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Abstract—With the evolution of Industry 4.0 and the surge
in demand for sustainable energy, power electronics are becom-
ing essential in various applications. Considering the reliability
and safety of power electronics devices, studying and addressing
the conducted electromagnetic interference (EMI) issues are of
paramount importance. Due to the merits of versatility, flexibility,
and effectiveness, passive filters containing EMI filtering chokes
and capacitors are commonly used. Among them, EMI filtering
chokes have been widely investigated in recent years because they
account for most of the weight and size of a passive filter and
mitigate considerable EMI noises. To the best of our knowledge,
this article presents the first review of EMI filtering chokes used in
power electronics that specifically focuses on their characterization
and circuit modeling. These topics help to evaluate choke per-
formance, optimize choke configuration, and facilitate systematic
simulation, ultimately refining filtering design. Starting with an
overview, the type, structure, principles, information, and modes
of chokes are demonstrated. For choke characterization, various
analytical, numerical, and measurement methods are compared.
Using the characterized information, their distributed, lumped,
and multistage circuit models along with the relevant parameteriza-
tion process are summarized. Finally, existing challenges, ongoing
innovations, and future topics are explored.

Index Terms—Choke characterization and circuit modeling,
electromagnetic interference (EMI), EMI filtering chokes, power
electronics.
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I. INTRODUCTION

POWER electronics technologies play a crucial role in
contemporary and prospective industrial applications [1],

[2], [3], facilitating efficient power conversions that drive ad-
vancements toward Industry 4.0 [4] and sustainable energy [5].
The reliability and safety of power electronics devices are of
paramount importance in the initial design stage, significantly
affecting their operational stability, efficiency, and lifespan [6],
[7], [8]. The advent of wide-bandgap semiconductors and fast
switching has resulted in high dv/dt and di/dt in power electron-
ics devices, leading to significant conducted electromagnetic
interference (EMI) emissions [9], [10], [11]. Owing to the
necessity of electromagnetic compatibility (EMC) to ensure the
reliability and safety of power electronics devices, there has been
a significant surge in research focused on developing effective
countermeasures to suppress the conducted EMI emissions [12],
[13], [14].

For existing conducted EMI mitigation techniques, Fig. 1
shows a classification diagram based on the relevant principles
[15]. Conducted EMI emissions caused by power electronics
devices can be reduced at the source by rearranging the circuit
and layout to limit noise propagation [16], [17], [18], using
advanced control strategies to alter the noise frequency distribu-
tion [19], [20], [21], or implementing soft switching transitions
to moderate the rapid variations in dv/dt and di/dt [22], [23],
[24]. Although these techniques can diminish EMI and preserve
compact product dimensions to some extent, their design com-
plexity and prototype iteration cycles constrain their versatility
[15]. In contrast, EMI emissions can also be suppressed along
the propagation path [25], such as by installing EMI filters at
the input or output of devices, which offers greater flexibility
and effectiveness. Specifically, these EMI filters can be divided
into three categories based on their component types: passive
EMI filters, active EMI filters [26], [27], [28], [29], and hybrid
EMI filters [30], [31], [32]. Passive EMI filters, comprising EMI
filtering chokes and capacitors [33], provide substantial noise
suppression but are often large in volume and weight. Although
active EMI filters are smaller in size owing to the utilization
of active components such as amplifiers and transistors, their
performance is limited, particularly at high frequencies above
tens of megahertz [29]. Thus, by combining both passive and
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Fig. 1. Classification of existing conducted EMI mitigation techniques used
in power electronics.

active components, a hybrid EMI filter can achieve an optimal
tradeoff between efficiency and compactness. Currently, em-
ploying passive EMI filters remains the prevalent solution in the
industry. Since EMI filtering chokes offer considerable noise
mitigation and constitute the bulk of the size and mass of an
EMI filter, they are attracting widespread focus [34].

To date, various works have been reported on EMI filter-
ing chokes, with significant studies on their characterization
and circuit modeling. The first part focuses on quantifying
the characteristics of EMI filtering chokes, particularly their
frequency-dependent impedance information. The second part
involves constructing equivalent circuit models utilizing the
characterized information for EMI prediction and performance
evaluation in an entire power electronics system. Ultimately,
these works aim to optimize the EMI filter design, considering
performance, weight, and size [35], [36], [37].

To the best of our knowledge, this article offers the first com-
prehensive review of EMI filtering chokes, as used in power elec-
tronics, with a specific focus on their characterization and circuit
modeling. It begins with a brief description of EMI filtering
chokes, involving their types, structures, operational principles,
critical information, and natural modes. Then, this article delves
into the analytical, numerical, and measurement methods for the
characterization of EMI filtering chokes, followed by a discus-
sion of their distributed, lumped, and multistage circuit models
along with the relevant parameterization methods. Furthermore,
existing challenges and ongoing trends are highlighted, and
potential research topics are suggested, including characteriz-
ing chokes at higher frequencies, assessing choke behaviors
in various environments, extending the frequency range and
performance of chokes and filters, and incorporating artificial
intelligence (AI) in EMI filtering chokes. The main contributions
of this article include the following aspects.

1) Investigating existing characterization methods for EMI
filtering chokes, including analytical, numerical, and mea-
surement approaches, and discussing their advantages and
disadvantages in terms of implementation complexity,
accuracy, applicable range, etc.

2) Analyzing and comparing distributed, lumped, and multi-
stage circuit models for EMI filtering chokes. Based on the

parameterization methods, case studies, frequency range,
accuracy, and physical relevance, the reported works have
been summarized as a guideline.

3) Discussing and recommending some prospective topics
on suppressing the increasing EMI concerns in power
electronics applications.

The rest of this article is organized as follows. Section II
presents a brief introduction to EMI filtering chokes. Section III
studies and compares existing characterization methods for
chokes. Section IV discusses how to use the characterized data to
realize choke circuit modeling. Section V outlines future trends
in this field and highlights several potential research topics.
Finally, Section VI concludes the article.

II. FUNDAMENTAL KNOWLEDGE OF EMI FILTERING CHOKES

Before delving into the characterization and circuit model-
ing of EMI filtering chokes, this section provides fundamental
information about them, including types, structures, operating
principles, key characteristics, and natural modes.

A. Types and Structures

EMI filtering chokes, also known as EMI filtering inductors,
are typically classified into three categories: differential-mode
chokes (DMCs), single-phase common-mode chokes (CMCs),
and three-phase CMCs [38], [39], [40]. Fig. 2 depicts their
typical structures. Each type of choke consists of a magnetic core
wrapped with winding coils. Specifically, a DMC features one
winding with two terminals A1 and A2, while the single-phase
CMC contains two windings and four terminals (i.e.,A1,A2,B1,
andB2). A three-phase CMC typically comprises three windings
with six terminals labeled A1, A2, B1, B2, C1, and C2. The
magnetic core is usually made from high-permeability materials
spanning a wide frequency range, such as MnZn/NiZn ferrite and
nanocrystalline [41], [42], [43]. For their geometrical structures,
a toroid-shaped magnetic core is often preferred for industrial
products due to its excellent electromagnetic efficiency and
compact physical dimensions. In addition, this design enables
an even distribution of winding coils around the magnetic cores’
entire circumference, aiding in heat dissipation and reducing
mode transformation caused by imbalances.

Beyond the toroid-shaped core, alternative shapes such as UU
[44], UI [45], EE [46], and EI [47], as shown in Fig. 3, are tailored
for specific applications. Their flatter structure accommodates
unique windings, such as planar traces in printed circuit boards
(PCBs) [48] and flexible multilayer foils [49], for achieving an
integrated design. These configurations may suffer from higher
magnetic flux leakage, limited current capacity, and poorer heat
dissipation, restricting their applicability to certain uses. In
this article, the reported characterization and circuit modeling
methods will be elaborated and discussed using examples of EMI
filtering chokes with toroid-shaped magnetic cores. However, it
should be noted that most of these methods are also compatible
with and applicable to chokes using other types of magnetic
cores depicted in Fig. 3.
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Fig. 2. Typical EMI filtering chokes used in power electronics applications. (a) DMC. (b) Single-phase CMC. (c) Three-phase CMC.

Fig. 3. Structures of other magnetic core types. (a) UU core. (b) UI core. (c)
EE core. (d) EI core.

B. Operating Principles

Fig. 4 illustrates the operating principle of EMI filtering
chokes in single- and three-phase power electronics systems
with a noise source and load [50]. Consisting with Fig. 2, A1,
A2, B1, B2, C1, and C2 represent the terminals of EMI filtering
chokes, which have three different windings A1A2, B1B2, and
C1C2. IDM and ICM represent the respective differential-mode
(DM) and common-mode (CM) currents in the power electronics
systems, while IDM,i and ICM,i (i = A, B, and C) denote the
respective DM and CM currents traveling in each winding.
Furthermore, φDM and φCM represent the resultant magnetic flux
in DM and CM cases, respectively, which are derived from the
individual magnetic flux generated by each winding (φA1A2,
φB1B2, and φC1C2).

