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Abstract—Common mode chokes (CMCs) are widely employed
to reduce common mode emissions of three phase systems. This
work presents an advanced technique for analyzing and character-
izing CMCs with three or four windings. The central idea of the
method is a modal analysis of the choke, where the modes are based
on the modes of the noise signal transmitted by the three-phase line.
These modes are defined following the criterion of its suitability
from the perspective of electromagnetic interference control. This
modal analysis is used to propose a circuit model of the choke
that accounts for the impact of high-frequency parasitic effects
and, at the same time, allows for a straightforward parameter
identification. This parameter identification is achieved by using
a characterization technique that makes use of measurements of
the response of the CMC in simple connections, whose suitability
is justified thanks to the ability of the modal analysis to provide
analytical and easy-to-interpret expressions of these connections.
This makes also possible to predict and quantify mode conversions
caused by the device in the three-phases line. The accuracy of
the obtained circuit model within a wide frequency range has
been demonstrated by comparing measurements with calculated
responses for several three- and four-wires CMCs.

Index Terms—Common mode choke (CMC), conducted emiss-
ions attenuation, conducted emissions propagation modes, high
frequency circuit model, modal analysis, parasitic effects.

I. INTRODUCTION

CURRENT trends in power electronics are toward the in-
crease of switching frequencies and the power density

of converters. An inevitable outcome of this tendency is the
progressive increase of the electromagnetic emissions of power
converters [1]. This poses a serious problem due to the necessity
to comply with electromagnetic compatibility (EMC) regula-
tions, which establish limits on the electromagnetic emissions
of power converters in wide frequency ranges [2], [3], [4].
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Fig. 1. Schematic representation of CMCs with different number of windings.
(a) 2W-CMC. (b) 3W-CMC. (c) 4W-CMC.

Electromagnetic interference (EMI) filters are used to mitigate
electromagnetic emissions of electronic equipment [5]. Among
the components of EMI filters, common mode chokes (CMC),
which are made up of two or more coupled coils wounded on a
magnetic core, are widely employed due to its ability to reduce
common mode (CM) emissions [5], [6].

Fig. 1 shows an sketch of a typical CMC used in one-phase
systems. We will refer to this device as as two-wire CMC (2W-
CMC). By contrast, three-phase systems can be implemented
with either three-wire or four-wire conductors line [7], [8].
Consequently, CMCs used in three-phase systems are either
three-wire CMCs (3W-CMCs) like that in Fig. 1(b), or four-wire
CMCs (4W-CMCs) like that in Fig. 1(c) [8], [9].

In recent years, an important effort has been made to develop
techniques for obtaining high-frequency circuit models of 2W-
CMCs [10], [11], [12], [13], [14], [15], [16], [17], [18], [19].
However, much less works have been published dealing with the
characterization of CMCs for three-phase applications or ana-
lyzing its effect on noise modes in the three-phase line [20]. The
current trend in modern power electronics toward the increase
of switching frequencies has been boosted by recent advances in
semiconductor technologies and by the upsurge of applications,
such as those related to transport electrification, where achieving
high power density is a priority. This is expected to exacerbate
EMC issues in modern three-phase systems [21], [22]. In this
context, a method capable of providing accurate broadband
models of 3W-CMCs and 4W-CMCs can help to develop virtual
prototypes of EMI filters and/or complete systems. This can
reduce the time and cost associated with trial and error design
processes, thus allowing the development of EMC-compliant
three-phase systems with high power densities [12], [15], [23].
Design methods for 3W-CMCs have already been presented in
[21] and [24]. However, those methods are more focused on
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the design of 3W-CMCs to comply with certain attenuation
requirements than on characterizing a given sample. As a conse-
quence, they concentrate on modeling the CM impedance of the
3W-CMC, and a differential mode (DM) model of the 3W-CMCs
is not derived. Also, [12] reports a single example of application
of a characterization method developed for 2W-CMCs to the
case of a 3W-CMCs. However, the proposed circuit model is
purely behavioral and the characterization technique is based on
a more complex set of measurements. A simpler characterization
method for 3W-CMCs, requiring only a measurement with a
quite simple setup, has been presented by Dominguez-Palacios
et al. [25]. However, this method has a limited accuracy due
to a nonprecise characterization of the effect of intrawinding
coupling. Also, in that work, no complete modal theory is
provided that can account for the response of the 3W-CMC
in different connections and explain its effect on the modes of
the line. In addition, the works cited above do not deal with
4W-CMCs. As we will see, the 4W-CMC case has particularities
that do not allow us to treat it as a straightforward generalization
of the 3W-CMC case.

In this work, accurate wideband circuit models and a simple
characterization technique are proposed for both 3W-CMCs and
4W-CMCs. The ideas, concepts, and experimental techniques
developed in this work are supported by a modal analysis that
allows a significant simplification of the analysis of the response
of 3W- and 4W-CMCs, facilitating their characterization. To
carry out this analysis, we start by defining a mode decompo-
sition for signals in three-phase transmission lines (with three
or four wires) that is convenient from an EMC perspective.
We demonstrate that, given these modes, the condition that
ensures that a 3W-CMC or a 4W-CMC does not cause conversion
between modes is that the circuit model of the CMC has a set
of natural modes that are derived from those defined in the line.
We propose equivalent circuits for 3W-CMCs and 4W-CMCs
that model them as six- or eight-port networks consisting of
LCR resonant tanks with both magnetic and electrical coupling
between them. It is shown that, under the reasonable assump-
tion that the electrical couplings between coils are equal, the
3W-CMCs do not cause conversion between the modes defined
in three-wire transmission lines. By contrast, the fact that the
magnetic couplings between nearby and distant coils are dif-
ferent in 4W-CMCs causes conversion between the so-called
differential and homopolar modes in four-wire lines. Moreover,
we demonstrate that, for both 3W-CMCs and 4W-CMCs, it is
possible to construct an alternative circuit model, derived from
that originally proposed, that has the additional advantage that
its parameters are grouped into blocks so that each block is
associated with only one of the natural modes of the circuit.
This allows for an easy assignment of values to the parameters
of the model. To that end, we propose to use an advanced
search algorithm that takes as input the measurements of a
pair of transmission coefficients of the CMC in two simple
setups, which reveal all the modal responses of the CMC. To
demonstrate the suitability of the proposed circuit models and
characterization method, we have characterized and verified a
wide range of 3W- and 4W-CMCs. Mode conversion caused by

TABLE I
DEFINITION OF NOISE PROPAGATION MODES

4W-CMCs with symmetrically distributed windings around the
core has also been experimentally verified.

The rest of this article is organized as follows. Section II
presents and justifies a convenient definition of modes for a
noise signal propagating in a 3-wire or 4-wire three-phase line.
Section III proposes high-frequency circuit models for 3W- and
4W-CMCs and presents the key ideas of a generalized modal
analysis that facilitates analysis of the problem and identification
of the elements of the circuit models. Section IV outlines a
particularly simple technique to find the value of the parameters
of the circuit models of the CMCs. A method to validate the
equivalent circuit models of 3W- and 4W-CMCs is presented in
Section V. Section VI is devoted to presenting several examples
to demonstrate the precision and evaluate the scope of the
characterization technique for 3W- and 4W-CMCs proposed in
this work. Finally, Section VII concludes this article. In addition,
in Appendix A, a mathematical demonstration is provided for a
result with high relevance in the context of this work.

II. NOISE MODES DEFINITION

Three-phase power lines can be regarded as (N + 1)-
conductors transmission lines with N = 3, or N = 4 if neutral
conductor is present [26]. By comparison, single-phase trans-
mission lines (with N = 2) support in general two propagation
modes. In the analysis of conducted emissions in single-phase
systems, they are typically decomposed into CM and DM. This
is done for convenience, as CM and DM typically have different
generation mechanisms, give rise to different electromagnetic
compatibility issues (e.g., CM emissions tend to more easily
create coupling problems and radiated emissions), and require
specific attenuation techniques [5]. Therefore, it is reasonable to
apply the same criteria in determining which propagation modes
should be defined in three-phase systems.

