3386

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 26, NO. 11, NOVEMBER 2011

Measurement and Characterization of High
Frequency Losses in Nonideal Litz Wires

Hans Rossmanith, Marc Doebroenti, Manfred Albach, and Dietmar Exner

Abstract—Commercially available litz wires are fabricated in
several ways, depending on the number of strands and on the
cost frame, either as twisted strands, as twisted bundles of twisted
strands or as braided strands. The bundles have a finite pitch
length, and the permutation of strands within this length is not
perfect. This paper illustrates the effects of this nonideal construc-
tion on skin and proximity losses in the winding and indicates some
applications where this may become important. Test setups have
been developed to measure skin losses and proximity losses sep-
arately, thus offering the possibility of quantifying the quality of
real litz wires by comparing the test results with the ideal behavior.

Index Terms—Loss measurement, magnet wire, skin effect,
windings.

1. INTRODUCTION

ITZ wires have been used for windings in inductors and
L transformers of switch mode power supplies for a long
time. Depending on the strand diameter, they offer reduced
winding losses compared to solid wires of equal total cross
section within a limited frequency range. This property has
been described in several publications, e.g., [1]-[5]. Although
in many applications a litz wire may be considered as ideal, i.e.,
with its total current equally distributed over the strands, for
some cases a more realistic model should be used [6]. A similar
situation is described in [7], where the losses of a spiral winding
consisting of litz wires have been measured, and the test results
do not match so well with the calculations, which are based on
ideal litz wires.

In Section II, a test setup is presented that can be used to
measure the skin losses (including the internal proximity losses
inside the litz wire caused by the strands of the same wire) and
the proximity losses due to external magnetic fields, caused by
nearby wires and the core including the air gaps. This forms the
basis for characterizing the deviations between real and ideal litz
wires. Section III presents the theoretical background for calcu-
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lating the losses in both situations, ideal and nonideal behavior.
From the test results shown in Section IV, it becomes obvious
that two scalar parameters are sufficient to characterize the non-
ideal properties of real litz wire for the two loss mechanisms
skin losses (parameter Agkin) and proximity losses (parameter

)\prox)~

II. DESCRIPTION OF THE TEST SETUP
A. Preparation of the Litz Wire Under Test

Litz wires are connected to the external circuit by solder
joints. Since the strands are insulated individually, soldering
must remove this insulation to provide a reliable electrical con-
tact of all strands. At the same time, however, these solder joints
are a path for eddy currents between the strands, which may
increase the winding losses. In detail:

1) tests of litz wire properties will have to include these solder
joints, if the wire length of the winding is comparable to
or shorter than the pitch of the litz wire;

2) care must be taken to connect all strands, dc resistance
measurement may be used to ensure this;

3) mechanical stress to the litz wire like bending, folding or
squeezing will influence its electrical properties; so, the
test setup should avoid mechanical stress to the litz wire
under test as far as possible; and

4) exchanging the litz wire in the test setup should be easy
and fast, because many samples have to be tested.

B. Winding Losses

If a time-dependent current

i(t) =ip + Z in cos(nwt + ¢y,

n=1

ey

is flowing through a solid round wire the losses P in this wire can
be separated into rms losses and skin losses P = P,,5 + Pakin
with
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Fy,, is the skin factor at the frequency of the nth harmonic, a is
the radius of the wire, §,, is the skin depth, and /) and I; are
the modified Bessel functions of the first kind of orders 0 and 1,
respectively, o, is the conductivity of copper.

If the wireis located in an external magnetic field an additional
loss mechanism occurs. With a field orientation perpendicular to
the axis of the wire and a homogeneous field distribution these
so-called proximity losses are given by the relation

.
Pprox = TH

ext
Cu

D, with D, = 2rRe {aah(‘m)}

Iy(aa)
where ﬁcxt is the amplitude of the external field, [ is the wire
length, and D; is the proximity factor for the solid wire. For
the more general situation with an inhomogeneously distributed
external field, e.g., inside the winding area caused by air gaps,
the procedure of how to solve this problem is given in [8].

