voltage/current sources. The detailed derivation of the PEEC
method is given in [26] and the basic PEEC formulas are
briefly summarized in Appendix. Three dimensional represen-
tation of the current flow is defined by the PEEC volume cells,
and the PEEC surface cells are used as a 2D representation
of the charge over the corresponding volume cells, since
the charge resides on the conductor surfaces. Namely, the
current volume density distribution J (7,w) and the electric
charge density distribution p(7,w) of the conductors, are
approximated by the local constant basis functions. A k-th
PEEC volume cell carries a total current [; in the defined

directions ﬁ)k between two PEEC nodes, e.g. P; and Pjy;.
The voltage drop across the k-th PEEC volume cell AV}
represents the difference between the potentials of [-th and
(14 1)-th PEEC nodes, AVy, = V; — Vi 1. The charges of the
PEEC surface cells represent the sources of the PEEC node
potentials. In this paper the PEEC discretization, i.e. PEEC
meshing, is illustrated in Fig. 1 on the example of a PCB
layout to give a basic understanding of the PEEC modeling
methodology.
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Fig. 1. PEEC modeling of a PCB layout: a) photo of a PCB layout, b) PEEC
model of a PCB track, and c¢) PEEC equivalent circuit of the PCB track.

Starting from the real 3D geometry, the PEEC partial
elements (Ry,, L, C, Vi, V) are first extracted by means of
a filament mesh [27], then the PEEC equivalent circuit can
be derived from Kirchhoff’s current and voltage laws, and
finally solved for the unknown voltages and currents, [V, I],
cf. Fig. 1, Ian, Va, V. The voltage sources V1, and V- include
mutual inductive couplings between PEEC volume cells and
mutual capacitive couplings between PEEC surface cells. The
PEEC equivalent circuits can be easily coupled to any circuit
simulator such as e.g. SPICE or GeckoCIRCUITS [28] and
solved both in the time and frequency domain. The PEEC
system matrix given by (1) can be also directly calculated for
the unknown currents and/or voltages in a standalone solver.

V]  [Vs 0

The matrix A is the connectivity matrix defining the con-
nection between PEEC partial elements, R is the resistance
diagonal matrix, L is the inductance matrix consisting of the

self (L;;) and mutual (L;;) inductances between PEEC volume
cells, C= P! is the capacitance (potential) matrix defining

A —(R+ jwL)
(jwP™t +Yy) AT




the self (F;;) and mutual (P;;) potentials of PEEC surface
cells, Yy, is the admittance matrix consisting of matrix stamps
of additional circuit elements connected between PEEC nodes,
and Ig and Vg are current and voltage sources for modeled
excitations [26], [27]. Optionally, magnetic and electric field
strengths can be calculated in a post-processing step via the
current distribution I, and the voltage potentials V.

In comparison to the Finite Element Method (FEM), the
discretization of the surrounding air volume is not required
and only the meshing of conducting, dielectric, and magnetic
volumes has to be performed [29]. Accordingly, the PEEC
method turns out to be a fast and accurate modeling approach
for circuit-field coupled problems such as PCB tracks, EMI
filters, power converter systems, etc.

The main difficulty of the PEEC method is modeling in the
presence of magnetic materials. Concerning power electronics
applications, this difficulty reflects to the PEEC-based model-
ing of magnetic components like inductors and transformers
utilizing magnetic core material. The PEEC-based modeling of
nonlinearity, anisotropy, and other magnetic properties is not
straightforward and is not performed in practice. As a result,
exact 3D PEEC-based models of magnetic components are not
possible and the finite element analysis is typically applied for
this class of problems.

PEEC-based modeling of practical inductors was discussed
n [10], [30]-[33]. The authors developed PEEC models of
toroidal inductors under the assumptions that the direction of
the stray field produced by an inductor is not influenced by
its constitutive ferromagnetic magnetic material. This method
was then applied to the modeling of single-phase common-
mode inductors used in EMI input filters where the leakage
field is generated by DM currents. The near field coupling
between magnetic components and the stray magnetic field
lines of toroidal inductors used in EMI filters were investigated
also in [34] following a similar PEEC modeling methodology.
However the direction of the field lines was measured and sim-
ulated only for inductors with uniform winding arrangments.
In particular, a clear understanding of the stray field generated
by toroidal inductors having an arbitrary winding arrangment
has been missing and the corresponding PEEC models have
been only approximately developed, as it was shown in [10],
[30]-[33].

The magnetic characteristics of the cores used in practice
can be described by means of the relative (complex) per-
meability coefficient which allows the homogenization and
linearization of the core properties and thus, the application
of the linear modeling approach such as the PEEC-method.
Accordingly, an extended PEEC method was developed and
introduced in [13], [14] enabling the modeling of the magnetic
components taking into account both the internal and external
properties, i.e. the magnetic field inside and outside of the
magnetic core, as it was fully verified in [35]. The modeling
principles are explained in the next subsection.

D. The PEEC-Boundary Integral Method

As it is already emphasized, an extension of the PEEC
method was required in order to calculate and to correctly

model the electromagnetic influence of magnetic components.
Specifically, it was shown in [13] that a magnetic core could
be modeled as a homogenous and linear material defined
by the relative (complex) permeability coefficient pu,. Since
the practical design of inductors and transformers is based
on frequency dependent permeability curves, p.(f), given by
manufacturers or measured, the homogenization assumption
is fully justified for power electronics applications (as long
as core is not operated in highly non-linear range), which
simplifies the PEEC-based modeling of magnetic components
in the frequency domain.

