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Abstract—The paper reviews several expressions for high-fre-

l¢
<

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-

Last layer
Np
m-th layer

1 st layer

Inductor core

guency 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.

Fig. 1.

@ b)

Cross section of an inductor winding. (a) With round wire. (b) With
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inductors.

I. INTRODUCTION

Il. EXPRESSIONS FOR THBVINDING AC RESISTANCE

A. Dowell Method

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

The expression for the winding ac resistance given in [1] is

assembling the power converter circuit. Therefore, the contf&ftérmined by exploiting the one-dimensional solution of the

of power losses in these components is important in designifﬁ
high-efficiency power converters. One of the main problen¥¥_
related to the design of power inductors is the calculation

d in the winding space. Fig. 1 shows cross sections of two
ndings: one with a round wire and the other with a square
wgre. Most of the symbols used in the following equations are

the winding ac resistanc®&... Many efforts [1]-[15] have explained in Fig. 1 _ S o
been made to derive expressions allowing for an accuratel) The magnetic field distribution is solved for a “winding

representation of frequency behaviori®f.. The objectives of
this paper are: 1) to compare the expressions for the inductor
winding ac resistancé,. proposed by several authors; 2) to
confront the theoretical predictions with experimental results;
and 3) to identify the most accurate expression descriliing

It is shown that the error of calculating the quality factgr 2)

of inductors is very sensitive to the error of calculating the ac

resistancel?,.. Therefore, an accurate expression oy, is 3)

required to accurately predi@.

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 expressioifgrand
the inductor model can be used to design inductors for high-
frequency operation with reduced winding losses.
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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.

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

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

alV,
n= (1)

wherea = h is the width of the square conductéiis the
width of the inductor bobbin, and/rr, is the number of
turns in one layer of the winding.
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T ‘ The assumption that the magnetic flux is parallel to
T magnetiecore | ;‘j““;"“g"p;’;o the winding layers is not well satisfied for low values of
Y vv ey n(n < 0.7). Therefore, the application of (2) to solid round
@ N iIN @ @ R primary vinding wires results in a good accuracy Bf,. only for windings with
Ry | mesnetie NN @ % 52 secondary winding high values of the porosity facte0.7 < » < 1). The major
N flux SIS i 1 Iimi_tation of (2) is that it cannot be used to represent the ac
S NINE % @ resistances of bunched ahéz wires [3]. The results of (2)
= S ‘ have been used in [4] to derive the ac resistance of winding
AT magnetc core 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& = 0 and the point
where the m.m.f3 returns to zero after reaching its maximum
value. Therefore, this approach is not suitable for analyzing
transformers with three or more windings.

m.m.f.
F

0

B. Perry, Bennet, and Larson Method

Fig. 2. Winding portion. Whereas the magnetic field equations are solved for a

] winding portion in [1], an analysis based on general field

4) The curvature of the conductors is neglected when cap|utions for the distribution of current density in a single layer
culating the radial field distribution across the windingys an infinitely long, cylindrical current sheet is followed in [5]

layer. - _ S and [6]. Consequently, although the author of [5] is interested
5) Capacitive effect in the winding is ignored. _ only in multilayer solenoids (air-core inductors), his method
6) The magnetic field intensity of any winding layer is negis applicable to multiwinding transformers as well. The ac
ligible outside that layer. . resistance of thesth layers of the winding coil is
7) The expression for the winding ac resistance of a solid
square cross-sectional area wire inductor given in [1] isR — Ry § [ sinh& +sing
" - e2A_ 24 1 94in2A 2 Leoshe = COQS ¢ sinh & —sin &
ac = fide 241 024 _ 9008 24 Sm2 oS TS 4
eite o8 —|—3(m )Cosh£+cos£ “)

