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Abstract—In this paper, a novel 3-D electromagnetic model-
ing approach which enables electromagnetic compatibility (EMC)
analysis of power converter systems in an accurate and com-
putationally efficient way is presented. The 3-D electromagnetic
modeling approach, implemented in the EMC simulation tool
GeckoEMC, is based on two numerical techniques, the partial ele-
ment equivalent circuit method and the boundary integral method
(PEEC–BIM). The developed PEEC–BIM coupled method en-
ables comprehensive EMC analysis taking into account differ-
ent effects of the PCB layout, self-parasitics, mutual coupling,
shielding, etc., which in turn provides a detailed insight into the
electromagnetic behavior of power electronic systems in advance
to the implementation of hardware prototypes. The modeling
features of the GeckoEMC simulation tool for virtual design of
electromagnetic interference (EMI) filters and power converters is
demonstrated on the examples of a single-phase two-stage EMI
filter and a practical EMI filter for a single-phase PFC input
stage. Good agreement between the PEEC–BIM simulation and
the small signal transfer function measurement results is achieved
over a wide frequency range, from dc up to 30 MHz. The EMC
simulation environment enables a step-by-step EMC analysis dis-
tinguishing the impact of various electromagnetic effects on the
EMI filter performance and allowing an optimal EMI filter design.

Index Terms—Electromagnetic interference (EMI) filter, partial
element equivalent circuit (PEEC) method, power factor correc-
tion (PFC), 3-D electromagnetic modeling, virtual prototyping.

I. INTRODUCTION

SWITCHED-MODE power supplies (SMPSs) have been
widely used for various fields of application in industrial,

commercial, residential, aerospace, and military environments,
following the modern trends in industry for maximum power
density performance at minimum cost and ever-increasing
power conversion efficiency. As the basic principle of SMPSs
is fast switching of high current and voltage signals within
power converter systems, different challenges and constraints
arise with the design of SMPSs [1]. The compromise between
efficiency and power density has to be always made and the
electromagnetic interference (EMI) problems become more
critical. Namely, SMPSs represent a significant EMI source
due to their intrinsic switching properties and the generated
EMI noise levels must be properly controlled. Moreover, elec-
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tromagnetic compatibility (EMC) regulations, e.g., CIPSR 11
[2] and line-current harmonic standards, e.g., IEC 61000-3-2
(for In < 16 A) [3], have to be satisfied. Different EMI mitiga-
tion and harmonic line current reduction techniques have been
developed over the years to improve the design of SMPS to
meet these standards. Generally, EMC analysis represents an
important step of the overall SMPS design procedure to assure
both low EMI emission and high power quality.

High power quality, i.e., a low line current distortion, is
obtained by active power factor correction (PFC) circuits used
as front-end in SMPS [4]. PFC circuits increase EMI noise
generation in the high frequency range and in addition, the PFC
input stage is the main EMI noise source for SMPS. Therefore,
good EMC design is based on the understanding of EMI
noise generation mechanisms and EMI noise propagation paths
within power converter systems. EMC analysis of different
converter topologies used in SMPS has been the topic of a lot of
research. The reduction of EMI noise levels is achieved at the
source-side, i.e., the SMPS, by means of improved switching
schemes [5], soft-switching techniques [6], employment of fast
switching devices (e.g., SiC diodes with low reverse recovery
current [7], [8]), optimal layouts, etc., and additionally by
EMI filtering inserted between SMPS and power lines [9].
Due to low cost and no need for control, passive EMI filters
have been commonly used to increase EMI noise attenuation.
However, passive components introduce additional volume and
cost to the overall power converter system design and have
to be properly built and placed. Furthermore, the interaction
between EMI filtering components and power converter stages
can degrade the main electrical functionality and introduce
instabilities [10], [11].

The design of an EMI filter is not an easy task, and it has
been often regarded as trial-and-error process that requires great
practical experience and wide knowledge in different fields
such as EMC, EMI, power converters design, and control. All
EMC effects have to be taken into account simultaneously,
and this makes the actual SMPS design process even more
complicated. Accordingly, EMI/EMC modeling and simulation
is increasing in importance and represents a valuable design
approach. The main motivation of this paper is to introduce a
novel 3-D CAD tool as the state-of-the-art for EMI filter design
and EMC analysis of power converter systems [12].