According to electromagnetic theory, the influence of a
magnetic core can be modeled by replacing the core with
a fictitious distribution of magnetic volume fM and surface
K wm currents. For a linear case, it is shown that the magnetic
volume currents do not have to be directly calculated and
only the surface of the magnetic core has to be taken into
account. This implies the extension of the PEEC EFIE (A.1)
with the term jwaM, where Ay represents the magnetic
vector potential generated by the magnetic surface currents
K. Following the PEEC modeling methodology, the mag-
netic surface is discretized into Np; surface panels, so that
the magnetic surface current distribution is represented with
Ny current filaments. The inductive coupling between the
magnetic surface currents and the winding currents can be
expressed via the matrix Ly;. The Ly; elements are the
mutual inductances between the magnetic current and electric
current filaments calculated using the formulas from [27].
Furthermore, the coupling between the fictitious magnetic
currents and the electric currents is derived from the boundary
condition for the tangential component of magnetic field lines
I;Tt, i.e. H¢-boundary conditions. For each surface panel, the
boundary condition equation can be calculated for its central
point Cy, i.e. collacoation method [36], cf. Fig. 2. As it was
described in [13], [14], [35], the boundary condition equation
can be written in a matrix form by means of anmy and Ayp
matrices. This leads to a new PEEC-Boundary Integral Method
(PEEC-BIM) and to introducing the magnetic surface currents
as additional unknowns. Consequently, the PEEC-BIM system
matrix in the presence of magnetic cores has to be extended by
additional columns and rows, i.e. aninvi, Amr and Ly matrices,
in order to calculate the unknown K- M current distribution (2).

A ~(R+ jwL) —jwly
Mgys = |(GwP™' +Yy) AT 0 (2a)
0 AM1 aNM
\% Vs
Msys I = |Is (2b)
Ky 0

The Ly; matrix includes the mutual inductances between
PEEC volume cells, e.g. electrical conductors, and the mag-
netic currents K - The elements of ayy and App matrices
are calculated via the Hy-boundary conditions that have to be
satisfied at the points of the magnetic core surface, i.e. material
interface. The PEEC-BIM modeling principles are illustrated
on the example of a toroidal inductor in Fig. 2. The PEEC-



BIM method is implemented and verified for the toroidal core
shape which is typically used for EMI input filter inductors.
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Fig. 2. PEEC-BIM modeling of a magnetic inductor with toroidal core.
The mesh of the core surface in the cylindrical coordinate system G, Zg,
in) is represented by Ny = ngive - (2ngivr + 2ngivn) magnetic surface
panels with the central points C. The turns carrying the electric currents I
are modeled by the PEEC cells distributed around the core in the same way
as the actual winding (red-dotted line). The magnetic surface currents Kyp
are modeled by the current filaments existing over the magnetic panels. By
merging the magnetic panels at the same angles 0y, ngjv9 magnetic current
loops carrying the total magnetic current Iy can be defined.

The proposed PEEC-BIM modeling approach has been
implemented in a 3D EMC simulation tool, GeckoEMC. In the
next section, it is shown that the EMC modeling environment,
GeckoEMC can provide detailed EMC analysis of EMI filter
components.

III. PEEC-BASED MODELING OF EMI FILTER
COMPONENTS

The detailed description of the PEEC-BIM models of EMI
filter components is given in [11], [12]. The PEEC-BIM mod-
els of the EMI filter inductors and capacitors are defined by
the same geometrical properties as the actual components. On
the other hand, it can be said that material properties represent
more critical input, as additional measurements are required,
i.e. permeability measurements in the case of inductors and
impedance measurements for fitting the properties of the PEEC
cell used to model X/Y EMI filter capacitors. As it was shown
in [11], [12], solid wires and PCB tracks are modeled by means
of cylindrical and rectangular PEEC cells.

The corresponding PEEC-based models are used to simulate
self- and mutual-parasitic effects and also to distinguish and
assess the influence of these effects on the HF performance of
the component itself and of the overall EMI filter. Moreover,

it will be shown in this paper that the parasitic cancellation
techniques proposed in literature can be modeled by means of
the developed 3D EMC tool. In this way, the effects of these
techniques on the overall EMI filter attenuation characteristics
can be evaluated for different EMI filter layouts prior to
building hardware prototypes.

A. PEEC-based Modeling of PCB Layout

The best way to explain the advantage that the PEEC
method has over the well-known Finite Element analysis is
the example of conductors with longitudinal size several orders
higher than the other two dimensions, i.e. 0.35 um, thick PCB
tracks which are several centimeters long. In that case, a
very fine discretization of the conductors and also the air
around the conductors is required in the FE modeling approach
that implies much longer simulation time compared to the
corresponding PEEC-based modeling. An example of a L-
shaped PCB track with a copper layer manufactured at the
bottom side of the PCB is shown in Fig. 3. The top layer
L-shaped PCB track is connected to the bottom copper layer
forming a conductive path between the input A;y and output
Aourt ports. The PEEC modeling of the L-shaped conductors
was verified by the impedance measurements performed by an
OMICRON Bode100 vector network analyzer operating in the
frequency range from 10 Hz to 40 MHz [37]. Good matching
between the simulation and the measurements is achieved in
the whole frequency range, cf. Fig. 4. The PEEC simulation
time is of the order of tens of seconds.