2, 1 24724 _25in24
+ 3(m - )62A+6_2A+2COS 24 @ where¢ = d\/x /26 is the thickness of the conductor foil nor-
malized with respect to the skin depthUsing (4), the deriva-

where o _ tion of R,. for multilayer inductors can easily be performed. It
Rae = rpNlp = de winding resistance; is shown in [7] that this approach can be used to determine the
. =winding resistance per unitlengthy(= 4p/7d* for |gsses in a multiwinding transformer conducting nonsinusoidal
asolid round conductor wire with a copper diameler ,rrents.
p  =1/0 =17.2410 — 6 Qmm = copper resistivity at | [5] and [6], a procedure is given to derive an expression for
T = 20°C, wheres = 1/pis the wire conductivity,  p__in the cylindrical coordinates by using the Bessel functions.
lr = average length of one winding turn; This allows for the curvature of a wire wound on a bobbin to be
N =number of tums in the winding; . taken into account. However, the derivation®f, is cumber-
m = number of layers in one winding portion; some and refers to infinitely long conductor foils. Therefore, the
A = h/éforasquare cross-sectional area conductor appjication of this procedure to round wire winding requires ap-
b 4 /1 AN/ 32 proximat!ons resulting in an inaccurat_e predictiorﬂgf:_. Sey-
A= 5\/ﬁ = 5\/; = <;) 5172 (3) eral details on the methods proposed in [1]-[7] are given in [8].

for round cross-sectional area conductor [2] in whictC- Ferreira-1 Method

h = copper side of a square cross conductor section;  The expression faR.... given in [5] has been rearranged in [9]

d = copper diameter of a round conductor wire; to be extended also to square cross-sectional area wires. For this

t = distance between the centers of two adjaceptirpose, a single layer skin deth= 1/v/7 oo fnhas been
conductors; considered and the expression of thth layer ac resistance has

n = d/tis the porosity factor for a solid round wire;  been derived in the cylindrical coordinates. The final result is

6 = 1/\/muo.urof = skin penetration depth; ) )

o  =4mx1077 H/mm = free air magnetic permeability; — R, §(n) [ sinh&(n) + sin(n)

1. = relative permeability 4, = 1 for a copper . © 2 [coshé(n) —cosé(n)
conductor). P (em — 1) sinh&(n) — siné(n) (5)

cosh &(n) + cos &(n)
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whereé(n) = d/7/(26). The squared porosity factg? mul- Re R, L Ry X
tiplying the second term of (5) represents the ratio of the wire T\/\/‘—J\N\—M"T' — W
effective cross-sectional area carrying the current to the overall ¢ [

conductor cross-sectional area and shows that the proximity ef- f

fect highly contributes to the increase of ac resistance with fre- (a) (c)

guency. 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 Re L Ry  Li=Xs/®
to round wires. ’m—}ﬁ‘ — AN e
C
D. Ferreira-2 Method (b) ()
The winding ac resistance of theth layer derived in the

cylindrical coordinates by solving the field equations for roungig. 3. Equivalent circuits of inductors. (a) Lumped parameter equivalent
wires is [10] circuit. (b) Simplified lumped parameter equivalent circuit Ry < R... (C)

Series equivalent circuit. (d) Equivalent circuit assumed by many LCR meters.
v [ bervybei'y — berybet'~

Rac—rn = Rdc_ > ) . .
2 ber2y + bei?y For frequencies’ much lower than the first self-resonant fre-
4 2m(2m — 1) beryybei'y — beryybei'y ©6) guencyf,, the equivalent series reactangg has an inductive
e ber2y + beiZy ’ character and can be expressedas= wL.. Hence, the equiv-

This expression should be more accurate than (4) and
when used for round wires. However, it does not take into
countthe contribution of?, wherey, is the ratio of the wire cross |Xs| |wL(1-w?LC— CRZ,/L)|
area carrying the current to the overall conductor cross-sectional Q= Rs - R..
area and show that the proximity effect highly contributes to in-
crease the ac resistance with frequency. As a consequencere(
results in an inaccurate prediction Bf....

ntseries inductancelis = X,/w as shownin Fig. 3(d). The
s ality factor of the inductor at a given frequency is defined as

)

é order to separate the winding resistaritg from the core
lSstanceRc, 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 resistar¢eis much
The previous methods followed a multidimensional approag\yer that the winding resistand.,.. The two inductors were
by assuming a uniform distribution of the magnetic field acrosgssembled and tested with an HP4192A LE Impedance An-
the conductor cross-sectional area. This assumption is remogggzer equipped with an HP16047A test fixture to achieve a
in [11]and an expression that gives an accurate prediction of §§gher accuracy in minimizing residual parameters and contact

E. Reatti and Kazimierczuk Method

winding ac resistances is of the form resistances.
Roycemn = Rdcl { bembe? — beizbeTw A. Inductor no. 1
? bery + bes®y A two-layer winding air-core inductor wittv = 146 (IV; =

—2mn?