DMCs are utilized in both single- and three-phase systems,
positioned on each line to mitigate DM noise [51]. As DM cur-
rent traverses windingA1A2, it generates an enhanced magnetic
field, significantly increasing the line impedance to suppress
DM emissions. CMCs primarily address CM emissions, which
usually appear on two or three power lines and return through
the ground [52]. Specifically, a single-phase CMC has two
coupled windings and targets single-phase systems. When the
CM current enters the single-phase CMC at terminals A1 and

B1, and exits at terminals A2 and B2 [refer to Fig. 4(b)], the
magnetic fluxes generated by each winding (i.e., φA1A2 and
φB1B2) combine, creating CM impedance to impede CM noise.
Ideally, in DM scenarios, the DM current travels in the live and
neutral lines in opposite directions, and the corresponding flux
cancels each other. Nonetheless, due to the inherent leakage
inductance of the single-phase CMC, it also exhibits certain DM
impedance, aiding in the suppression of DM emissions [53],
[54]. Likewise, the three-phase CMC creates considerable CM
impedance for CM noise mitigation in a three-phase system by
driving a superimposed magnetic field, as shown in Fig. 4(c).
However, the DM current flows through its two windings (e.g.,
A1A2 and B1B2) and back via the third one (e.g., C1C2),
resulting in three distinct DM configurations with three distinct
DM impedances. Considering achieving perfect structural sym-
metry for three-phase CMC’s windings is challenging due to the
industrial manufacturing tolerance, these three DM impedances
usually exhibit different frequency response characteristics.

Both DM and CM impedances of EMI filtering chokes vary
with frequency, and they cannot be regarded as ideal inductors
[55]. For instance, they exhibit resistive behavior at low fre-
quencies due to copper and core losses, while capacitive para-
sitics such as turn-to-turn and turn-to-core capacitances become
significant at high frequencies [56], [57], [58]. According to
conducted EMI standards, their impedance characteristics are
generally explored at frequencies up to 30 MHz (e.g., CISPR-22
[59]) or even 152 MHz (e.g., DO-160 [60]). In addition, these
chokes play potential roles in mitigating radiated EMI emitted
from cables in the power electronics systems [61] and enhancing
the immunity of critical electronic devices against intentional
EMI threats [62].

C. Critical Information

Impedance information is pivotal for gauging the mitigation
capabilities of EMI filtering chokes, indicating their efficacy in
blocking noise currents across various frequencies [63]. Since
most conducted EMI standards primarily concentrate on DM
and CM noise levels [64], both DM and CM impedances of
EMI filtering chokes are of great importance for system anal-
ysis and filtering optimization [65]. Fig. 5(a)–(c) shows the
definitions of DM and CM impedances (ZDM and ZCM) for
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Fig. 4. Operating principles of EMI filtering chokes. (a) DMC. (b) Single-phase CMC. (c) Three-phase CMC. (d) Single-phase power electronics system.
(e) Three-phase power electronics system.

Fig. 5. (a) DM impedance type for DMC. (b) DM and CM impedance types for single-phase CMC. (c) DM and CM impedance types for three-phase CMC.
(d) Other impedance types using single-phase CMC as an illustration, where other types 1, 2, 3, 5, and 6 appeared in [67] and other type 4 appeared in [68].

DMCs, single-phase CMCs, and three-phase CMCs, separately
[66]. It should be noted that a CMC is actually a network with
four, six, or eight ports, while the impedance is by definition a
two-terminal concept. Therefore, different impedances can be
measured on a CMC depending on the selection of terminals

for input and output, as well as the configuration of the remain-
ing terminals. For the sake of brevity, we will refer to these
impedances as “impedance types” in this review. These compre-
hensive data facilitate a more precise equivalent circuit model for
systematic EMI simulations [67], [68], [69]. For instance,
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Fig. 5(d) showcases various other types using the single-phase
CMC as an example, where ZTj (j ∈ {1, . . . , 6}) denotes the
specific impedances for each type.

As an alternative, scattering parameters (S-parameters) offer
another avenue for evaluating the mitigation effectiveness of
EMI filtering chokes [70]. These S-parameters can typically
be converted into impedance information using port network
concepts [71]. For example, in a one-port configuration, the
impedance information (Z) can be derived from the reflection
coefficient (S11) as follows [72]:

Z = Z0
1 + S11

1− S11
(1)

where Z0 denotes the normalized impedance of the port, usually
equal to 50Ωwhen employing a vector network analyzer (VNA)
for characterization. The impedance information (Z) can also be
calculated through a series-through two-port setup, as detailed
in [73]

Z = Z0
(1 + S11) (1 + S22)− S21S12

2S21
(2)

where S22 is the reflection coefficient from port 2 of the two-
port configuration. Both S21 and S12 represent the transmission
coefficients. Moreover, the magnitude of S21 can be used to
quantify the suppression level of a signal passing through the
component by computing the insertion loss (IL), which is given
by

IL (dB) = −20log10 (|S21|) . (3)

Both impedance information and S-parameters data provide
valuable perspectives for performance assessments of EMI fil-
tering chokes, with selection contingent upon specific user con-
ditions, demands, and objectives.

D. Natural Modes

As mentioned, EMI filtering chokes are primarily used to
suppress DM and CM noises propagating in the power line
[74]. To express the responses of CMCs in any measurement
setup in terms of their reactions to canonical excitations, natural
modes provide more insights, which greatly facilitates correlat-
ing various impedance types with CMCs’ characteristics to CM
and DM noises [75], [76]. As a result, performing the modal
analysis on EMI filtering chokes simplifies the interpretation of
measurement results and aids in the development of a compre-
hensive circuit model. For recommendations, Ojeda-Rodríguez
et al. [75], [76] have explored and detailed the modal theory
for various types of CMCs, serving as good benchmarks on the
subject.

Building on the fundamental knowledge introduced in this
part, the subsequent sections will review and compare existing
characterization and circuit modeling methods for EMI filtering
chokes used in power electronics. These efforts aim to aid in
component selection, EMI performance evaluation, and system
simulation, ultimately achieving optimal EMI filter design with-
out a trial-and-error process.

Fig. 6. Parasitic capacitances in a single-phase CMC with bare windings.

III. CHARACTERIZATION OF EMI FILTERING CHOKES

To achieve impedance or S-parameters characterization of
EMI filtering chokes, various studies have been reported, which
can essentially be divided into three categories based on the
implemented principles, namely analytical, numerical, and mea-
surement methods.

A. Analytical Methods

Analytical methods typically characterize the impedance data
of EMI filtering chokes using mathematical formulations and
equations based on the principles of electromagnetism and cir-
cuit theory. These methods often involve simplifications and
assumptions to create solvable functions. Generally, to derive
the impedance frequency responses of EMI filtering chokes,
there are six important parameters: turn-to-turn capacitance
Ct−t, turn-to-core capacitance Ct−c, core loss Rcore, winding
resistance Rwire, self-inductance Lself, and leakage inductance
Lleak [77]. Their corresponding definitions and derivations are
introduced as follows.

For capacitances, Ct−t represents the parasitic capacitance
between adjacent turns of a winding, while Ct−c denotes the ca-
pacitance between each turn and the magnetic core, as depicted
in Fig. 6. Moreover, when two windings of a single-phase are
close together, the stray capacitance between these two-phase
windings Cp−p can be calculated in a similar way to Ct−t. In
general, the line charge approximation concept is adopted to
simplify the computation of these capacitances [78]. In [79], the
per unit length (PUL) values of Ct−t and Ct−c can be calculated
by

Ct−t (PUL) =
πε0

ln

[
dwire
2rwire

+

√(
dwire
2rwire

)2

− 1

]

Ct−c (PUL) =
2πε0

ln

[
dwire
2rwire

+

√(
dwire
2rwire

)2

− 1

] (4)

where ε0 is the permittivity of air, and other parameters are
defined in Fig. 6 [80]. However, the equations in (4) only
consider bare winding coils, which might not be practical for
a real choke. To account for the influences of insulation layers,
another capacitance configuration, as shown in Fig. 7(a), was
developed in [81] and [82]. The calculations were simplified
by assuming close alignment of turn-to-core and turn-to-turn to
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Fig. 7. Schematic diagrams of capacitance configurations. (a) With insulation
layer and closely distributed. (b) With insulation layer and air gap. (c) With
sparsely wound windings.

estimate the air gap capacitance. The corresponding PUL values
of capacitances Ct−t and Ct−c are determined by [82]

Ct−t (PUL)

=
2ε0√[

1 + 1
εr

ln
(

rwo
rwin

)]2
− 1

tan−1

⎡
⎢⎣
√√√√√2 + 1

εr
ln
(

rwo
rwin

)
1
εr

ln
(

rwo
rwin

)
⎤
⎥⎦

Ct−c (PUL)

=
4ε0√[

1 + 1
εr

ln
(

rwo
rwin

)]2
− 1

tan−1

⎡
⎢⎣
√√√√√2 + 1

εr
ln
(

rwo
rwin

)
1
εr

ln
(

rwo
rwin

)
⎤
⎥⎦ .