Ain
A;ut

Copper L-shaped
(ground) plane @) PCB Tracks

Aout °

4

Connection of L-shaped track

to ground plane

(b)

Fig. 3.
model.

A L-shaped PCB loop: (a) photo of the PCB and (b) GeckoEMC

B. PEEC-based Modeling of EMI Filter Capacitors

The HF equivalent circuit of EMI filter capacitors can be
represented by the equivalent series inductance ESL and the
equivalent series resistance £/'S R. The HF parasitic effects of a
capacitor are determined mainly by the £SL and E'SR which
characterize the current path between the capacitor connectors.
Accordingly, a X/Y EMI filter capacitor is modeled as a
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Fig. 4. Comparison between the PEEC simulation and the impedance
measurements of the L-shaped PCB loop shown in Fig. 3.

rectangular PEEC cell with the same geometrical dimensions
as the real capacitor [11]. It is shown that the complicated
internal structure of X/Y film capacitors can be represented as
a homogeneous structure with an unknown conductivity o. The
length of the capacitor connectors (len.) and the value of o are
fitted so that the simulated and the measured total impedance
of the capacitor, Z¢, match. Namely, the conductivity o is
calculated to achieve the same FSR, and the length of the
connectors len, is determined to achieve the same ESL, in
the PEEC model as in the Zc measurements. The PEEC-
BIM model of EMI filter capacitors can correctly model both,
the capacitor impedance and mutual coupling effects as it
was shown in [11], [12]. The PEEC-BIM model of EMI
filter capacitors is verified by measuring the mutual coupling
between two capacitor loops, cf. Fig. 5. The mutual coupling
depends on the distance d and on the current path through
the capacitors. The EPCOS X2 B32924 C = 1pF/305V
capacitors are used for the verification.

Output capacitor
PEEC cell

Input capacitor

Current path
through capacitor

Input capacitor
PEEC cell

Fig. 5. GeckoEMC PEEC model of two capacitor loops.

In the next step, a cancellation loop is added to the output
capacitor as shown in Fig. 6 to investigate the cancellation
of the mutual coupling between two capacitors proposed in

[20]. Good agreement between the PEEC simulation and the
measurements of transfer function from the input to the output
capacitor loop is shown in Fig. 7. The transfer function mea-
surements were performed by an OMICRON Bodel00 vector
network analyzer. The results are presented from 100 kHz up to
30MHz as the measured transfer function reached the signal-
to-noise resolution limit of the measurement equipment for
the lower frequencies. According to the measurements and the
PEEC-BIM simulation results, cf. Fig. 7, the induced voltage
in the output capacitor loop is lower in the case of the output
capacitor with the cancellation turn Ly, implying that the
mutual coupling between two capacitor loops is reduced for
approximately 8 dB with the integration of L.

Cou: Output capacitor
PEEC cell

loop

Ciy: Input capacitor
PEEC cell

o
B & C
Output capacitor loop

Fig. 6. GeckoEMC PEEC-model of two capacitor loops with a cancellation
loop [20].
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Fig. 7. Comparison between the PEEC simulation and the measurements of
the transfer gain between the input and output capacitor loops with (W) and
without (W/O) a cancellation loop, cf. Fig. 6.

In the next step, the E'SL-parasitic cancellation technique
for two parallel capacitors described in [19], [21] is analyzed
in order to demonstrate the capabilities of the developed
PEEC-BIM method. The equivalent circuit, the corresponding
PCB layout, and the PEEC-BIM model are shown in Fig. 8.
The cancellation of the parasitics of the parallel capacitors
is achieved by adding the inductors L = ESL in series to
the signal path; so, the mutual coupling introduced by these
inductors reduces the total ESL of the capacitors, cf. Fig. 8.



The inductors L are implemented using two one-turn PCB
windings. Good matching between the measurements and the
PEEC-BIM simulation of the transfer gain of two parallel
capacitors is presented in Fig. 9. The transfer gains with and
without the FE S L-parasitic cancellation are shown together
in Fig. 9 for comparison. The experimental results verify
the improvement of the transfer gain, AAt¢, resulting from
employing the E'S L-parasitic cancellation windings. However,
the ESL cancellation technique should be carefully used in
EMI filters, as the HF performance of EMI filters can be
additionally degraded due to the mutual coupling between the
cancellation loops and the other filter components.

]SOQ

+ l +
2C
Vin ESR/2 Vout [] 50 Q)
° ~N ~N o
ESL/2 ESL/2

(b)

Fig. 8. [ES L-parasitic cancellation technique for two parallel capacitors: (a)
equivalent network circuit, (b) PCB layout, and (c) GeckoEMC PEEC model.

PEEC-BIM modeling represents a useful tool to find an
optimal PCB layout and to assess the effects of different
parasitic cancellation techniques.