In case of litz wires the situation is more complicated, be-
cause each strand is located in the field caused by the other
strands in the same bundle. A homogeneous external field will
generate eddy currents inside the strands. Significant inhomoge-
neous fields produced by these eddy currents will only occur at
high frequencies. Even then, these stray fields have line dipole
characteristics and compensate each other inside a litz wire with
circular cross section and a sufficiently large number of strands.
Preliminary simulations (finite elements) of a litz wire type
30 mm x 0.2 mm with and without these stray fields resulted
in closely matching total proximity losses, with deviations less
than 2% from 1 kHz to 30 MHz. So, the simple formula (4)
seems to be adequate for the proximity losses not only of single
strands but also of complete litz wire bundles in the investigated
frequency range. At even higher frequencies corrections may be
made using the method in [9].

Evenif no external field from outside the litz wire, e.g., caused
by nearby wires or the core with the air gaps, is taken into
account, we will get “internal proximity losses.” In the literature,
the total losses are sometimes separated into rms losses, strand-
level skin losses, bundle-level skin losses, internal strand-level
proximity losses, external strand-level proximity losses, and
bundle-level proximity losses.

From a practical point of view, these six categories should be
lumped into only three groups.

1) “RMS losses” (as defined earlier): They can be influenced

by the length and the cross-sectional area of the wire.

2) “Skinlosses of the litz wire”: This is the combination of all
skin losses in the whole bundle and the proximity losses
in all strands, but only those caused by the field from the
other strands in the same litz wire. There are two major
reasons for this combination of losses. If we measure the
frequency-dependent resistance of a certain length of the
litz wire, e.g., with an impedance analyzer, the increasing
resistance with frequency is caused by exactly these losses.
The second reason is that this resistance can be influenced
by the manufacturing process of the litz wire, because it
depends on the number of strands, on the diameter of the
strands, on the outer shape of the bundle, on the pitch
length, and also on the number of strands of subbundles.
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3) “Proximity losses”: These are the proximity losses in the
whole bundle, but only those caused by external fields,
e.g., from the other wires, from the core, and from the air
gaps. These losses can be influenced by the design of the
inductive component, e.g., by the number of layers, by the
number of turns in a layer, by the position of the turns in
the winding area, by the position of the air gaps, and so
on.

By separating the total losses into these three groups, we can
do the same measurement for solid wires and litz wires and we
are able to directly compare solid wires and different types of
litz wires.

For circular litz wires with strands of circular cross section,
these types of winding losses can be shown to be orthogonal
[10], so they may be calculated separately and added up. Also,
solid wires with circular cross section may be treated in this way.
To measure these types of losses separately, however, turns out
to be a challenge. In the following chapters, we will present
suitable test setups.

C. RMS and Skin Losses

The value of Ry, can easily be measured using a micro-
ohmmeter with Kelvin clamps, but it can also be calculated
in a simple way. This may become useful when verifying the
quality of solder joints between litz wires. Of course, the length
of the strands has to be used in this calculation, which is a
few percent larger than the length of the bundle. Nevertheless,
some uncertainty remains, mainly because of the tolerance of
the strand diameter.

Skin losses appear at higher frequencies as an additive term
to rms losses. A measurement of small skin losses compared to
rms losses will tend to be not very accurate, since subtraction is
involved. But in this case, they will have no great impact on the
total losses.

For the measurement setup, several problems had to be over-
come.

1) Proximity losses due to the magnetic field of nearby wires

have to be avoided.

2) Proximity losses in nearby metallic structures, as well as
magnetic losses in nearby iron structures, including the
test equipment, have to be avoided.

3) The inductance of the test setup must be kept low, since
otherwise, the phase angle will be too small and loss mea-
surements will become inaccurate [11].

4) The litz wire under test must not experience mechanical
stress during the tests to ensure reproducible results.

Fig. 1 shows the final test setup used to measure the skin

losses of litz wires.

The litz wire to be tested is inserted into a circular groove
through a brass bar of length 1 m to form the inner conductor
of a coaxial waveguide. Setups of different groove sizes have
been manufactured to match the various litz wire diameters. In
the examples here, a groove diameter of 6 mm was selected.
Spacers of appropriate inner diameter are used to center the litz
wire. At the far end, the litz wire is connected to the bar. At
the near end, the impedance Z is measured via an impedance
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Fig. 1.
analyzer.