(5)

In (5), εr represents the relative permittivity of the insulation
layer. As shown in Fig. 7(a), rwin and rwo denote the inner and
outer radius of the insulation layer, respectively. Due to the
inherent hardness and elastic modulus of the copper material
in the windings, air gaps between turns and the core are often
inevitable in industrial manufacturing. Therefore, an enhanced
configuration was developed in [83], with a relevant schematic
diagram depicted in Fig. 7(b). Furthermore, the variation of
dwire from the core’s inner to outer diameter has been taken
into account, making it applicable to EMI filtering chokes with
sparsely wound windings, as illustrated in Fig. 7(c) [83]. In this
context, Ct−t and Ct−c can be approximated as

Ct−t = Ct−t,in + Ct−t,o + 2Ct−t,l

Ct−c = Ct−c,in + Ct−c,o + 2Ct−c,l (6)

where Ct−t,in, Ct−t,o, and Ct−t,l represent the inner, outer, and
lateral parts of the turn-to-turn capacitance Ct−t, respectively.
Similarly, Ct−c,in, Ct−c,o, and Ct−c,l denote the components
of the turn-to-core capacitance Ct−c. The derivation of these

Fig. 8. (a) Geometrical structure of a magnetic core. (b) Measurement setup
for determining μ, μ′, and μ′′.

capacitances involves complex integral calculations, which have
been detailed in [83].

In addition to the derivations of Ct−t, Ct−c, and Cp−p, some
investigations have also reported the influence of ferrite and
nanocrystalline materials [84], where the introduced core ca-
pacitance was derived as detailed in [85]. Alternatively, electric
field energy analysis can also assist in the calculation of parasitic
capacitances [86], [87]. These works provide more precise val-
ues at the cost of increased complexity. The aforesaid literature
primarily targets capacitance calculations to aid in the predic-
tion of resonant frequencies. To obtain a complete impedance
frequency response, they may necessitate the assistance of other
methods [83], such as measurements [82], to gather inductance
and resistance data. Therefore, these methods are regarded as
semi-analytical.

For full analytical methods, they can furnish extensive
impedance information of EMI filtering chokes in the absence
of a real product. This helps optimize the material selection,
winding strategy, and core dimensions in the initial design stage.
Muetze [88] directly determined Lself by employing the toroidal
inductance formula, whereas Massarini et al. [89] derived this
value by solving a complex matrix that includes both self and
mutual inductances of all individual turns. Since they overlooked
the frequency-dependent permeability of the magnetic core, the
derived Lself was applicable only at a single frequency point. By
applying the frequency-dependent permeability μ, Lself in the
frequency range of interest can be calculated as follows [90]:

Lself =
μ′hcN

2

2π ln
(

rin
ro

) (7)

μ =

√
(μ′)2 + (μ′′)2 (8)

where hc, rin, and ro represent the height, inner radius, and
outer radius of the core, respectively, as shown in Fig. 8(a). N
is the number of turns in each winding. In addition, μ′ and μ′′

are the real and imaginary parts of μ, respectively, which can
be obtained from a datasheet or via a one-turn measurement,
as established in Fig. 8(b) [91]. Similar derivations have been
employed in [77], [92], and [93], allowing for the estimation
of the DM inductance of a DMC and the CM inductance of a
CMC. To improve accuracy, Lleak is suggested to be calculated,
which can also be used to determine the DM inductances of
CMCs. In [54], the toroid core of an EMI filtering choke is
reshaped into a rod structure to compute Lleak. Based on the
empirical formulas reported in [54], a new empirical expression
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for Lleak was developed in [77] to directly derive an effective
mean path length of the toroid core. The resultant equations
for computing Lleak of both single- and three-phase CMCs have
been summarized in [92], given by

Lleak
∼= 2.5μ0N

2hc (ro − rin)

leff

[
le
2

√
π

hc (ro − rin)

]1.45
(9)

where μ0 is the vacuum permeability and le denotes the mean
path length of the toroid core. For the single-phase CMC, the
effective mean path length leff can be derived as [54]

leff
∼= le

√
θ

2π
+

1

π
sin

(
θ

2

)
(10)

where θ is the circular angle occupied by each winding [92]. For
the three-phase CMC, the related leff is given by [77]

leff
∼= 2

√
ro2√
2

[
θ

4
+1 + sin

(
θ

2

)]2
+rin

2

[
θ

4
− 1 + sin

(
θ

2

)]2
.

(11)
In addition to using these empirical formulas, the leakage

inductance of each turn can be calculated through field analysis
[94]. This approach is beneficial for developing a distributed
circuit model of an EMI filtering choke, facilitating the analysis
of each turn to optimize the winding distribution. However, its
complexity increases with the number of turns.

Besides inductances and capacitances, resistive parameters
also play a significant role in defining the impedance frequency
responses of EMI filtering chokes. For the small signal model,
Kovacic et al. [94] derived Rcore using imaginary parts of core
permeability directly, as given by

Rcore =
μ′′hcN

2

2π ln
(

rin
ro

) . (12)

However, for scenarios with large signals, both hysteresis and
residual losses should be taken into account [95]. Using Stein-
metz’s coefficients, Heldwein et al. [77] provided a correction
formula, while Han et al. [93] estimated the core loss by utilizing
the flux density frequency response as an alternative. Following
[77], the large signal core losses Rcore can be modeled as

Rcore = 2VcKcf
αIβ−2

rms

(
ALNμ′

Ae |μ (f = 0 Hz)|
)β

(13)

where Vc represents the volume of the core; Kc, α, and β are the
Steinmetz loss coefficients; Irms denotes the root-mean-square
current; AL is the inductance per turn for the given core; Ae

denotes the core effective area. Typically, employing (12) to
design an EMI filtering choke is sufficient unless it will be
installed in a high-current application. As for Rwire, it is usually
dominant in the low-frequency range (i.e., <10 kHz), making
it necessary to build a wideband circuit model of the choke. It
includes the dc resistance (Rwire,dc) due to material properties
and the ac resistance (Rwire,ac) due to the skin and proximity

effects, which are expressed by [77]

Rwire,dc =
lwρw
πrwire

(14)

Rwire,ac
∼= Rwire,dc ·

(π
4

) 3
4

·
√

(2rwire)
3

δ
√
dwire

·
[
1 +

2
(
Nlayer

2 − 1
)

3

]
(15)

where lw is the length of the wire; ρw defines its resistivity; δ
represents the skin depth; Nlayer denotes the number of layers
in each winding. The derivation details of Rwire can be found in
[77], [92], and [93].

Beyond deriving RLC parameters, applying transmission line
theory may also be effective in characterizing the choke [96].
While its utility may extend to 1 GHz, Mu et al. [96] only verified
this capability using a choke with a one-turn structure.

Table I tabulates and compares the analytical methods for
impedance characterization of chokes, including their identified
parameters, case studies, and demonstrated data. It should be
noted that the frequency range and accuracy of the analytical
methods listed in Table I are based on their respective experi-
mental or simulation results. To evaluate the accuracy level, a
classification criterion is employed, given by

Accuracy

⎧⎪⎨
⎪⎩

Low , if ErrorMax > 6 dB

Moderate, if 3 dB < ErrorMax ≤ 6 dB

High, if ErrorMax ≤ 3 dB.

(16)

In (16), the maximum impedance magnitude error ErrorMax

at each frequency serves as the index for accuracy, aligning
with worst-case considerations in EMC design. Typically, the
industry standard for EMI filtering design includes a 6 dB
margin [35]; thus, the accuracy is defined as “Low” when
ErrorMax > 6 dB. Moreover, to further distinguish between
accuracy levels, 3 dB is applied as the boundary, “Moderate”
accuracy for 3 dB < ErrorMax ≤ 6 dB, and “High” accuracy
for ErrorMax ≤ 3 dB. Besides, it should be noted that some
studies solely employ analytical calculations for choke design
without involving formula validations, while some others may
only verify specific parameters (e.g., Ct−t) without determining
the resultant DM and CM impedances.

B. Numerical Methods

Numerical methods extract impedance frequency responses
of EMI filtering chokes typically by solving intricate three-
dimensional (3-D) models using electromagnetic software and
computational techniques. Prominently used techniques include
the finite element method (FEM), finite-difference time-domain
(FDTD), partial element equivalent circuit (PEEC), and PEEC
with boundary integral method (PEEC-BIM). Table II tabulates
some merits and disadvantages of these methods.

FEM applies Maxwell’s equations by breaking the entire com-
putational area into a finite set of small elements. This method is
effective for impedance characterization of EMI filtering chokes,
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TABLE I
COMPARISON OF SEMIANALYTICAL AND FULLY ANALYTICAL METHODS FOR IMPEDANCE EXTRACTION OF EMI FILTERING CHOKES

TABLE II
INTRODUCTION OF TYPICAL NUMERICAL SIMULATION METHODS

allowing for their 3-D modeling with discrete winding turns,
as depicted in Fig. 9. Such a setup enables the analysis and
parameters extraction of each turn, such as Ct−t, making it
beneficial for choke optimization. However, it requires creating
the excitation for each turn, thereby complicating the setting
process in numerical simulation. While this strategy has been
used to extract the RLC matrices of each turn and assess the per-
formance of a three-phase CMC [97], the accuracy is constrained
due to the oversight of the frequency-dependent permeability. To
account for permeability variations, Fan et al. [35] and Kovačić
et al. [66] acquired a series of RLC matrices by iteratively
adjusting the permeability value at each frequency to derive the
impedance frequency response. However, this solution is rather

Fig. 9. 3-D model with discrete winding turns. (a) Schematic diagram.
(b) Equivalent capacitive network.