Distinction between CM and DM in three-phase systems has
been carried out in several previous works, mostly in three-wire
systems [20], [27], [28]. In a few studies, this decomposition
is performed in four-wire lines, but exclusively to study the
behavior of CM, whose definition may vary [29], [30]. In sum-
mary, an agreement cannot be found in the literature on the more
convenient definition, from an EMC perspective, of propagation
modes for three-phase systems. To address this problem, in this
work, we propose the decomposition of the signal in a four-wire
line according to the modes shown in Table I. The currents
associated with each mode are shown in Fig. 2. The idea behind
this decomposition is to obtain a decomposition of the signal on
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Fig. 2. Representation of noise propagation modes defined in this work for
four-wire three phase systems.

the line into two modes unrelated to the functional currents of the
system, labeled as CMs (CM1 and CM2) in Table I, and another
two modes, identified as DMs (DM1 and DM2), which account
for the (low-frequency) power currents that must flow through
the line. The CM1 and CM2 modes in Table I are identified as
CM because they imply a nonzero net current flowing in the three
power lines (lines a, b, and c in Fig. 2). In fact, CM1 is a true
CM for the four-wires line, whereas CM2 stands for a homopolar
or zero-sequence component of the three-phase current. These
modes CM1 and CM2 are similar to CM defined in single-
phase lines in that they have specific generation mechanisms
in power electronics devices attached to the power line, which
are typically related to the presence of parasitic capacitances in
nodes with rapid voltage variations [5]. In addition, these CM
modes can easily give rise to coupling and radiation problems
and must be attenuated using specific techniques, including the
use of CMCs. The modal decomposition shown in Table I is an
extension to four wires of the proposal reported in [20], [28]
for three-wire systems. From a mathematical point of view, it is
more convenient to normalize the orthogonal voltage vectors in
Table I so that they all have a unit magnitude. This normalization
leads to the following transformation matrix:

T 4W =

⎡
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⎤
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(1)

This modal decomposition coincides with the natural modes
of a sufficiently symmetric four-wires line [26]. Note that the
columns in T 4W are the normalized CM1, CM2, DM1, and
DM2 modes defined in Table I. Thus,T 4W represents the matrix
of change of basis between the (normalized) modes defined in
Table I and the ordinary basis of the line.

The modal decomposition given in (1) can be readily particu-
larized for a three-wire transmission line by using the following
transformation matrix:

T3 W =

⎡
⎢⎢⎢⎢⎢⎢⎣

1√
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1√
6

1√
2

1√
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1√
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0

⎤
⎥⎥⎥⎥⎥⎥⎦

(2)

This 3× 3 transformation matrix can be obtained simply by
eliminating the first column and the last row of T 4W in (1)
and performing a convenient renormalization of the column
vectors. Note that the modal decomposition given by T3 W

in (2) corresponds of the Clarke or alpha-beta transformation
commonly used in three-phase systems [31], [32]. From an EMC
perspective, the first column in T3 W corresponds to a CM, and
the other two columns are the DMs that account for the functional
currents that are expected to flow in the line.

III. MODAL ANALYSIS AND HF CIRCUIT MODEL

In general, a CMC or any other filtering device inserted in
a N + 1-conductors transmission line should be regarded as a
2N -ports passive network. In single-phase systems, the effect
of the CMC is analyzed by studying the insertion loss for each
mode (CM and DM) of the line [5]. However, asymmetries in the
filtering device can result in energy transfer between modes [33].
Regarding this, Ojeda-Rodríguez et al. [19] demonstrated that
the condition for a 2W-CMC not to cause undesired mode
conversion between CM and DM in a single-phase transmission
line translates into a necessary and sufficient condition for the
four natural modes (eigenvectors of the admittance matrix) of
the 2W-CMC. Therefore, a pertinent question is whether, for a
set of N propagation modes, such as that defined in the previous
section for a three-phase transmission line, there also exists a set
of 2N natural modes of the CMC that ensures that the device will
cause no mode conversion in the line. The answer to this question
is provided in Appendix A, where it is demonstrated that for a
set of N transmission modes selected in an N + 1-conductors
line and organized as columns vectors of an N ×N matrix (T ),
the condition that a passive device with input–output symmetry
(such as a CMC) inserted into that line must satisfy in order to
avoid mode conversion between those N transmission modes is
that the 2N natural modes of its 2N -ports circuit model can be
arranged as column vectors of a 2N × 2N matrix (E), which
can be expressed in terms of T submatrices as follows:

E =

[
T T

T −T

]
. (3)

Therefore, E in (3) establishes the necessary relationship that
must exist between the N propagation modes of the line and the
2N natural modes of the CMC (or any other 2N -ports device
inserted in the line) that ensures no mode conversion among
these N propagation modes on the line.

A. Circuit Model for a 3W-CMC

Essentially, a 3W-CMC consists of three tightly coupled coils,
and its objective is to attenuate the propagation of the CM on the
three-wire line without causing conversion between this mode
and the DMs that can propagate in the line. This is achieved
in principle by a simple arrangement consisting of three equal
coils with a strong mutual coupling between them. However,
parasitic capacitances between turns cause each of these coils
to behave actually as parallel LCR resonators [11], [12], [17].
In addition, electrical coupling between different coils must be
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Fig. 3. Circuit model for the 3W-CMC with three evenly distributed windings.
Each winding is modeled by a LCR resonant circuit. M and YW account for
the magnetic and electric couplings between windings, respectively.

TABLE II
MODES OF A SIX-PORTS NETWORK (3W-CMC) ENSURING NO MODE

CONVERSION BETWEEN MODES DEFINED IN A THREE-WIRES LINE

accounted for in order to achieve a wideband circuit model [11].
Those effects are schematically represented in Fig. 3. This figure
also includes a proposed circuit model for the 3W-CMC, which
is a six-ports network thoroughly devised to account for these
high frequency effects and, at the same time, to ensure that the
3W-CMC does not cause mode conversion of the modes defined
in (2) for three-wire transmission lines, which is a desirable
characteristic of practical 3W-CMCs.

To demonstrate that the circuit model of the 3W-CMC in
Fig. 3 will not give rise to mode conversion between the propa-
gation modes on the three-wire lines defined by T 3W in (2) it is
enough to verify that the eigenvectors of the admittance matrix
of that six-ports network coincides with those listed in Table II,
which are obtained by applying the splitting shown in (3) to
the set of modes defined by T 3W. Note that the voltage modes
in Table II are not normalized to make them easier to read and
interpret. It is interesting to note that the first three modes in Table
II (i.e. modes G, W1, and W2) produce equal excitations at both
terminals of each coil. Therefore, these modes account for the
capacitive responses of the 3W-CMC. On the other hand, modes
C, D1, and D2 in Table II involve a voltage drop between the
terminals of the inductances of the 3W-CMC. However, while
the C mode will generate CM currents that sum their magnetic

Fig. 4. Modal-parameters circuit (MPC) model for the 3W-CMC.

fluxes in the core of the 3W-CMC, modes D1 and D2 will result
in differential currents in the 3W-CMC, i.e., currents whose net
magnetic flux in the core of the 3W-CMC would be nearly zero.

Note that all the elements of the circuit model in Fig. 3
have a clear physical meaning. However, this circuit model
does not comply with additional requirements, which would
also be highly desirable. That is, that the parameters of the
circuit model can be independently associated with the modal
admittances (eigenvalues of the admittance matrix) of the 3W-
CMC. This feature is essential because it greatly simplifies the
extraction of parameters for the circuit model of the 3W-CMC,
as demonstrated in [19] for the case of 2W-CMCs. In that work,
the proposed circuit model for 2W-CMCs is referred to as the
modal parameters circuit (MPC) of the 2W-CMC. Therefore,
the question immediately arises whether it is possible to modify
the circuit in Fig. 3 to construct an MPC model for 3W-CMCs.

