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ABSTRACT In this paper, an optimization method of toroidal core-based Hybrid common mode chokes
(HCMCs) for the design of an Electromagnetic interferences (EMI) filter is proposed. A dedicated
algorithm is developed using MATLAB to characterize compact HCMCs that exhibit effective Common-
Mode (CM) chokes with optimized leakage inductances by systematic variations in the winding patterns
and geometric dimensions of their magnetic cores. It takes into consideration the physical limitations of
these components as well as the constraints related to the design of EMI filters. The proposed algorithm
allows through a small computational task to propose a variety of configurations for optimal HCMCs.
Finite element method (FEM) simulations are conducted on the HCMCs to extract their CM and leakage
inductances. The results are compared with those calculated analytically and yield a good match. The
performances of optimized HCMCs are evaluated through their implementation in the designed filter. All
the cases of HCMCs including the smallest one allow the EMI filter to easily qualify a power converter

to an electromagnetic compatibility (EMC) standard.

INDEX TERMS Electromagnetic interferences filter (EMI), Hybrid common mode choke (HCMC),

Optimization algorithm.

. INTRODUCTION

HE proliferation of switch mode power supplies
T (SMPS) and their wide usage in all modern industrial
and domestic energy applications are attributed to their
high performances, compactness, and competitive prices .
However, Electromagnetic Compatibility (EMC) regulations
require on these power devices to meet specific standards
due to their high induced levels of electromagnetic interfer-
ences (EMI) mainly conducted Common-Mode (CM) and
Differential-Mode (DM) noises. This usually necessitates
the implementation of passive EMI filters as they present the
main countermeasure in the EMC arsenal against EMI due
to their effective mitigation performance and their basic and
low-cost conception process. On the other hand, EMI filters
occupy a substantial portion of power converter volume and
weight (up to 30%) [1]. This comes back to the size of
their CM and DM chokes in particular CM chokes (CMCs)
which are usually the bulkiest filter components. Therefore,
to achieve the design of compact and effective EMI fil-
ters many optimization methods and integration techniques
were vastly explored to reduce the size/number and weight
of these components. In [2], the leakage inductance of
a toroidal CMC is improved by inserting a smaller DM
toroidal coil within. Although this structure reduces the vol-
ume of the filter, it significantly heightens the total parasitic
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capacitance of the resulting choke. Similar to this approach,
in [3] the leakage inductance of a toroidal CMC is increased
by inserting the latter into an EQ core made of MnZn ferrite,
which enhances the DM filtering but still, the resulting
structure will exhibit additional size and weight. Another
approach described in [4] suggests coating the outside of
the CMC with a magnetic epoxy mixture which enhanced
the leakage inductance. Yet, such component requires higher
labor cost because of the fabrication and the coating process
of the magnetic epoxy mixture. Moreover, in [5] integration
of a CM and DM inductor into a single magnetic core
unit using EE-type and EIE-type cores was presented. This
method helped a 69% reduction of the inductor size for
single-stage EMI filter but still, this type of cores has a
limited capacity of heat dissipation which affects their effi-
ciency compared to discrete inductors. The work described
in [6] proposed the computation of the optimal volume of
a toroidal CM inductor taking into account the problems
related to the saturation of its core and the overlapping
of the coil turns. This method achieved an optimal size
for the CM inductor by providing a useful computation
tool. The most frequently employed CMCs in commercial
EMI filters are still constructed on toroidal cores owing to
their low cost and wide availability according to [7]. A
toroidal CMC is usually realized with coupled inductors
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whereas the DM inductance is achieved depending on the
amount of required DM filtering either by actual discrete
inductors or by the CMC parasitic leakage inductance.
This inductance depends on the CMC structure and has
no physical size which limits the number of components
and mounting area. Furthermore, since this inductance is an
air-cored inductor, it never saturates at any level of current
keeping sustainable filtering performance which favors the
usage of a toroidal CMC for CM and DM noise suppression.
This inherent parasitical parameter has been addressed in
several research papers, either as a constraint in the design of
CMCs which is the case in [8]—[10] or to act as a formal DM
inductor in EMI filters design as in [11]-[18]. References
[19], [20] reported the designable parameter for a CMC.
This parameter defines the CM and DM impedances of
the CMC as well as its parasitic capacitances. The CMC
DM impedance which improves the DM noise filtering
is defined by the CMC dimensions, the number of turns
and the angle of its leakage inductances. However, due to
their complex mechanical structures, toroidal CMCs provide
leakage inductances with limited values ranging from 0.1
% to 2 % of their total values depending on the winding
system. The CMCs with sectional winding exhibit a higher
leakage inductance compared to CMCs with bifilar winding
[21]. Taking into account the features that this stray element
offers, the concept of exploiting the leakage inductance of
a standard toroidal CMC remains tempting compared to the
aforementioned methods.