Test setup to measure skin losses in litz wires via an impedance

Fig. 2. Test setup for the proximity effect measurements.

analyzer. The real part of this impedance characterizes the total
losses of litz wire and brass bar. Because the dc resistance of
the litz wire is known as well as the frequency-dependent loss
resistance of the brass bar, e.g., from measurements with solid
wires, the skin loss resistance of the litz wire can be extracted
from the measurement result 2

Rskin = RG{Z - Zbar} - Rdc- (5)

As will be illustrated later, the total test setup forms a transmis-
sion line, so (5) will hold only for frequencies where the wave-
length is large compared to the length of the waveguide. Higher
frequencies will be treated with a modified approach. This test
setup does not generate any (external) proximity losses in the
litz wire or outside the bar.

D. Proximity Losses

Whereas the combination of rms and skin losses, discussed so
far, describes the frequency-dependent behavior of the wire and,
thus, characterizes the wire type, the proximity losses always
occur, if the wire is used to realize a winding with several turns,
either with additional core or not.

With the test setup shown in Fig. 2, only the so-called exter-
nal proximity losses will be evaluated (the third loss mechanism
described earlier). As we tried to avoid calorimetric test equip-
ment, the proximity losses in the device under test (DUT) had
to be detected by an increase of loss in an excitation coil. Re-
liable test results, however, can only be obtained by taking the
following rules into consideration.

1) Keep the losses in the excitation coil low and in the DUT

high.

2) Keep the magnetic stray field low, so that no other struc-

tures in the neighborhood generate losses.
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3) Use a test setup where the magnetic field in the DUT can

be determined easily.

4) Avoid stray capacitances in the test setup, especially those

connected with the DUT.

5) Avoid magnetic field distortion by the DUT, or include it

in the theory.

6) Use air coils, or if necessary, use low-loss magnetic

material.

The test setup for proximity effect measurements consists
of a magnetic circuit with four parallel Ul-combinations of
U93/76/30 cores with air gaps, similar to [6]. The litz wire
samples to be tested were placed in the air gaps and, thus, ex-
posed to a high magnetic field intensity. The material of the
U-cores is Ferroxcube 3F4, which has low core losses up to
several megahertz. The width of the two air gaps can be adapted
to fit different litz wire diameters.

An excitation coil of 16 turns was connected to an impedance
analyzer. Its dc resistance is 0.5 2. Above 300 kHz, for the air
gap size 3 mm, core losses become dominant. In the test setup
of Fig. 2, the proximity losses in the litz wire samples (DUT)
were calculated by comparing the impedances Z; of a reference
measurement without DUT to the actual measurement Z with
DUT.

First measurements used litz wires of a length greater than 1
m, which were bent several times to fit inside the air gaps. It be-
came clear very soon that these samples, with strands insulated
at the ends, would only behave like ideal litz wires. Nonideal
effects of connected strands could only be observed when using
short samples (compared to the pitch), with solder joints at each
end.

However, the litz wire samples to be tested had to be long
enough so that the solder joints at both ends could be placed
sufficiently far away from the air gaps and the fringing field
would not produce extra proximity losses in them. We chose
sections of 15.5 cm length, of which six were placed inside each
of the two air gaps.

The real parts of the measured impedances, Ry (without DUT)
and R (with DUT) determine the power loss in the test setup of
both configurations. As a first approximation, their difference is
the proximity loss in the DUT

1 5
PDUT = §(R — RO) 22. (6)

The magnetic field amplitude at each sample of the DUT is
calculated by analysis of the magnetic circuit. Its mean square
over the DUT

A2, (DUT) = hyp i° 0

is proportional to the proximity losses in the DUT. With the
dc-conductivity o, and the total length [ of the DUT inside the
field as normalizing factors, the proximity factor of the DUT is
defined by
w B «R—R
p—oen Thur oo ffo
HZ(DUT) hpur
It can be used to characterize the proximity losses of the litz
wire under test.
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Fig.3. (a)Equivalent circuit of subsection. (b) Equivalent circuit of test set-up.
Z 7 : contact impedance, Ry, : brass bar resistance, Rpy T : litz wire resistance,
C': transmission line capacitance, L: transmission line inductance.

As the proximity losses in solid wires can easily be calculated,
the validity of the described test procedure can be checked by
applying this measurement to solid wires and comparing both
calculated and measured results.

III. THEORETICAL BACKGROUND

Because winding losses are linear, the Fourier expansion of
arbitrary periodic current wave shapes can be used to sum up the
losses of all harmonic components. For this reason, it is sufficient
to restrict the investigations to sinusoidal currents with different
frequencies.