Fig. 4 shows a MPC model of a 3W-CMC that is completely
equivalent to that in Fig. 3. The components of the MPC model of
the 3W-CMC in Fig. 4 are arranged in two blocks: asymmetrical
mode test block (left) and symmetrical mode test block (right).
Asymmetrical mode test block is made up of three perfectly-
coupled windings (kc = 1), each one modeled by the inductance
LC/3, where LC = L+ 2M is the inductance seen by the CM
current. The typical resonant behavior of these coils is accounted
for by the parallel CC and RC elements. Also, the YRLC admit-
tance in the asymmetrical mode test block, consisting of one
or more parallel RC and/or RL branches, is intended to take
into account the effects of either magnetic losses or dielectric
losses, as explained in [19]. Note that, due to the perfect coupling
between coils in the asymmetrical mode test block, this block
will be short-circuited by current modes other than C. On the
other hand, symmetrical mode test block is made up of three
pairs of inductances LD/6 coupled as indicated in Fig. 4, being
kd = 1 and LD = L−M , where LD is the inductance seen by



4920 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 5, MAY 2024

TABLE III
MODAL ADMITTANCES OF THE MPC MODEL OF A 3W-CMC IN FIG. 4

differential currents. It can be checked that this coupling forces
inductances of the symmetrical mode block to be short-circuited
by both common (C) and intra-windings (W1, W2) modes. In
this block, CD models the capacitive behavior of the windings
at high frequencies when excited with DMs D1 and D2, whereas
YW determines the response of the 3W-CMC when excited with
intra-windings modes W1 and W2. This YW admittance will
be, in principle, that of a simple CW inter-winding capacitance.
However, if necessary, the YW admittance can also integrate a
LCRW network (a parallel LCR tank) in series with the CW

inter-winding capacitance. As explained in [19], this resonant
tank accounts for inter-turns resonances, which arise in some
cases at sufficiently high frequencies due to the fact that the
wavelength inside a core with high permeability and high per-
mittivity may become quite small [34]. Finally, it should be
noted that although a parasitic capacitance between each single
terminal and ground Cg is included in Fig. 4, its effect can
be neglected in this analysis for the same reasons as explained
in [19].

It can be easily checked that the eigenvectors of the admittance
matrix of the 3W-CMC MPC circuit model in Fig. 4 are those
listed in Table II. A first hint of the suitability of the proposed
circuit model comes from the simplicity of the corresponding
eigenvalues or modal admittances, which are given in Table III.
Moreover, note that none of the parameters of the model is
involved in more than one modal admittance. This is a key feature
of the proposed MPC model that, along with the simple mea-
surement setups that will be presented in Section IV, facilitates
the efficient determination of its parameters.

B. Circuit Model for a 4W-CMC

Fig. 5 shows the main physical effects that should be modeled
for a 4W-CMC manufactured with a toroidal core and four
evenly distributed windings on it. In principle, the circuit model
in Fig. 5 is a direct extension of the 3W-CMC case to include one
more LCR resonant circuit. However, a key difference between
4W-CMCs and 3W-CMCs is that in the latter case the relative
position of each two windings in the core is the same, which
allows us to assume that both magnetic and electric couplings
between windings are the same for every pair of windings. How-
ever, a 4W-CMC has two different relative positions between

Fig. 5. Circuit model for the 4W-CMC with four windings evenly distributed.
Each winding is modeled by an LCR resonant circuit. M1 and M2 account for
the magnetic coupling between nearby and distant windings respectively. The
admittance YW accounts for the electric coupling between windings.

each pair of windings: either they are nearby windings or they
are distant windings, i.e., placed at opposite sides of the ring
core. For this reason, in the 4W-CMC model we will assume
that the magnetic couplings between nearby coils are greater
than between distant coils, i.e. M1 > M2. This difference in
the magnetic couplings of different pairs of coils wound in
the same core has been previously pointed out in [35], and it
should be caused by the fact that the number of magnetic field
lines linking both windings depends on the relative position of
both windings in the core [6]. This effect will be experimentally
verified for 4W-CMCs with symmetrically arranged windings in
Section VI. In this section, its relevant practical consequences
will be analyzed.

Unlike magnetic couplings, the electric couplings between
each pair of coils are assumed to be the same in the circuit
model proposed in Fig. 5. This is justified by the fact that most
core materials, for example MnZn or nanocrystalline cores, have
extremely large electric permittivities [22], [34]. This results
in strong electric couplings between the windings which is
associated with the electric field that connects both windings
through the core [18], [22]. Since a change in the relative position
between two windings on a toroidal core implies that the distance
between them increases on one side but decreases on the opposite
side, the relative position of the two windings has little effect on
the parasitic capacitance between them. This has been experi-
mentally tested in [18], and we double checked it by measuring
parasitic capacitances between different windings in 4W-CMCs
with different core materials. Additional verification is provided
by the good results provided systematically by the proposed
circuit model to characterize a great number of different CMCs,
as we will see in Section VI.

1) Mode Conversion in 4W-CMCs: In this section we will
demonstrate that the difference between the mutual inductances
of nearby and distant coils in the circuit model in Fig. 5 causes
mode conversion between some of the modes defined for a four-
wires line in Table I.
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TABLE IV
MODES OF A EIGHT-PORTS NETWORK (4W-CMC) ENSURING NO MODE

CONVERSION BETWEEN MODES DEFINED IN A FOUR-WIRES LINE

According to the demonstration presented in appendix A, the
condition to ensure that the 4W-CMC does not cause mode con-
version between the line modes in Table I, is that the eigenvectors
of the 8× 8 admittance matrix of its circuit model, Y 4W, are
the columns of the following matrix:

E4W =

[
T 4W T 4W

T 4W −T 4W

]
(4)

where T 4W is defined in (1). The non-normalized voltage
excitations defined by the columns of E4W are represented in
Table IV. The first four rows in Table IV define excitations with
the same voltage imposed at the two terminals of each winding
and, therefore, are expected to give rise to a capacitive response
of the device mainly associated with electrical coupling between
windings. By contrast, the last four rows of Table IV correspond
to voltage excitation where the windings are excited either in
CM, in homopolar mode or in two additional DMs referred
to here as D1 and D2. Note that if these modes happen to be
eigenvectors of the admittance matrix of the 4W-CMC, each of
them will give rise to currents directly proportional to the voltage
excitation represented by its eigenvector. Therefore, referring to
the line modes in Table I, excitation of the 4W-CMC in mode C
will result in a CM1 mode in the line, whereas excitation in mode
H will result in a CM2 mode propagating in the four-wires line,
which is regarded as a zero-sequence or homopolar mode. This
homopolar mode is a CM with respect to the three power lines
(i.e., leaving the neutral cable out) but it is a DM with respect
to the four wires because the sum of the excitations on these
wires is zero. On the other hand, note that D1 and D2 are DMs
with respect to either the three power lines or the four wires. As
explained previously, D1 and D2 should be components of the
functional currents of a three-phase device, which makes them
equivalent to the DM defined in single-phase systems.