This paper presents an effective optimization approach
intended for the design of EMI filters with compact and
effective CMCs with optimized leakage inductances. The
paper is structured as follows. Section II describes the
design steps of the EMI filter. The HCMC optimization
method is detailed in section III. Section IV is devoted to
the application of the proposed optimization method in the
design of an EMI filter dedicated to a power conversation
system. Section V presents discussion. The conclusion of
this work is given in section VL.

Il. THE EMI FILTER DESIGN PROCEDURE

A. SIZING OF THE EMI FILTER

The EMI filter is constructed to fulfill the EMC standard
requirements imposed on power converters by sizing its
elements to provide the required mitigation of EMI. The
design of the filter is based mainly on the levels of EMI
disturbances and the EMC Standard that they are intended
to qualify for. The proper sizing of the filter components
is governed by several constraints related to power density,
safety regulations, and the stability of the power electronic
system. For the CM filter parameters, the value of its
capacitors is limited by safety standards which define the
maximum leakage current to earth thus, imposing the need
to compensate by increasing the CM inductors value and
thereby their sizes. The sizing of the DM filter parameters
depends on the amount of DM noise to be attenuated taking
into account the impact of its components impedance on
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the stability of the power conversion system. The design
workflow of the EMI filter is summarized in the diagram
shown in Fig. 1 including the optimization algorithm as an
essential step to provide the recommendations for optimal
HCMCs. The filter design procedure requires predefined
parameters according to EMI requirements i.e.:
o The EMC standards that EMI are intended to meet (e.g.
EN 55032 analog to CISPR 32);
¢ The conducted CM and DM EMI levels induced by the
power conversion system (Vcon and Vpy);
e The required attenuations of the CM and DM con-
ducted EMI (AcM_req and ApM _req);
o The EMI filter configuration (e.g., I', T or II);
e The CM and DM filters cutoff frequencies (f, cm.,
Jo_DM)
The conducted CM and DM noises are evaluated separately
to establish the key points in their frequencies spectra with
respect to EMC limits and define the required CM and DM
attenuations indicated in (1) and (2) as :

ACM_Teq =Vewm [dB,UV} — Veimite +SM (1)
Apii_req = Voum [ABuV] — Viimis+SM )

Where (Viimit) is the limit defined by the standard and
SM is a safety margin usually set to 6 dB to account for
possible inaccuracies in conducted EMI estimation and stray
inductive and capacitive components [22].

The filter topology is considered as a preliminary step in
the filter design (e.g., 40 dB/dec for I' type L-C single-

stage, 60 dB/dec for II or T type L-C single-stage... etc.).
Accordingly, f, cm and f, py are delivered by (3):
Jomypumn
fo.cm/pym = W 3)
10  IEritter

where f, cvm/pwv_n are the frequencies of the CM/DM har-
monic components to be attenuated. ILgze, is the theoretical
insertion loss of the filter depending on its topology [15].
With f, cm/pm being defined, the required components
forming the CM and DM sections of the filter are determined
as in (4) and (5):

1
Loy req = Com = 2Cy “4)
! CCM(27Tf0_0M)2
1
Lpy_req = Cpy = Cx1=Cx2 (5)

Com (27 fo D)

