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Abstract—The paper reviews several expressions for high-fre-
quency winding resistance of inductors proposed by several
authors and compares the theoretical predictions calculated
from these expressions with experimental results. It identifies the
expressions that yield the most accurate prediction of the winding
high-frequency resistance. The comparison shows that the method
proposed by Dowell accurately predicts the ac resistance if the
winding contains less than three layers. The methods proposed
by several other authors accurately predict the high-frequency
resistance only in certain frequency ranges. In addition, these
expressions yield inaccurate results for the inductor quality factor.
One expression, however, accurately predicts both the high-fre-
quency winding resistance and the quality factor of inductors over
a wide frequency range from the dc to the first resonant frequency.
The paper concludes with a simple and accurate circuit model
describing the frequency behavior of inductors.

Index Terms—High-frequency resistance, magnetics, power
inductors.

I. INTRODUCTION

T HE OVERALL efficiency of a power converter highly
depends on the efficiency of power inductors used in

assembling the power converter circuit. Therefore, the control
of power losses in these components is important in designing
high-efficiency power converters. One of the main problems
related to the design of power inductors is the calculation of
the winding ac resistance . Many efforts [1]–[15] have
been made to derive expressions allowing for an accurate
representation of frequency behavior of . The objectives of
this paper are: 1) to compare the expressions for the inductor
winding ac resistance proposed by several authors; 2) to
confront the theoretical predictions with experimental results;
and 3) to identify the most accurate expression describing.
It is shown that the error of calculating the quality factor
of inductors is very sensitive to the error of calculating the ac
resistance . Therefore, an accurate expression for is
required to accurately predict.

The significance of the paper is that the comparison of several
methods allows for the identification of the method resulting in
the most accurate prediction of the frequency behavior of an
inductor winding ac resistance. Both the expression forand
the inductor model can be used to design inductors for high-
frequency operation with reduced winding losses.
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Fig. 1. Cross section of an inductor winding. (a) With round wire. (b) With
square wire.

II. EXPRESSIONS FOR THEWINDING AC RESISTANCE

A. Dowell Method

The expression for the winding ac resistance given in [1] is
determined by exploiting the one-dimensional solution of the
field in the winding space. Fig. 1 shows cross sections of two
windings: one with a round wire and the other with a square
wire. Most of the symbols used in the following equations are
explained in Fig. 1.

1) The magnetic field distribution is solved for a “winding
portion.” As shown in Fig. 2, a winding portion is defined
in [1] as a part of the transformer winding, which extends
in either direction along the axis of the winding height
from a position of zero field intensity to the first positive
or negative peak of the magnetic field intensity.

2) The magnetic flux in the transformer winding space is
parallel to the core leg.

3) The conductor layers are modeled as continuous con-
ductor foils, which fill the full core-window breath. The
expressions for of round conduction wires is derived
by first considering an equivalent square cross-sectional
area conductor, and then finding an equivalent foil con-
ductor with the same dc resistance of the round and square
wires. For this purpose, the porosity factor is introduced
as

(1)

where is the width of the square conductor,is the
width of the inductor bobbin, and is the number of
turns in one layer of the winding.
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Fig. 2. Winding portion.

4) The curvature of the conductors is neglected when cal-
culating the radial field distribution across the winding
layer.

5) Capacitive effect in the winding is ignored.
6) The magnetic field intensity of any winding layer is neg-

ligible outside that layer.
7) The expression for the winding ac resistance of a solid

square cross-sectional area wire inductor given in [1] is

(2)

where
winding resistance;

winding resistance per unit length ( for
a solid round conductor wire with a copper diameter);

mm copper resistivity at
C, where is the wire conductivity;

average length of one winding turn;
number of turns in the winding;
number of layers in one winding portion;

for a square cross-sectional area conductor

(3)

for round cross-sectional area conductor [2] in which
copper side of a square cross conductor section;
copper diameter of a round conductor wire;
distance between the centers of two adjacent

conductors;
is the porosity factor for a solid round wire;

skin penetration depth;
H/mm free air magnetic permeability;

relative permeability ( for a copper
conductor).

The assumption that the magnetic flux is parallel to
the winding layers is not well satisfied for low values of

. Therefore, the application of (2) to solid round
wires results in a good accuracy of only for windings with
high values of the porosity factor . The major
limitation of (2) is that it cannot be used to represent the ac
resistances of bunched andLitz wires [3]. The results of (2)
have been used in [4] to derive the ac resistance of winding
conducting nonsinusoidal currents. Moreover, the equations
given in [1] apply only to two layers of conductors and exactly
at the center of the layer. This means that (2) is strictly correct
when solved for the winding portion shown in Fig. 2 contained
between the point where the m.m.f. and the point
where the m.m.f. returns to zero after reaching its maximum
value. Therefore, this approach is not suitable for analyzing
transformers with three or more windings.