Fig. 10. 3-D model with continuous winding. (a) DMC. (b) Single-phase
CMC.

time-consuming. To expedite the process through frequency
sweep, a two-dimensional (2-D) solver could be incorporated
to extract RL parameters; however, the simplification in the 2-D
model leads to reduced accuracy at high frequencies [98].

In addition, the 3-D models of winding coils can also be
constructed as a continuous configuration, as shown in Fig. 10.
This configuration enables the direct inclusion of permeability
frequency response, facilitating the acquisition of S-parameters.
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Similar to Fig. 10(b), a single-phase CMC was modeled with
four excitation ports in CST Microwave Studio, where each port
acted as the interconnection between the choke terminal and the
perfect electric conductor (PEC) ground [99]. While efficient
in determining S21 of an individual winding, it fell short in
acquiring the CM and DM information of a choke with two
windings. To derive the CM and DM impedances, the 4 × 4
S-parameters obtained from the setup shown in Fig. 10(b) were
decoupled using the mixed-mode theory [100], [101]. However,
it may not be applicable for simulating three-phase CMCs with
six terminals. To address this issue, Jie et al. [102] analyzed
the mixed-mode conversion in three-phase CMC, expanding the
scope of this theory. As an alternative, He et al. [103] used
additional wires to connect the choke terminals, allowing the
behavior of a single-phase CMC to be directly characterized
with simulated S21 via a two-port series-through setup. This ap-
proach avoids the extra processing required by the mixed-mode
theory, as reported in [100] and [102]. In addition, to reduce
the mesh count and computation resources, the windings were
built with square cross sections instead of round cross sections.
Following [103], the impact of additional wires was considered,
and simulation accuracy can be improved by eliminating these
impacts [104].

Some other works employed the FEM to estimate specific pa-
rameters rather than the entire impedances. For example, Dong
et al. [105] modeled the leakage inductance of CMC chokes
through FEM and determined the optimal design via an artificial
neural network. A study targeting stray capacitance extraction
was conducted in [106], requiring consideration of the series–
parallel relationship between Ct−t and Ct−c. To simplify the
derivations, an improved matrix operation method was proposed
to treat the core as an independent node and regard the network
as a “black box” [107]. In addition, Salomez et al. [108] and
[109] enhanced the winding model to extract accurate parasitic
capacitance by taking into account the uneven distribution of the
distance between winding turns and the magnetic core.

FDTD acquires the time-domain solution with a single sim-
ulation and employs Fourier transformation to determine the
relevant frequency responses [110]. It exhibited commendable
performance when characterizing a single-turn CMC to assess
cable crosstalk [111]. However, for EMI filtering chokes with
multiturn windings, the accuracy of FDTD is limited due to its
unique Yee lattice or cube mesh.

PEEC converts the electromagnetic analysis into solving the
RLC parameters and sources within an equivalent network,
allowing it to be directly integrated into the systematic circuit
simulations [112]. Leveraging PEEC, Eremyan et al. [113] intro-
duced a micromodel for single-phase CMCs to determine their
broad-spectrum DM and CM impedances, building the windings
with continuous turns. Given that PEEC usually has limitations
in handling the nonlinear magnetic materials and the complex
geometries, it tends to be less precise than FEM.

PEEC-BIM is a composite solution method that uses PEEC
for rapid simulation and incorporates BIM to analyze nonlinear
magnetic cores. This method results in higher implementation
complexity compared to others. The PEEC-BIM method was
first employed for characterizing EMI filtering chokes in [114].

However, the simulation results show significant discrepancies
from measurement outcomes above 10 MHz due to insufficient
consideration of core permeability and permittivity. Based on
[114], both surface current and charge densities of the magnetic
core had minimal influence on the impedance characterization
of EMI filtering chokes, and therefore, Kovačević et al. [115]
reduced these parameters to simply the simulation. By adding
more capacitive matrices to account for the core permittivity
and Ct−c, the simulation accuracy was improved [116]. In
addition, PEEC-BIM can encompass all filtering components in
a single round, supporting a full simulation of the EMI filter with
outcomes of impedances and S-parameters data [117]. Similar
to PEEC simulations, all windings of EMI filtering chokes must
be constructed with continuous turns for PEEC-BIM methods,
which means that it is a challenge to analyze the parasitic
parameters for each adjacent turn.

Table III compares these numerical works regarding their
simulation methods, platforms, complexity, case studies, and
validated information. It should be noted that the evaluation of
frequency range and accuracy adheres to the same criteria as
stated in Table I. Specifically, the frequency range for each work
is directly collected from their respective validation results, and
the accuracy is classified according to (16). Overall, FEM is the
most common method owing to its well-developed commercial
software, extensive teaching resources, and wide applicability.
Both PEEC and PEEC-BIM methods demonstrate superiorities
in network analysis and circuit simulation. Their mesh subdivi-
sion often demands substantial computational resources, making
the actual simulation speed highly dependent on the capabilities
of the workstation used. In addition to the inherent features of
each method, the simulation accuracy is significantly affected by
the detailed geometric and material properties of EMI filtering
chokes. The sensitivities of several critical parameters in choke
numerical characterization have been thoroughly investigated,
with [100] targeting impedance magnitude and [101] studying
phase information.

C. Measurement Methods

Measurement methods characterize EMI filtering chokes by
employing high-precision instruments, such as the impedance
analyzer (IA) or the VNA [72]. In addition, to be compatible
with the nonstandard terminals of EMI filtering chokes (refer to
Fig. 2), a fixture adapter is needed to interconnect the IA/VNA
and the choke.

Usually, Kelvin clip leads, as demonstrated in Fig. 11(a),
are used for measuring components due to their good adapt-
ability to various terminal configurations [118]. However, the
effective measurement frequency range of Kelvin clip leads is
typically limited to below 1 MHz, rendering them insufficient
for characterizing EMI filtering chokes for EMC applications.
Another commercial device that supports wideband impedance
measurements of leaded components is the Keysight 16047E
fixture adapter, as shown in Fig. 11(b) [119]. Due to restrictions
regarding the aperture, layout, and number of the component’s
terminals, this fixture adapter is not suitable for CMCs.
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TABLE III
COMPARISON OF NUMERICAL METHODS FOR IMPEDANCE/S-PARAMETERS EXTRACTION OF EMI FILTERING CHOKES

Fig. 11. Commercially available fixture adapters. (a) R&S LCX-Z2 Kelvin
clip leads [118]. (b) Keysight 16047E fixture adapter [119].

Given the constraints of existing commercially available fix-
ture adapters, some customized designs have been developed
for specific EMI filtering chokes. Targeting single-phase CMCs,
Roc’h et al. [120], [121] introduced a four-port fixture adapter
to measure the choke impedances using the IA. In this design,
each choke terminal was directly connected to the center pin
of Subminiature Version A (SMA) connectors, as depicted in
Fig. 12(a). Adopting a similar layout, Hu et al. [122] employed
fixture adapters to connect the single-phase CMC to a four-
port VNA. Relying on mixed-mode theory, both CM and DM
impedances of chokes can be calculated from the measured
S-parameters [123]. For the three-phase CMC with six terminals,
a corresponding fixture adapter was developed [76], with its
diagram illustrated in Fig. 12(b). These fixture adapters ensure
the electrical connectivity of the choke and VNA but introduce

Fig. 12. Prototypes of customized fixture adapters for characterizing the EMI
filtering chokes. (a) [121]. (b) [76]. (c) [125]. (d) [127]. (e) [128]. (f) [128].

unwanted parasitics. Although applying the electrically short
concept in these fixture designs can mitigate the parasitics, their
effects can still become apparent as the frequency increases,
especially at high frequencies [124]. The absence of accuracy
verification in [76], [120], [121], [122], and [123] reduces their
reliability in choke characterization at high frequencies [124],
[125].

To account for the parasitics induced by the fixture adapters
and ensure measurement accuracy, several techniques have been
developed. A unique two-port fixture adapter was custom-
designed for DMC [124]. By treating both signal and return
paths as the 50 Ω transmission lines, the magnitude data of
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Fig. 13. Equivalent circuit of Fig. 12(d) for CM impedance measurement of a
single-phase CMC using the TCD method. Definitions of parameters are detailed
in [127].

DMC impedance was inferred by measuring the modulus of
S21. However, it was challenging to obtain the accurate lengths
of these transmission lines, making the extraction of phase
information inaccessible. As an alternative, it is promising to
directly counter the parasitic effects from fixture adapters, which
can be effectively achieved through de-embedding [125], [126],
[127], [128] or calibration [128], [129], [130].

To eliminate the parasitics of the fixture adapter shown in
Fig. 12(c) [125], a two-port circuit de-embedding (TCD) method
was first proposed for impedance measurements of a DMC. It
conducted detailed boundary element analysis for SMA con-
nectors and PCB traces to extract their frequency-dependent
parasitics. By constructing the lumped circuit and applying the
network analysis concept, the parasitic influence of the fixture
adapter can be eliminated from the measurement results. This
method has been extended to single-phase CMCs, with the
fixture adapter’s layout revised to that shown in Fig. 12(d) to
minimize mutual coupling between the two SMA connectors
[126]. For a detailed conclusion and further refinement, Jie
et al. [127] elaborated the details of this method for both DMC
and single-phase CMCs and streamlined the lumped circuit by
disregarding negligible resistive parasitics. Fig. 13 shows the
equivalent circuit of Fig. 12(d) for illustration.