In Section II, the EMI filter design requirements are dis-
cussed using the example of a single-phase PFC input stage. In
Section III, an EMC simulation platform for the virtual design
of EMI input filters, GeckoEMC, is introduced. It is based
on 3-D electromagnetic modeling using two numerical tech-
niques, the Partial Element Equivalent Circuit (PEEC) method
and the PEEC-Boundary Integral Method (PEEC–BIM). The
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developed PEEC-based modeling method is verified by transfer
function measurements of single-phase two-stage EMI filter
circuits. A detailed 3-D PEEC–BIM modeling of a practical
EMI filter for a PFC input stage, i.e., with a PCB layout defined
by the space constraints, is presented in Section IV. The capa-
bilities of the proposed PEEC–BIM method are demonstrated
in a step-by-step way, distinguishing the influence of different
passive components on EMI filter performance. Section V sum-
marizes the advantages of the developed 3-D EMC modeling
environment.

II. EMI/EMC MODELING

The switching properties of SMPS introduce both conducted
and radiated electromagnetic noise signals that may interfere
with power supply lines and other surrounding devices, leading
to general system malfunction. While radiated EMI noise can
be significantly reduced by proper shielding, an EMI filter
has to be implemented between power lines and SMPS to
reduce the conducted noise levels to meet the EMC standard
limits. Accordingly, the prediction of high frequency behavior
of power converter systems is necessary to mitigate these EMI
noise disturbances in the frequency range of interest, e.g., the
frequency range specified by European CIPSR standards for the
conducted EMI emission extends from 150 kHz to 30 MHz, and
to find an optimal EMI filter configuration [13], [14].

EMI analysis is commonly performed in the following steps:
• defining EMI noise sources, i.e., identifying fast rates

of change of currents and voltages, di/dt and/or dv/dt,
respectively,

• identifying the noise propagation paths, i.e., common and
differential mode conduction paths,

• implementing different EMI mitigation techniques includ-
ing the design of an EMI filter, and finally

• identification of all parasitic effects that occur at higher
frequencies, i.e., above a few MHz, and lead to unwanted
electromagnetic behavior.

This last step can be seen as the most difficult, as the
prediction of self- and mutual–parasitic effects is not a straight-
forward task and a general tool for calculation and modeling of
these effects still does not exist. Specifically, it has been shown
that the design of an EMI filter involves not just the selection of
EMI filter components so that the required attenuation is satis-
fied, but that also the PCB layout and component placement is
important for achieving the desired performance.

A. State-of-the-Art

Stringent EMC regulations have motivated power electronics
engineers to dedicate a lot of research to the topic of EMI HF
performance of power converters and the design of EMI filters.
Comprehensive research about EMI analysis, investigating the
influence of heatsink, PCB layout, and mutual coupling effects,
was carried out in [12], [15]–[20]. In the published work,
the influence of the self-/mutual–parasitics is extracted from
the high frequency circuit models of passive components and
then calculated by means of the network circuit approach, i.e.,
modeling an EMI input filter as a two-port network and then,

measuring or simulating (in Maxwell Q3D as in [11], [21]) the
S, Z, or Y network parameters. This approach can be seen as
complex since a proper equivalent circuit that corresponds to
the real physical behavior has to be determined and it requires
a set of measurements to be performed to correctly characterize
all mutual couplings within a power converter system. The sec-
ond approach to EMI/EMC modeling is via numerical methods
[22], [23].

The most well-known numerical techniques for power elec-
tronics applications are the finite element (FE) method (e.g.,
[24]) and the partial element equivalent circuit (PEEC) method
(e.g., [25]). The main advantage of the PEEC method in com-
parison to the FE method is the modeling of a set of conductors
in air with longitudinal size much longer than the other two
dimensions, as it is the case with PCB layouts [26], e.g., a PCB
track with 0.35 μm thickness and several centimeters length. It
was shown that the PEEC method is a fast and accurate tool
for EMC analysis of power converter systems, which can be
regarded as a circuit-field coupled problem.