C. PEEC-based Modeling of EMI Filter Inductors

The electromagnetic properties of the magnetic core are
modeled via the coupling of two numerical techniques: the
PEEC method and the Boundary Integral Method (BIM).
Concerning the implementation of the PEEC-BIM approach,
the main problems originate from the discretization of the
core surface into a set of Ny panels carrying the unknown
surface current density I?Mj (7 = 1...Ny) and from the
singularity calculation occurring in the BIM equations, i.e. the
calculation of the diagonal elements of cyry matrix [14], [35].
For this reason, every core-shape requires special modeling
attention. The first modeling task concerns inductors built with
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Fig. 9. Comparison between the PEEC simulation and the measurements
of the transfer gain of two parallel capacitors with (W) and without (W/O)
ESL-cancellation.

TABLE 1
INDUCTOR SPECIFICATIONS.

Manufacture/Material/Size Winding Wire

a | Vacuumschmelze/nanocrystaline | single-phase CM 2x20 | AWG20
VITROPERM 500F/W380 [38]

b | Vacuumschmelze/nanocrystaline | single-phase CM 2x20 | AWG20
VITROPERM 500F/W523

¢ | Magnetics/HighFlux/stacked uniform DM 1 x 32 AWG20
two 58204A2 [39]

d | Magnetics/MPP/55203A2 uniform DM 1 x 32 AWG26

e | Magnetics/KoolMp/77935A7 uniform DM 1 x 42 AWG26

f | Micrometals/-26/T132 [40] uniform DM 1 x 38 AWG26

g | EPCOS/Ferrite T38/R32 [41] half-uniform 1 x 20 AWGI5

toridal cores typically used in EMI input filters. For a toroidal
geometry, as shown in Fig. 2, the magnetic surface currents
can be described in the cylindrical coordinate system as

EKwij = Kwojio + Knte(n)jir(n)- (3)

The discretization is defined in the local coordinate system
(Zr, fn, fg) by three discretization numbers (Ndivr, Mdivns
Ndive) SO that total number of magnetic panels is Ny =
Naive: (2Naive +2ndivn ). As it was shown by the measurements,
the distribution of the magnetic surface currents can be further
simplified by the magnetic currents forming loops around the
core circumference. Namely, the magnetic panels at the angle
0, cf. Fig. 2, can be merged into a magnetic current loop Inie;,
j = 1...n4ive. Therefore, in the presence of a magnetic core,
the number of additional unknowns is only n4;v¢, instead of
Nyt

To verify the PEEC-BIM model of EMI input filter induc-
tors, single-phase Common (CM) and Differential (DM) mode
inductors with different winding arrangements and different
core materials were investigated. A summary of the cores used
for the verification of the developed PEEC-BIM model is given
in Table I.

In the previous work [42], modeling of the HF response
of an inductor was performed by means of a complicated
RLC network, where the analytical formulas were used to



approximate the calculation of the distributed R, L and C
parameters. In PEEC-BIM modeling of EMI filter inductors,
besides the geometry parameters, the input material data are
the complex permeability curves, p, (f) = u'(f) — " (f),
that are measured using inductors with a lower number of
turns. Accordingly, the magnetic properties are modeled by
the real part of the complex permeability pu,’(f), while the
(small signal) core losses are included via the imaginary part,
' (f). With increasing frequency and also with increasing
flux density, an inductor loses its magnetic properties and the
parasitic capacitance EPC significantly affects the frequency
response of the inductor. Therefore, the parasitic capacitance
EPC has to be modeled in order to correctly predict the
HF behavior of an inductor. The single-phase DM and CM
winding configuration were considered with a lower and higher
number of turns to investigate the parasitic capacitive effects
of EMI filter inductors, cf. Table 1.

As it is well known from literature, the parasitic capacitive
effects include the turn-to-turn C;_; and turn-to-core Cj_.
capacitances which cannot be distinguished easily. A way to
decrease this capacitive effect is to avoid multi-layer windings,
so that the turn-to-turn capacitance between the layers is elimi-
nated. Usually, the calculation of the total winding capacitance
is performed via an analytical approach described in [43]-[45].
However, the prediction of the total capacitance as described in
[43] leads to an over-estimated capacitance value as it relies on
some geometrical and mathematical approximations [7]. In the
PEEC-BIM model, the capacitive effect is included by the P-
matrix, cf. (2), which takes into account the turn-to-turn capac-
itance C;_y of both single- and multi-layer windings and the
self-capacitances. However, in literature [34], [42], [46] and
also in the impedance measurement results, it is observed that
the turn-to-core capacitance Cy_. can significantly increase
the total winding capacitance. Therefore, it has to be taken
into account. Additional C-matrices, Cy, Civ, and Cypv,
modeling the turn-to-core capacitive coupling, are added into
the PEEC-BIM system matrix, cf. (4), in order to correctly
model the parasitics of the inductor in the HF range.
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The elements of the matrices are derived from the capacitive
coupling between the magnetic surface panels and the winding
using the same approach as for the calculation of P-matrix
elements [27], [47]. As a result, new unknowns are the
potentials of the Ny magnetic surface panels, carrying free
electrical charges. Furthermore, a coefficient € is used to fit
the measurement results as Cy_. depends on the distance
between the core and the winding which varies along the
core circumference and also on the actual core packaging
properties, which are hard to be determined. The turn-to-core
capacitances C;_. and the self-capacitances recalculated from
the diagonal P-matrix elements, P;; (1), take into account
the effect of the displacement currents, which in turn have
a significant influence on the near field coupling between the
inductor and the other components at higher frequencies [34].