LcM_req and Lpum_req are respectively the filter CM and
DM required inductances, whereas Ccyr and Cpyy are the
respective capacitances of its CM and DM sections. The
design worflow of the filter is done with the following steps:
o The pairs of components (Lo _req » Cy) and (Lpw_req;
Cx) that achieve the minimum required insertion losses
profiles are determined according to EMI requirements
where the filter CM and DM caps (Cy, Cx) selec-
tion is done beforehand then their respective inductors
(LoM_reqs LDM_req) are calculated accordingly;
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e Based on the calculated pair of inductors (Low_reqs
LpM_req) the proposed algorithm will define the best
possible configurations of HCMCs with their feasible
pairs of effective CM inductances and adequate leakage
inductances taking into account their physical and
geometric limitations;

o The optimal HCMCs are chosen among the other cases
in terms of minimum volume;

o The geometric parameters of optimized HCMCs are
used as recommendations to develop 3D prototypes
then FEM simulations are carried out on each of them
separately after including the material database of their
magnetic cores;

o The performances of optimized HCMCs are evaluated
through their implementation in the designed filter
model to qualify a power converter to an EMC stan-
dard.

Initial input data for the filter design
ACM req>ADM req
Filter toplogy (I, T,I1)
Jo cM »fo DM

_______________________________

[} 1
1 1
1 1
! |Select CY| |Select CX| !
i <]
1 1
' |Compute LCM req | |Compute LDM req | !
R ;
|HCMC Optimization algorithm|
Create adequat 3D model based on the Try another set
outputs of the optimization algorithm of pairs of
¢ components

Include the core material proprieties

and perform a FEM Simulation

| Include the HCMC in the EMI Filter|

|Filtered CM & DM EMI|

Fail

Compare with EMC standard

FIGURE 1: Diagram of the EMI filter design

B. 3-D FEM SIMULATION OF THE HCMC
Three-dimensional (3-D) FEM simulations offer a powerful
means to analyze electrostatic and electromagnetic problems
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linked to different power components and allow to model
their behavior at high frequencies which is suitable for
the characterization of CMCs. Usually, a proper adaptation
of large or complex problems for a 3-D FEM simulation
requires a certain degree of simplification to be made on
the model’s structure to gain in simulation time and memory
at the expense of accuracy. Considering this, the optimized
HCMCs which reflect as close as possible the geometry
of real choke (Fig. 2d) are modeled and treated separately.
The choice of the magnetic material is done beforehand by
defining its main characteristics namely its real and complex
magnetic permeability (', /) in the material model relative
to the toroidal core. The 3-D FEM simulations performed
on the HCMCs models took an average computational time
of roughly 45 min for each case using a server comprising
a CPU with 6 cores running each at 2.20 GHz and a 16 GB
DDR4 RAM.

lll. PROPOSED OPTIMIZATION METHOD OF THE HCMC

A. THE HYBRID COMMON MODE CHOKE

The CMC is the centerpiece in EMI filters and take a crucial
part in their design. Its formed of two windings wound
around a highly permeable core in the same direction for
single-phase applications as shown in Fig. 2a. The magnetic
field Hey induced by CM currents is cumulated within the
toroidal core creating an impedance that acts against these
currents. However, in a CMC, the leakage fluxes caused
by the DM currents do not fully cancel out which creates
magnetic leakage fields Hje,x on each coil of the CMC
(bleu curves) and defines its parasitic leakage inductance
[23]. Constructively, in the design of filters, this inherent
parasitical parameter has been exploited by designers to act
as a regular DM inductor which introduced the concept
of HCMC. In Fig. 2b, d is the wire diameter estimated
with respect to the power system rated current, € is the
wire insulation thickness, and 6 is the angular coverage of
each winding. The CMC geometric parameters are shown in
Fig. 2c where ID and OD are the inner and outer diameters
of the core respectively whereas H is its height. Fig. 2d
shows the 3D model of a CMC.