A. Skin Losses

Skin and internal proximity losses in ideal round litz wires
have been calculated, e.g., in [1]. These calculations assume an
equal current distribution over all strands, so that each one of the
N strands carries a current with the same amplitude 7 /N and the
same phase. This type will be referred to as “ideal litz wire.” In
practice, this requires interchanging the strands of the litz wire
with a pitch which is short compared to the total wire length. For
comparison, also, skin losses of a bundle of parallel strands have
been calculated. In the bundle, the strands do not exchange their
positions, and the current in the strands will vary according to the
strand position in the bundle. Current distribution and losses of
parallel strands are equivalent to those of a solid round wire with
the same diameter as the bundle, if the solid wire conductivity
is reduced appropriately. The conductivity of the solid wire was
adjusted such that the dc resistance of the solid wire matches
that of the bundle of parallel strands [see (17)].

To calculate the behavior of ideal litz wires and parallel
strands in the test setup shown in Fig. 1, the length of the
setup is subdivided into M (e.g., M = 100) separate sections.
Each subsection can be described by the equivalent circuit in
Fig. 3(a).

With the currents i), 42 and voltages u;, us defined in
Fig. 3(a), the chain matrix of the circuit is given by

(UI) <1{/22);
11 7
1 RU +Rar+Z
< DUT b L

G
Yo 1+Ye(Rpur + Rbar + ZL)>

Here, Z; = jw L describes the impedance of the inductance
L, and Yo = jwC the admittance of the capacitance C' in this
subsection. The total test setup is shown in Fig. 3(b). Here, all
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M subsections are connected in chain to form a transmission
line. Its far end is short-circuited; its near end is connected to
the impedance analyzer ports. The impedance Z; comprises a
contact resistance of the terminal connections to the impedance
analyzer as well as an inductance of the connecting leads to
these terminals.

The chain matrix of the transmission line is

, a a
A= (AAM = ( M 12) . (10)
21  a22
From this, the impedance of the test setup is calculated as
Z=27,+%2 (11)
a22

This impedance Z, evaluated for ideal litz wires and parallel
strands, will be the basis for comparing the measurement results
for the skin effect in real litz wires.

The different behavior of real litz wires with respect to ideal
litz wires is due to the fact, that the strands are not perfectly inter-
changed, even in the case of samples that are long compared to
the pitch length. For this reason, it is expected, that real litz wires
show a behavior somewhere between ideal litz wires and parallel
strands. More than 70 types of litz wires, with varying number
of strands (6...2550), strand diameters (0.04...0.5 mm),
pitch lengths, subbundle configurations, and cross sections were
analyzed. All samples had a frequency-dependent resistance
R, that could be described by a linear combination of that of
an ideal litz wire R;jq and of parallel strands R,,,., typically
with maximal deviations over the total frequency range
(10 kHz . .. 30 MHz) much less than 10%. We encountered no
example where a single scalar parameter Aqyj, was not sufficient
to describe this behavior over the full frequency range, by

R)‘_ = )‘-skin Rid + (1 - )‘-skin)Rpar- (12)
This parameter Aq, takes the role of a quality parameter:
Askin = | means perfect litz wire, where the total current is
distributed equally over the strands and Agx;, = 0 means parallel
strands with skin losses like an equivalent solid wire. Both
extreme cases can be calculated analytically with sufficient
accuracy.

Equation (13) gives the analytical formula used to describe
the frequency-dependent resistance of an ideal litz wire due to
skin effect, similar to [1]

o 1 e Io(zs) B d% I (zs)
Ria = Rac5R { ’ [Il(xs)+N(N Dd% IO(xS)]}.

The model of an equivalent solid wire is used for the bundle of
parallel strands

o 1 I()(LEL)
Rpar = RdCQRe {xL L))

(14)

The complex arguments zg and zj are the normalized skin
parameters of a single strand and of the equivalent solid wire,
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respectively
. ds : dr,
zs = L+ )V fruooca s 2= A+ i)V fuor=
5)

where dg is the diameter of a single strand of the litz wire, IV
is the number of strands, d;, is the diameter of the total litz wire
(the same as that of the equivalent solid wire), given by

[2
dp, = dg\/ =V3N
7T

where dg is the distance between two strands in the litz wire,
which is somewhat greater than the strand diameter, due to
the additional insulation of the strands. The conductivity o, is
chosen such that dc-losses of equivalent solid wire and parallel
strands match