However, the lack of accurate PEEC-based modeling of
nonlinear properties of magnetic cores used in inductors and
transformers has been the main obstacle to developing a 3-D
CAD tool for the prediction of EMI/EMC performances of
power electronic components and full power converter circuits
[12], [20]. For this reason, an extended PEEC-based model-
ing technique, the coupled PEEC–boundary integral method
(PEEC–BIM), has been developed [27], [28] and implemented
in an EMC simulation tool, GeckoEMC [29]. The modeling
features of GeckoEMC were presented [30]–[32] and verified
by impedance and transfer function measurements. In compari-
son to other commercial EMC simulation software, GeckoEMC
enables 3-D virtual prototyping of complete power converter
systems simultaneously taking different effects into account:
the electromagnetic influence of magnetic cores, self-parasitics,
mutual-coupling between components, etc. In this paper, the
PEEC–BIM modeling of different practical EMI input filter
circuits is investigated proving the usefulness of the EMC
simulation tool for detailed EMC analysis of EMI filters, and
also its applicability to EMC modeling of power converter
systems.

B. EMI Noise Mechanism

EMI noise sources within power converters are the pulsating
currents of the critical PCB trace loops (di/dt) and the pulsat-
ing voltages of the phase nodes (dv/dt). The common (CM)
and differential (DM) noise sources and the corresponding
noise propagation paths are illustrated in Fig. 1 for a single-
phase PFC boost rectifier. The current and voltage waveforms
can be represented by their EMI spectrum which specifies the
amount of filtering that is required to meet EMC regulations.
The Line Impedance Stabilization Network (LISN) connected
at the output of SMPS is used to measure and characterize
its EMI behavior providing a defined (standardized) 50 Ω HF
impedance from the ac power source [33].

The EMC analysis of the PFC boost circuits has been ex-
tensively studied in literature [18], [19], [21], [34]–[36]. The
EMI noise generation and propagation is illustrated in Fig. 1
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Fig. 1. PFC boost rectifier connected to LISNs (doted blocks: self-parasitic
components): (a) CM noise propagation paths, and (b) DM noise propagation
paths.

for a PFC boost rectifier operating in continuous conduction
mode (CCM). The CM noise is associated with the fast voltage
change of the switch nodes, i.e., the drain of the MOSFET
dvD/dt, and propagates between the power lines (L and N)
and the common ground path (PE) via the parasitic capacitive
coupling Cpar, cf. Fig. 1(a). The total CM parasitic capacitance
includes also the parasitic capacitance of the load, which is not
shown in Fig. 1(a).

The DM noise is caused by the normal switching operation
of the converter and propagates between the phase (L) and
neutral (N) line, cf. Fig. 1(b). It was shown that the DM and
CM noise can be measured separately by means of CM/DM
noise separators so that the design procedures of CM and DM
EMI input filters can be decoupled [33], [37]. In the case of
the unbalanced propagation paths between the converter and the
LISNs, mix-mode (MM) noise can occur, which is not shown
in Fig. 1 for the sake of brevity [38].

C. EMI Filter Design

The design of the CM and DM EMI input filter has to
be performed with respect to the input impedance mismatch
rule described in [33], [39], i.e., the mismatch between the
impedance of noise source Zs and the input filter impedance
Zin, and between the LISN impedance, i.e., ZLISN,CM = 25 Ω,
ZLISN,DM = 100 Ω and the filter output impedance Zout [18],
[21]. Furthermore, the coupling between the EMI filter and
the PFC boost input stage can have significant influence on
EMI spectrum distribution [20]. EMC analysis of CCM PFC
boost converter was shown that the DM noise source impedance
is equal to the impedance of the boost inductor Zboost, and
that the CM noise source impedance is Cpar, the capacitance
between the case of the power semiconductor switch and the
heatsink, that is typically connected to the earth of the ac power
supply for safety reasons.

Fig. 2. (a) PFC boost rectifier with EMI input filter, and (b) EMI input filter
topology.

The commonly used input filter topology is presented in
Fig. 2. It consists of two balanced CM capacitor stages,
CY1−4

, DM capacitors CX1−2
, CM inductor LCM, and DM

inductor LDM. The leakage inductance of the CM choke,
LCM,DM, can be used for the suppression of DM noise and
hence it should be included in the design of the total DM in-
ductance. The value of Y-capacitors CY1−4

have to be specified
according to the maximum ground current given by the safety
regulations. Besides the fact that the boost inductor Lboost

determines the DM noise spectrum, it can also be included in
the first stage of a DM EMI input filter [40]. Likewise, the input
capacitor Cin in Fig. 2 is used as a part of the DM filter to
bypass high frequency DM noise current. However, the high
values of Cin negatively affect the power factor correction so
special care must be taken with the design and placement of the
filter capacitor after the diode bridge [41].