B. THE HCMC CM INDUCTANCE

The sizing of a single-phase HCMC inductance to handle
the CM and DM currents increase the design considerations
due to the physical limits related to this device including
saturation, high frequency operation, and others related to its
geometric aspect. These considerations can be addressed by
setting constraints on the design of this component to obtain
its best performances. A single-phase CMC inductance is
delivered by (6) as:

Lem(f) = N2u(f)Ae/le (©6)

where 1 is the permeability of the core material. A, and [,
are the effective cross-sectional area and the mean path
length of the magnetic core respectively.
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FIGURE 2: (a) Sectional wound CMC, (b) Cross-sectional
view of the CMC showing the toroidal core window area,
(c) Dimensions of the CMC, (d) 3D model of the CMC

CMCs are built on magnetic cores destined to exhibit a
good dissipative behavior against the noise signals energy
and the overall size of these magnetic cores is related
to their capacity to handle this energy. Moreover, the
core’s permeability is strongly dependent on frequency, and
knowing that its typical curves decrease with frequency for
ferrite and nanocrystalline core materials, the design of a
specific inductance that maintains its value at high frequency
imposes the increase of the core size and/or the number of
turns N according to (6). The nonsaturation limit of the core
is set by ensuring that the maximum magnetic field in the
inductor H,,,, is always beneath the saturation magnetic
field H,,¢ of the used material as illustrated in (7):

NIII’IB,X

Hma:c = o

S H sat (7)
where I« is the maximum CM current and “7”
inner radii of the toroidal core.

For a single layer CMC, a high number of turns N will cause
the saturation of the core according to (7) and at the same
time raise the problem of the winding that must fit through
the core window. Hence to avoid saturation and guarantee
the effective usage of the core window area there are two
design constraints to ensure when sizing the CM inductor.
The constraint on the saturation is verified with respect to
ID taking into consideration (7) and it’s defined as in (8):

is the

1D > ﬁN (8)

Tl sat
Secondly, when designing a CM inductor on a toroidal core
the effective use of window area implies enough space left
between windings of different phases. It also imposes to
ensure that the required number of turns will fit on one-
half of the core as it has to be enough angular spacing
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between the turns of the windings to decrease the effect of
the parasitic capacitances [24]. Thus, the number of turns
included in (8) needs also to be included in the following
relationship which defines the minimum inner diameter
of the core that fulfills the condition for effective use of
window area.

2(d+2e)N+d+e ©)

0 2

To acquire the proper CM filtering the theoretical value of
Lowm for the designed HCMC should attain an effective
value always equal or above the required inductance defined
according to EMI specifications. For an input line filter
with a given CM attenuation, a higher value of Ly in a
given (Lonm , Cy) pair will push the filter cutoff frequency
towards low frequencies which improves furthermore the
attenuation of the filter and in the same time diminish the
CM currents at low frequencies. Hence, the designed HCMC
CM inductance must achieve (10).

LCM Z LC’MJ"eq (10)

with Lcy determined by (6) and Loy req as the minimum
required CM inductance defined from the CM filter design
specifications.

ID >

C. THE HCMC LEAKAGE INDUCTANCE

The unwounded section of the core evaluated in degrees is
one of the parameters affecting directly the leakage induc-
tance of a toroidal core-based CM choke according to [25].
Based on the methodology described in [26] the calculation
of the leakage inductance of a single-phase CM inductor is
done by multiplying the effective mean path length of the
leakage path of each phase . by the inductance of an air-
gap toroid. Presuming that the leakage magnetic field paths
follow the blue lines shown in Fig. 2a, l.¢¢ is empirically
derived for windings which span a section of the core above
60° (6 > 7/3) as in (11):

0 1.6
§+;Sln§ (11)

The leakage inductance of each phase can be therefore
estimated with (12):

leps = le

Ae (lf l)1.45 (12)

Licar = 2.519N?
leak Ho leff 2 Ae

Considering a specific core size and taking into account
(12), an increased number of turns is one way to exploit
a larger leakage inductance, but this will require a small
wire size that limits RMS currents. Such a manner will
also cause high winding losses, temperature rise and will
expose the magnetic core to saturation as mentioned before
. Conversely, a low number of turns N will lead to small
leakage inductance. Another approach will be to enlarge
the core, but this will result in large and high-cost filters.
Hence, the control of saturation and the proper amount of
leakage inductance impose a compromise in the design of
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the HCMC. Furthermore, the stability of power electronic
systems invokes the Middlebrook criterion for input filters
illustrated through (13) as:

LDJM_max
Cx
This latter impose on the output impedance of the input
DM filter Z, to be much lower than the power converter
input impedance Z;,, thus, bounding the allowed values of
the required DM inductor Lpy req t0 @ maximum value

denoted as Lpn max-

The feasible pairs of the DM filter components (Lpy;, Cx)
which verify (13) are defined in the allowed ranges of values
determined with the intersection of Z, and f, py axes in a
reactance graph. Given the substitution of the DM inductor
with the CMC leakage inductance which doesn’t exhibit
any physical size, the choice of a minimum value of Cx
is preferred to gain the highest value of leakage inductance.
Accordingly, the HCMC will be designed to harness the
highest value of leakage inductance on each winding defined
as in (14).

Zo = L Zin 13)

1
Lleak S §LD]WJna:v (14)

D. THE HCMC VOLUME

Improving power density imposes a high-frequency opera-
tion with compact size in the design of any component and
knowing that inductors are typically the largest components
in electronic power systems, the key to small size will be the
use of smaller inductors. Accordingly, the global volume V
of the HCMC mainly contributed by the magnetic core size
in addition to wire size is evaluated with (15) as follow:

2
V:w(H+2(d+e))(02D+d+e> (15)

E. DEVELOPMENT OF THE OPTIMIZATION PROSSES
The sizing of the HCMC for a given CM and DM filters im-
pose on its pair of inductances (Lcn,Lieak) the constraints
predefined with (10) and (14) respectively. The constraints
on the saturation and the proper use of the window area
of the core are verified with respect to ID through (8)
and (9) respectively. The geometrical aspect of the HCMC
which is affected by all these constraints gets reflected on
the total volume of the HCMC evaluated with (15). The
optimization algorithm of the HCMC taking into account
all the constraints mentioned before is described through
the flow chart illustrated in Fig. 3. The development of this
chart is done with the following steps:
« First, the input data are to be determined:

— The maximum operating current Iphase max;

— The maximum CM current I,,.y;

— The minimum required CM inductance Lcn req
and the maximum allowed DM inductance
LDM_max 5

— The chosen magnetic material database pu(f) ,
}{sat;
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« Select wire diameter with respect to Iphase_max;

e Perform an iterative variation of ID, OD, H, and 0
alongside N which is varied to exploit the increase in
the number of turns for a smaller magnetic core;

e Check every combination of the varied parameters
against the constraints defined with (8) then (9) respec-
tively;

o Evaluate Loy and Lyjeni respectively for every case
approved by the previous step then check against the
conditions set with (10) then (14) respectively;

o Evaluate with (15) the volume V for every case ap-
proved by the previous step;

o The output parameters ID, OD, H, 6, N, for all ap-
proved cases are considered as recommendations for
the best HCMCs in terms of their inductances (L,
Licax) and their volumes.

These geometric parameters are used to develop 3D pro-
totypes of the HCMCs then FEM simulations are carried out
on each of them separately. The simulation results of their
respective inductances Loy and Lieny are then compared
with those computed analytically.

Input parameters of the optimization tool
Iphase max > Imax
LCM_req, LDM_req
u(f), Hsat

Select wire size

HCMC
Parameters

0 | =—

ck against (8 Try other sets of
Choose YES core dimensions
Next ID N ) and
Check against (9) winding structures
YES

Check against (10 X

i
YES

Check against (14

YES

Optimal parameters for the best HCMC
ID,OD,H,6,V

FIGURE 3: Flow chart of the HCMC optimization algorithm
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IV. APPLICATION OF THE PROPOSED METHOD