A convenient way to analyze mode conversion in the 4W-
CMC is to represent its admittance matrix Y 4W on the basis
given by E4W. In the case of the circuit model proposed in
Fig. 5, this change of basis leads to the following result:

Y4WE = E−1
4WY 4WE4W =

[
Y UP 0

0 Y DW

]
(5)

Where 0 stand for a 4× 4 zero matrix and Y UP is a diagonal
4× 4 matrix that can be written as follows:

Y UP =

⎡
⎢⎢⎢⎣
YG 0 0 0

0 YW 0 0

0 0 YW 0

0 0 0 YW

⎤
⎥⎥⎥⎦ (6)

where YG and YW are capacitive admittances that account for
electric couplings to the ground and between coils. On the other
hand,Y DW is another 4× 4matrix that has the following form:

Y DW =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

YC 0 0 0

0 YDN1+2YDN2
3

YDN2−YDN1

3
√
2

YDN1−YDN2√
6

0 YDN2−YDN1

3
√
2

YDN1+5YDN2
6

YDN2−YDN1

3
√
2

0 YDN1−YDN2√
6

YDN2−YDN1

3
√
2

YDN1+YDN2
2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(7)

where YC, YDN1, and YDN2 are the eigenvalues associated with
the four resonant modes (or eigenvectors) of the system of four
magnetically coupled resonators that made up the 4W-CMC.
Those resonant modes are illustrated in Fig. 6. It can be easily
demonstrated that for four equal LCR resonators, those eigen-
values can be expressed as:

YC = 2

(
jωCC +

1

jωLC
+

1

RC

)
(8a)

YDN1 = 2

(
jωCD +

1

jωLD1
+

1

RD1

)
(8b)

YDN3 = YDN2 = 2

(
jωCD +

1

jωLD2
+

1

RD2

)
(8c)

where in principle, RC = RD1 = RD2 and CC = CD are the
resistance and capacitance of the four equal resonators. We
use here different subscripts for convenience, since the circuit
model that will be presented in the next section will allow us
to independently fix these parameters. Note that there is no
difference between DN2 and DN3 modes from a physical point
of view, since they provoke the same response of the 4W-CMC.
From a mathematical point of view, they are linearly independent
eigenvectors of the admittance matrix with the same eigenvalue
(degenerate eigenvectors).

Note that the matrix YDW in (7) is not in general a diagonal
matrix unless YDN1 = YDN2 (i.e., M1 = M2). Therefore, Y4WE

in (5) is not in general diagonal. In fact, the distribution of the
elements of Y4WE reveals that the main effect of the inequality
of mutual couplings between nearby and distant windings in
a 4W-CMC is that, when inserted in a four-wires line, the 4W-
CMC will cause mode conversion between the homopolar mode
(CM2 in Table I) and the two DMs (DM1 and DM2) of the line.
On the other hand, the fact that YC is the only nonzero element
in its row and column in Y4WE indicates that the 4W-CMC can
provide attenuation to the CM (CM1 mode in Table I) without
causing mode conversion with the rest of the modes of the line.

In summary, the problem of mode conversion in 4W-CMC
can be understood by considering that the C, DN1, DN2 and
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Fig. 6. Representation of the four natural modes of four magnetically coupled LCR resonators with different mutual inductances between nearby windings and
distant windings (M1 and M2). The effective inductances seen for each mode at the terminals of the windings of the 4W-CMC are indicated below.

DN3 modes represented in Fig. 6 are the four noncapacitive
natural modes for a 4W-CMC with M1 �= M2. However, this set
of modes is different from the noncapacitive modes (C, H, D1,
and D2) listed in Table IV, which have been defined in (4) based
on the criterion of their suitability from the EMC perspective.
In particular, note that whereas C mode is present in both mode
sets and, therefore, it is a natural mode of the 4W-CMC, the
H, D1, and D2 modes in Table IV are not natural modes of the
4W-CMC unless M1 = M2. From a practical point of view, this
implies that the presence of the 4W-CMC in the three-phases
line can give rise to a homopolar (H) noise component due to
mode conversion from DMs noise and vice versa.

2) MPC Circuit Model for a 4W-CMC: In this section, we
demonstrate that it is possible to find a MPC model for a 4W-
CMC, in a similar fashion as those found for 2W-CMCs in [19]
and for 3W-CMCs in Section III-A. This MPC model should be
equivalent to that in Fig. 5, but must be made up of independent
circuit blocks, each one accounting for the response of the CMC
to only one of the distinct modes listed in Table IV.

A careful analysis and decomposition of the circuit model in
Fig. 5 leads to the MPC circuit model of the 4W-CMC shown
in Fig. 7. Once again, this MPC circuit model features two
main blocks. The asymmetrical mode test block is made up of
four magnetically and perfectly coupled (kc = 1) LCR resonant
circuits, so that these components are responsible for the re-
sponse of the 4W-CMC to asymmetrical mode test excitation
exclusively. Therefore, this block causes no effect in differential
currents and currents from one winding to another through
interwinding capacitances. The inductance of each winding is
the inductance seen by a CM current, LC = L+ 2M1 +M2.
The role of admittance YRLC in this block is explained in
Section III-A. As for the symmetrical mode test block, it is made
up of two groups of four resonant circuits that are short-circuited
by currents in C mode, and therefore account for the response
of the 4W-CMC to differential excitations, and it also includes
YW that accounts for the electric coupling between windings.
Regarding the resonators, the first group of them features four
perfectly coupled inductances (kd1 = 1), and it accounts for the
resonance associated with the component of the DM current in
the DN1 mode illustrated in Fig. 6(b). Therefore, this component
of the DM current sees an inductance LD1 = L− 2M1 +M2

Fig. 7. Modal-parameters circuit (MPC) model for a 4W-CMC.

at low frequencies and a capacitance CD after resonance. In
addition, this group of resonators is short-circuited by the current
modes DN2 and DN3 illustrated in Fig. 6(c) and (d). The
second group of resonators within this symmetrical test block,
characterized by LD2 = L−M2, CD and RD2 is designed to be
short-circuited by both C mode currents and the DN1 mode cur-
rents represented in Fig. 6(b). For this reason, distant inductances
are perfectly coupled (kd2a = kd2b = 1). All the resonators that
belong to the symmetrical mode block are short-circuited by any
of the intra-winding modes (W1, W2 and W3) too. Moreover,
the inductances of this second group of resonators are split
to provide a connection point for the intrawinding admittance
YW. This admittance is excited exclusively by the intrawinding
modes W1, W2, and W3, which short-circuit all the resonant
tanks in the circuit. Table V lists the elements of the main
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TABLE V
DIAGONAL ELEMENTS OF MATRIX Y4WE IN (5) FOR THE MPC MODEL OF A

4W-CMC IN FIG. 7

diagonal ofY4WE in terms of the components of the MPC model
in Fig. 7.

In summary, the MPC circuit model of the 4W-CMC in
Fig. 7 offers greater flexibility and independence of its pa-
rameters at the cost of slightly increased complexity compared
to its equivalent circuit in Fig. 5. The main purpose of this
trade-off is to significantly facilitate the process of determining
the circuit’s parameters and, consequently, improve the accuracy
of the characterization of the 4W-CMC.

IV. CHARACTERIZATION TECHNIQUE

The procedure proposed in this work to obtain a numerical
estimate of the parameters of the MPC model for the 3W- and
4W-CMC is based on simple measurements along with the use
of an advanced search algorithm. Since this approach is very
similar to that already proposed in [19], we will only outline
it here for the sake of brevity. The proposed characterization
technique has followingtwo main steps:

A. Step 1

First, the response of the CMC is measured in two quite
simple connections which are referred to as open circuit (OC)
connection, shown in Fig. 8, and the intrawinding (WD) con-
nection, shown in Fig. 9. Apart from their simplicity, the key
feature that makes these two connections specially suitable for
characterizing the CMC is the fact that they explicitly reveal
all the modal responses of the CMC. To demonstrate this, (9)
and (10) show the transmission coefficients of the 3W-CMC
and 4W-CMC in those two setups calculated in terms of modal
admittances

SOC
21 =

3RYCYD

YD + YC (2 + 3RYD)
(9a)

Fig. 8. Open circuit (OC) connection. (a) 3W-CMC. (b) 4W-CMC. In these
schematics TG stands for tracking generator, and SA stands for spectrum
analyzer.

Fig. 9. Capacitive intra-winding (WD) connection. (a) 3W-CMC. (b) 4W-
CMC. In these schematics TG stands for tracking generator, and SA stands for
spectrum analyzer.