The self-parasitics due to nonideal behavior and mutual–
parasitic effects originating from the near field electromagnetic
coupling between passive filter components determine the ef-
fectiveness of EMI filter in the HF range. Different parasitic
cancellation techniques have been proposed to improve the
frequency response of EMI filter components and also the
overall HF behavior of the EMI filter as a whole. The imple-
mentation of these parasitic cancellation techniques have to
be carefully performed [42]. The 3-D EMC modeling of all
parasitic effects allows the evaluation of EMI filters with the
same topology but different PCB layouts without the need to
build different hardware prototypes and enables an optimal EMI
filter realization.

III. VIRTUAL DESIGN OF EMI INPUT FILTERS

In this section, 3-D EMC modeling based on the PEEC–BIM
method is described. A brief summary of PEEC–BIM-based
modeling of EMI filter components is given and an experi-
mental example, a single-phase two-stage EMI filter circuit,
is described. Then, in the following section, modeling of a
practical EMI input filter for a PFC rectifier is presented.
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Fig. 3. PEEC–BIM model of conductors: PEEC cylindrical cell modeling a
wire and PEEC rectangular cell modeling a PCB track.

Fig. 4. PEEC–BIM model of EMI filter foil capacitors.

Fig. 5. PEEC–BIM model of EMI filter inductors, shown for a single-phase
CM inductor.

A. Modeling of EMI Filter Components

Conductors are modeled by PEEC cells with rectangular and
cylindrical geometry corresponding to 3-D PEEC models of a
PCB track and a solid wire, respectively. The conductivity of
the PEEC cells is equal to the conductivity of actual PCB tracks
and wires. The PEEC–BIM models for passive components of
EMI filter are shown in Figs. 3–5.

The passive EMI filter components can be represented by
3-D PEEC–BIM models with the same geometry as the actual
components and the electric and/or magnetic properties set to
fit the real HF behavior. Specifically, the 3-D PEEC model of
EMI filter capacitors is a rectangular PEEC cell with the same
dimensions, i.e., length × width × height, as the real capacitor
while the conductivity σ and the connectors length lenC are
determined to fit the equivalent series resistance ESR and
equivalent series inductance ESL. The capacitance is modeled
by a circuit element C added in the series to the current path
between the capacitors connectors keeping a small distance
between the capacitor’s nodes, cf. Fig. 4. This PEEC-based
representation of EMI filter capacitors also correctly models
the mutual coupling effects due to the current path between the
capacitor’s connectors, that was verified in [31].

As mentioned previously, the PEEC-based modeling of EMI
filter inductors has been seen as a more difficult task. So far, in
literature, several assumptions were introduced to circumvent
the problem of PEEC-based modeling of EMI filter inductors.
In [22], the authors used an effective permeability factor to ex-
tract the PEEC differential mode partial inductance LCM,DM of
a common mode (CM) filter inductor. In [23], the authors ignore
the presence of the magnetic core to simplify the PEEC-based
model of CM inductors to perform fast EMC optimization of a
power converter.

The design of practical EMI filter inductors is based on the
selection of an appropriate core and winding configuration so
that the inductor can withstand the rated current without sat-
urating while simultaneously providing the required CM/DM
noise attenuation. The selection of the core is typically per-
formed according to the permeability curves μr(f) given in
datasheets or extracted from impedance measurements. Hence,
a magnetic core can be observed as a linear homogeneous
material characterized by μr(f) curves (as long as the core
is not operated in a highly nonlinear range). This allows
the application of the linear PEEC modeling approach. Ac-
cordingly, the PEEC-Boundary Integral Method (PEEC–BIM)
model of EMI filter inductors has been developed replacing the
core by a surface distribution of fictitious magnetic currents
( �KM), which produces the same electromagnetic field in space
as the core [28]. The model was verified for toroidal cores
commonly used for EMI filter inductors. Furthermore, it was
proved that the electromagnetic influence of the core can be
simplified by magnetic currents forming loops around the core
circumference (IM). The strength of these magnetic currents is
higher at the core regions covered with the winding and hence,
IM current distribution determines the direction of stray mag-
netic field lines of inductors. The PEEC–BIM model of other
core geometries will be implemented in the course of future
research.