The comparison of the PEEC-BIM simulation and
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Fig. 10.  Comparison between the PEEC simulation and the impedance

measurements of the inductors (a) - (f) specified in Table I with modeling
Cy—c, i.e. PEEC simulation W Cy_c.

impedance measurements of the inductors specified in Table
I is presented in Fig. 10. The inductors are built with a
higher number of turns closely wound around the core. In
the first approach, only the turn-to-turn capacitance is taken
into account. As it is shown in Fig. 10, using the modified
C-matrix, better matching between the PEEC-BIM simulation
and the measurements is achieved in the HF range.

Exemplarily, the inductor (c) is then used to investigate the
turn-to-core capacitive in more detail. The permeability curves
are extracted from the impedance measurements of a 6-turn
uniform winding (wire diameter 1.4mm) built on a single core
Magnetics HighFlux 58204 for the frequencies up to 110MHz.
The impedance measurements were performed using Agilent
4294 A impedance analyzer operating in the frequency range
from 40 Hz up to 110 MHz. The measured impedance and the
extracted permeability curves are given in Fig. 11.

As it can be observed, the inductor losses its magnetic
properties in the frequency range above fc = 20 MHz, which
means that the inductance Lpy; decreases and the equiva-
lent parallel capacitance EPC starts to have a significant
effect. Namely, the calculated permeability curves do not
carry only the information about magnetic properties at higher
frequencies and thus they do not represent fully accurate
input parameters in the whole frequency range. The PEEC-
BIM modeling of the 32-turns winding inductor built on two
stacked HighFlux 58204 cores was then performed with and
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Fig. 11. Permeability data used to model the inductor (c) specified in Table

I: (a) the measured impedance of a 6-turn uniform winding (wire diameter
1.4 mm) built on a single core Magnetics HighFlux 58204 and (b) the
extracted permeability curves.

without using modified matrix C,,q. The two stacked cores
are modeled as a single core with the cross section twice
the cross section of HighFlux 58204 core. The impedance
measurements and the corresponding PEEC-BIM calculated
impedance are shown in Fig. 12 on the same plot.
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Fig. 12. Comparison between the PEEC-BIM simulation and the impedance
measurements of the inductor (c) specified in Table I without and with the
inclusion of the turn-to-core capacitance modeling (e = 1) in the frequency
range from 10 kHz up to 110 MHz.

Three resonances can be observed in the measured fre-
quency response of the inductor: fr, = 6.4 MHz, fr, =
47MHz and fr, = 72 MHz. The PEEC-BIM modeling using
only the P matrix returns only one resonant frequency at
fr, = 13.5 MHz but all three resonances can be observed
in the calculated frequency response when the modified Cy,0q
matrix is employed. Accordingly, the presented comparison
points out to the effect of the turn-to-core capacitance. A
small mismatch above 20 MHz of less than A f;,.x = 6 MHz
frequency shift can be explained by the inaccurate input
parameters, i.e. the permeability curves shown in Fig. 11.

The modeling of ferrite cores requires more detailed analy-
sis due to the dielectric core properties. Specifically, as ferrites
are characterized by higher relative permittivity e, = €./ —j¢,”,
the manufacturers measure permeability characteristics on
small ring cores, e.g. R10, to avoid dimensional effects [48].
The PEEC-BIM simulation and the impedance measurement
results of the inductor built on EPCOS ferrite T38 R34 core

are presented in Fig. 13(b). The simulation results comply
with the measurements in the frequency range up to fi. It
can be seen from the permeability measurements performed
on the inductor with only three turns cf. Fig. 13(a), that
the real permeability decreases and becomes negative from
f1 = 2MHz and the total permeability approaches zero above
10 MHz. This implies that the inductor with only three turns
becomes capacitive in the frequency range from f; ~ 2 MHz
which can be ascribed to high core relative permittivity,
€ ~ 2-10° [49]. As the manufacturer datasheets also provide
the permeability curves up to a few MHz, it can be said that the
PEEC-BIM simulation returns valuable results for the design
and modeling of the inductors with ferrite cores.
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Fig. 13. The inductor (g) specified in Table I: (a) the measured permeability
curves and (b) comparison between the PEEC simulation and the impedance
measurements with (W) and without (W/O) Cy—c.

The circuit presented in Fig. 14(a) was used to investigate
the parasitic cancellation technique for the inductor winding
capacitance described in [21], [50]. The actual test circuit con-
sists of a single-phase CM inductor built on a nanocrystalline
VITROPERM 500F W380 core with a (horizontal) 2 x 20 turns
winding configuration. The PEEC-BIM model and the actual
implementation of the circuit are presented in Fig. 14(b)-(c).