SWD
21 =

2RYDYW

YD + YW + 2RYDYW
(9b)

SOC
21 =

4RYCYDN1YDN2

2YCYDN1 + YCYDN2 + YDN1YDN2
4RYCYDN1YDN2

2YCYDN1 + YCYDN2 + YDN1YDN2
+ 1

(10a)

SWD−near
21 =

2RYDN1YW

YDN1 + YW + 2RYDN1YW
(10b)

SWD−far
21 =

2RYDN2YW

YDN2 + YW + 2RYDN2YW
. (10c)

Note that SOC
21 in (9a) and (10a) are proportional to all the

resonant modal impedances of each CMC. Therefore, we expect
to measure two resonances (related to YC and YD in Table III)
in the insertion loss of the OC curve of a 3W-CMC, while a
4W-CMC should present three resonances related to the resonant
admittances YC, YDN1 and YDN2 defined in (8). In the case
of the WD connections, the response of the CMC should be
proportional to the resonant differential admittances and to the
admittance YW, which must be mainly capacitive. Considering
that the main goal of WD measurement is to extract accurate
information about YW, either SWD−near

21 or SWD−far
21 could

be equally used to this end. In this work, we have used the
measurement of SWD−far

21 for parameter extraction.

B. Step 2

Since we have assigned a physically meaningful basic circuit
structure to the modal admittances of the CMC that appear in (9)
and (10), the task of assigning values to these parameters for a
particular CMC is therefore reduced to find the set of parameters
that provides a better agreement between the measured curves of
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TABLE VI
TYPICAL VALUES OF THE PSO ALGORITHM SETTING PARAMETERS

the transmission coefficients in the OC and WD connections and
the analytical expressions of these two transmission coefficients
in (9) (for 3W-CMCs) or (10) (for 4W-CMCs). In this work, a
particle swarm optimization (PSO) search algorithm has been
used to this end [36]. This algorithm greatly benefits from the
use of analytical expressions for the transmission coefficients
and from the fact that the parameters of the MPC circuit model
are independently associated with the different natural modes of
the CMC. As a result, the typical computational time required to
achieve a good fit ranges from a few seconds to a few minutes. To
expedite the replicability of the results obtained with the method
proposed in this work, we provide typical values for the setting
parameters utilized in the PSO algorithm in Table VI.

It is worth mentioning that, to ensure a fast convergence
of the search algorithm, it is convenient to provide suit-
able initial values for the parameters of the circuit model of
the CMC. To this end, the self-inductance of a winding of the
CMC can be measured with an LCR-meter, both in OC and in
short-circuit configurations. This can be used along with the
resonance frequencies, identified as sharp dips in the measured
|SOC

21 | curves, to estimate the parasitic capacitances of the circuit
model. Also, the magnitude of the transmission coefficient SOC

21

at the resonance frequencies can be used to estimate resistances
in the LCR resonators. A detailed flowchart of the characteri-
zation technique outlined in this section can be seen in Fig. 6
within [19].

V. MODEL VERIFICATION

In general, assessing the feasibility and accuracy of a circuit
model requires performing measurements to compare the actual
response of the device with the prediction provided by the
circuit model. In this work, we will check the accuracy of
the models of 3W- and 4W-CMCs by using the standard tests
defined in CISPR-17 to measure the interference suppression
characteristics of passive filtering devices [37]. An schematic
of these tests for characterizing 3W-CMCs is shown in Fig. 10.
The test in Fig. 10(a) is referred to as asymmetrical mode test
and it is intended to determine suppression of CM. The test in
Fig. 10(b) is referred to as symmetrical mode test and allows
measuring the response of the device to DMs.

Fig. 10. CISPR-17 standard connections to characterize the insertion loss of
a symmetric filtering device with six ports. (a) Asymmetrical mode or CM
measurement setup. (b) Symmetrical mode or DM measurement setup.

By using the modal analysis presented in Section III, it is
possible to obtain expressions for the transmission coefficients
for asymmetrical and symmetrical mode tests in Fig. 10 (Sasym

21

and Ssym
21 ) in terms of the modal admittances of the CMC. This

provides a quick understanding about what these setups actually
measure. For the case of the 3W-CMC, the following expressions
are obtained:

Sasym
21 =

2R(YC − YG)

(2RYC + 1)(2RYG + 1)
(11)

Ssym
21 =

2R(YD − YW)

(RYD + 2)(RYW + 2)
. (12)

In these equations, it can be observed that the response of the 3W-
CMC to the asymmetrical mode test is determined byYC andYG,
whereas the response to symmetrical mode test is determined by
YD and YW. These expressions are identical to those obtained
for the 2W-CMC, [19].

Regarding the 4W-CMC, note that the transmission coeffi-
cient measured in the asymmetrical mode test setup is the same
as that already provided for 3W-CMCs in (11). Thus, it can be
deduced that, provided that proper care is taken in the measure-
ments by putting the CMC sufficiently away from grounded
surfaces, the asymmetrical mode test measures the response
of the C mode of the 3W- or 4W-CMC, i.e., its attenuation
of the CM in the three-wires or four-wires line. However, for
a 4W-CMC with different mutual inductance coefficients for
nearby and distant windings, two different expressions of the
transmission coefficients for the symmetrical mode test can be
obtained depending on whether the measurement involves two
nearby coils or two distant coils

Ssym−far
21 =

2R(YDN2 − YW)

(RYDN2 + 2)(RYW + 2)
(13)

Ssym−near
21 =

2RYDN1YDN2

YDN1 + YDN2
−RYW(

RYDN1YDN2

YDN1 + YDN2
+ 1

)
(RYW + 2)

. (14)
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TABLE VII
PARAMETERS OF THE MPC MODEL OF THE 3W- AND 4W-CMC CHARACTERIZED IN THIS PAPER

Note that if M1 = M2 (and thus YDN1 = YDN2), the expressions
in (13) and (14) become equal to (12). For the more general
case with M1 �= M2, Ssym−far

21 in (13) has a structure similar to
Ssym
21 in (12), being the only difference the differential inductance

involved (L−M in the case of the 3W-CMC and L−M2

in the case of the 4W-CMC). This means that this setup will
measure the attenuation of the 4W-CMC to the components of
the noise differentially exciting distant windings. It also means
that we can expect a single resonance in this test when condition
YDN2 − YW = 0 is met. On the other hand, Ssym−near

21 in (14)
has a more complicated structure that can be interpreted as the
attenuation offered by the effect of YW along with the series
combination of the YDN1 and YDN2 resonant admittances. For
this reason, we can expect two resonances in this test.

From this analysis, it can be deduced that, since the symmetri-
cal mode test performed on a pair of nearby windings excites the
two natural differential admittances of a 4W-CMC, measuring
both Ssym−near

21 and Sasym
21 allows a thorough verification of the

circuit model of the 4W-CMC.

VI. RESULTS

To evaluate the accuracy and scope of the characterization
method proposed in this work, we have followed the procedure
explained in the previous sections for obtaining and validating
the MPC model of a large number of 3W-CMCs and 4W-CMCs.
To perform the measurements, we used a R&S ZND vector
network analyzer (VNA). For measurements with the symmet-
rical mode setup, we have used 180o dividers constructed with
commercial wideband 1:1 transformers (Coilcraft WB2010-1).
A comprehensive set of results for different commercial and
custom-made 3W-CMCs and 4W-CMCs, with different core
materials, is presented in a supplementary file [39]. In these
results, we have concentrated in general on the 100 kHz–30 MHz
frequency range because it coincides with that where many EMC
standards (such as CISPR11 or CISPR22) impose limits on
the conducted emissions of electronic equipment. However, the
range has been extended for some CMCs that exhibit interesting
behavior at lower or higher frequencies. In those cases, the
lower limit of the CE102 section of the MIL-STD-461 stan-
dard (10 kHz) or the upper limit established in the aeronautical
DO-160 standard for conducted emissions (153 MHz) has been
chosen.