Another technique known as the single-port circuit de-
embedding (SCD) method was proposed in [128] to accom-
modate the one-port topology of fixture adapters shown in
Fig. 12(e). Fig. 14(a) establishes its equivalent circuit for DM
impedance measurement of a three-phase CMC. This method de-
embedded the unwanted parasitics of fixture adapters via bound-
ary element analysis and circuit theory. It has good versatility to
be used with either IA or VNA. Both TCD and SCD methods
were validated to accurately characterize the choke impedance
up to 120 MHz [127], [128]. For a higher frequency range,
they are anticipated to sustain the accuracy by employing the
VNA and deriving impedance information from the measured
S-parameters.

Through the calibration concept, the parasitics introduced by
the fixture adapters can be compensated for during the mea-
surement process. Based on the interface of customized fixture
adapters, Jie et al. [129] designed a series of calibration kits
to perform the compensation. By characterizing the nonideal
behaviors of these kits, the open-short-load (OSL) calibration
technique was applied, achieving good measurement accuracy
up to 30 MHz. Another method, namely the three-port network
calibration (TNC) method, was developed in [128] to compen-
sate for the induced parasitics in a straightforward manner. A

Fig. 14. (a) Equivalent circuit of Fig. 12(e) for DM impedance measure-
ment of a three-phase CMC using the one-port circuit de-embedding method.
(b) Schematic diagram of Fig. 12(f) using the TNC for a three-phase CMC.
Definitions of parameters are detailed in [128].

series of four-terminal fixture adapters [see Fig. 12(f)] were
designed to match the IA interfaces (HCur, HPot, LCur, and LPot

[131], as shown in Fig. 14(b)), and therefore, the schematic
diagram of the measurement setup can be built. By dividing the
current-carrying and voltage-sensing modules of the IA based
on its operational principles, the parasitics and circuits of the
fixture adapter can be regarded as a “black box” and represented
as a three-port network. Relying on the network analysis concept
[132], the actual impedance of the choke (Zx, x = CM or DM)
can be derived by [128]

Zx =
a1Zx

∗ + a2
a3Zx

∗ − 1
(17)

where Zx
∗ denotes the uncompensated measurement result. a1,

a2, and a3 represent the calibration coefficients, which can be
obtained by using three samples with known impedances and
applying Cramer’s rule. Compared to other de-embedding or
calibration methods, the TNC method is relatively easy to use.
However, due to the frequency constraint of the IA, the upper-
frequency limit is usually up to 120 MHz [131].

The measurement techniques discussed earlier focus on the
characterization of EMI filtering chokes under small-signal con-
ditions. However, these chokes may exhibit altered behaviors
when subjected to large signal excitations [133]. Deng and See
[130] carried out a two-probe setup for measuring the in-circuit
impedances of single-phase CMCs by employing an inductive
coupling method. However, the mutual coupling between these
probes constrained the accuracy beyond 10 MHz [134], [135].

Table IV provides and compares existing measurement meth-
ods for determining the impedance/S-parameters of EMI fil-
tering chokes, summarizing their key characteristics and dif-
ferences to highlight the main takeaways. It should be noted
that the effective frequency range is derived from the original
publications, and the accuracy within this frequency range is
quantified using the criteria established in (16).
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TABLE IV
COMPARISON OF MEASUREMENT METHODS FOR IMPEDANCE/S-PARAMETERS EXTRACTION OF EMI FILTERING CHOKES

D. Discussions and Recommendations for Characterization
Methods of EMI Filtering Chokes

As demonstrated in Sections III-A and B, both analytical
and numerical methods remain applicable in the initial design
stage before the fabrication of EMI filtering chokes. With the as-
sistance of various commercial simulation software, numerical
methods have the capability of characterizing the impedance or
S-parameters of EMI filtering chokes in a relatively convenient
manner. Nonetheless, these platforms are usually expensive and
necessitate high computing resources. Furthermore, all these
methods require detailed geometrical structures and material
properties of chokes, which may not always be available due
to intellectual property rights. Measurement methods are more
straightforward and have a higher accuracy. However, they re-
quire a real product in hand and careful consideration of the
parasitics introduced by the fixture adapters.

The extracted impedances or S-parameters of EMI filtering
chokes can be employed to evaluate mitigation performance
and facilitate EMI filter design. Besides, they provide useful
insights for choke circuit modeling to achieve systematic EMI
simulation, which will be introduced in the following section.
In addition, some works cover techniques for assessing other
physical characteristics, such as the magnetic field [136], [137],
[138], saturation effects [139], [140], [141], thermal analysis
[142], etc. These efforts extend beyond the scope of this article
and will not be discussed in detail here.

Recommendations for various characterization methods of
EMI filtering chokes are summarized as follows.

1) Among all analytical methods, Kovacic et al.’s [94] work
is recommended for comprehensive parameter identifica-
tions and optimal impedance calculations in single-phase
CMCs, while Heldwein et al.’s [77] work is recommended
for three-phase CMCs.

2) For numerical methods, Moonen et al.’s [100] work is pre-
ferred for wideband impedance characterization of single-
phase CMCs. Kovačić et al.’s [66] work is suitable for
applications requiring good versatility for both single- and
three-phase CMCs. In addition, Kovačević et al.’s [116]

work is used for applications necessitating fast simulation
speeds.

3) For measurement methods, Jie et al.’s [127] work is rec-
ommended for both DMCs and single-phase CMCs, and
the work in [128] for three-phase CMCs. Furthermore,
Deng and See [130] offer a unique ability for in-circuit
characterization of single-phase CMCs under operating
conditions.

IV. CIRCUIT MODELING OF EMI FILTERING CHOKES

Leveraging the impedances or S-parameters obtained from
the characterization of EMI filtering chokes, their circuit models
can be constructed. These models provide useful information for
EMI prediction and assessment in an entire power electronics
system. Depending on the structural characteristics, this section
reviews the relevant methods from three categories: distributed,
lumped, and multistage circuit models.

A. Distributed Circuit Model

The distributed circuit models of EMI filtering chokes often
consist of individual RLC parameters for each turn. These RLC
parameters, which often have well-defined physical meanings,
are determined through analytical or numerical characterization
methods [66], [94], [97].

Fig. 15 shows a distributed circuit model of a single-phase
CMC with N turns per winding, totaling 2N turns [94]. To
achieve the parametrization process, Kovacic et al. [94] obtained
these RLC parameters through analytical calculation. This cir-
cuit model revealed the inner physical attributes of the choke and
facilitated the analysis of localized faults, such as short circuits
of winding turns. A similar distributed circuit was employed to
model the three-phase CMC using FEM for parameter extraction
[97]. However, it neglected the frequency-dependent permeabil-
ity of nanocrystalline cores and exhibited insufficient accuracy
with increasing frequency. To account for the permeability along
with the frequency-dependent inductances and improve fitting
accuracy, distinct distributed circuit models were constructed at
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Fig. 15. Distributed circuit model of a single-phase CMC with a total of 2N
turns [94], whereLl andRl (lε{1, . . . , 2N}) denote the self-inductance and loss
of each turn, respectively; Ml,m (l,mε{1, . . . , 2N}) represents the inductive
and resistive mutual coupling between any two turns;Cl,m (l,mε{1, . . . , 2N})
is the turn-to-turn capacitance and Cl,c is the turn-to-core capacitance.

each frequency, as demonstrated in [66]. However, constructing
distributed circuit models of EMI filtering chokes is usually
time-consuming. Moreover, the RLC parameters in these dis-
tributed circuit models are often assumed to be constant and
frequency-independent [97], whereas they actually vary with
frequency. Thus, the applicability of these distributed circuit
models is limited for high-frequency EMI evaluation, where the
frequency-dependent effects (e.g., skin effect) become nonneg-
ligible and significant.

B. Lumped Circuit Model

As an alternative, lumped circuit models are commonly used
for EMI filtering chokes, where the RLC parameters can either
represent equivalent values with physical meanings or be added
solely to enhance the fitting accuracy.

A lumped circuit model for DMC was proposed in [143]
for noise filtering studies, as shown in Fig. 16(a). Specifically,
Leq denotes the equivalent series inductance, and Req represents
the copper losses in the winding and the magnetic losses in the
core. Moreover, Ceq is the equivalent parallel capacitance of the
winding. All these Leq, Req, and Ceq could be obtained through
impedance analysis relying on direct measurements [143] or
extracted based on analytical [77] or numerical [144] methods.
Considering the significant variation in inductance caused by
frequency-dependent permeability and the increased resistance
due to the skin and proximity effects, Leq and Req are replaced
by Leq(f) and Req(f), as indicated in Fig. 16(b) [144]. This
circuit model can also be employed as a simplified CM or DM
circuit for a single-phase CMC [145] or a three-phase CMC
[77]. For EMI filtering chokes that exhibit stable inductance
across the frequency range of interest, a parallel RLC circuit [see
Fig. 16(c)] with fixed values could be a more appropriate model.
Combined with the circuits of other components within the EMI
filter, a detailed coupling analysis can be conducted [146], [147].
Moreover, to improve impedance fitting accuracy, particularly
after the first resonant frequency, an additional resistor Radd was
added in a series with Ceq, with its value estimated using a
commercial fitting software named 1stOpt [148]. Due to the
simplified two-terminal structures, these lumped circuit models
[i.e., Fig. 16(a)–(d)] cannot depict the CM and DM behaviors

of single- and three-phase CMCs simultaneously. Therefore,
they are not applicable to system-level EMI simulations that
incorporate power converters, loads, and filters.