The strength and the feasibility of the proposed design
method are demonstrated through an EMI filter designed for
a DC-DC conversion system described in [27]. It comprises
a standard and basic switching cell (Buck converter) work-
ing in continuous conduction mode (CCM) at a switching
frequency fs., = 20 kHz with a duty cycle D = 50%. The
converter is connected to the supply main Vpc through a
line impedance stabilization network (LISN). The conducted
EMI levels related to the power conversion system shown in
Fig. 4a are evaluated against the EMC standard EN 55032.
The results presented in Fig. 5 allow us to determine the key
points in the CM and DM spectra and define the required
input data for the design of the filter. The adopted filter
arrangement is illustrated in Fig. 4b. The CM section of
the filter includes a coupled inductor Loy and Y capacitors
(Cy1 and Cy2) used to shunt each line to the ground. The
DM section includes two DM capacitors (C'x; and Cxs)
alongside the leakage inductance of the HCMC which acts
as two DM inductors in the line and neutral to form the
DM filter. The filter CM capacitors are set to (Cy; =
Cy2 = 10 nF) which gives Lo req= 108 pH whereas
the DM filter capacitors were set to (Cx1 = Cxo = 2.2 uF)
which yields Lpps max= 5 pfd and allowed to harness the
highest value of Ljeq1 (2.5 pH per phase) for the designed
HCMC. For this application, the wire diameter is defined
to be d = 0.7 mm. The N30 material manufactured by
EPCOS with initial permeability of 4300 and saturation flux
of 0.38 T is used for the magnetic cores.

DC - DC Converter

1 &
LISN -, [}
=
pele = LOAD
W
=
(@
HCMC
Lieak="LpM
L AN L
J Lem Cyy
Cx1 1o =Cxz
-|V Licak="5Lpm TCYZ
N Y - N
G B R R G

(b)
FIGURE 4: The considered power conversion system and
the EMI filter designed for it. (a) Simulation model of the
DC-DC system conducted emissions, (b) Typical single-
stage filter configuration

V. DISCUSSION
A. EVALUATION OF THE OPTIMIZATION METHOD

Table I presents 13 cases of HCMCs evaluated against the
predefined constraints with a fixed number of turns N and
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FIGURE 5: The Conducted EMI levels induced by the
power converter without an input filter (a) CM noise (b)
DM noise

varying ID, OD, H, and 6. All the cases of HCMCs in this
table verify the constraints of saturation (8) and effective
use of window area (9). Table I contains also accepted
and rejected cases with respect to the constraints of the
minimum required CM inductance (10) and the stability of
the converter (14). One can appreciate that most of the FEM
simulation results conducted on each case present a good
match with analytic results at 100 kHz. The first four cases
1,2,3,4 have all parameters fixed except ID. These cases
are intended to study the effect of ID on Lops and Lieqy.
likewise, cases 4,5,6 and 7 are used to analyze OD effect
on Loy and Lyeqr. The effect of H can be studied with the
cases 7,8,9, and 10 whereas cases 4 and 11 to 13 are used to
study the effect of 6. The range of cases where the number
of turns N =5 was chosen among other ranges varying
with N as it presents cases of which the input parameters
(ID, OD, H, and 0) have very distant values which allow to
clearly see their impact on Loy and Lieqg.
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TABLE I: Samples of HCMCs estimated by the optimization algorithm

Core Dimension [mm)]

Calculated@100 kHz

Simulated@ 100 kHz

Case 0 [deg] Status
H OD ID Lem [pH]) Lieax [#H]  Lem [pH]  Lieax [#H]

1 90° 5 25 22 29.144 1.66 29.17 1.642 Refused (Lom<LomM _req)

2 90° 5 25 19 62.261 1.95 62.84 1.916 Refused (Lo <LoM _req)

3 90° 5 25 14 128.78 2.181 124.4 1.951 Accepted

4 90° 5 25 7 256.8 2.300 292.5 2.297 Accepted

5 90° 5 30 7 283.82 2.609 299.0 2.525 Accepted

6 90° 5 18 7 200.86 1.786 200.9 1.756 Accepted

7 90° 5 10 7 80.573 1.05 82.08 1.152 Accepted

8 90° 10 25 7 513.655 2.765 573.1 2.600 Refused (Licat>L DM _maz/2)
9 90° 15 25 7 770.48 3.091 786.8 3.046 Refused (Licat>L DM _maz/2)
10 90° 20 25 7 1027 3.346 1153 3.342 Refused (Licat>L DM _maz/2)
11 110° 5 25 7 256.82 2.122 293.4 2.185 Accepted
12 125° 5 25 7 256.82 2.038 292.2 2.009 Accepted
13 135° 5 25 7 256.82 1.996 291.2 1.776 Accepted

