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Abstract — Inductors for filtering devices are widely employed in
power electronics applications in order to reduce voltage and
current harmonics caused by switching converters. The use of
ferrite-core inductors is limited to small power applications,
whereas air-core and laminated iron-core inductors are em-
ployed in the medium-to-high power range. The choice of the
core medium strongly affects the behavior of the inductor versus
frequency. In particular, the inductance, the self-resonant fre-
quency, the winding and core losses and the stray magnetic field
are quite different for air-core and laminated iron-core induc-
tors. In this paper a- comparison between these two kinds of in-
ductors is carried out through an analytical approach and ex-
perimental validations.

I. INTRODUCTION

In many power filtering devices, both air-core and lami-
nated iron-core inductors are widely employed instead of fer-
rite-core inductors. The use of ferrite as a core medium offers
some advantages, such as lower copper losses compared to
air-core inductors and lower core losses compared to lami-
nated iron-core inductors. In addition, the low electric con-
ductivity limits the eddy currents and allows the ferrite-core
inductors to operate properly at frequencies up to several
MHz. On the other hand, the use of ferrite is generally re-
stricted to applications requiring reduced core dimensions,
such as small-signal high-frequency filters or small-
inductance reactors, and the ferrite is quite expensive. Mainly
for these reasons, air-core and laminated iron-core inductors
are preferred over ferrite-core inductors in the medium-to-
high power range.

The HF behavior of ferrite-core inductors has been widely
investigated in the literature [1]-[5]. Some results concerning
eddy currents and losses at high frequencies in laminations
are presented in [6] and [7]. The authors have analyzed the
HF behavior of both air-core inductors [8] and [9], and lami-
nated iron-core inductors {10].

In this paper, a comparison between air-core and lami-
nated iron-core inductors is carried out with reference to their
HF 'behavior. In particular, a lumped parameter equivalent
circuit is developed and validated by experimental tests. The
proposed model allows one to compare the behavior of these
two different types of inductors in a wide frequency range.
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I1. INDUCTOR MODEL

Both air-core and laminated iron-core inductors can be
modeled by the lumped parameter equivalent circuit shown in
Fig. 1(a). The physical meaning and value of the circuit pa-
rameters (i.e., the total ac resistance R, the total inductance
Ly, and the total parasitic capacitance C ) depend on the type
of inductor. These parameters are investigated, together with
the parallel resistance R,, in subsections II A and B for air
core and laminated iron-core inductors, respectively. In gen-
eral, R, and L, are dependent on frequency f. The impedance

of the inductor model is 2s =R + jX,.Fig. 1(b) shows a se-

ries equivalent circuit of the two types of inductors, where the
equivalent series resistance (ESR) is
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where ® =21 f. Hence, the equlvalcnt series inductance
(ESL) is given by

XS
Ly = Y, &)

which is also significant because most network analyzers and
impedance meters measure R; and L;. The self-resonant fre-
quency f, of an inductor is defined as the frequency at which
its reactance X; becomes zero. Hence, from (2) the inductor
total parasitic capacitance C can be calculated.

A. Air-Core Inductors

For air-core inductors, the total ac resistance R, coincides
with the winding ac resistance R,, and the total inductance L,,
can be considered practically independent of frequency and
equal to the total low-frequency inductance L.
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Fig. 1. Equivalent circuits of the two types of inductors:
(a) lumped parameter equivalent circuit,
(b) series equivalent circuit.

The frequency-dependent parameter R, is calculated as-
suming that the leakage magnetic field lines cross the winding
in the direction of the coil axis, and neglecting edge effects.
An expression for R, is given by the Dowell’s formula [11]

Rw = Rwdc A
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where R, is the winding dc resistance, &, is the numbers of
layers of the winding, and 4 is a unitless quantity, which de-
pends on the winding geometry. The first and second terms
of (4) represent the skin effect and the proximity effects in the
winding, respectively. For a round wire with conductor di-
ameter d, the quantity 4 is given by

; 2
z\s d?
4 L

p?
where p is the winding pitch, i.e., the distance between the

centers of two adjacent conductors, and &, is the skin depth of
the wire expressed as
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7oy f

In (6), p, is the wire electric resistivity, (4, is the wire rela-
tive magnetic permeability (0, = 17.24x10°Qm and x4, = 1
for a copper conductor at 20°C), and 4= 47 10”7 H/m.

The value of the inductance L, be calculated by empiri-
cal formulas [12] or by an analytical approach [8].

Air-core inductors do not have turn-to-iron stray capaci-
tances. So, only turn-to-turn stray capacitances are considered
to evaluate the overall parasitic capacitance C, as described in
[8] and [9]. The parallel resistance R, is introduced to extend
the validity of the mode! above the self-resonant frequency.
This resistance accounts for the losses produced in the wind-
ing by the HF currents flowing across the dielectric between
two turns. R, is in the order of the tens or hundreds of ohms.