The two windings facilitate a high coupling coefficient so
the cancellation technique can be applied. The cancellation
capacitors are implemented as two SMD parallel capacitors.
As the total parallel parasitic capacitance of the winding
measured with the OMICRON Bodel00 impedance analyzer
is FPC = 2.7pF, the cancellation capacitors C,qq should
be closed to 2EPC. The transfer function measurements,
Att = 20 - log Vout/Vin, are performed with and without
the EPC cancellation capacitors. The turn-to-core capacitive
effect, C;_. has to be included in the PEEC-BIM model in
order to achieve good matching between the measurements and
the simulation results, cf. Fig. 15(a). The improvement of the
inductor transfer function with EPC cancellation is presented
in Fig. 15(b). A CM Y capacitor, C,qq = 4.7nF, is added into
the circuit to verify the influence of the £ PC'-cancellation on
the performance of a L-C filter circuit. According to the results
presented in Fig. 15(c), the HF performance of the observed
L-C filter is not improved significantly using an inductor with
E PC-cancellation.

The developed PEEC-BIM model of an inductor can also
explain the stray field generated by EMI filter inductors [13],
[35]. It was shown that the stray magnetic field lines are more
pronounced in the case of non-uniform winding arrangement
as it is the case with the leakage impedance of a single-phase
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Fig. 14. EPC parasitic cancellation of a CM inductor: (a) equivalent network
circuit, (b) photo of the actual structure, and (c) GeckoEMC model.

CM inductor, Zcn,pm. The PEEC-BIM modeling results for
different cores clearly show that Zcy pyv mainly depends on
core shape and winding arrangement, and it is not affected by
the capacitive coupling between the core and the winding.

IV. PEEC-BASED MODELING OF EMI FILTER CIRCUIT

In the previous section, it is shown that the HF behavior
of EMI filter components can be accurately predicted by the
PEEC-BIM modeling approach. Furthermore, the 3D elec-
tromagnetic modeling allows EMC analysis of the parasitic
effects within complete EMI filter circuits as it will be shown
in the following on the examples of L-C and C-L-C filter struc-
tures. The transfer function measurements are performed using
an OMICRON Bodel00 vector network analyzer operating in
the frequency range of 10Hz to 40 MHz. The 50 ) resistors
are added to the signal path to match the 50 {2 output resistance
of the measurement equipment.

A. Modeling of L-C Circuit

The GeckoEMC models and the photos of the actual L-C
structures are shown in Fig. 16.
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Fig. 15. Comparison between the PEEC simulation and the transfer function
measurements of the circuit in Fig. 14: (a) PEEC simulation with (W) and
without (W/O) C_c, (b) PEEC simulation with C;_, the influence of Cqq4,
and (c) PEEC simulation with C}_ the influence of both Cy_. and C,qq.
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The inductors are built on Magnetics iron powder -26
T132 cores, with 1 x 12 turns uniform windings and a wire
diameter of 1.4 mm. The capacitor is an EPCOS X2 B32926
3.3uF/305V with lead spacing of 37.5mm. Two different
component arrangements are used to evaluate the dominant
parasitic effects: (1) parallel and (2) normal mutual position
of the two inductors. The transfer function measurements
indicates that the mutual position of the inductors does not
have a significant impact on the L-C filter performance in the
whole frequency range. Consequently, it can be concluded that
the main coupling originates from the current loop formed by
the PCB tracks and the current path through the capacitor.
The mismatch between the PEEC-BIM simulation and the
measurements of the filter transfer function above 10 MHz,
shown in Fig. 17, originates from the HF parasitics of the 1:1
transformers that have to be used to prevent short-circuiting the
series impedance in the ground path across the measurement
equipment [12]. The second inductor L in the ground path,
cf. Fig. 16(a), is replaced by a short circuit. In this case, the
measurements can be performed without the employment of
the input and output isolation transformers. The comparison
between the PEEC-BIM simulation and the measurements
of the L-C circuit with only one inductor is presented in
Fig. 17(b), showing the influence of the transformer at the
input on the measurement results. The 3D EMC modeling
in GeckoEMC can be performed in a step-by-step manner
to investigate the coupling effect inserted by an EMI filter
component.
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Fig. 17. Comparison between the PEEC simulation and the transfer function
measurements of the L-C filters presented in Fig. 16: (a) P-Position: parallel,
N-Position: normal position of two inductors and (b) with only one inductor
L (W: with, W/O without 1:1 transformer).

B. Modeling of Shielding Effects in C-L-C Circuit

The examples of the C-L-C structure, shown in Fig. 18, are
used to verify the influence of the mutual electromagnetic cou-
pling between the capacitors and three shielding copper walls.
The equivalent inductance of the C-L-C circuit is the leakage
inductance of the single-phase CM inductor implemented with
a VAC VITROPERM 500F W380 core, with a (horizontal)
2 x 7 winding configuration and a wire diameter of 1.4 mm.
The DM capacitors are EPCOS X2 B32926 3.3 uF/305 V with
a lead spacing of 37.5mm. The PCB tracks are manufactured
as the top layer and the copper (ground) plane, GP, is the
bottom layer of the PCB. The shielding copper (Cu) walls
of thickness 0.2 mm are inserted and soldered on the ground
layer through the slots on the PCB. The distance between the
copper walls and the capacitors is minimal, i.e. approximately
1mm, so that the electromagnetic coupling effect generated
by stray magnetic field lines of the input and output capacitor
loops can be observed.

The simulated and the measured transfer function are pre-
sented in Fig. 19.