The 3-D PEEC–BIM models of the circuit protection com-
ponents are also included in the 3-D modeling environment.
Namely, as the frequency response of fuses can be represented
by an R-L circuit in the frequency range up to 30 MHz, F1 and
F2 components are represented by cylindrical PEEC cells, cf.
Fig. 6, and the conductivity and length of fuse connectors are
set to fit the measured HF impedance. Similarly, the thermistor
NTC and the varistor RV are modeled by PEEC cells setting
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Fig. 6. Fuse circuit component: (a) a photograph, (b) PEEC model in Gecko-
EMC, and (c) circuit symbol.

Fig. 7. Negative temperature coefficient (NTC) thermistor component:
(a) a photograph, (b) PEEC model in GeckoEMC, and (c) circuit symbol.

Fig. 8. Metal-oxid varistor (MOV) component: (a) a photograph, (b) PEEC
model in GeckoEMC, and (c) circuit symbol.

Fig. 9. Two-stage single-phase EMI filter: (a) GeckoEMC model and
(b) photograph.

the properties with respect to the measured impedance char-
acteristics in the frequency range of interest. The GeckoEMC
models of NTC and RV circuit elements are presented in
Figs. 7 and 8, respectively.

B. Modeling of EMI Filter Circuits

To demonstrate the capabilities of the developed 3-D
PEEC–BIM EMC modeling approach, the single-phase two-
stage EMI input filter, as shown in Fig. 9, was taken as a
modeling example.

Fig. 10. Single-phase two-stage EMI filter: (a) CM configuration, and (b) DM
configuration for measuring; (GP abrevation stands for Ground Plane).

The transfer gain between the input and output ports was
simulated and verified by measurements. The transfer function
measurements are performed for both CM and DM filter con-
figurations, shown in Fig. 10.

The PCB tracks (width = 3 mm) are on the top layer and
the copper (ground) plane, GP , is on the bottom layer of
the PCB. When the DM attenuation is measured, the GP
copper plane behaves as a floating ground plane while for
the CM measurements the copper plane GP is connected to
the ground of the measurement equipment and provides the
return path for the CM currents. The leakage inductance of
single-phase CM inductors is used as the DM inductance for
filtering DM current noise. The single phase CM inductor
is built using a VAC VITROPERM 500F W380 core [43],
with a (horizontal) 2 × 7 winding configuration and a wire
diameter of 1.4 mm, LCM,DM = 2.4 μH and LCM,CM(μ =
μ0) = 5 mH for fmeas = 10 kHz–30 MHz. The DM inductor
is built using a Micrometals T94 iron powder −26 cores [44],
with 12 turns uniform windings and a wire diameter of 1.4 mm,
LDM(μ = μ0) = 8.4 μH for fmeas = 10 kHz–30 MHz. The
DM capacitors are EPCOS X2 B32923 0.47 μF/305 V with a
lead spacing of 22.5 mm [45]. The CM capacitors are MURATA
DE1B3KX471KA5B X1/Y1 4.7 nF/250 V with a lead spacing
of 10 mm [46]. The permeability curves are extracted from
the impedance measurements using the same type of core and
applying a lower number of turns N , i.e., N < 10, to minimize
the capacitive influence of the winding on the measurements of
core magnetic properties.

Good agreement between the measurement and the
PEEC–BIM simulation (the mismatch is less than 5 dB) is
achieved over a wide frequency range, i.e., from low fre-
quencies up to 30 MHz, cf. Fig. 11. The modeled two-stage
EMI filter introduces a maximal DM insertion loss of ap-
proximately −120 dB, which is at the signal-to-noise limit of
the measurement equipment and cannot be accurately mea-
sured, cf. Fig. 11(a). The DM transfer gain comprises four
resonant frequencies: fR1 ≈ 94 kHz (due to CDM − LDM),
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Fig. 11. Comparison between the PEEC simulation and the transfer function
measurements of the single-phase two-stage EMI filter shown in Fig. 9:
(a) DM attenuation and (b) CM attenuation.

fR2 ≈ 0.23 MHz (due to CDM − LCM,DM), fR3 ≈ 1.08 MHz
(due to ESLCDM

− LDM − LPCB) and fR4 ≈ 15.2 MHz (due
to CCM − LPCB). The CM transfer function is determined
by the CM frequency response of the CM inductor, so the
first resonant frequency originates from the equivalent parallel
capacitance of the CM inductor EPC and the PCB layout, i.e.,
EPCLCM

− LPCB, while the second is due to CCM − LPCB

resonance, cf. Fig. 11(b).
The measurement 1:1 transformers at the input and output,

cf. Figs. 13 and 15, introduce the mismatch between the sim-
ulated and the measured transfer gains in the higher frequency
range, e.g., above 10 MHz. The measurement setup is described
in more detail in the next section.

