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Marcelo Lobo Heldwein, Member, IEEE, Luca Dalessandro, Member, IEEE, and Johann W. Kolar, Fellow, IEEE

Abstract—This paper presents a comprehensive physical char-
acterization and modeling of the three-phase common-mode (CM)
inductors along with the equivalent circuits that are relevant for
their design. Modeling issues that are treated sparsely in previ-
ous literature are explained in this paper, and novel insightful
aspects are presented. The calculation of the leakage inductance
is reviewed, along with the magnetic core saturation issues, and a
new expression for the leakage flux path is derived. The influence
of the core material characteristics on the performance of the
component is discussed, and a new method for the selection of
the material for the minimized volume CM inductors is proposed
in order to simplify the design procedure. Experimental results
which validate the model are presented.

Index Terms—Choke, common mode (CM), conducted emis-
sions, EMC, inductor, three-phase systems.

INDEX OF SYMBOLS

) Current.

I Peak current.

ix Current at phase X.

Tem Common-mode current.

Tdm Differential-mode current.

1X dm Differential-mode current at phase X.

11, max Maximum inductor current.

17, Inductor rms current.

Ux Voltage at phase X.

Uem Common-mode voltage.

UX,dm Differential-mode voltage at phase X.

Ny, Number of turns per winding.

le Average mean path length.

lw Wire length.

Awires Insulation  thickness  between  adjacent
conductors.

Dw Wire diameter.

Puw Wire resistivity.

L Wire permeability.

" Material permeability.
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Permeability of free space.
Relative permeability.
Magnetic field at phase X.

Common-mode current generated field.
Internal magnetic field.

External magnetic field.
Common-mode current generated flux density.
Saturation flux density.

Flux density.

Magnetic flux.

Self-inductance of a winding.

Mutual inductance of the windings.
Leakage inductance of a winding.
Inductance of a core-less inductor.
Equivalent common-mode inductance.
Magnetic coupling coefficient.
Inductance per turn for a given core.
Complex permeability.

Real component of the complex permeability.
Imaginary component of the complex
permeability.

Core losses related common-mode resistance.
Steinmetz loss coefficients.

Core losses per volume.

Frequency.

Angular frequency.

Winding dc resistance.

Winding ac resistance.

Number of layers.

Effective mean path length.

Winding angle.

Inner diameter of a toroid.

Outer diameter of a toroid.

Height of a toroid.

Impedance of a wound toroid.
Mechanical stress.

Cross section.

Load force.

Temperature rise.

Inductor total losses.

Inductor surface area.

Thermal resistance of an inductor.
Film coefficient.

Geometry coefficient.

Inductor volume.

Core effective area.

Magnetic core product of areas.
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I. INTRODUCTION

IGH-POWER applications require a three-phase conver-

sion of the electric energy. In particular, three-phase
PWM converters have increased their market share due to clear
advantages over other technologies. On the other hand, PWM
converters present some side effects mainly due to the pulsed
waveforms with rich spectral contents and very short transient
times [1]. Thus, they typically require input filters to comply
with the electromagnetic compatibility (EMC) requirements,
and three-phase filters present a large demand from the industry.
In this context, three-phase common-mode (CM) inductors
find a large application [2] in areas such as adjustable-speed
drives [3], [4], UPSs [5], renewable energy, process technology,
battery charging for electric vehicles, power supplies for IT [6],
future more electric aircrafts, and others.

In 1971, a three-phase version of the CM choke was pre-
sented [7], along with the main advantages of this type of
construction in suppressing the CM propagated noise. Different
methods can be applied to model a CM inductor, ranging from
very simple analytical models to the characterization of the
inductors based on the in-circuit measurements [8]. In this
paper, the models that can be used to design a CM filter inductor
are analyzed. The physics of a three-phase CM inductor is
explained, and equivalent circuits are derived based on previous
literature. The models take into account the core material char-
acteristics and the geometrical configuration of the inductor.
The calculation of the leakage inductance is reviewed, and a
new model is introduced. Relevant magnetic core saturation
issues and, in particular, the mechanisms of local magnetic core
saturation are explained.

The use of a high switching frequency enables the reduction
of the passive component volume, and it is the driving factor
for the current increase [2], [9] in the power density of power
converters. It is expected that this growth continues. Thus,
the design of volume optimized components becomes very
important. For the CM inductors, this motivates the research
of accurate models and improved circuit topologies and the uti-
lization of high-performance materials [10]. With this objective,
a comparison among the available core materials is performed,
with emphasis on material characteristics for filter application.
Design issues such as leakage inductance and thermal models
for wound toroidal inductors are analyzed, and a novel method
for the selection of core materials is proposed for the design of
the volume minimized CM inductors.