4(NE-1) beraybeiy — beigybeiy 73) of an AWG#25 wire, with the copper diametée= 0.45 mm
3 +1 ber2y + beily (M) and the winding pitcht = 0.65 mm was wound on a plastic
toroidal bobbin with an effective are4. = 32 mm?, an effec-
tive magnetic lengtd. = 50 mm, an effective volumé’, —
[Il. COMPARISON OF THEEXPRESSIONS AND 1600 mm?, and an average turn length = 26.8 mm. The core
EXPERIMENTAL RESULTS resistancdi. was zero in this case. The inductance measured at

To compare the theoretical results calculated by using (2) alf?&v frequencies wa_ﬁ - 25 iH. Atlow frequencies, the induc-
(4)—(7) and the experimental results, the equivalent circuit §inceL and the series inductanée were equal. The measured
inductors shown in Fig. 3 was used [11]-[14]. In Fig. 3(a), st resonant frequency was = 4.935 MHz.
is the nominal inductance.. is the magnetic core resistance
andC is the inductor self-capacitance. Both resistari¢gsand
R. increase with frequency. If the core resistadgeis much A three-layer winding inductor withV' = 114 (N, = 38)
lower than the winding ac resistané&., the inductor model Of an AWG#28 wire withd = 0.32 mm and¢ = 0.393 mm
simplifies to the form depicted in Fig. 3(b). Most LCR meter¥/as wound on a Micrometals E-25 iron-powder core. The rel-
measure an equivalent series reactafigeand an equivalent ative permeability of this core with no air gap was = 75. A
series resistance of two-terminal devices as shown in Fig. 3(8)Mm air gap was introduced on the central leg to reduce the

The impedance of the equivalent circuit depicted in Fig. 3(c) effective relative permeability tp. = 6. For powder core in-
ductors, the core resistanég is much lower than the winding

Rac + jwL (1 —w?LC — CRZ./ L) resistance’,.. The inductance measured at low frequencies was
(1 —w?2LC)? + (wLR,.)? "L = 166 uH. The measured first self-resonant frequency was
@) f. = 2.039 MHz.

B. Inductor no. 2

Zs=Rs+ jXs=
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Fig. 5. Quality factorQ of inductor no. 1. A-Dowell; B-Perry; C-Ferreira 1;
Fig. 4. Equivalent series resistanBe of inductor no. 1. A-Dowell; B-Perry; D-Ferreira 2; E-Reatti; O-O-Experimental.
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
C. Measured and Calculated Results calculated values aof) very much different from the measured

The plots of the calculated and measured equivalent seridues. Plot E is in good agreement with the experimental plot.

resistancdz, of inductor no. 1 are shown in Fig. 4. The expresA maximum 15% error occurs gt~ 70 kHz. The plots of the
sion for R,. given by (2) leads to the calculatdd, that is in equivalent series resistanég of the inductor no. 2 are shown
good agreement with the measugg However, (4)—(6) yield in Fig. 6. Plot A is in good agreement with the measured plot
an accurate prediction aR, only in the low-frequency range only at low frequencies, e.gf, < 2 kHz.

(f < 10-20 kHz). Equation (7) gives an accurate calculation of On the other hand, plot B is in good agreement with the
R, up to the inductor first self-resonant frequency. measured plot up to the first resonant frequency. There are
The measured and calculated plots of the quality faG@taf large errors for curves C and D fgr> 10 kHz, whereas plot
the inductor are depicted in Fig. 5. Using (2), good agreement®fis in good agreement with the measured values over the
theoretical and experimental results is achieved for frequencetire frequency range. Fig. 7 shows the plots of the measured
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Fig. 6. Equivalent series resistanBe of inductor no. 2. A-Dowell; B-Perry; Fig. 7. Quality factor? of inductor no. 2. A-Dowell; B-Perry; C-Ferreira 1;
C-Ferreira 1; D-Ferreira 2; E-Reatti; O-O-Experimental. D-Ferreira 2; E-Reatti; O-O-Experimental.