The simulation results for the variation of Loy and Lk
with the core geometry and the angular coverage of its
windings are illustrated in Fig. 6 and Fig. 7 respectively.
The increase in ID introduces a decrease of Loy and Ljcgr
values whereas an increase in OD and H introduces their
increase. The increase in 6 does not affect Loy, although
smaller values of # introduce a premature drop in Loy
values at high frequencies which is the case when 6 = 90°.
L¢ s value drops rapidly due to the small angular coverage
of its core (90°) which force the winding of each phase to
span a tight sector of the core reducing the interval between
turns and increasing thereby the total turn-to-turn parasitic
capacitances of the HCMC which leads to the saturation
of its magnetic core. On the other hand, the increase of 6
causes a decrease of the unwounded angle of the core and
thus reduces L., values.

The total number of accepted cases proposed by the
optimization tool reached 782 cases after restricting the
outputs values of the optimization algorithm namely
Ljcar. and V. These restrictions were set to reduce the
number of generated cases and obtain the best possi-
ble results. The minimum value of Lj..; Wwas set to
45.45% of Lpm max and V was set to a maximum
value of 4 ¢m?®. In the resulting intervals, Ljeqi Vval-
ues cover a tight range (2.273 pH <Ljeqr< 2.499 pH),
whereas the values of Lgps and V  span  wide
ranges respectively ( 111.5 uH <Lcoy< 856.6 uH),
0.6 cm3< V < 3.884 cm?).

The resulting cases of HCMCs are sorted by the three
parameters Loas, Lieqr, and V respectively. The cases with
the highest Loy, Licak, and minimum V are favored. Table
IT present accepted cases in terms of Lcoas, Lieqr, and
minimum volume. These prototypes are selected among
the total accepted cases for implementation in the designed
filter mainly because the values of their cores geometric
parameters are very close to standard values of magnetic
core models available in the market which ensure the
possibility to validate the design procedure through future
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experimental tests. Through Table II, it can be noticed
that the CM chokes corresponding to cases A and C owns
respectively the largest sizes whereas cases B and D have
almost similar sizes with the smallest size being attributed
to case D. The simulation results of Loy and Ljeqx for
these cases shows a good agreement with analytical results
at 100kHz. These cases exhibit different values of Loy
always above the required CM inductance as shown in
Fig. 8a thus, improving the filter performances, while the
leakage inductances L., of these cases covers a small
range with close values (Fig. 8b) despite the difference
in their core’s geometries and winding structures which
confirm the strength of the proposed method to determine
compact CMCs with effective CM inductances and adequate
leakage inductances.
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TABLE II: The HCMCs proposed for implementation in the designed filter

Core Dimension [mm)] Calculated@100 kHz

Simulated@100 kHz

Case 0 [deg] N Volume [cm?]
H OD ID LCM [[LH] Lleak [MH] LCM [ILLH] Lleak [/JH]
A 70° 5 7 20 10 213.535 2.299 2243 2.294 3.151
B 80° 6 47 158 8.9 173.023 2.319 178.1 2.323 1.498
C 90° 6 63 16 9.6 207.556 2.385 212.6 2.384 1.922
D 120° 7 5 14 9 194.967 2.449 198.0 2.483 1.261
3E-4 8E-6
3E-4 ID=22mm —— 6E-6
2E-4- ID=19mm —— i
4E-6-| f
2B ID=14mm — _ ]
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0E0— 267 | e t9mm ——
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FIGURE 6: Variation of Lc ), with ID, OD, H and 6
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FIGURE 7: Variation of L;.,; with ID, OD, H and 6
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2.5E-4 of case C given the small size and inferior angular coverage

2 0F- 4_$i of its magnetic core. Nonetheless, the CM IL profiles of the
filter when using case B and C shows on their part a better