II. THREE-PHASE CM INDUCTOR

The construction of a typical three-phase CM inductor for
high-power applications is shown in Fig. 1. This arrangement
has the advantages of employing toroidal cores: lower core
costs, small leakage flux, and low thermal resistance (cf.,
Appendix A). The windings are physically arranged to with-
stand the electrical breakdown limits with respect to the line-
to-line voltage across them. With this measure, it is possible
to use a magnetic wire with standard coating, thus reducing the
thermal resistance and costs compared to high-voltage insulated
wires. The disadvantage is that the leakage flux arising from
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Interwinding insulation Winding

Fig. 1. Construction of a three-phase CM inductor.

Fig. 2. (a) Currents and magnetic fields in a three-phase CM inductor with
finite permeability. (b) Schematics of a purely inductive three-phase CM
inductor.

the differential-mode (DM) currents is higher than a tighter
winding.

Due to safety requirements, the maximum earth leakage
currents are limited, and the value of the capacitors that can
be connected from the ac power lines to the protective earth is
limited to the nanofarad range. For a CM filter, this limitation
implies, in the case of larger inductors, compensating for the
small capacitors. If separated inductors are used at each power
line, a large peak flux density is expected due to the large
values of the low-frequency DM currents. Therefore, the low-
permeability core materials would be required, leading to bulky
inductors. There are three ways to reduce the magnetic field
in a core, which are the following: 1) reduce the number of
turns of the windings; 2) reduce the current; and 3) construct the
windings in such a way that the fields created by each of them
oppose the fields of the others so that the net field is reduced.
The third alternative is explored in CM inductors by engineers
since the early days of radio engineering [11], [12]. It was not
until 1966 that this component received the name “‘common
mode choke” [13] in the literature. In 1970, a mathematical
model [12] was presented for a two-line inductor.

The principle of a conventional three-phase CM inductor is
shown in Fig. 2(a). The CM current .y, generates the magnetic
fields in each of the windings, which are all on the same
direction, and ideally, the total net field (ﬁcm) is the scalar sum
of each single one. For DM currents %4 dm, %B,dm, and ¢c dm,
where

iA,dm + Z‘B,dm + Z‘C,dm =0 (1)
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Fig.3. Distributions of the magnetic field (H ) and flux density (Bem ) for
the CM currents.

the net flux in the core for an infinite relative permeability and
for the same number of turns /Ny, in the windings is

Nriddm , NriBdm = Noic,dm
le le le

=0. )

Thus, an ideal three-phase CM inductor eliminates the in-
fluence of the DM currents. However, in case of a finite
permeability, part of the magnetic field generated by the DM
currents (ﬁ Aleaks H B.leak, and ﬁC,leak) is distributed through
the surrounding media and is not negligible. This portion of the
magnetic field is named leakage field and is responsible for a
change in the internal fields, which must be considered. Thus,
depending on the direction of the DM currents, the CM field is
stronger or weaker in different portions of the core.

From the CM currents shown in Fig. 2(a), the magnetic
field (H.y) and the magnetic flux density (Bey) present the
distributions shown in Fig. 3, which are similar as that for the
single-phase CM inductor [14]. An exponential distribution is
expected, where the space that is close to the inner conductors
presents a higher field than the external side.

The circuit schematics for a purely inductive and symmet-
rically built three-phase CM inductor are shown in Fig. 2(b).
Three mutually coupled inductors reproduce the behavior previ-
ously explained from a circuit theory perspective. Considering
that Ly = Lg = Lo = L, it follows that

uA L M M d iA
up | = M L M % iB . (3)
uc M M L iC

The mutual inductance M is defined by
M = ke L. 4)

From (3) and (4), two inductances can be evaluated. The CM
inductance is due to three identical currents (14 = tg = ic =
iecm). Hence, ua = up = uc = Uem, and the resulting CM
inductance L., is defined as

1+ 2kem

Lem = — =L+ M+M=L—" (5
diom /dt A 3 ®)

Uecm

where k.., is the magnetic coupling coefficient among the
different windings.
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According to (5), the CM impedance is equivalent to the self-
inductance of a winding if k.,,, = 1. This shows the importance
of a high interwinding coupling in a CM inductor.