The placement of the components in practice is significantly
influenced by space constraints and EMI filter components
often cannot be arranged in an aligned structure as it is shown
in the previous example, cf. Fig. 9. Therefore, a practical PCB
placement of EMI filter components is modeled and analyzed
in the next section.

IV. MODELING OF A PRACTICAL EMI INPUT

FILTER FOR A PFC INPUT STAGE

The circuit topology, the PCB layout, the GeckoEMC model
and the photograph of a single-phase EMI filter for a PFC
boost input stage (Vin = 230 Vrms/50 Hz, Pout = 500 W,
Vout = 440 V) are shown in Fig. 12. The specifications of the
filter components are given in Table I. The EMI filter circuit
also includes the circuit protection elements: fuses F1 and
F2, a varistor RV , and a thermistor NTC. The CM capaci-
tors (CCM1

− CCM4
) are connected between the power lines

(L1 − L4) and a (ground) PCB track.

Fig. 12. EMI filter for a single-phase PFC input stage: (a) EMI filter topology,
(b) PCB layout, (c) GeckoEMC model, and (d) photograph.

TABLE I
SPECIFICATIONS OF EMI FILTER COMPONENTS
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Fig. 13. Schematic of OMICRON Bode100 vector-network analyzer mea-
surement setup.

Fig. 14. Photograph of the filter transfer function mesaurement setup.

In the megahertz range, measurement results are very sensi-
tive to any parasitic or EM noise coming from other devices and
the measurement equipment itself. Therefore, special attention
was directed to building a “good” EMI measurement setup
to perform the transfer function measurements with minimal
external disturbance. A brief description of the measurement
setup is given in the following subsection.

A. Measurement Setup

The measurements setup schematically presented in Fig. 13
consists of an OMICRON Bode 100 vector-network analyzer
with an operating frequency range from f = 10 Hz to 40 MHz
[54]. A photograph of the measurement setup is shown in
Fig. 14.

The EMI Filter Circuit block represents the device under test
(DUT) including the passive filter components placed onto the
PCB. BNC connectors and coaxial cables with a characteristic
impedance of 50 Ω are used for the connection between the
DUT and the measurement equipment. To match the 50 Ω out-
put impedance of the measurement equipment, 50 Ω resistors
are either added onto the PCB layout as SMD components or

Fig. 15. Input/output 1:1 transformers used in the measurement setup:
(a) Transformer 1, (b) Transformer 2, and (c) Transformer 3.

directly soldered to the input/output DUT terminals in series to
the signal path. The 50 Ω input resistors are also required in
the case of low HF input impedance in parallel to the signal
power source to prevent a short-circuit across the signal power
source.

The 1:1 input and/or output transformers have to be em-
ployed for galvanic isolation between the input and output sides
to prevent short-circuiting the series impedance in the ground
path across the measurement equipment and also to reduce the
shield currents in the coaxial cables. The 1:1 transformers used
in the measurements setup are shown in Fig. 15.

These transformers are not needed for the common-mode
measurements with the ground plane directly connected to
the DUT. The 1:1 transformers should have a low impact on the
measured frequency characteristics of the DUT. Namely,
the capacitive coupling between the transformer and DUT can
introduce disturbance into measurement results. As a trans-
former is typically designed for a special application, its ideal
EM behavior is restricted to a fixed frequency range so that
the measurements above and/or below certain frequencies are
prone to errors. Specifically, it was observed that both design
and position of the transformer can have an impact on the
transfer function measurements, which is important to keep in
mind when constructing a “good” measurement test setup envi-
ronment, cf. Fig. 14. The 1:1 transformers are modeled as ideal
elements in the 3-D PEEC–BIM simulation so that the transfer
gain of the EMI filter under real operating conditions can be
evaluated. Three transformers were used in the measurements:
Transformer 1, a commercial wide-band transformer (Coil-
Craft WB1010-1 [55], Transformer 2, a custom-made trans-
former (10 turns of twisted pair on a VITROPERM 500F W914
core, wire diameter 0.2 mm) [43] built with approximately
two times lower parasitic capacitance between the primary
and the secondary windings (10 pF) than the Transformer 1,
and Transformer 3, a custom-made transformer (10 turns of
twisted pair on two stacked cores, VITROPERM 500F W914
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TABLE II
INPUT/OUTPUT TRANSFORMERS CONFIGURATION

Fig. 16. Comparison of the measurement setups with the 1:1 transformers
configurations specified in Table II: (a) measurement results nos.1–4, and
(b) PEEC–BIM simulation versus transfer function measurement results no.4

core and FerroxCube 4C65 [56], wire diameter 0.2 mm). The
influence of the transformers on the measurement results of
the EMI filter transfer function is shown and discussed in the
next subsection. The calibration of the measurement devices
is performed for the through-connection between IN and OUT
ports to compensate the cable and connection setup effects.