®
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The parameters of interest for two different air-core in-
ductors are reported in Table I. The two inductors have the
same number of turns per layer N,, but different number of
layers N, In Table I, 4,;, is the cross section area of the air-
core and L. is the total low-frequency inductance.

TABLE I
AIR-CORE INDUCTOR PARAMETERS

Inductgr #1 Inductor #2
d (mm) 1.46 1.46
p (mm) p=d p=d
N 8 2
N, 24 24
Aqir (mm?) 1120 1120
Ry (MQ) 361.3 73
L (mH) 1.6 0.086
£ (MHz) 0.741 3.877
cep 56 22.24
R, () 100 40

Measurements were performed on the two air-core induc-
tors to test the validity of the proposed model. An HP 4192A
LF impedance analyzer (SHz-13MHz) equipped with an HP
16047A test fixture was employed to achieve a higher accu-
racy by minimizing residual parameters such as contact re-
sistances [13]. -

Figs. 2 and 3 show the calculated (solid line) and meas-
ured (dotted line) equivalent series resistance R, and reactance
X, of the tested inductor #1 as a function of frequency. The
calculated (solid line) and measured (detted line) equivalent
series resistance R, and reactance X, of the tested inductor #2
are depicted in Figs. 4 and 5, respectively. It can be seen that
the numerical and experimental results are in good agreement.

B. Iron-Core Inductors

In iron-core inductors, owing to the iron high electric con-
ductivity and in spite of the core lamination, the effects pro-
duced by the eddy currents in the core are significant starting
from frequencies of some tens of kHz. At high frequencies,
eddy currents cause additional core losses. Furthermore, the
magnetic field in the core is weakened and, consequently, the
main inductance decreases. The eddy currents and the corre-
sponding parameters in the inductor model have been evalu-
ated by a one-dimensional electromagnetic field analysis ex-
tended to cores with air gaps [10]. In fact, introducing air
gaps is the most common way to linearize the behavior of an
inductor over a large excursion range of the winding current,
avoiding the core saturation and reducing the harmonic distor-
tion.
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Fig. 2. Calculated and measured equivalent series
resistance, R,, for the air-core inductor #1.
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Fig. 4. Calculated and measured equivalent series
resistance, R,, for the air-core inductor #2.

In this case the total ac resistance R, and the total induc-
tance L, are given by

R, =R, + RC . @)
and
Lo = Ljp + Ly (8)

where R, is the equivalent series resistance, related to the

losses due to eddy currents flowing in the core, L}, is the
main inductance, related to the paths of the magnetic field

lines in the core, and L’ac is the leakage inductance.
For non-saturated laminated iron-core inductors, the ex-

pressions of R. and L7, are [10]
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Fig. 3. Calculated and measured equivalent series
reactance, X;, for the air-core inductor #1.
40E+3 *
1 o
20E+3 IJ
$
—_ 4
c o
':‘000 E+0 . -
" pt
14
20E43 /
40 E+3
000 E+0 2E+ 4 E+8 GE+6 BE+6 10E+§
S [Hz)
Fig. 5. Calculated and measured equivalent series
reactance, X;, for the air-core inductor #2.
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where L7, is the main inductance at low frequency, s is the

thickness of the lamination, and §, is the skin depth for the

iron sheets given by

, Pe_.
Ty,

In (11) p. is the electric resistivity of the iron sheets and g is
the equivalent permeability of the magnetic_circuit with air
gaps. The value of 4, for an EI core is calculated in the fol-
lowing. ’

In (7) the parameters R, is calculated by (4). The leakage
inductance L’ac in (8) is dependent on frequency and can be
evaluated by the Dowell’s approach [11] as
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In iron-core inductors, the total parasitic capacitance C ta-
kes into account the overall effects of turn-to-turn and turn-to-
iron stray capacitances. The capacitance C can be calculated
as described in [8]. The parallel resistance R, takes account of
the same physical phenomenon considered for air-core induc-
tors.

Two different laminated iron-core inductors were tested.
They were arranged by the same EI core depicted in Fig. 6 in
order to emphasize the winding contribution. ‘

The value of the equivalent permeability of the EI core was
calculated as

lC
AT ou

a

He (13)

where 4. is the magnetic permeability of the iron sheets, 4, is
the corresponding relative permeability, /. is the length of the
path consisting of the geometrical axis of the half central limb
and that of one of two outer limbs, and 2/, is the total air gap.
The parameters of interest for the two tested inductors are
reported in Table II. In this table the low-frequency main

inductance L7, is indicated instead of the total one because

for laminated iron-core inductors the leakage inductance is
usually negligible as compared to the main inductance. The
low-frequency main inductance is calculated as

A

iron

Ly, = u, (NN, ) “e (14)

c

where A;,,, is the effective cross section area of the central
limb. The magnetic permeability of the laminated iron core
used in the calculations corresponds to its initial value. The
measured relative initial permeability was f,; =300. The
measured resistivity of the iron sheet was p. = 7- X 107 Qm.
The lamination thickness was s = 0.3 mm.
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Fig. 6. View of an El core.
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Figs. 7 and 8 show the calculated (solid line) and meas-
ured (dotted line) equivalent series resistance R, and reactance
X, of the tested inductor #3 as a function of frequency. Figs. 9
and 10 depict the calculated (solid line) and measured (dotted
line) equivalent series resistance R, and reactance X, for the
inductor #4. Figs. 7-10 show a good agreement between the
calculated and experimental results for the equivalent series
parameters.