B. Perry, Bennet, and Larson Method

Whereas the magnetic field equations are solved for a
winding portion in [1], an analysis based on general field
solutions for the distribution of current density in a single layer
of an infinitely long, cylindrical current sheet is followed in [5]
and [6]. Consequently, although the author of [5] is interested
only in multilayer solenoids (air-core inductors), his method
is applicable to multiwinding transformers as well. The ac
resistance of the th layers of the winding coil is

(4)

where is the thickness of the conductor foil nor-
malized with respect to the skin depth. Using (4), the deriva-
tion of for multilayer inductors can easily be performed. It
is shown in [7] that this approach can be used to determine the
losses in a multiwinding transformer conducting nonsinusoidal
currents.

In [5] and [6], a procedure is given to derive an expression for
in the cylindrical coordinates by using the Bessel functions.

This allows for the curvature of a wire wound on a bobbin to be
taken into account. However, the derivation of is cumber-
some and refers to infinitely long conductor foils. Therefore, the
application of this procedure to round wire winding requires ap-
proximations resulting in an inaccurate prediction of . Sev-
eral details on the methods proposed in [1]–[7] are given in [8].

C. Ferreira-1 Method

The expression for given in [5] has been rearranged in [9]
to be extended also to square cross-sectional area wires. For this
purpose, a single layer skin depth has been
considered and the expression of theth layer ac resistance has
been derived in the cylindrical coordinates. The final result is

(5)
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where . The squared porosity factor mul-
tiplying the second term of (5) represents the ratio of the wire
effective cross-sectional area carrying the current to the overall
conductor cross-sectional area and shows that the proximity ef-
fect highly contributes to the increase of ac resistance with fre-
quency. The main limitation of (5) is that this equation is de-
rived for foil conductors and square cross-sectional area wires
and, therefore, approximations are introduced when it is applied
to round wires.

D. Ferreira-2 Method

The winding ac resistance of theth layer derived in the
cylindrical coordinates by solving the field equations for round
wires is [10]

(6)

This expression should be more accurate than (4) and (5)
when used for round wires. However, it does not take into ac-
count the contribution of , where is the ratio of the wire cross
area carrying the current to the overall conductor cross-sectional
area and show that the proximity effect highly contributes to in-
crease the ac resistance with frequency. As a consequence, (6)
results in an inaccurate prediction of .

E. Reatti and Kazimierczuk Method

The previous methods followed a multidimensional approach
by assuming a uniform distribution of the magnetic field across
the conductor cross-sectional area. This assumption is removed
in [11] and an expression that gives an accurate prediction of the
winding ac resistances is of the form

(7)

III. COMPARISON OF THEEXPRESSIONS AND

EXPERIMENTAL RESULTS

To compare the theoretical results calculated by using (2) and
(4)–(7) and the experimental results, the equivalent circuit of
inductors shown in Fig. 3 was used [11]–[14]. In Fig. 3(a),
is the nominal inductance, is the magnetic core resistance,
and is the inductor self-capacitance. Both resistancesand

increase with frequency. If the core resistanceis much
lower than the winding ac resistance , the inductor model
simplifies to the form depicted in Fig. 3(b). Most LCR meters
measure an equivalent series reactanceand an equivalent
series resistance of two-terminal devices as shown in Fig. 3(c).
The impedance of the equivalent circuit depicted in Fig. 3(c)

(8)

Fig. 3. Equivalent circuits of inductors. (a) Lumped parameter equivalent
circuit. (b) Simplified lumped parameter equivalent circuit forR � R . (c)
Series equivalent circuit. (d) Equivalent circuit assumed by many LCR meters.

For frequencies much lower than the first self-resonant fre-
quency , the equivalent series reactance has an inductive
character and can be expressed as . Hence, the equiv-
alent series inductance is as shown in Fig. 3(d). The
quality factor of the inductor at a given frequency is defined as

(9)

In order to separate the winding resistance from the core
resistance , an air-core (coreless) inductor and an inductor
with an iron-powder core were chosen for experimental tests.
For air-core inductors, the core resistance is zero. For induc-
tors with iron-powder cores, the core resistance is much
lower that the winding resistance . The two inductors were
assembled and tested with an HP4192A LF Impedance An-
alyzer equipped with an HP16047A test fixture to achieve a
higher accuracy in minimizing residual parameters and contact
resistances.

A. Inductor no. 1

A two-layer winding air-core inductor with
of an AWG#25 wire, with the copper diameter mm

and the winding pitch mm was wound on a plastic
toroidal bobbin with an effective area mm , an effec-
tive magnetic length mm, an effective volume

mm , and an average turn length mm. The core
resistance was zero in this case. The inductance measured at
low frequencies was H. At low frequencies, the induc-
tance and the series inductance were equal. The measured
first resonant frequency was MHz.

B. Inductor no. 2

A three-layer winding inductor with
of an AWG#28 wire with mm and mm
was wound on a Micrometals E-25 iron-powder core. The rel-
ative permeability of this core with no air gap was . A
9 mm air gap was introduced on the central leg to reduce the
effective relative permeability to . For powder core in-
ductors, the core resistance is much lower than the winding
resistance . The inductance measured at low frequencies was

H. The measured first self-resonant frequency was
MHz.
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Fig. 4. Equivalent series resistanceR of inductor no. 1. A-Dowell; B-Perry;
C-Ferreira 1; D-Ferreira 2; E-Reatti; O-O-Experimental.