If three DM currents are considered, then ¢4 dm + %B,dm +
1c.dm = 0, and U4 gm + UB,dm + Uc,dm = 0. It follows that

UA,dm L-M 0 0 iA,dm
UB,dm | = 0 L-M 0 : % Z.B,dm
UC,dm 0 0 L-M iC,dm

If the DM inductance is defined as the leakage inductance L,

Ui, dm . .
L,=—>——=L—-M, th i=A,B,C 7
di; am/dl Wi @
it follows that
Lo=L-(1—kem). ®)

If a coupling k., = 1 is considered, the leakage inductance
is zero. The effects of the DM inductances are not simple to
model in a complete filter because of the external couplings
with other components. The utilization of the DM inductances
in filtering the DM currents might be very useful, but this appli-
cation requires a careful analysis in order to reduce the radiated
emissions and deterioration of the filtering performance due to
external couplings.

From the previous analysis, the model of a CM inductor can
be divided into two parts: one for the symmetrical currents and
the other for the asymmetrical currents. This provides a useful
simplification for the following analysis.

III. CM INDUCTOR DESIGN PARAMETERS
A. CM Inductance

The three-phase CM inductor is made out of three windings
in parallel and is wound in the same direction as the CM
currents. Therefore, as for a conventional DM inductor, the self-
inductance of the windings around the ferromagnetic core is
dependent on the real part y/ of the complex permeability i
[18]. However, unlike the DM inductors, the dependence of the
permeability on the DM currents is typically very small due to
the reduced net flux. Typical CM currents are of low amplitude
so that the magnetic flux in the core does not create large
variations in the core’s permeability. Thus, the CM inductance
L can be defined as a function of the frequency f, number
of turns Ny, and inductance per turn Ay, of the core by

W (f)
[a(f = 0Hz)|

Since the CM currents typically generate low flux densities,
high-permeability materials can be used to achieve small di-
mensions. The proper choice of core materials leads to compact
inductors and reduced parasitics. Nevertheless, the materials
for the CM inductors present a highly variable complex per-
meability with frequency. The real part of the series complex
permeability for some high-performance magnetic materials is
shown in Fig. 4(a). Two types of ferrite (N30 and T38 [16]), a

Lem(f) = ALNE - )
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Fig. 4. Characteristics of the core materials for the CM inductors [15]-[17]. (a) Frequency-dependent magnitude of the real part of the relative complex
permeability. (b) Magnitude of the imaginary part of the relative complex permeability. (c) Core losses as a function of the frequency for a peak flux density

Bpeax = 0.05T.

nanocrystalline (VITROPERM 500F [15]), and an amorphous
material (MAGNAPERM [17]) are compared. The real part
of the permeability is similar in the 0.2-2 MHz range, but
the nonferrite materials present higher permeabilities for other
frequency ranges.

B. Losses and Associated Resistances

1) Resistance Due to Core Losses: The imaginary part p” of
the complex permeability affects the small signal losses of the
materials [18]. The increased losses cause the series impedance
of the CM inductor to be increased with a resistive portion,
which is significant for high frequency. Manufacturers provide
curves [19] defining the imaginary part of the permeability as a
function of the frequency w = 2« f, as shown in Fig. 4(b). The
imaginary part is lower for ferrites. If the flux density can be
treated as small signal, then the resistance can be calculated by

"

o
|a(f = 0Hz)|’

Regarding the large signal losses, for the typical CM core
materials, the eddy current losses are negligible [20]. The hys-
teresis and the residual losses can be modeled with the
Steinmetz equation, relating the volumetric losses Py with the
frequency f and flux density B

RCM,core = ALNIQ,W : (10)

Py =K .f*B’ (11)
where K., «, and [3 are the characteristics of the materials,
which are typically fitted for a frequency range. The losses data
are shown in Fig. 4(c). Following [20], the series resistance that
is due to large signal core losses can be modeled as

ALNLp'(f)

B
_ agf-2
RCM,corc - 2‘/0ch IL (Ae |ﬂ(f —0 HZ)|> . (12)

In order to compare the equivalent resistance, the material
VITROPERM 500 F is chosen. Three resistances are calcu-
lated: one based on (10) and two based on (12), considering a
current of 10 mA and 10 A. The resistances are shown in Fig. 5.
The Steinmetz parameters are obtained from the regression of
the data points from 10 to 300 kHz. Thus, the resistance for
10 mA approaches the one calculated with the permeability
in this frequency range. This resistance increases for higher