The influence of the mutual coupling effect inserted by the
copper walls is shown by the comparison of three transfer
functions: (1) without shielding walls, (2) with two vertical
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Fig. 18. The C-L-C filter structure: (a) without shielding walls, (b) with two
vertical shielding walls, (c) with two vertical and a horizontal shielding walls,
and (d) photo of the actual structure.
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Fig. 19. Comparison between the PEEC simulation and the transfer function
measurements of the C-L-C filter presented in Fig. 18: (a) without copper
walls, (b) with two copper walls, (c) with three copper walls, and (d) the
shielding effect of copper walls.

shielding walls, and (3) with three shielding walls. The pres-
ence of the copper shields decreases the attenuation in the
HF range. The current paths through the capacitors together
with the PCB tracks form the input and output current loops
which are the sources of the stray electromagnetic field lines,
which in turn induce the eddy currents within the copper
walls. Furthermore, the mutual electromagnetic interaction
between the copper walls and the current loops affects the
filter attenuation at higher frequencies.

C. Modeling of PCB layout Effects in C-L-C Circuit

Three EMI filter structures, represented by the equivalent
circuit, shown in Fig. 20(a), were modeled in the GeckoEMC
simulator to verify the electromagnetic effects of the PCB lay-
out, the copper ground plane and the distance of components
on EMI filter attenuation. The first layout I exhibits a close
PCB arrangement of the DM capacitors and the CM inductor
cf. Fig. 20(b)-I without a copper layer. In the second layout II,
the copper (ground) plane is included as bottom layer of the
PCB, cf. Fig. 20(b)-I1, while in the third layout III the distance
between the components is increased by 10 mm keeping the
copper (ground) plane the same, cf. Fig. 20(b)-III.
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Fig. 20.  C-L-C filter used to verify the electromagnetic effects of PCB
layout, the copper ground plane, and the distance of components on EMI
filter attenuation: (a) equivalent electrical circuit and (b) three (I, II, III) PCB
layouts.

The equivalent DM inductance of the C-L-C circuit is the
leakage inductance of the single phase CM inductor built on
a VAC VITROPERM 500F W380 core, with a vertical 2 x 7
winding configuration and wire diameter of 1.4 mm. The DM
capacitors are EPCOS X2 B32924 0.68 uF/305V with lead
spacing of 27.5 mm. The copper layer behaves like a floating
ground in the measurements and the 1:1 input and/or output
transformers are used to prevent short-circuiting the series



impedance in the ground path across the measurement equip-
ment. Good agreement between the measurements and the
PEEC-BIM simulation results of the filter transfer functions
is given in Fig. 21.
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Fig. 21. Comparison between the PEEC simulation and the transfer function
measurements of the C-L-C filter presented in Fig. 20: (a) without(W/O)
copper (ground) layer, distance 1 (b) with (W) ground layer, distance 1, (c)
with (W) ground layer, distance 2, and (d) PCB layout influence.

The comparison of three transfer functions can be used
to explain the influence of the copper ground plane and the
mutual distance of the components on the EMI filter insertion
loss. Namely, the EMI filter attenuation is decreased by ap-
proximately 5dB, due to the eddy currents induced within the
conductive bottom layer of the PCB, and in turn it is improved
by increasing the distance between in the components which
can be explained by the reduction of the mutual parasitic
coupling effect between the EM filter components and the
current loops.

V. PEEC-BIM SIMULATION PERFORMANCE

The main bottleneck of the standard PEEC method is a
dense system of linear equations, which limits the maximum
problem size. Different techniques have been proposed in
literature to accelerate the calculation and solving of the
PEEC system matrices. In addition, the computational power
of today’s personal computers enables the PEEC-based EMC
analysis of larger structures containing over 50,000 unknown
currents and voltages.

For the PEEC-BIM method, the linear system of equations is
extended by the additional dense and full matrices Ly, cni,
and Appg (1). Accordingly, the extension of the standard PEEC
method represents a difficulty for the PEEC-based modeling
of geometrically complex problems with regard to the required
memory storage and the computation of inverse matrices. In
the current version of the GeckoEMC simulation tool, the
PEEC-BIM system equations are solved via a stand-alone

direct-solver and the maximum matrix size is of the order of
10% x 10%. In the course of future research, the implementation
and efficiency of different compression techniques for the
PEEC-BIM integral equations will be examined.

The meshing of the magnetic surface into Np; panels
determines the computational complexity and accuracy of
the implemented PEEC-BIM method. The simulations were
performed on standard PCs with 48 GB RAM and a CPU clock
frequency of 2.67 GHz. The calculation time can be separated
into the pre-calculation of PEEC-BIM matrix elements and the
post-calculation, e.g. the calculation of the transfer function at
Ny points in the frequency domain.

For example, the PEEC-based modeling of the single-phase
EMI filter presented in Fig. 18(b) results in a 2299 x 2299
square system matrix, and requires a simulation time of
approximately 3 min for pre-calculation and 2 s per frequency
point for post-calculation. The good matching between the
measurements and the PEEC-BIM simulation results demon-
strates that the PEEC discretization enables accurate 3D mod-
eling of power electronic systems with reasonable computa-
tional effort.

VI. CONCLUSION

The work presented in this paper enables comprehensive
electromagnetic analysis of EMI filter components and full
EMI input filter circuits. The 3D electromagnetic modeling
based on the PEEC modeling approach is introduced as a
useful and computationaly efficient tool for prediction of the
high frequency performance of EMI filter inductors, capacitors
and their mutual PCB placement within actual EMI filter
structures. It was shown that the PEEC-based modeling can
describe self- and mutual-parasitic effects that determine the
HF behavior of EMI filter components and hence also the
overall EMI filter insertion loss.