B. EMI Filter Modeling Results

The disturbance introduced by the measurements setup itself
is addressed by performing the transfer function measurements
employing different transformer configurations as specified in
Table II. The influence of the 1:1 transformers on the measured
transfer function of the EMI filter circuit in Fig. 12(a) is pre-
sented in Fig. 16. According to the measurement results shown
in Fig. 16, the placement of transformers at the input and/or at
the output introduces up to approximately 10 dB difference in
the measurements in the frequency range above 200 kHz. This
can be explained by the non-ideal behavior of 1:1 transformers
in the observed frequency range. The PEEC–BIM simulation of
the EMI filter transfer function exhibits the best matching to the

Fig. 17. Step-by-step modeling of EMI filter circuit analyzing the influence of
(a) CDM, b) CDM1

− LCM,DM − CDM2
circuit, c) CDM1

− LCM,DM −
CDM2

+ CCM, and d) CDM1
− LCM,DM − CDM2

+ LDM.

measurement setup with the 1:1 transformer configuration no.
4, i.e., the commercial transformer at the input and the custom-
made transformer at the output side, cf. Fig. 16(b). However,
the coupling effect between the DUT and the transformers is
pronounced above 10 MHz due to the HF parasitic effects of
the transformers.

The DM EMI filter attenuation is simulated in a step-by-step
manner to distinguish the influence of individual components
on the EMI filter performance. The equivalent circuits are
shown in Fig. 17.

The circuit protection components were kept on the PCB
in all examples C-I:IV, in Fig. 17. First, only DM capacitors
were soldered onto the PCB. Two resonant frequencies orig-
inate from the DM capacitors, the parasitic series inductance
of capacitors, ESLs and the PCB layout inductances, LPCB.
In the second step, the CM inductor was added forming the
CDM1

− LCM,DM − CDM2
EMI filter circuit. The comparison

of two transfer functions, cf. Fig. 18(a) shows the improvement
of the attenuation with the C − L− C filtering. The following
two measurements were performed to check the influence of



KOVAČEVIĆ et al.: 3-D ELECTROMAGNETIC MODELING OF EMI INPUT FILTERS 239

Fig. 18. Comparison of the PEEC–BIM simulation and the measurements of
EMI filter circuits presented in Fig. 17 (with (W) and without (W/O) CCM):
(a) influence of LCM, C-I versus C-II, (b) influence of LDM, C-II versus C-III,
(c) influence of CCM, C-II versus C-IV, and (d) influence of CCM, C-III versus
the circuit with all components.

the DM inductor, cf. Fig. 18(b), and the CM capacitors, cf.
Fig. 18(c). As it is shown in Fig. 18, good agreement (less
than 10 dB mismatch) between the PEEC–BIM simulation
and the measurement results is achieved from dc up to high
frequencies, i.e., 30 MHz. Finally, in the last step, the complete
DM EMI filter circuit, cf. Fig. 12(a), is modeled and compared
to the circuit C-III to check the influence of the CM capacitors
CCM1−4

.
The CM measurements are performed with and without an

aluminum (Al) plate (width = 2 mm) at the distance of 10 mm

Fig. 19. Photograph of EMI filter circuit connected to an aluminum Al plate.

Fig. 20. Comparison between the PEEC–BIM simulation and the transfer
function measurements: (a) without (W/O) and (b) with (W) the Al (heat-sink)
plate.

from the PCB. The Al plate is connected to the (ground) PCB
track as shown in Fig. 19. The presence of the Al plate illus-
trates the connection to a heat-sink in real EMI filter circuits.
In the CM measurements, the ground PCB track is connected
to the ground of the measurement equipment, cf. Fig. 10(a).
The comparison between the PEEC–BIM simulation and the
CM measurement results is shown in Fig. 20. From the mea-
surements, it was observed that CM transfer function is quite
sensitive to the input/output connectors and the connection to
the ground PCB track in the HF range. The mismatch between
the simulation and the measurements in the HF range, i.e., from
10 MHz up to 30 MHz (less than 10 dB), cf. Fig. 20, is the
modeling error due to imprecise geometry input parameters,
as it is hard to fully describe actual geometry. The increase of
EMI CM filter attenuation in the presence of the Al plate, cf.
Fig. 20, originates from the electromagnetic field produced by
the induced eddy currents in the conductive Al plate.