To encompass both CM and DM information, several typical
lumped circuit models were proposed, as shown in Fig. 16(e)–
(g). Liu and Jiang [149] proposed a general procedure to build the
high-frequency lumped circuit model of a single-phase ferrite
CMC, as depicted in Fig. 16(e). LCM, Ct−t, and Rcore were
obtained through the CM impedance measurement setup shown
in Fig. 5(b), while others (i.e., Lleak, Rwire, and Cp−p) were
derived based on the setups for other types 3 and 5 depicted in
Fig. 5(d). Since this method neglected the influences of Lleak on
CM impedances, the fitting accuracy was limited. As shown in
Fig. 16(f), Stevanović and Skibin [150] created a novel circuit
configuration of single-phase CMCs, which separated the CM
parameters and DM parameters into two RLC blocks. LCM

and LDM denote the CM and DM inductance of the choke,
respectively. RCM, CCM, RDM, and CDM are their respective
parallel parameters without actual physical definitions. Relying
on the mutual coefficients kCM and kDM, the DM signals could be
neglected when only considering CM scenarios and vice versa
[150]. All these parameters were assigned values either through
the impedance measurements [150] or via the admittance anal-
ysis with the measured S-parameters [151].

From this circuit configuration, some enhanced models
emerged; for example, Ojeda-Rodríguez et al. [75] added
phase-to-ground capacitances and modal admittance to facilitate
parametrization and improve fitting accuracy relative to the work
described in [151]. However, due to the limited number of RLC
components in these models, they prove inadequate for chokes
exhibiting multiresonant impedance behaviors [150]. For a more
comprehensive analysis of single-phase CMCs, Kotny et al.
[67] proposed a complex lumped circuit model, as illustrated
in Fig. 16(g). Specifically, Za and Zb represent the leakage
impedance and magnetizing impedance, respectively, while Ci

(i = a, b, c, and d) are four capacitors of the choke. Through
more than five measurement setups, these parameters were
identified based on simplified equivalent circuits and impedance
analysis [67]. To better fit the choke characteristics, Za and
Zb can be replaced by various RLC networks. For facilitating
topology selection to ensure precision, an iterative rational
function approximation fitting algorithm was proposed [152].
Moreover, several data-driven techniques, including deep neural
network, random forest tree, and extreme gradient boosting
algorithm (Xgboost), were applied in this circuit configuration
for choosing appropriateZa orZb [153]. These studies (i.e., [67],
[152], [153]) provide commendable accuracy and aptly cater to
multiresonance scenarios.

For three-phase CMCs, Fig. 16(h) depicts a classic lumped
circuit model, where its RLC parameters can be derived through
admittance analysis with measured S-parameters [154]. Instead
of using mutual coefficients kCM or kDM to represent the induc-
tive coupling, mutual inductance M was introduced in this cir-
cuit. Thus,Lself + 2M andLself −M represent the CM and DM
inductances of three-phase CMCs, respectively [154]. Based on
the fitting results presented in [154], the maximum magnitude
error of S21 reached up to 8 dB across the frequency range
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Fig. 16. Typical lumped circuit models for EMI filtering chokes. (a) [143]. (b) [144]. (c) [146]. (d) [148]. (e) [149]. (f) [150]. (g) [67]. (h) [154]. (i) [150].

of 100 kHz to 30 MHz. In addition, phase information was
not provided for verification. Stevanović and Skibin [150] also
developed a lumped circuit model for three-phase CMCs, as
depicted in Fig. 16(i). The parameterization process is similar
to that for Fig. 16(f). However, the value of DM mutual cou-
pling coefficients kDM was revised to −0.5 to comply with the
three-phase system [150]. Combining the principles of circuit
models in Fig. 16(h) and (i) , a modal-parameters circuit model
was proposed in [76]. By considering the strong effect of the
displacement currents via the high permittivity core, modal
admittances were added, finally improving the fitting accuracy
compared to that using the circuit model shown in Fig. 16(h).

The RLC parameters in Fig. 16(c)–(i) are usually given fixed
values in EMI simulation and system analysis. The validity of
these lumped circuit models generally relies on the assumption
that the inductance influenced by the core permeability remains
constant over the frequency range of interest. Therefore, they
are effective for most EMI filtering chokes with ferrite cores
[151], where the permeability remains rather stable up to several

megahertz or even higher. In contrast, chokes with nanocrys-
talline cores present a challenge for employing these models as
they exhibit a high initial permeability which starts to decrease
from just a few kilohertz [55], leading to significant frequency-
dependent inductances. Due to the merits of low eddy current
losses and outstanding permeability [94], the nanocrystalline
EMI filtering chokes combine high noise mitigation with a com-
pact size, posing a promising market in the future. Therefore, it
is necessary to design appropriate circuit models for them.

C. Multistage Circuit Model

To fit the multiresonance impedance frequency responses or
consider the frequency-dependent permeability of a magnetic
core used in the chokes, multistage circuit models are often
employed. This type of model focuses primarily on the behavior
of EMI filtering chokes, where most of the RLC parameters are
adopted without real physical meanings. Fig. 17 presents several
typical multistage circuit models for an overview, and their
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Fig. 17. Typical multistage circuit models for EMI filtering chokes. (a) [155]. (b) [157]. (c) [159]. (d) [160]. (e) [163]. (f) [164]. (g) [160].

features, along with corresponding parameterization methods,
are detailed as follows.

A general multistage circuit model was used to encapsulate
the impedances of ferrite chokes with multiple resonances [155].
As illustrated in Fig. 17(a), this model consists of several parallel
RLC blocks connected in series, whereRk,Lk, andCk represent
the elements at the kth stage (k ∈ {1, . . . , n}), and n is defined
according to the number of resonances [156]. By conducting
impedance measurements, all these RLC parameters can be
determined by assessing and analyzing the impedance resonance
information. To address potential deviations that occur before
the first resonant frequency, more RLC parameters (i.e., Radd,
Ladd, and Cadd) were added in the first stage to form a new
improved Foster model, as shown in Fig. 17(b) [157]. Similarly,
these RLC parameters were calculated by rational function
approximation of the impedance. Chen et al. [158] developed
an improved version of the Foster model; nevertheless, the
parameterization procedure was not provided. Combined with
the AI, Pan et al. [159] applied particle swarm optimization

to facilitate parameter extraction of a different circuit model
depicted in Fig. 17(c). By properly setting the search range
of each unknown parameter, it can achieve high impedance
fitting accuracy. All these circuit models [i.e., Fig. 17(a)–(c)]
are effective for DMCs. However, due to their two-terminal
configurations, they cannot hold both CM and DM behaviors of
CMCs simultaneously, and therefore, are not suitable for EMI
simulations in an entire system.

For single-phase CMCs, Fig. 17(d) establishes a classic mul-
tistage circuit model, which was first proposed in [160]. It was
developed from the lumped circuit model shown in Fig. 16(f)
and separated the CM and DM blocks [150]. Relying on the CM
and DM measurements, their respective RLC elements can be
calculated via an impedance analysis procedure. In addition,
Rwire, which usually dominates at low frequencies, can also
be derived from the DM impedance information. For realizing
the parameter extraction automatically, a genetic algorithm was
used for the behavioral modeling of chokes with multiresonances
[161]. Unfortunately, this method required expert knowledge to
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define the search space of each RLC parameter and necessitated
multiple fitness functions to avoid degradation [68]. Moreover,
Stevanovic et al. [68] also established an approach to handle the
nonlinear CM impedance and frequency-dependent CM induc-
tance of a choke with the nanocrystalline core. Nevertheless,
a detailed guideline for obtaining the stage number n for such
cases was not given, potentially necessitating a trial-and-error
process. Following similar multistage circuit models for single-
phase CMCs, Jie et al. [104] and Huang et al. [162] provided the
analytical-based fitting algorithms for nanocrystalline chokes
but also selected n based on the rule of thumb. To address
this issue, Jie et al. [102] introduced a concept of the degree
of permeability frequency dependence to determine the stage
number n, thereby facilitating the parametrization.

There are several other multistage circuit models for single-
phase CMCs, such as those shown in Fig. 17(e) [163] and (f)
[164]. Takahashi and Ogasawara [163] performed an analogy be-
tween the transformer and single-phase chokes, dividing the cir-
cuit model into electric (Rwire and Ct−t) and magnetic (Pc1 and
Pc2) parts. Relying on the principles of the proposed permeance-
capacitance analogy-based method, multistage RL circuits were
assigned in Pc1 and their values were identified through the real
and imaginary parts of permeability (μ′ and μ′′) [165]. It should
be noted that the capacitive elements in this model might be
assigned negative values to denote the inductive aspects of the
choke’s impedance. For instance, Pc2 could symbolize leakage
inductance. It showed a good accuracy of up to 100 MHz, except
near the resonant frequency [163]. Considering the limitations of
fitting EMI filtering chokes with nanocrystalline cores using the
lumped circuit model demonstrated in Fig. 16(f) [151], a series
of RL elements have been integrated to form a multistage circuit
model, as shown in Fig. 17(f) [164]. All these RLC parameters
in Fig. 17(f) were derived through admittance analysis from the
measured S21 with CM, DM, and open circuit [i.e., other type 3
in Fig. 5(d)] measurements. This circuit configuration is tailored
to precisely adapt to the varying CM inductance caused by the
frequency-dependent permeability of a single-phase CMC with
a nanocrystalline core. This concept can also be applied in other
lumped circuit models as supplements [75], [76].