TABLE Il
IRON-CORE INDUCTOR PARAMETERS

Inductor #3 Inductor #4
d (mm) 1.5 1.46
p (mm) p=d p=d
N 6 2
N, 23 24
Appon (mm®) 1067 1067
1, (mm) 168 168
1,(mm) 0.4 0.21
He 1M 1235 175
Ruue (MQ) 236 73
Ly, (mH) 18.8 3.15
/; (MHz) 0.103 1.485
R (Q) 150 40

ITI. COMPARISON IN THE FREQUENCY DOMAIN

In this section a comparison between air-core and lami-
nated iron-core inductors in the HF range is developed. In this
paper, among all the possible arrangements of the two kinds
of inductors, the authors decided to compare air-core and
laminated iron-core inductors having the same winding. This
choice allows us to evaluate how the presence of a laminated
iron core affects the behavior of the inductor in the HF range.
The comparison is made with reference to the air-core in-
ductor #2 and laminated iron-core inductor #4 .

In the following subsections some quantities of interest
(i.e., total inductance, total ac resistance, ESL, ESR and qual-
ity factor) are calculated and measured for these two induc-
tors. To emphasize the effects of the eddy currents in the iron
core, the capacitive branch of the equivalent circuit shown in
Fig. 1(a) is not considered in this section. In this way the cal-
culated values do not depend on stray capacitances but the
measured ones do. So, comparing the theoretical and experi-
mental results makes possible to point out the frequencies up
to which the capacitive effects are negligible.
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6000 T
-~ calculated
¢ measured |.-...- SR A B A
4000 -
5 3
® ol I
2000 E
|
B AR
.
Q

10E+0 100 E+0 1E+3 10E+3

7 Hz]

100 E+3 1E+6 10E+6

Fig. 9. Calculated and measured equivalent series
resistance, R, for the iron-core inductor #4.

A. Inductance

The behavior of the total inductance L, versus frequency
is investigated for the two inductors considered. Of course the
comparison makes sense if the inductances are normalized
with respect to their low-frequency values so that the HF be-
havior can be emphasized. ’

Fig. 11 depicts the normalized values of the calculated to-
tal inductance L, and the measured equivalent series induc-
tance L, as a function of frequency. The calculated curve for
the laminated iron-core inductor shows that the decrease of
the total inductance L,, due to the eddy currents in the core,
is small up to a few tens of kHz. The measured values of L,
show that the effect of the overall parasitic capacitance of the
two inductors is negligible about up to 1 MHz.
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Fig. 11. Calculated total inductance, L,., and measured

equivalent series inductance, L,, (p.u.).
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Fig. 8. Calculated and measured equivalent series
reactance, X;, for the iron-core inductor #3.
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Fig. 10. Calculated and measured equivalent series
reactance, Xj, for the iron-core inductor #4.

B. Losses

In this subsection the inductor losses are analyzed in terms
of total ac resistance. Fig. 12 shows the behavior of the cal-
culated total ac resistance R,. and the measured equivalent se-
ries resistance R, , normalized with respect to the winding dc
resistance, versus frequency.

As expected, the resistance R, and then the losses in-
crease much more in the laminated iron-core inductor com-
pared to the air-core inductor. In the frequency range from 0.5
to 5 kHz the increase of loss in the laminated iron-core in-
ductor is about from ten to fifty times the one in the air-core
inductor. :
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C. Quality Factor

Fig. 13 depicts the calculated quality factor, defined as
QO=wL, [R, ,and the measured one Q; = X /R, . It can
be seen that for frequencies up to a few kHz the laminated
iron-core inductor has a higher quality factor and, conse-
quently, realizes a more efficient passive component.
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Fig. 13. Calculated and measured quality factor.
IV. CONCLUSIONS

In this paper an HF lumped parameter equivalent circuit
for air-core and laminated iron-core inductors is proposed and
validated by experimental tests. This model allows one to in-
vestigate the HF behavior of these two kinds of inductors. A
comparison is carried out in terms of inductance, losses and
quality factor as a function of frequency.

For frequencies up to a few kHz the iron-core inductor has
to be preferred over the air-core one as its quality factor is
higher. On the other hand, the inductance of the iron-core in-
ductor decreases slightly with the increasing frequency. Fur-
thermore, in this frequency range the iron core is a preferen-
tial path for the magnetic field lines reducing the magnetic
coupling with other parts of the system and, consequently,
electromagnetic interferences.

The overall parasitic capacitance of the two considered in-
ductors is almost the same. Hence the presence of the iron
core does not practically influence the parasitic capacitance
value, which mainly depends on the winding arrangement.
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