10000 I i i
Based on losses |
1000 = 7,=10 A) Eq.(IZ)/—V\
~ /|
G 100 Based on losses
g (I;=10 mA) Eq.(12)
g 10 7
=
3 1 /
& //
01 Based on p”
/ Eq.(10)
| |
0.01 S
10! 102 10° 0% 10° 10 107

Frequency [Hz]

Fig. 5. Comparison of the series resistance that is due to core losses for
material VITROPERM 500 F, core T6000-6-1.2025-W380, and windings of
seven turns.

currents. For the design of the CM chokes, it is sufficient to
calculate the resistance with the complex permeability, since
higher currents lead to higher resistances and, thus, higher
attenuation of the CM currents.

The core losses are typically neglected when performing the
thermal design of the CM chokes, unless a very high switching
frequency is employed, or when installing inductors between
three-phase inverters and motors, where very large CM voltages
occur.

2) Series Winding Resistance: Considering a solid round
conductor with length [,, and diameter ¢,, and a material with
relative permeability f,, = 1 and resistivity p,,, its dc resis-
tance is

Al puy
%,

The inductors used in the power filters are typically designed
on a single layer. This ensures that the winding parasitic ca-
pacitance is low and that the proximity effect can be neglected.
Under this assumption, the resistance of the inductor’s wire is
dependent on the skin effect and on the conductor’s characteris-
tics. However, if a larger number of layers Niayers are required,
the approach that is explained in [20] and that originated in [21]
can be employed, leading to a resistance of

2 (NIQaycrs - 1)
3

Rw,dc = (13)

Rw,ac = Rw7dc “A- |1 + (14)
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Fig. 6. Parasitic capacitance network model for a three-phase CM inductor.
with

a= (D)

where dyires indicates the distance between two adjacent con-
ductors. In order to profit from the skin effect to achieve
higher impedances at high frequency, solid round conductors
are used instead of Litz wires [22]. The precise calculation of
the winding losses has been analyzed in [23]-[27].

These expressions are valid for the frequency range f under
the conditions

15)

[V

. pwdwires 4

f]\/vaerszlz> > = | — 16

H / T @7, (W) 1o
3

. 16pwdwires 4\*

f Nayers >1= f> —— - | — . 17

oy / Tl 03, (W) (an

C. Farasitic Parallel Capacitance

For an inductor with the construction of Fig. 2(a), the most
relevant parasitic capacitances are shown in Fig. 6, where the
main contribution of the interwinding capacitances is due to the
electrical field lines which start from a winding and terminate
on other windings. The calculation of the winding parasitic
parallel capacitances C¢, for a three-phase CM inductor can
be done with the procedure presented in [28]-[30] for DM in-
ductors. If the interwinding capacitance C..,, can be neglected,
the resultant parallel capacitance for the CM currents is the
parallel connection of the capacitances of the three windings.
This is typically the case since the windings are separated by a
distance which is much larger than the space among the turns
of a winding.

D. Leakage Inductance and Its Saturation Issues

An assessment of the leakage inductance value for the single-
phase CM inductors is done in [14]. This can be applied to
the three-phase inductors. Assuming the symmetric magnetic
fields shown in Fig. 2(a), each winding can be simplified to
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Simplified path for the field lines

Fig. 7. Simplified magnetic field path for the leakage field.

an equivalent on a 120°-wide portion. The air coil inductance
Lair is

A
Lair - MoNzi

(18)
where l.g is the effective mean path length of the leakage
magnetic field, which has two portions (inside and outside the
core). The equation empirically derived in [14] gives

0 .
o+ —sing

1
2w 2 (19)

leff,N ave — le
which is valid for # > 7/6 and which has [, as the mean path
length for the toroidal core.

The winding is modeled as wound on a rod, whose effective
permeability is a function of the core permeability, rod length,
and cross-sectional area A.. This can be approximated by
assuming high-permeability cores with a good accuracy [14],
leading to a leakage inductance of

Ae le 1.45
L, 2 2.5u,N22¢ ( ”) . (20)
leff

2\ A,
The limit for the nonsaturation [14] of the core due to the DM

current /4, generated leakage flux is the saturation flux Bgas

LO'Idm
NLAe

< Bgat. (21)

According to (21), the calculation of the leakage flux density
can be done with the estimated leakage inductance. Thus,
saturation can already be avoided in the design phase. In [14],
it is suggested that the value of the leakage inductance can
be optimized for a given DM current so that the leakage
inductance helps in filtering the DM emissions. In order to
obtain a more detailed analysis of the saturation issues, finite
element modeling is opportune [31].