In addition, Stevanović and Skibin [160] presented another
multistage circuit model focusing on the three-phase CMCs
with multiresonances. Fig. 17(g) depicts its circuit diagram. By
setting the value of kDM at −0.5, the DM signals become negli-
gible in the CM analysis [160]. Moreover, the parameterization
process also relied on measurements and impedance analysis
[160]. Using the genetic algorithm or analytical-based iteration
fitting derivation [102], these multistage circuit models can
also be employed for three-phase CMCs with nanocrystalline
cores.

D. Discussions and Recommendations of Circuit Modeling
Methods for EMI Filtering Chokes

In summary, distributed circuit models delve into the internal
physical attributes of an EMI filtering choke, facilitating the
initial design prior to choke production. Lumped circuit models,
with their simplified structure, can also be employed to analyze

the coupling effects between the choke and those nearby EMI
filtering components [146]. With more RLC elements, they can
achieve good impedance fitting for ferrite chokes. Multistage
circuit models, focusing predominantly on chokes’ behaviors,
might not always align with actual physical relevance and can
be regarded as “black box” models. These models typically
evolve from foundational lumped circuit models, extended or
layered with additional RLC, RC, or RL blocks, ultimately fitting
the frequency-dependent permeability of nanocrystalline chokes
and matching the multiresonances.

Table V compares the existing circuit modeling methods for
EMI filtering chokes, including the data source obtained from
the choke characterization, parameterization methods for RLC
identification, studied choke type and related core material,
and experimental information used for validation. Similarly,
the frequency ranges of these methods are obtained from their
respective validation results in each reference, and the accuracy
is classified using the criterion in (16). This table serves as a
practical resource for engineers and researchers, enabling them
to efficiently identify and delve into relevant works to learn and
adopt related technologies in a targeted manner.

Except for the techniques outlined in Table V, several other
methods have been developed for modeling EMI filtering chokes
in some specific applications. Zarei and Khankalantary [166]
segmented the CM impedance frequency response of a three-
phase CMC into two regions: the inductive region and the
frequency-varying inductive-resistive region. These behaviors
were modeled using multiple frequency-defined mathematical
functions, with the relevant fitting variables determined via a
genetic algorithm. According to a similar concept, Nomura
et al. [167] and Illia et al. [168] characterized the influence of
frequency-dependent permeability as voltage or current sources,
allowing these circuits to be used in Simulation Program with
Integrated Circuit Emphasis (SPICE [169]) models. To enhance
the accuracy of the SPICE circuit model, Cuellar et al. [170]
specifically defined the complex permeability of DMCs as a
fourth-order diagram and applied a Householder algorithm to
identify the parameters. Given that it necessitated to integrate
with the high-frequency lossy transmission line, stray capac-
itance, and wire resistance for impedance fitting, it exhibited
considerable complexity compared to multistage circuit models
[171].

In addition, a modal model was proposed for analyzing
the propagation of CM and DM emissions along with their
mode conversion inside a single-phase CMC [172]. This in-
formation facilitated to optimize the choke’s symmetry de-
sign, ultimately enhancing noise mitigation performance in
both modes. Dominguez-Palacios et al. [34], [173] modeled
the equivalent circuits of single-phase CMCs with conducting
surfaces, proposing a smart shielding method to improve choke
performance.

Recommendations for various circuit modeling methods for
EMI filtering chokes are summarized as follows.

1) For distributed circuit models, Kovačić et al.’s [66] work
is recommended as it establishes a detailed process for
determining the inner parameters of chokes, aiding in
optimizing chokes during the initial design stage.
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TABLE V
COMPARISON OF HIGH-FREQUENCY CIRCUIT MODELING METHODS FOR EMI FILTERING CHOKES

2) For lumped circuit models, the works presented in [75]
and [76] are suggested respectively for single- and three-
phase CMCs when the collected data for circuit model-
ing are S-parameters. If the data consist of impedance
instead, Tan et al.’s [152] and Heldwein et al.’s [77]
works are preferred for single- and three-phase CMCs,
respectively.

3) For multistage circuit models, Stevanovic et al. [68] and
Jie et al. [102] provided solutions for both single- and
three-phase CMCs, which are recommended due to their
good accuracy over a wide frequency range.

V. CHALLENGES AND FUTURE TOPICS

The previous sections have provided an in-depth review of the
fundamental knowledge, characterization, and circuit modeling
of EMI filtering chokes in power electronics. This section will
discuss potential challenges and suggest several future topics.

A. Characterizing EMI Filtering Chokes at Higher
Frequencies

Referring to Tables I, III, and IV, the current techniques
for characterizing EMI filtering chokes typically extend up to
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120 MHz, aligning with existing conducted EMI standards for
most commercial devices (e.g., CISPR-22 [59]) and electric
vehicles (e.g., CISPR-25 [174]). However, this frequency range
falls short of encompassing the test requirements for avionics
up to 152 MHz (e.g., DO-160 [60]). Moreover, as the trend
toward faster switching frequencies in power semiconductor de-
vices continues, significant conducted EMI emissions at higher
frequencies are likely to occur, potentially leading to updates
in EMC standards [175]. Beyond mitigating conducted EMI
noises, EMI filtering chokes are also employed to attenuate
radiated EMI emissions [176], [177], [178] and improve the
immunity of power electronics devices against intentional EMI
attacks [62]. Considering these factors, it is necessary to pursue
the characterization of EMI filtering chokes at frequencies over
120 MHz. Thus, potential research topics include:

1) exploring the material behaviors and loss mechanisms of
chokes across a wide frequency range;

2) enhancing the integration, acceleration, and optimization
of numerical technologies;

3) developing fixture adapters and measurement methods for
higher frequencies.

B. Characterization and Modeling of EMI Filtering Chokes
in Complex Conditions

Existing works typically focus on the characterization and
modeling of EMI filtering chokes under off-circuit conditions,
with less emphasis on their performance in real operating
conditions, which potentially leads to inaccuracies. Prelimi-
nary studies have been conducted, including measuring choke
impedances under different feed currents [130], simulating
choke losses at elevated temperatures [142], assessing choke
performance at high altitudes [179], and evaluating the effects
of aging [180]. Building on these foundations, future research
could include:

1) developing measurement setups and techniques to char-
acterize the behaviors of chokes under real operating
conditions;

2) constructing mathematical and equivalent circuit models
for EMI filtering chokes, accounting for saturation effects,
temperature variations, and spatial or temporal impacts;

3) building simulation platforms for multiphysics analysis
to provide a more comprehensive understanding of choke
performance under real-world conditions.

C. Frequency Range Extension and Overall Performance
Enhancement

Current core materials and inherent parasitic parameters can
limit the attenuation performance of EMI filtering chokes at high
frequencies [181]. In addition, when these chokes are assembled
into an EMI filter, the coupling between adjacent components
may affect the overall filtering effectiveness. To extend the
frequency range and enhance the performance of the EMI filters,
several promising and effective strategies have been reported.
These strategies include optimizing the layouts and structures of
choke windings [182], [183], attenuating the parasitic couplings
between components [34], [70], canceling parasitic parameters

1) developing novel magnetic core materials with stable and
high permeability frequency responses;

2) designing innovative winding manufacturing processes
and arrangement strategies to minimize the parasitic pa-
rameters within chokes;

3) proposing optimized component layout schemes for EMI
filters with constrained planar and spatial requirements,
thereby improving their overall performance.

D. AI-Based Applications in EMI Filtering Chokes

The integration of AI technologies with traditional indus-
trial design concepts, particularly in the domain of EMI fil-
tering chokes, is an area of growing interest and potential.
Existing works in this field include optimizing component se-
lection [186], offering design guidelines [187], and assisting
with parameterization in circuit modeling [68]. However, these
applications often necessitate a degree of expert knowledge,
which can limit their broader adoption. Looking ahead, there
is strong potential for AI techniques to be more deeply woven
into the EMC field. Leveraging their robust capabilities, several
innovative functionalities could be developed, such as:

1) utilizing an adaptive network and multistage circuit mod-
els to enable automated impedance fitting, simplifying the
parameterization process;

2) leveraging open databases and resources such as genera-
tive pretraining transformer (GPT) series to design EMI
filtering chokes, considering component selection, space
and weight constraints, winding strategies, etc;

3) integrating with electromagnetic simulation software for
multiphysics analysis, ultimately optimizing the layout
and packaging of chokes within an EMI filter.

E. Further Explorations on Ongoing Techniques

Many advanced techniques have emerged from the existing
characterization and circuit modeling methods to enhance filter-
ing performance or minimize the size and weight of EMI filtering
chokes. These innovations offer fresh perspectives on addressing
EMI challenges and merit continued exploration. Here, some
typical techniques are highlighted, without delving into their
details and constraints.