and calculated values of quality fact@r of the inductor no. cases, e.g., inductor no. 2. Calculated valueggf resulting

2. Plots A, C, and D show that (4), (5), and (6) yield values dfom (5) and (6) yield values aR,, which are accurate only in
R,., resulting in large approximated calculated quality factorghe low frequency range, e.gf, < 10 kHz for inductor no. 1
Plots B and E are in good agreement with the measured pletnd f > 20 kHz for inductor no. 2. As shown in the Appendix,

The plots of R, shown in Figs. 4 and 6 demonstrate that th&henever the expression f&,. results in a large error aR,,

expression (2) foiz,,. results in an accurate prediction of arthe percent error af is as high as 100%. This explains the large
inductor equivalent series resistari¢gfor two-layer inductors, differences between the measured and calculated valugs of
but it becomes less accurate for inductors with more than twelding plots B, C, and D of Fig. 5 and A, C, and D of Fig. 7.
layers. Similarly, expression (4) allows for calculated values of Plots E of R, shown in Figs. 4 and 6 demonstrate that
R, to be in agreement with measured values only in certagxpression (6) forR,. 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 wlL (1—wLC—%R§H)
is demonstrated by the plots ¢f depicted in Figs. 5 and 7. Qe= Roow
As shown in the Appendix, the calculated valuestpfre in WL [1-wLO— S (Roe o+ ARuc)?]

good agreement with measured values onlRjfis predicted =

very accurately. Racm+ AR
WL (1—wLC =SR2 ) ~wC (2Rae A Roe+ AR2)

IV C Rac—nl+ARac
. CONCLUSION
. . . T =wlL <1_WLC_ngc—rn> &
Several expressions for an inductor high-frequency winding L Ry m+ AR,
resistance have been compared. Plots:gf calculated from wC (2Raem ARac+AR2)
these expressions have been also compared with experimental Roen + AR
results. The inductors used for the experimental tests were as- Roeern
sembled using a care such that the core resistance was negligibﬁJQm [m - 1} + Qm
compared to the winding resistance. WOAR e (2Rc—m + ARuc)
It has been shown that most methods allow for an accurate — R TAR (12)
prediction of the inductor winding ac resistance only in aemm e
certain frequency ranges. Moreover, most of them vyield
accurate results only for certain winding compositions. Since . .
large errors for the inductor equivalent series resistance resﬁl\'s gives
in large errors for the inductor quality factor, most of the
compared methods fail in describing the frequency behavigig) — in¢
of the quality factor. Only the expression (6) given in [11] Racom + ARy
allows for an accurate prediction of the ac resistance from +wC,, AR (2Rac_m + ARy). (13)
dc to the inductor first resonant frequency independently Roycm + AR,

from the inductor winding composition. Moreover, the small

errors achieved for the calculated inductor equivalent serid§ing (13), the percentage error for the quality factor is
resistance allow for an accurate calculation of the quali§xpressed as

factor over a wide frequency range. Expression (6) and

the simple inductor model given in the paper can be used AQY = AQ < 100 & AR, 1 «100  (14)
for designing inductor windings with reduced high-frequency m Rycem 14+ RAA

resistances. o

which is approximated as

AR, AR,
APPENDIX AQ% ~ x 100, for <1 (15)
CALCULATION ERRORS OF THEINDUCTOR RESISTANCE ac—m ac—m
AND QUALITY FACTOR and AR
The percentage error of calculatitiy, is AQ% ~ 100, for . > 1. (16)
AR,. Ry o — Rocn As an example, (2) can be considered. It allows for an accu-
% = x 100 (10) ' rate prediction ofR,. of inductor no. 1 and, therefore, also the

ac—m Rac —m

calculated values of the quality factor are in good agreement

with experimental values. However, it gives large errorsigr
where R,._. and R,.—,,, are the calculated and measuregf inductor no. 2, resulting in a poor accurate calculation of the
resistances. The percentage errors of calculating the indugigglity factor.

quality factor@ is
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