1.5E-4+ response than that of case A beyond 2 MHz. This is due

= 1.0B-4- to their cores wider angular coverages which diminish the
= excitation of their turn-to-turn parasitic capacitances at high
§ S0E-5- | A — frequencies. For its part, the filter using the HCMC of case
0.0E0-] B —- D presents the best CM IL in practically the entire range of

C —_— (700KHz-70MHz). This is owing to the constant value of

-5.0E-5- D its CM inductance sustained up to around 450 kHz. These
-1.0E-4 : : : performances are reached by compensating its core small
1E4 1E5 1E6 1E7 1ES size by a combination of an increased number of turns and

superior angular coverage. Fig. 10 reflects the impact of

Frequency [Hz] the proposed HCMCs on the filter performances against the

(a) conducted EMI induced by the considered power converter.

All the cases of optimized HCMCs including the smallest
one corresponding to case D allow the EMI filter to easily
qualify the power converter to EMC requirements since its
both CM and DM conducted EMI meets the limit of the
standard over the full range (150KHz-30MHz).

=)
3 -10
=
2304
-6.0E-6 , T T ;@ -504
1E4 1ES 1E6 1E7 1E8 =
Frequency [Hz] E 70—
(b) @] ;: R
FIGURE 8: The CM inductances and Leakage inductances 9041 -
of the proposed cases A, B, C, D. (a) Leas, (b) Licak D
-110 T T T
B. PERFORMANCE ANALYSIS OF THE PROPOSED 1E4 1E5 1E6 1E7 1E8
HCMCS Frequency [Hz]
The filter CM and DM insertion loss (IL) profiles for each (a)
case of HCMC (A, B, C, D) are illustrated in Fig. 9a -10

and Fig. 9b respectively. These profiles are affected by the
behavior of these HCMCs respective Loy and Lyeqr. The
CM IL profiles when using all four cases are tightly close -30-
at low frequencies then the disparity between them start
slowly increasing from 600 kHz till reaching its highest
value of 33.7 dB at a frequency of 30.4 MHz beyond the
parasitic anti-resonance of the filter. On the other hand, the
DM IL profiles keep almost the same allure till the parasitic
anti-resonance at 22.22MHz where the difference beyond =70+
this point becomes higher (8 dB at 5S0MHz). In Fig. 8a we
notice that L, corresponding to case A which exhibits the

-501

DM IL [dB]

highest value at low frequency (till 250 kHz) owing to its -90 T T T
core superior size, starts dropping rapidly due to the small 1E4 1ES 1E6 1E7 1E8
angular coverage of its core (70°). This decrease causes the Frequency [Hz]

degradation of the filter CM IL beyond 600 kHz as shown (b)

in Fig. 9a. The CM IL profiles of the filter when using the ) ) )
HCMC of cases B and C are very close however the CM FIGURE 9: The filter insertion loss using the proposed cases

IL profile of case B is slightly degraded compared to that ~ ©f HCMCs. (2) CM insertion loss, (b) DM insertion loss
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90 as the parasitic capacitance and thermal issues related to the
75] losses in the windings.
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FIGURE 10: The mitigation performances of the filter
against the conducted CM and DM EMI using the proposed
cases of HCMCs. (a) CM EMI, (b) DM EMI

VI. CONCLUSION

In this paper, an effective optimization method of toroidal
hybrid CM chokes for EMI filter design is presented.
The optimization method is based on rule-based variations
of these chokes’ magnetic cores dimensions and winding
structures taking into account several constraints related
to their physical and geometrical limits as well as the
constraints related to the EMI filter design. The strength
of the optimization method has been verified with respect
to these predefined constraints. 3D FEM simulations of
proposed cases were performed and compared with ana-
lytic calculations. The proposed optimization method allows
through a small computational task to propose a variety of
configurations for compact HCMCs that delivers effective
CMCs with optimized leakage inductances improving by
this both the power density and the filtering performances of
the designed EMI filter. Future works objectives will focus
on the enhancement of the proposed method by including
constraints on additional parameters of the CM choke such
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