The standard PEEC modeling approach was extended to the
PEEC-BIM coupled method which allows the modeling of the
magnetic components used in power electronic applications.
Moreover, it was shown that the EMI input filter inductors
built on toroidal cores can be fully described by the developed
PEEC-BIM coupled method concerning both the internal and
stray electromagnetic properties. Different core materials and
winding arrangements were investigated. The magnetic prop-
erties and core losses are modeled by the measured complex
permeability curves used as the input parameters. The winding
capacitive effect is modeled by the means of a C matrix
taking into account both the influence of turn-to-turn and turn-
to-core capacitive coupling. It is shown that the turn-to-core
capacitance has a significant effect in the high frequency range
especially for windings with a higher number of turns. The
fitting parameter € can be used to model this capacitive effect
which is in turn difficult to measure directly. The modeling
procedure is verified by various impedance measurements.

It is demonstrated that the PCB layout and the conductive
loops including the current paths through the EMI filter
capacitors can have a dominant effect on EMI filter attenuation
in HF range above a few MHz. As the well-known parasitic
cancellation techniques proposed in literature are verified by



the corresponding PEEC-BIM simulations, it is shown that the
PEEC-BIM modeling can be used to assess the influence of
the ESL, EPC and mutual coupling cancellation techniques
on the improvement of the overall EMI filter behavior. It has
to be pointed out that these cancellation techniques have to
be carefully implemented in order not to introduce additional
negative couplings.

The PEEC-BIM method was implemented in an EMC sim-
ulator, GeckoEMC. Good agreement between the GeckoEMC
simulations and the transfer function measurements of L-C and
C-L-C filter circuits is achieved in the whole frequency range
of interest. It was shown that the impact of the component
placement, i.e. PCB layout, on the resulting filter attenuation
can be accurately predicted by the developed PEEC-based
modeling method. As a result, such an EMC modeling environ-
ment represents a useful tool for virtual prototyping of EMI
filters and power converter systems, speeding up the design
process and allowing engineers to build good EMC designs
without wide practical experience.

APPENDIX
THE PEEC METHOD FORMULAS

The PEEC numerical technique is derived from total electric
field integral equation (EFIE) (A.1) and the continuity equation
of electrical charges (A.2). The system of integral Maxwell
equations (A.1) - (A.2) is solved for the unknown volume
current distribution .J (7, w) and the electric charge distribution
p(7,w), observing a set of conductors occupying the volume
v’ that is characterized by the permittivity ¢y and permeability

o of free space.

-

J(7 - o
KVL:0= Jrw) +jw - A(r,w) + Vo(r,w) — Eg
g —— N—_—— =
) term 2 term 3 term 4
term 1
(A1)
KCL:V - J(F,w) + jw - p(F,w) =0 (A2)

where /f(ﬁw) (A.3) represents the magnetic vector potential

—

characterizing the electric current volume density J(7) and ¢
(A.4) represents the electric scalar potential produced by the
free electric charges p(7,w) existing in the observed volume

v/,

A(F,w) = uo/ J(7,w)G(7,r) dv' (A.3)
P(7,w) = % / (7, W)G (7,7 do’ (A4)

-
/

defined by means of the full-wave Green’s function G(7, 1),

L ¢—iBR
/

G(r,r') = R

The result of the PEEC discretization procedure of the
modeled conductors, is a set of PEEC cells which can be
further defined as PEEC volume cells and PEEC surface
cells. The equivalent electrical circuit description is derived
by integrating (A.1) separately over all PEEC volume cells,

R=|F—7r|,f="2

- .

(A.5)

which leads to a set of Vv Kichhoff’s voltage law equations,
that can be written in a matrix form as

0=R-I+jwL-I+A-V— Vg . (A.6)

term 1 term 2 term 3 term 4

The enumerated terms 1-4 in (A.6) correspond respectively
to the terms 1-4 in (A.1). The first term of (A.l1) can be
interpreted as the resistive voltage drop (Joule’s losses) along
the PEEC volume cells AVg, the second term represents the
inductive voltage drop due to the change of current within
the PEEC volume cells AVy, the third term is the potential
difference between the PEEC nodes originating from the
electric charges of the PEEC nodes, and the last term AVyg is
the voltage induced in the PEEC volume cells by the external
sources. Accordingly, the Joules losses are expressed via the
resistance matrix R = [R; ;],i € {1... Ny}, the inductive ef-
fect via the inductance matrix L = [L; ;], (¢, j) € {1... Ny},
and the capacitive effect by the matrix of potentials P =
[Pi ], (¢,7) € {1...Ng}, i.e. the relation between the charge
at PEEC nodes Q and the PEEC nodes potentials V is given
by the P matrix (A.7). Similarly, the continuity equation of
electrical charges (A.2) is transformed to Kichhoff’s current
law (KCL) equations defined at the PEEC nodes (A.8). The
matrix 4 is the connectivity matrix, which describes the
connection of the PEEC volume cells via the common PEEC
nodes.

V=P.-Q (A7)

AT 1+jw-Q=0 (A.8)
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