E. New Empirical Expression for the Leakage
Inductance Estimation

The simplified dashed path shown in Fig. 7 is used for the
empirical formula of the effective mean path length

oD2 [0 C0\? 0 C0\?
lof = 7 (4—|—l—|—s1n 2) + ID? (4—1—|—sm 2)
(22)
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Fig. 8. Comparison of the results of (19) and (22) for a core with dimensions
OD = 50 mmand ID = 35 mm.

where OD and ID are, respectively, the external and internal
diameters and 6 is the angle covered by each winding.

The comparison of (19) and (22) leads to Fig. 8 for a core of
dimensions OD = 50 mm and /D = 35 mm. Both equations
present close results for angles larger than 7 /4. This is also
valid for cores with other dimensions.

F. Local and Global Magnetic Core Saturation

The CM inductor is desired to achieve an adequate induc-
tance value in the presence of the CM noise currents. The
magnetizing inductance value L is defined as
_ NpLBA.

i

L (23)
where B is the magnetic flux density, Ny is the number of
turns, A, is the area of the magnetic core cross section, and
i represents the current. Once the magnetic core material is
selected, the magnetic flux density saturation limit Bg, and the
material permeability pu, are given. Magnetic core saturation
occurs as soon as the flux density in the core exceeds the
saturation limit. Hence, the following condition should always
be verified:
P

B = — < Bgat-

A (24)

The number of turns Ny, and the maximum current I are
determined from (24) such that

Bsat
le o fhr

(25)

When magnetic core saturation occurs, the magnetic material
no longer operates on the linear part of its characteristic (see
Fig. 9), and the flux density rate in the core is zero. In this
situation, the impedance of the device is equal to that of an air-
cored device, and the impedance that is due to the core material
is zero since it is directly proportional to the flux rate in it.

From (24) and (25), in order to avoid the core saturation, one
has to do the following.

1) Reduce the net magnetic flux ® in the core, or increase its
cross-sectional area A..
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Fig.9. One-value constitutive characteristic of the (a) magnetic and (b) elastic
materials. The stress o and the strain € are proportional through the Young’s
modulus E after the Hooke’s Law. The strength failure processes of the elastic
materials are analogous to the saturation mechanisms of the magnetic materials.

2) Reduce the peak current I.
3) Reduce the number of turns V.

The dimensioning of the CM inductor is a tradeoff between a
small core size and an enough large core cross section to avoid
saturation.

It should be noted that the effective cross-sectional area
A, of the core may decrease because of the local saturation
of the magnetic material due to those pointwise values of
the magnetic flux density which exceed the saturation limit
(24). The local saturation may yield to the saturation of the
whole cross section if the magnetic flux ¢ remains constant.
This saturation mechanism is analogous to the strength failure
process which causes the cross section .S of an elastic body to
collapse. This process starts with a local failure of the cross
section due to stresses o that are larger than the critical stress
o that is admissible for the specific material

F

o=— <0

5 (26)

The load F' is then distributed over a smaller cross section.
Hence, the value of the local stress o increases. The cross
section collapses as soon as the effective cross-sectional area
S of the material is too small to fulfill the condition (26), which
is a simple yield strength criterion. Two commonly used yield
strength criteria are the Tresca’s and Von Mises’ criteria [32].

Knowledge of the strength failure processes, damage, and
fracture [33] can be used to help explain the magnetic core
saturation mechanisms, particularly the propagation of the local
saturation over the cross section of a magnetic material.