Results compiled in [39] demonstrate the accuracy and gen-
erality of the circuit model and characterization technique

proposed in this work. The remainder of this section presents and
discusses the results and the verification of the MPC model of
two representative examples of CMCs for three phase systems:
a 3W-CMCs and a 4W-CMCs. In addition, a final subsection
presents results aimed at verifying the mode conversion effect
that occurs in 4W-CMCs.

A. Results for a 3W-CMC

This section presents results of the characterization of a
commercial 3W-CMC with a MnZn ferrite ring core. The part
number of this 3W-CMC is listed in the first row of Table VII,
along with the set of parameters obtained for its MPC model (see
Fig. 4). It is worth noting that, for the case of 3W-CMCs, some
of the authors of this article has previously developed a simpler
circuit model and a characterization method based solely on the
measurement of the SOC

21 transmission coefficient [25]. In this
circuit model, which we will refer here to as simple-parameters
circuit (SPC) model, the elements of the circuit are not associated
with single modal admittances, which complicates determina-
tion of parameters values. Moreover, a major shortcoming of
the SPC model is that the interwinding capacitors connect only
nearby terminals, thus ignoring the dominant effect of the dis-
placement currents through the high-permittivity core. Also, no
WD measurement is performed in the characterization process.
As a result, this method has some difficulties to accurately ac-
count for the high-frequency effects related to electric coupling
between windings, yielding in general less precise results. Other
second order effects accounted for by the MPC model, such as
the impact of the change with frequency of the permeability
of some materials or the possible presence of high-frequency
resonances in the differential response of some 3W-CMCs, are
not incorporated in the SPC model. Therefore, to highlight the
improvements actually provided by the MPC model proposed
in this work, we will systematically compare in this section the
results of both models.

Fig. 11 shows, for the 3W-CMC analyzed in this section,
the magnitude and phase of the SOC

21 transmission coefficient
measured with the connection in Fig. 8. Note the presence of
two resonances, in agreement with the prediction of the modal
analysis (9a). Also, Fig. 12 shows graphs for the magnitude
and phase of the SWD

21 measured as per the connection shown in
Fig. 9 for this same 3W-CMC. Both Figs. 11 and 12 additionally
include the SOC

21 and SWD
21 curves provided by the MCP and the

SPC models once its parameters have been determined. The
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Fig. 11. Comparison of measured and calculatedSOC
21 transmission coefficient

for the 3W-CMC depicted in the inset (EPCOS B82747S4423N020). (a) Mag-
nitude. (b) Phase. Parameters of the MPC and SPC models for this 3W-CMC
are listed respectively in Tables VII and VIII.

TABLE VIII
PARAMETERS OF THE SPC MODEL (FIG. 1 IN [38]) FOR THE 3W-CMC

CHARACTERIZED IN THIS PAPER

parameters of the MPC and SPC models are listed in Tables VII
and VIII, respectively. A fair agreement can be observed between
the measuredSOC

21 curves and those of the MPC and SPC models,
with the better results provided by the MPC model, which
provides a very accurate approximation up to approximately
100 MHz. On the contrary, the results for SWD

21 in Fig. 14 show
that while the MPC model accurately accounts for the response
of the CMC in this connection, the SPC method is unable to
approximate the SWD

21 curves. As explained above, this is related
to the fact that the characterization process proposed in [25] only
makes use of |SOC

21 |. This, along with the unsuitability of the SPC
model to accurately account for the effect of the interwinding
electric couplings in practical 3W-CMCs, undermines accuracy
of the SPC model.

Fig. 12. Comparison of measured and calculatedSWD
21 transmission coefficient

for the 3W-CMC depicted in the inset (EPCOS B82747S4423N020). (a) Mag-
nitude. (b) Phase. Parameters of the MPC and SPC models for this 3W-CMC
are listed respectively in Tables VII and VIII.

It is also worth noting that, as shown in Figs. 11(b) and
12(b), the MPC model accurately accounts for the phases of
SOC
21 and SWD

21 , despite the fact that only the magnitudes of
these transmission coefficients are used to find the parameters
of the MPC model. This is a general result for all the analyzed
CMCs, and it can be understood by realizing that the MPC
model is a physically based model, as opposed to a purely
behavioral model. Also, in the parameters listed in Table VII
for this 3W-CMC it can be seen that in this case the MPC model
includes an additional RC branch within its asymmetrical test
block, which corresponds to the YRLC impedance in Fig. 4. This
inclusion significantly enhances the accuracy of SOC

21 by taking
into account the effect of dielectric losses in the core [19]. The
MPC model of this 3W-CMC also integrates a LCRW network
within YW, which accounts for inter-turn resonances [19].

As explained in Section III, a convenient approach to validate
the circuit model of a CMC is to compare the prediction of the
model with the measured responses of the CMC in both the
asymmetrical mode and symmetrical mode tests established in
CISPR-17 norm [37]. This has been done for both the MPC
model and the SPC model of this 3W-CMC, and results are
displayed in Figs. 13 and 14. Note that the MPC model provides
a very good prediction of the response of the CMC, and that
its accuracy is higher than that of the SPC model. This is
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Fig. 13. Comparison of measured and calculated transmission coefficient in
CISPR-17 asymmetrical mode test (Sasym

21 ) for the 3W-CMC depicted in the
inset (EPCOS B82747S4423N020). (a) Magnitude. (b) Phase. Parameters of
the MPC and SPC models for this 3W-CMC are listed in Tables VII and VIII,
respectively.

particularly noticeable for the symmetrical mode test, mainly
due to improved accuracy in the definition and determination of
YW, as explained in [19]. In general, the MPC model demon-
strates a high level of accuracy up to frequencies of several
tens of MHz. Beyond these frequencies, this 3W-CMC exhibits
higher-order resonances, likely attributed to transmission line
effects resulting from a short wavelength inside the core. These
resonances are not accounted for by the MPC model. While
it is possible to address these effects by introducing additional
resonant tanks in the MPC model, the resultant increase in model
complexity may not be justified in most cases for two primary
reasons. First, these effects typically manifest at frequencies
exceeding the upper frequency where the limits to conducted
emissions are established by the EMC regulations. Second, at
those high frequencies, the attenuation actually provided by the
CMC uses to be already quite poor. Consequently, the impact of
the CMC on the overall performance of an EMI filter is expected
to be negligible when compared with other high-frequency
effects [40], [41].

B. Results for a 4W-CMC

In this section, we will obtain and verify the MPC model of
a commercial 4W-CMC, listed in the second row of Table VII.
Fig. 15 shows the magnitude of the SOC

21 and SWD
21 transmission

Fig. 14. Comparison of measured and calculated transmission coefficient in
CISPR-17 symmetrical mode test (Ssym

21 ) for the 3W-CMC depicted in the inset
(EPCOS B82747S4423N020). (a) Magnitude. (b) Phase. Parameters of the MPC
and SPC models for this 3W-CMC are listed in Tables VII and VIII, respectively.

coefficients of this 4W-CMC, corresponding to the setups de-
scribed in Figs. 8(b) and 9(b). These results demonstrate that
the MPC model is able to accurately reproduce |SOC

21 | and |SWD
21 |

for this 4W-CMC. A similar accuracy is obtained in the phase
of these transmission coefficients (not shown). It is interesting
to note that the curve of |SOC

21 | of this 4W-CMC exhibits three
resonances (dips). This is in contrast to the two resonances
that can typically be observed in the SOC

21 curves of 2W- or
3W-CMCs. As explained in Section IV, this can be accounted
for by the difference existing between the mutual inductances of
nearby and distant windings in 4W-CMCs with windings evenly
distributed on the core.