The influence of the protection circuit elements on EMI filter
performance is evaluated by measuring the transfer functions
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Fig. 21. Comparison between the PEEC–BIM simulation and the transfer
function measurements: (a1) DM transfer function without (W/O) RV and
NTC, (a2) DM transfer function with (W) RV and NTC, and (b) CM
measurements with and without RV and NTC.

of the EMI filters with and without the varistor RV and the
thermistor NTC, i.e., replacing RV by an open circuit, and
NTC by a PCB track. The EMI filter without RV and NTC
comprising only the fuses, F1 and F2, introduces a different
DM insertion loss above 0.3 MHz than the EMI filter with all
protection circuit components, cf. Fig. 21(a1). As mentioned
previously, the mismatch between the PEEC simulation and
the measurements is due to the sensitivity of the measurement
setup, i.e., the transformer parasitics above 10 MHz, and the
modeling error of the real geometry. However, it can be stated
that the PEEC–BIM simulation results match the measured
transfer functions to a high extent and hence, provide use-
ful prediction of the electromagnetic behavior of EMI filter
circuits. Similarly, it was observed that the influence of the
protection circuit elements on the CM transfer function is not
significant in this particular case, cf. Fig. 21(b).

C. EMI Filter Simulation Performance

The mesh of the magnetic surface into NM panels determines
the computational complexity and accuracy of the implemented

PEEC–BIM method. The simulations were performed on stan-
dard 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
NF points in the frequency domain. Thus, the PEEC-based
modeling of the two-stage single-phase EMI filter presented
in Fig. 9 results in a 2012 × 2012 square system matrix, and
requires a simulation time of approximately 11 min: 4 min
for pre-calculation and 7 min for post-calculation at NF = 201
frequency points in the range from f = 10 kHz to 30 MHz. The
good matching between the measurements and the PEEC–BIM
simulation results demonstrate that the PEEC discretization
enables accurate 3-D modeling of power electronic systems
with reasonable computational effort.

V. CONCLUSION

Power converter systems have to be designed so that low
EMI noise emission and necessary EMI noise susceptibility are
ensured to meet the EMC standards requirements. Accordingly,
the EMC analysis represents an important step of the overall
design of power converter systems and has to be performed in
early design stages. The EMC analysis is illustrated on the ex-
ample of a PFC boost converter showing the modeling of EMI
noise sources, the modeling of EMI noise propagation paths,
and the design of EMI input filter, which is necessary to provide
the required EMI noise attenuation. As it has been shown that
parasitic effects can degrade EMI filter performances in the
HF range, the 3-D EMC modeling represents a highly useful
tool for the prediction of EMI filter behavior prior to building
hardware prototypes.

The developed 3-D electromagnetic modeling approach is
based on the PEEC–BIM numerical technique which enables
modeling of magnetic components by means of the linear
PEEC-based methodology. In the first step, the PEEC–BIM
models of EMI filter components were shown and hereafter,
the 3-D modeling of complete EMI filter circuits was presented
on two examples: a single-phase two-stage EMI input filter and
a practical EMI filter for single-phase PFC input stage. Good
matching between the simulated and the measured transfer
functions was achieved over a wide frequency range. The
measurements were performed using an OMICRON Bode100
vector-network analyzer operating in the frequency range from
10 Hz up to 40 MHz, and with input and/or output 1:1 isolation
transformers. It is shown that the comparison between the
PEEC–BIM simulation and the measurements with different
transformer configurations allows assessing the electromag-
netic disturbance introduced by the measurement setup itself.

The EMC simulation enables a step-by-step modeling so
that the dominant coupling effects in the HF range can be
distinguished leading to an optimal PCB layout and PCB ar-
rangement of EMI filter components. The developed simulation
tool GeckoEMC represents an EMC environment for fast and
accurate virtual design of EMI filters and power converters and
hence, enables the 3-D CAD tool to become the state-of-the-art
for practical design of EMI input filters.
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