Fig. 10 shows the examples of the local saturation of a mag-
netic material. The shaded regions shown in Fig. 10 represent
the magnetic material saturated by an external magnetic field,
as it may occur in the proximity of a turn wound around the
core [see Fig. 10(a)], or by an internal field, whose field lines
are typically gathered at the borders of the cross section for
higher frequency [see Fig. 10(b)]. For each point of the cross
section, the magnetic flux density is given by the effect of both
the internal and external magnetic fields

B = ﬂ(Hint + Hext)- (27)

Function (27) is the constitutive equation for the magnetic
materials, and this form is valid under the assumption that
the linearity and residual magnetization are equal to zero. The
saturation limit for a magnetic material corresponds to the yield
stress limit for an elastic material (see Fig. 9). According to
(27), it is important that the net field within the core is small. A
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Fig. 10. Shaded regions represent the local saturation of the magnetic material
(a) due to an external magnetic field and (b) due to the internal magnetic field
distribution, respectively. Hence, the effective cross section of the magnetic
material results is reduced.
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Fig. 11. Equivalent circuits for a three-phase CM inductor. (a) Equivalent

circuits for CM. (b) Equivalent circuits for DM.

strategy that is used to reduce the magnetic field within the core
is to construct the winding such that the fields created by each
of them compensate the fields of the others.

IV. THREE-PHASE CM INDUCTOR EQUIVALENT CIRCUITS

The three-phase CM inductor can be modeled with an equiv-
alent circuit for CM and a different one for the DM currents.
By doing this, the design of the CM and DM filters can be
performed separately, and simpler models can be used [34].

For symmetrical winding arrangement and homogeneous
core permeability, the impedances of the windings are balanced
and in parallel for the CM currents. Thus, the circuit shown in
Fig. 11(a) is valid for a wide frequency range. As the magnetic
fields generated by the CM currents add up, a single inductor
with the number of turns of a single winding models the self-
impedance. The resistances of the windings are in parallel, as
well as the parasitic capacitances of the windings C.,,.

The leakage flux is not appreciably affected by the perme-
ability of the core because the flux lines are closed through
the air. Thus, the leakage inductance is approximately constant
with frequency and currents. The resistances that are due to the
losses in the wires are frequency dependent but typically small
for f < 30 MHz. As the leakage flux in the core is zero, the
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TABLE 1
SPECIFICATIONS OF THE CM INDUCTORS
Inductor CM-01 CM-02
Core | T6000-6-L2025-W380 | B64290-L567 (2 stacked)
Material VITROPERM 500 F N30
Manufacturer VAC EPCOS
Turns 10 8
Wire diameter 1.4 mm 1.5 mm
Core OD 25.0 mm 30.5 mm
Core ID 16.0 mm 20.0 mm
Core height 10.0 mm 12.5 mm (2x)
10000 T T T
Model (cf. Fiw)) /—‘\
_. 1000 il N
<) il
® / Measurement
Q
S 100 /
H
ST, /

1
10> 100 100 100 10° 107 108
Frequency [Hz]

Fig. 12. CM impedance curves from the measurement and modeling of
inductor CM-01.

core losses can be neglected. The final equivalent circuit for the
DM currents is shown in Fig. 11(b).

Two three-phase CM inductors have been wound, for which
the impedance measurements and the predicted models are
compared in the following. The specifications of the inductors
are given in Table I.

The CM impedance measurements were performed by con-
necting the three windings in parallel, as shown in Fig. 11(a).
The impedances were measured by employing an Agilent
4294A Precision Impedance Analyzer that is capable of mea-
suring the complex impedances from 40 Hz up to 110 MHz.
The measured CM impedance of inductor CM-01 is shown
in Fig. 12 in comparison with the impedance calculated with
the equivalent circuit of Fig. 11(a). A very good correlation
among the curves is observed. The difference in the resonance
frequency is due to the differences in the permeability curves
with respect to the real one. The slight discrepancy from
around 30-500 kHz is due to the differences between the actual
permeability of the core and the values used in the calculations.
This curve was fitted from the data sheet [15]. Considering the
impedance curves up to approximately 20 kHz, the impedance
increases at a rate of around +20 dB per decade, which means
that the core losses can be neglected in this range and that the
real part of the permeability is approximately constant. From
20 kHz to 6 MHz, the impedance increases at around 410 dB
per decade due to the increasing imaginary part of the perme-
ability. This increase also shows that the real part is not very
important at this frequency range. At 8 MHz, the effect of
the parallel capacitance starts to dominate the CM impedance,
which starts to decrease at —20 dB per decade. Due to the high
resistive part, the resonance peak is highly damped. This is a
good characteristic since strong resonances might impair the
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Fig. 13. CM impedance curves from the measurement and modeling of

inductor CM-02.

TABLE 1I
LEAKAGE INDUCTANCES MEASURED AT 10 kHz

Inductor number | Calculated Lo Measured L, | Relative error
CM-01 1.85 pH 1.75 pH 5.7%
CM-02 4.89 uH 427 uH 14.5%

filtering performance. These curves show the importance of the
correct modeling of the CM impedance of a CM inductor. If the
complex permeability would be neglected, completely different
curves would appear, misleading a filter design.