1) Hybrid filtering [19]: employing both active suppression
methods and passive components to achieve optimal EMI
filter design with reduced size and weight.

2) Magnetic integration [188]: involving customized choke
design with one or more shared magnetic cores, aiming to
reduce the size and weight of the entire EMI filter.

3) Electromagnetic integration [189]: combining capacitive
components to chokes for compact and optimal EMI filter
design, usually applying to those types with planar PCB
traces or flexible multilayer foils.

4) 3-D printing technique [190]: facilitating flexible designs
of the winding and core to enhance the choke’s efficiency.

VI. CONCLUSION

EMI filtering chokes play an integral role in power electron-
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extensively studied, focusing on their characterization and cir-
cuit modeling for optimization, performance prediction, EMI
simulation, and filtering design. To the best of our knowledge,
this article provides the first thorough review of the relevant
literature on these topics. First of all, the types and structures,
operating principles, critical information, and natural modes are
introduced for clarity. Subsequently, both characterization and
circuit modeling methods for chokes are elaborated, with their
related features, case studies, and validated data compared in
detail via tables. Finally, inspired by the evolving landscape
of power electronics, potential challenges are discussed, and
future research topics are suggested. In conclusion, this article
aims to provide readers with insights into the principles and
technological progress regarding the characterization and circuit
modeling of EMI filtering chokes, facilitating targeted searches
and selections for related techniques, and encouraging future
exploration.

REFERENCES

[1] S. Vazquez et al., “Model predictive control: A review of its applications
in power electronics,” IEEE Ind. Electron. Mag., vol. 8, no. 1, pp. 16–31,
Mar. 2014.

[2] Z. Chen, J. M. Guerrero, and F. Blaabjerg, “A review of the state of the
art of power electronics for wind turbines,” IEEE Trans. Power Electron.,
vol. 24, no. 8, pp. 1859–1875, Aug. 2009.

[3] M. Priya, P. Ponnambalam, and K. Muralikumar, “Modular-multilevel
converter topologies and applications–A review,” IET Power Electron.,
vol. 12, no. 2, pp. 170–183, Jan. 2019.

[4] C. J. Turner, J. Oyekan, L. Stergioulas, and D. Griffin, “Utilizing industry
4.0 on the construction site: Challenges and opportunities,” IEEE Trans.
Ind. Inform., vol. 17, no. 2, pp. 746–756, Feb. 2021.

[5] F. Blaabjerg, Y. Yang, K. A. Kim, and J. Rodriguez, “Power electronics
technology for large-scale renewable energy generation,” Proc. IEEE,
vol. 111, no. 4, pp. 335–355, Apr. 2023.

[6] F. Blaabjerg, H. Wang, I. Vernica, B. Liu, and P. Davari, “Reliability
of power electronic systems for EV/HEV applications,” Proc. IEEE,
vol. 109, no. 6, pp. 1060–1076, Jun. 2021.

[7] A. Hanif, Y. Yu, D. DeVoto, and F. Khan, “A comprehensive re-
view toward the state-of-the-art in failure and lifetime predictions of
power electronic devices,” IEEE Trans. Power Electron., vol. 34, no. 5,
pp. 4729–4746, May 2019.

[8] Z. Ma, S. Wang, Q. Huang, and Y. Yang, “A review of radiated EMI
research in power electronics systems,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 12, no. 1, pp. 675–694, Feb. 2024.

[9] B. Zhang and S. Wang, “A survey of EMI research in power electronics
systems with wide-bandgap semiconductor devices,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 8, no. 1, pp. 626–643, Mar. 2020.

[10] C. Li, Q. Ma, Y. Tong, J. Wang, and P. Xu, “A survey of conductive and
radiated EMI reduction techniques in power electronics converters across
wide-bandgap devices,” IET Power Electron., vol. 16, pp. 2121–2137,
Jun. 2023.

[11] F. F. Wang, R. Chen, and K. Rajashekara, “Wide bandgap semiconductor-
based power electronics for aviation,” IEEE Power Electron. Mag., vol. 9,
no. 3, pp. 26–36, Sep. 2022.

[12] J. Yao, Y. Lai, Z. Ma, and S. Wang, “Advances in modeling and reduction
of conducted and radiated EMI in non-isolated power converters,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., Phoenix, AZ, USA, 2021,
pp. 2305–2312.

[13] Z. Wang et al., “A review of EMI research in modular multilevel converter
for HVDC applications,” IEEE Trans. Power Electron., vol. 37, no. 12,
pp. 14482–14498, Dec. 2022.

[14] N. Jia, L. Xue, and H. Cui, “Mitigating EMI noise in propagation paths:
Review of parasitic and coupling effects in power electronic packages,
filters, and systems,” IEEE Open J. Power Electron., vol. 5, pp. 352–368,
2024.

[15] K. Mainali and R. Oruganti, “Conducted EMI mitigation techniques for
switch-mode power converters: A survey,” IEEE Trans. Power Electron.,
vol. 25, no. 9, pp. 2344–2356, Sep. 2010.

[16] S. Tiwari, S. Basu, T. M. Undeland, and O.-M. Midtgård, “Efficiency
and conducted EMI evaluation of a single-phase power factor correction
boost converter using state-of-the-art SiC MOSFET and SiC diode,” IEEE
Trans. Ind. Appl., vol. 55, no. 6, pp. 7745–7756, Nov./Dec. 2019.

[17] P. B. Derkacz, J.-L. Schanen, P.-O. Jeannin, P. J. Chrzan, P. Musznicki,
and M. Petit, “EMI mitigation of GaN power inverter leg by local
shielding techniques,” IEEE Trans. Power Electron., vol. 37, no. 10,
pp. 11996–12004, Oct. 2022.

[18] Y. Chu and S. Wang, “A generalized common-mode current cancelation
approach for power converters,” IEEE Trans. Ind. Electron., vol. 62, no. 7,
pp. 4130–4140, Jul. 2015.

[19] H. Li, Y. Ding, C. Zhang, Z. Yang, Z. Yang, and B. Zhang, “A com-
pact EMI filter design by reducing the common-mode inductance with
chaotic PWM technique,” IEEE Trans. Power Electron., vol. 37, no. 1,
pp. 473–484, Jan. 2022.

[20] J. Chen, D. Jiang, W. Sun, Z. Shen, and Y. Zhang, “A family of spread-
spectrum modulation schemes based on distribution characteristics to
reduce conducted EMI for power electronics converters,” IEEE Trans.
Ind. Appl., vol. 56, no. 5, pp. 5142–5157, Sep./Oct. 2020.

[21] D. Chatterjee and S. K. Mazumder, “EMI mitigation of a Ćuk-
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[150] I. Stevanović and S. Skibin, “Behavioral circuit modeling of single-and
three-phase chokes for EMI simulations,” in Proc. Int. Power Electron.
Conf., 2010, pp. 2867–2871.

[151] C. Dominguez-Palacios, J. Bernal, and M. Prats, “Characterization of
common mode chokes at high frequencies with simple measurements,”
IEEE Trans. Power Electron., vol. 33, no. 5, pp. 3975–3987, May 2018.

[152] W. Tan, C. Cuellar, X. Margueron, and N. Idir, “A high frequency
equivalent circuit and parameter extraction procedure for common mode
choke in the EMI filter,” IEEE Trans. Power Electron., vol. 28, no. 3,
pp. 1157–1166, Mar. 2013.

[153] Z. Li et al., “Parameter extraction for equivalent circuit of common mode
choke based on deep neural network, random forest tree and extreme
gradient boosting algorithm,” in Proc. Photon. Electromagn. Res. Symp.
Fall, 2019, pp. 2296–2304.

[154] C. Dominguez-Palacios, J. B. Mendez, and M. A. M. Prats, “Characteri-
zation of three-phase common-mode chokes at high frequencies,” IEEE
Trans. Power Electron., vol. 33, no. 8, pp. 6471–6475, Aug. 2018.

[155] H. Chen and Z. Qian, “Modeling and characterization of parasitic in-
ductive coupling effects on differential-mode EMI performance of a
boost converter,” IEEE Trans. Electromagn. Compat., vol. 53, no. 4,
pp. 1072–1080, Nov. 2011.

[156] W. Chen, L. Feng, H. Chen, and Z. Qian, “Near field coupling effects
on conducted EMI in power converter,” in Proc. IEEE Power Electron.
Spec. Conf., 2006, pp. 1–6.

[157] H. Zhu, D. Liu, H. Chen, and G. Chen, “An improved foster model of
common-mode inductor and its application in EMI filter design,” in Proc.
IEEE Joint Int. Symp. Electromagn. Compat. Asia–Pacific Int. Symp.
Electromagn. Compat., 2018, pp. 461–465.

[158] H. Chen, Y. Hu, L. Wang, Z. Zhang, and G. Chen, “EMI filter design
based on high-frequency modeling of common-mode chokes,” in Proc.
IEEE 27th Int. Symp. Ind. Electron., 2018, pp. 384–388.

[159] Z. Pan et al., “An equivalent modeling method of passive components
with multi-resonant frequency,” Int. J. Circuit Theory Appl., vol. 51, no. 6,
pp. 2689–2704, Feb. 2023.
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