The precision of the MPC model is further verified by the
good agreement shown in Fig. 16 between measured and cal-
culated transmission coefficients of this 4W-CMC in both the
asymmetrical and the symmetrical mode test setups. Regarding
the response to symmetrical mode test, it is worth mentioning
that because it corresponds to an excitation of adjacent windings,
two distinct resonances can be observed in the Ssym

21 curve, as
expected from the analysis in Section V.

C. Mode Conversion in a 4W-CMC

The analysis carried out in Section III-B1 predicts that the
4W-CMC will provoke conversion between modes H, D1 and
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Fig. 15. Comparison of measured and calculated SOC
21 and SWD

21 transmission
coefficients for the 4W-CMC depicted in the inset (SCHAFFNER RD8147-25-
1M3). Parameters of the MPC model for this 4W-CMC are listed in Table VII.

Fig. 16. Comparison of measured and calculatedSasym
21 andSsym

21 transmission
coefficients for the 4W-CMC depicted in the inset (SCHAFFNER RD8147-
25-1M3). The parameters of the MPC model for this 4W-CMC are listed in
Table VII.

D2 due to a difference between the mutual inductances of nearby
and distant windings. As a consequence, the presence of the
4W-CMC on a four-wires (N = 4) line will cause conversion
between DM currents (DM1 and DM2 modes in Table I) and
noise currents propagating in homopolar mode (CM2 mode in
Table I).

A convenient way to quantify mode conversion in any device
is to calculate its mixed-mode S-parameter matrix. The mixed-
mode S-parameter matrix was defined to characterize CM and
DM propagation and conversion in differential lines [42], [43].
However, this concept can be easily generalized to deal with
mode propagation and conversion in a general N-conductors
line [20]. In essence, the idea is to calculate the singled-ended
S-parameter matrix and then perform a change of basis, as shown
in Appendix A [see equations (24) to (26)]. In the particular case
of the four-wires line, a device inserted in the line has 8 ports.
Then, by assigning numbers 1 to 4 to input ports and 5 to 8 to
output ports, the 8×8 change-of-basis matrix can be expressed
in the following form:

M4 W =

[
T 4W 0

0 T 4W

]
. (15)

Here, T 4W defines the four modes in the line, which in our case
are given in (1). This should give rise to a 8× 8 mixed mode S
parameters matrix with the following form:

Smm =

[
S11 S12

S21 S22

]
(16)

where Sij with i, j = 1, 2 are 4× 4 matrices that represent
the reflection coefficients at the input (S11) and output (S22)
ports of the device or the transmission coefficients of the modes
(S21 = S12

t). In our case, S21 is a symmetric matrix that can
be written as

S21 =

⎡
⎢⎢⎢⎣
SC−C
21 SC−H

21 SC−D1
21 SC−D2

21

SC−H
21 SH−H

21 SH−D1
21 SH−D2

21

SC−D1
21 SH−D1

21 SD1−D1
21 SD1−D2

21

SC−D2
21 SH−D2

21 SD1−D2
21 SD2−D2

21

⎤
⎥⎥⎥⎦ (17)

where the four elements in the diagonal are the transmission
coefficients of each mode of the line. For example, SC−C

21 is
the transmission coefficient of the C mode, which quantifies the
effect of the 4W-CMC on the CM1 mode of the line, whileSH−H

21

quantifies the transmission of the CM2 or homopolar mode of
the line. On the other hand, elements off the diagonal of S21 in
(17) represent mode conversion between each pair of modes of
the line. In our case, the MPC model of the 4W-CMC proposed in
this work (see Fig. 7) accounts for the effect of mode conversion
between mode H and modes D1 and D2, but no mode conversion
is expected between mode C and the other modes, as explained
in Section III-B1. As a consequence, when the mixed-mode
S-parameter matrix is calculated for the MPC circuit model of
the 4W-CMC, we getSC−H

21 = SC−D1
21 = SC−D2

21 = 0, whereas
a mode conversion between H, D1 y D2 modes is predicted and
given by the following analytical expressions for the correspond-
ing mixed-mode S parameters:

SH−D1
21 =

−K

3
√
2

(18a)

SH−D2
21 =

K√
6

(18b)
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Fig. 17. 4W-CMC (SCHAFFNER RD8147-25-1M3) mounted on a PCB for
measuring single-ended S-parameters with a two-ports VNA.

Fig. 18. Measured mixed-mode S-parameters quantifying conversion between
modes for the 4W-CMC of SCHAFFNER whose details are provided in
Table VII. The predicted conversion between the H and D2 noise modes
calculated using the MPC model of 4W-CMC is also represented.

SD1−D2
21 =

−K

2
√
3

(18c)

where

K =
R0 (YDN1 − YDN2)

(1 +R0YDN1) (1 +R0YDN2)
. (19)

Note that these mode-conversion transmission coefficients are
proportional to K in (19), and hence to the difference YDN1 −
YDN2, which implies that they increase with the difference be-
tween M1 and M2 mutual inductances and also that no mode
conversion should be expected in the case M1 = M2.

To verify this prediction, we have measured the 8×8 single-
ended S parameters of the 4W-CMC SCHAFFNER RD8147-25-
1M3 in Table VII. Then, we have performed a change of basis
to obtain the mixed-mode S-parameter matrix of this 4W-CMC
and we have compared the coefficients of this matrix with those
analytically obtained for the MPC model of this 4W-CMC with
the parameters given in in Table VII. To measure the elements
of the S-parameter matrix, the 4W-CMC is mounted in a FR4
1.5 mm-thick printed circuit board with 3 mm-width traces and
a return plane, which is shown in Fig. 17. Measurements have
been carried out with a two-port VNA, matching all ports with
a 50Ω load [20], [43].

Fig. 18 shows measuredSH−D2
21 ,SC−H

21 andSC−D2
21 elements

of the mixed-mode S-parameters matrix of this 4W-CMC. As
expected, SC−H

21 and SC−D2
21 have quite small values in all

the frequency range, which indicates that only residual mode
conversion is caused by the 4W-CMC between mode C and
modes H and D2. Interestingly, these mode conversions increase
with frequency, which reveals the effect of small construction
asymmetries of the device and/or of the measuring setup [20].
Also expectedly, it can be observed in Fig. 18 that SH−D2

21

takes nonnegligible values in the entire 100 kHz–30 MHz
frequency range represented in that graph. As already explained,
this is caused by the fact that the mutual coupling coefficients
of the windings are different for nearby and distant coils. To
demonstrate this, the calculated SH−D2

21 for the MPC model
of this 4W-CMC has also been represented in Fig. 18. Note
that the calculated and measured SH−D2

21 curves agree very
well. Similar results are obtained for SH−D1

21 and SD1−D2
21 (not

shown). This demonstrates the accuracy of the MPC model and
also highlights the power of the modal analysis, which enables
obtaining analytical expressions for mixed-mode S parameters
in terms of the modal admittances of the CMC (18), thus making
it possible to quantify the mode conversion caused by the CMC
in a straightforward manner.

VII. CONCLUSION

In this work, an efficient method has been presented to obtain
a highly accurate and wideband equivalent circuit model for
3-wire and 4-wire CMC used for filtering noise in the power
lines of three-phase systems. A detailed analysis, aimed at
understanding and quantifying the effect of these CMCs on
the transmission modes in three-phase lines, has been provided.
This work constitutes a nontrivial extension of a previous study
focused on 2-wire CMCs for single-phase systems. Specifically,
an extension of the idea of modal analysis for these types of
devices has been carried out. A key contribution of this work
is to establish the relationship that must exist between the noise
propagation modes defined in the three-phase line and the natural
modes of a CMC (as a six- or eight-port device) to ensure that
the CMC does not cause mode conversion in the line. A prior
definition of modes in three-phase lines was necessary to carry
out this analysis.