For the ferrite-based inductor (CM-02), the impedance
curves are shown in Fig. 13, where the real part of the perme-
ability dominates this design up to 1 MHz, and the influence of
the losses is only observed at the resonance frequency. For this
design, the permeability-curve-based model did not follow the
impedance for a frequency higher than 1 MHz. The predicted
parallel capacitance is close to the measured one since the
impedance curves for very HF are in good agreement. The CM
inductor built with ferrite has a more reactive characteristic
when compared to the nanocrystalline-based one.

The leakage inductance of the three-phase CM inductors has
been measured according to Appendix B using Agilent 4294A
at 10 kHz (Table II). Errors smaller than 20% are observed,
which are considered low in view of the involved simplifica-
tions. The larger inductor (CM-02) presents the largest induc-
tance even with a lower number of turns. For the measurement
of the leakage inductances, two windings have been shorted,
while the impedance across the terminals of the third winding
has been measured. This leads to an equivalent circuit where
the leakage inductance of the measured winding is in series
with the parallel connection of the other windings. The obtained
experimental results validate the modeling procedure used in
the design of the CM inductors and filters.

V. NOVEL APPROACH TO CORE MATERIAL SELECTION
FOR CM INDUCTORS

The saturation flux densities for the used materials are
Bgat viTrROPERM = 1.2 T, BgatmaanarErM = 0.57 T, and
lower than 0.3 T for the ferrites. Regarding the maxi-
mum temperature for continuous operation, it is 120 °C for
VITROPERM with a plastic enclosure (150 °C-180 °C for
the core material itself under continuous operation), 90 °C
for MAGNAPERM, and 100 °C for the ferrites. Comparing
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TABLE III
RATIO Bsat/+/|jt| FOR THE MATERIALS EMPLOYED
IN THE CM INDUCTORS
Material Ratio Bs2t @ 1 kHz | Ratio 22t @ 200 kHz
fvara Al
N30 3.7 mT 3.5 mT
T38 2.6 mT 2.7 mT
VITROPERM 500 F 3.8 mT 7.8 mT
MAGNAPERM 1.8 mT 39 mT

the characteristics of the materials shown in Fig. 4(a) and (b),
VITROPERM 500 F presents the highest permeability. Accord-
ing to Fig. 4(c), the core losses for MAGNAPERM are the
smallest, while they are higher for the ferrites.

The choice of material aiming for the smallest volume
core is a complex dependence on different parameters, like
temperature, currents, impedance, and frequency of operation.
Probably, the most important parameter is the saturation of
the core. The following analysis proposes a method that is
used to evaluate the material which leads to the smallest core
dimensions.

The saturation of the core must be avoided for any current I.
Thus

leBsat
Holfil

NI < (28)
The impedance Zi,, of a toroidal inductor with a core of
height Hio, is

oD
Lior = Mo'ﬂlfNLHtor In < ) (29)

1D

from where the minimum number of turns for a given im-
pedance and geometry is

Ztor
Np =/ — . 30)
‘:U’ \/,Ufothor N (?7]3)
Replacing (30) in (28) leads to
Klel,maxﬂo < Bsaj (31)
. RRVAIT
Ks

where K is a constant if fixed frequency, geometry, current,
and required impedance are assumed. With this result, the
saturation condition for a CM inductor depends on the rela-
tion between two properties of the magnetic material, namely,
its saturation flux density and the relative permeability. In
Table 111, this ratio is computed for the mentioned materials and
is given for two different frequency values. The more favorable
condition depends on the frequency range of interest. However,
material VITROPERM 500 F shows the highest potential for
both low and high frequencies.

VI. CONCLUSION

The three-phase CM toroidal inductors are thoroughly an-
alyzed in this paper. A lumped-parameter equivalent circuit
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is derived, and punctual references to previous literature are
provided. The modeling aspects that are related to the physical
construction of the toroidal three-phase CM inductors were
addressed, and a novel method for the selection of the core
materials was proposed for the volume minimization of the CM
inductors.

The impedances of the model present a strong dependence
on the construction and the core material. A method for the
selection of the material for the CM inductors was proposed,
which simplifies the design and allows for the minimum volume
inductors in a given frequency range of application. The calcu-
lation of the leakage inductance was reviewed, along with the
related saturation issues, and a novel expression was proposed.
The experimental results validate the modeling procedure.