C. Measured and Calculated Results

The plots of the calculated and measured equivalent series
resistance of inductor no. 1 are shown in Fig. 4. The expres-
sion for given by (2) leads to the calculated that is in
good agreement with the measured. However, (4)–(6) yield
an accurate prediction of only in the low-frequency range
( – kHz). Equation (7) gives an accurate calculation of

up to the inductor first self-resonant frequency.
The measured and calculated plots of the quality factorof

the inductor are depicted in Fig. 5. Using (2), good agreement of
theoretical and experimental results is achieved for frequencies

Fig. 5. Quality factorQ of inductor no. 1. A-Dowell; B-Perry; C-Ferreira 1;
D-Ferreira 2; E-Reatti; O-O-Experimental.

up to 5 kHz and from 200 to 800 kHz. Plots B, C, and D show
calculated values of very much different from the measured
values. Plot E is in good agreement with the experimental plot.
A maximum 15% error occurs at kHz. The plots of the
equivalent series resistance of the inductor no. 2 are shown
in Fig. 6. Plot A is in good agreement with the measured plot
only at low frequencies, e.g., kHz.

On the other hand, plot B is in good agreement with the
measured plot up to the first resonant frequency. There are
large errors for curves C and D for kHz, whereas plot
E is in good agreement with the measured values over the
entire frequency range. Fig. 7 shows the plots of the measured
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Fig. 6. Equivalent series resistanceR of inductor no. 2. A-Dowell; B-Perry;
C-Ferreira 1; D-Ferreira 2; E-Reatti; O-O-Experimental.

and calculated values of quality factor of the inductor no.
2. Plots A, C, and D show that (4), (5), and (6) yield values of

, resulting in large approximated calculated quality factors.
Plots B and E are in good agreement with the measured plot.

The plots of shown in Figs. 4 and 6 demonstrate that the
expression (2) for results in an accurate prediction of an
inductor equivalent series resistancefor two-layer inductors,
but it becomes less accurate for inductors with more than two
layers. Similarly, expression (4) allows for calculated values of

to be in agreement with measured values only in certain

Fig. 7. Quality factorQ of inductor no. 2. A-Dowell; B-Perry; C-Ferreira 1;
D-Ferreira 2; E-Reatti; O-O-Experimental.

cases, e.g., inductor no. 2. Calculated values of resulting
from (5) and (6) yield values of , which are accurate only in
the low frequency range, e.g., kHz for inductor no. 1
and kHz for inductor no. 2. As shown in the Appendix,
whenever the expression for results in a large error of ,
the percent error of is as high as 100%. This explains the large
differences between the measured and calculated values of,
yielding plots B, C, and D of Fig. 5 and A, C, and D of Fig. 7.

Plots E of shown in Figs. 4 and 6 demonstrate that
expression (6) for allows for an accurate prediction
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of an inductor equivalent series resistance independently
from the inductor number of layers, inductor shape, etc.
A very good accuracy of calculating the inductor resistance
is demonstrated by the plots of depicted in Figs. 5 and 7.
As shown in the Appendix, the calculated values ofare in
good agreement with measured values only if is predicted
very accurately.

IV. CONCLUSION

Several expressions for an inductor high-frequency winding
resistance have been compared. Plots of calculated from
these expressions have been also compared with experimental
results. The inductors used for the experimental tests were as-
sembled using a care such that the core resistance was negligible
compared to the winding resistance.

It has been shown that most methods allow for an accurate
prediction of the inductor winding ac resistance only in
certain frequency ranges. Moreover, most of them yield
accurate results only for certain winding compositions. Since
large errors for the inductor equivalent series resistance result
in large errors for the inductor quality factor, most of the
compared methods fail in describing the frequency behavior
of the quality factor. Only the expression (6) given in [11]
allows for an accurate prediction of the ac resistance from
dc to the inductor first resonant frequency independently
from the inductor winding composition. Moreover, the small
errors achieved for the calculated inductor equivalent series
resistance allow for an accurate calculation of the quality
factor over a wide frequency range. Expression (6) and
the simple inductor model given in the paper can be used
for designing inductor windings with reduced high-frequency
resistances.

APPENDIX

CALCULATION ERRORS OF THEINDUCTOR RESISTANCE

AND QUALITY FACTOR

The percentage error of calculating is

% (10)

where and are the calculated and measured
resistances. The percentage errors of calculating the inductor
quality factor is

% (11)

where is the calculated quality factor and is the
measured quality factor. From (9), the calculated quality factor
is

(12)

This gives

(13)

Using (13), the percentage error for the quality factor is
expressed as

% (14)

which is approximated as

% for (15)

and

% for (16)

As an example, (2) can be considered. It allows for an accu-
rate prediction of of inductor no. 1 and, therefore, also the
calculated values of the quality factor are in good agreement
with experimental values. However, it gives large errors for
of inductor no. 2, resulting in a poor accurate calculation of the
quality factor.
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