The key idea of this work is that it should be possible to
accurately predict the response of a 3W-CMC or a 4W-CMC
in any connection once the device’s response to each of its
natural modes has been properly characterized. Based on this
idea, an equivalent circuit model called MPC model is proposed
for both 3W-CMC and 4W-CMCs, fulfilling two fundamental
requirements aimed at optimizing the accuracy of the circuit
models and at facilitating the identification of the values of
the circuits parameters. First, its elements are grouped into
independent blocks, each associated only with one of the natural
modes of the CMC. Second, each block is associated with a basic
circuit model according to what is expected from the physical
phenomenon it represents.

The modal analysis presented in this work has allowed us
to demonstrate that it is possible to use a pair of simple
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measurement setups that reveal the CMC’s response to all its
modal excitations. Interestingly, these setups are quite similar
to those proposed in [19] for 2W-CMCs, which makes this
demonstration a remarkable and nonobvious result. A charac-
terization technique based on advanced search algorithms has
been designed, benefiting from the particular convenience of
both the proposed circuit models and the measurement setups,
to efficiently and accurately determine all parameters of the
3W- and 4W-CMC circuit models. The proposed circuit model
and characterization method have been thoroughly checked by
characterizing a large number of 3W- and 4W-CMCs. It has
been verified that, for the connections proposed by the CISPR17
standard to characterize passive filtering components, the MPC
model provides a quite accurate prediction of the measured
response of these CMCs within a sufficiently wide frequency
range.

Another noteworthy result is that, for the case of 4W-CMCs in
their most common presentation (i.e., four coils symmetrically
distributed in the core), it is demonstrated that mode conversion
between homopolar and DMs in the three-phase line should be
expected. Moreover, the proposed circuit model and character-
ization technique allow predicting and quantifying this mode
conversion. Since the modal analysis presented here allows for
a systematic, efficient and detailed study of additional mode
conversions caused by the asymmetric construction of CMCs,
this is proposed as an interesting future work.

APPENDIX A
RECIPROCAL 2N -PORTS NETWORK WITH NO MODE

CONVERSION

In this appendix, we analyze the necessary and sufficient
condition to avoid mode conversion in a 2N -port device with
N input ports and N output ports and input/output symmetry,
when inserted in a transmission line of N + 1 conductors (N
modes). This general situation is schematized in Fig. 19. By
input/output symmetry, we mean that the N input ports are
interchangeable with the N output ports with no change in the
input and output voltages and currents. This condition is met in
general by CMCs. In this appendix, we will use the numeration
of ports shown in Fig. 19, with the first N ports indicating
input ports and the last N ports referring to output ports. As
we will see, this arrangement of the number of the ports allows
simplifying notation and calculations for this general 2N -ports
case.

Let T be a orthonormal N ×N matrix whose columns de-
fine N linearly independent transmission modes in the N + 1-
conductors transmission line where the 2N -ports device is con-
nected. It can be demonstrated that a necessary and sufficient
condition to ensure that a reciprocal 2N -ports network with in-
put/output symmetry (such as a CMC) causes no energy transfer
between modes is that the eigenvectors of the admittance matrix
of the device are given by the columns of the following 2N × 2N
matrix:

E =

[
T T

T −T

]
=

[
1 1

1 −1

]
⊗ T (20)

Fig. 19. 2N -ports device connected in a N + 1-conductors transmission line.

where we have made use of the Kronecker product to simplify
the notation and facilitate the subsequent calculations [44].

To demonstrate this, let first analyze the restrictions imposed
by the symmetry of the device and the mathematical condition
that ensures no mode conversion.

With respect to the first point. In general, any filtering device
inserted in a N + 1 conductors transmission line can be consid-
ered as a 2N -ports device, which can be modeled by a 2N -ports
reciprocal network characterized by a 2N × 2N admittance ma-
trix, Y . In case the filtering device has input/output symmetry,
it can be easily demonstrated that Y expressed in the terminal’s
basis must have the following form:

Y =

[
Yi Yj

Yj Yi

]
(21)

where Yi and Yj are symmetric N ×N matrices.The admit-
tance matrix Y in (21) can be rewritten in a convenient way by
using the Kronecker product [44]

Y =

[
1 0

0 1

]
⊗ Yi +

[
0 1

1 0

]
⊗ Yj . (22)

A convenient way to determine whether this device causes mode
conversion between that particular set of modes is to calculate the
mixed-mode S-parameters matrix of the device. To this end, the
2N × 2N S-matrix of the 2N -ports network can be calculated
as [45]

S = (I + Yn)
−1 · (I − Yn) (23)

where I stands for the 2N × 2N identity matrix and Yn is the
admittance matrix of the 2N -ports network normalized with
respect to the input and output impedances (usually R = 50 Ω).
From S in (23), the mixed-mode S-parameter matrix of the 2N -
ports network can be calculated by performing a change of basis

Smm = M−1 · S ·M (24)

where M is the change-of-basis matrix from the mixed-mode
basis to the standard basis of the terminals

M =

[
1 0

0 1

]
⊗ T . (25)
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The mixed-mode S-parameter matrix of a reciprocal device with
input/output symmetry can in general be expressed as follows:

Smm =

[
1 0

0 1

]
⊗ Si +

[
0 1

1 0

]
⊗ Sj (26)

where the terms in Si are the reflection coefficients of the N
modes of the line and the terms in Sj are the transmission coef-
ficients. Thus, the key condition that ensures no mode conversion
in the line is that both Si and Sj are purely diagonal matrices.

Let therefore first assume that the columns of E in (20) are
eigenvalues of the admittance matrix of the 2N -network and let
demonstrate that this is a sufficient condition to ensure no mode
conversion between the modes defined by T in the transmission
line. Since E is actually a change of basis matrix from the basis
of the eigenvalues to the terminals basis, this can be used to
calculate the admittance matrix in the basis of its eigenvectors
as: Ye = E−1 · Y ·E. Since the vectors in E are eigenvectors
ofY , this means that the admittance matrixYe must be diagonal,
being the terms of the diagonal the modal admittances (or
eigenvalues). The mixed-mode S-parameter matrix of the device
can then be calculated by firstly calculating the S-parameter
matrix in the modal basis, Se, from Ye using (23) and then
carrying out a change of basis form the basis of the eigenvectors
to the mixed-mode basis

Smm = M−1 ·E · Se ·E−1 ·M (27)

where

M−1 ·E =

[
1 1

1 −1

]
⊗ I (28)

E−1 ·M = (M−1 ·E)−1 =
1

2

[
1 1

1 −1

]
⊗ I. (29)

By assuming that Se is diagonal, and making use of the basic
rules of the algebra of the Kronecker product [44], it can be
demonstrated that Smm has the form described in (26), where
Si and Sj are diagonal matrices. This allows us to conclude that
this 2N -ports network does not cause conversion between the
modes defined in the line.

It is also possible to demonstrate that the fact that the columns
of E in (20) are eigenvalues of the admittance matrix of the
2N -network is a necessary condition to ensure that no mode
conversion exists in the transmission line. To do that, let us
assume that the mixed-mode S-parameter matrix of the 2N -ports
network Smm, defined for the line modes given by T , has the
form shown in (26), with purely diagonal Si and Sj matrices.
This is equivalent to assuming that this device will not cause
mode conversion. From Smm, it is possible to calculate the
S-matrix in the base defined by E

Se = E−1 ·M · Smm ·M−1 ·E (30)

where the change of basis matrix and its inverse are given by
(28) and (29). By performing this calculation, it can be verified

that Se is a diagonal matrix with the following form:

Se =

[
1 0

0 1

]
⊗ Si +

[
1 0

0 −1

]
⊗ Sj . (31)

Then, the admittance matrix expressed in the same basis E can
be obtained as [45]

Ye = (I − Se) · (I + Se)
−1. (32)

Since Ye is obtained as the product of two diagonal matrices,
Ye must be diagonal, which indicates that the column vectors
of E are eigenvectors of the admittance matrix of the 2N -ports
network.
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