Furthermore, the mechanisms of the capacitive noise cou-
pling in the three-phase EMC filters were briefly described.
The main parasitic capacitive connections are constituted by
the parasitic capacitances of the used filtering inductors. These
effects can be reduced by using the capacitance cancellation
techniques.

APPENDIX A
THERMAL MODELS FOR THE TOROIDAL CORES

The temperature rise of a filter inductor typically defines a
core for a given application due to the employed material tem-
perature limitations. Aiming for the smallest size, consequently
cheaper cores, forces a filter designer to search for the most
precise thermal models. Core manufacturers such as Magnetics
Inc. [35] and Micrometals Inc. [36] and specialized literature
[37] suggest that the expression

r - (Ll

Sy, [em?] (32)

where Py, is the total inductor losses and Sy, is the wound
inductor surface are, provides a good approximation of the
temperature rise AT in a core. This is a difficult calculation
since the exact computation of the outer surface of an inductor
might prove to be a big challenge. The assumption for this
expression is that the inductor presents a 40% filling factor,
and it is typically mounted on a printed circuit board. Thus,
this is a special case of heat transfer based on typical boundary
conditions. The classical expression for the convection-based
thermal resistance Ry, of a body of surface Sy, is given by

_ 1
haim St

where the film coefficient hgyy, is strongly dependent on the
boundary conditions, i.e., in parameters like material character-
istics, temperature, surrounding media, surface finish, distance
to other bodies, and air or fluid speed. The film coefficient can
easily vary by orders of magnitude depending on air speed and
distance to other bodies. A more easily applicable model based
on (33) is proposed in [38], where the thermal resistance Ry}, of
a core is calculated with

Ry (33)

AT K,
Rth = 5 = i

P, Vol2/3

(34)
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Fig. 14. Thermal resistance of the toroidal cores from different manufacturers
[15], [35], [36] as presented in their catalogs and proposed approximation.

(b)

Fig. 15. Inductance measurements performed in order to evaluate the leakage
inductance of a three-phase CM inductor.

where, instead of the outer surface, the volume Vol of the
inductor is used and a coefficient Ky}, depends on the geometry
of the core and on the film coefficient for convection. Coef-
ficient Ky, is fairly constant for a given core family if the
dimensions of the cores are proportional and the same type of
convection (natural or forced air) is applied. This coefficient can
be calculated with the expression

Vol?/3

= — 35
haim St (3)

th
where hg)y, is the film coefficient for the given material and
convection, which typically varies from 10 to 25 W/m? for nat-
ural convection [38]. This method [38] shows that it is possible
to relate the thermal resistance of an inductor to its volume.
However, during the design phase of an inductor, the product
of the areas A.A,, is sometimes a more useful parameter than
the volume, and a relation between the product of the areas and
volume does exist. Therefore, it should be possible to define the
thermal resistance of an inductor by its product of the areas.

In order to have a practical approach to define the thermal
resistance, different toroidal core manufacturers [15], [35],
[36], which provide the measured thermal resistances of their
cores, have been researched. The result is shown in the graph of
Fig. 14, where the thermal resistance of the cores from different
manufacturers is plotted against the core product of the areas.
An exponential tendency in the data points can be observed,
which can be approximated by least squares regression to

(36)

Run 22 415.17 (A, A, [mm*]) "% |

K/W]
leading to an R-squared factor of R? = 0.9979. The model
obtained with (36) is only valid for the toroidal cores that are
typically mounted in printed circuit boards, having the advan-
tage of being a good approximation for the measured thermal
resistance of many different cores and core manufacturers.
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APPENDIX B
LEAKAGE INDUCTANCE MEASUREMENT

Different measurements can be used to estimate the leakage
inductance of a CM inductor. Here, the measurements shown in
Fig. 15 are performed. Based on the measured values of L, 1
and L,, o, the leakage inductance expression is derived in the
following.

From the circuits in Fig. 15 and considering (3), it follows
that

L 2M

Ly == 4+ — 37

1 3+ 3 (37)
L2+ LM —2M?

Lo = 38

2 L+M (38)

Solving the system gives the values of L and M. Replacing
these values into (7) leads to

La o 6Lm,1 Lm,Z

= T TS 39
9Lm,1 - Lm,2 ( )
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