(16)

AN

o = UCHS—?. (17)
I

The dc resistance Ry of the litz wire of length [ (which is here

considered as equal to that of the parallel strands) is

41

Rye = ———.
7 ooumdiN

(18)
Actually, also the transmission line impedance 2 in Fig. 3(b)
[calculated by (11)] with a real litz wire as center conductor can
be expressed as a linear combination according to (12), with the
same parameter Agkiy, -

B. Proximity Losses

Proximity losses of round litz wires in a homogeneously dis-
tributed magnetic field have been calculated, e.g., in [2] or [12].
For round litz wires with N strands, the proximity losses are
very close to N times the proximity loss of one single strand,
within the total frequency range. However, only ideal litz wires
are considered, where the current in each strand cancels out to
Zero.

The proximity losses in an ideal litz wire due to a homoge-
neous external magnetic field can be calculated analytically. A
good approximation according to Section II-B will be

.
Pprox,id = ;Hzxt -ND;y with
x5 I (xs)
Diq = 2mRe m . (19)
o(zg

Asbefore, xg is the normalized skin parameter of a single strand
according to (15). If the strands in the litz wire are connected to
each other, e.g., by solder joints, the strand current in each strand
will not cancel out to zero any more. The extreme case would
be a bundle of parallel strands, which are electrically parallel
connected. Its current distribution over the bundle cross-section
matches that of an equivalent single solid wire of equal diam-
eter. The conductivity of the equivalent solid wire is adapted
to account for the copper filling factor according to (17). The
proximity losses for the bundle with parallel strands are then
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10,

Q 345%0.1, type 1

Agjein = 0.49

R 0l

e
Ry,
L LN
0.01
110~
3
L<10 0.01 0.1 10 100
e
MHz
Fig. 4. Frequency-dependent resistance of the transmission line in Fig. 3(b)

for ideal litz wire R;q, parallel strands I}, a linear combination of both [ 2
from (12)] and measurement result R for sample 245 x 0.1, type 1.

given by
[ -
Pprox,par = aHgXt . NDpar with
2 Iy, Il (xL)
D ar — —R — 20
p N e{ IO (xL) ( )

where x;, is the normalized skin parameter of the equivalent
solid wire according to (15).

Sections of litz wires without solder joints show ideal be-
havior with respect to proximity effect, i.e., the total current of
each strand cancels to zero. However, in real applications, litz
wire windings have to be soldered to contact pins, so the strands
are not isolated from each other. As a consequence, like skin
losses, proximity losses in litz wires may not always behave
in this ideal way. Solder joints at short distance will have an
influence, which should be tested. It is expected, that a distance
of solder joints shorter than the pitch of the litz wire will push
the proximity losses near to those of parallel stranded wires.

IV. MEASUREMENT RESULTS

Two types of litz wires, having all the same number of strands
with the same diameter, are investigated (245 mm x 0.1 mm).
Only the inner structure of these two types is different: type 1
is made of seven bundles, each of 35 strands, type 2 is made of
four bundles, each of 61 or 62 strands. The pitch length at bundle
level of both types is 3.7 cm, at strand level 2.9 cm. Both types
are wrapped with a double layer of polyamide yarn. Skin and
proximity effect measurements show quite different behavior.

A. Skin Losses

Real litz wires have skin losses that lie in between those of
ideal litz wires (calculated under assumption of an equally dis-
tributed current among the strands) and those of parallel strands.
This model is valid over the total frequency range, with some
caution at very high frequencies.

Figs. 4 and 5 show the frequency-dependent resistance of
the test setup with 1.07 m length of litz wire, which comprises
ohmic, skin, and internal proximity losses. Both figures display
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R [ Agkin = 089 245x0.1. type 2
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i
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Fig. 5. Frequency-dependent resistance of the transmission line in Fig. 3(b)

forideal litz wire R;q, parallel strands R}, ,;, a linear combination of both [ R A
from (12)] and measurement result R for sample 245 x 0.1, type 2.

100,
0

10

245x0.1, type 1

e
R 0.1
Rpar
oo 001
1=10 3
1=10 .
3
=10 ° 00 0l 10 100
I
MHz
Fig. 6. Reactance X, total resistance R, and contribution R},,, of the brass

bar to the total resistance.

quite large differences between these two litz wire types. The
theoretical losses (ideal litz wire R;q and equivalent solid wire
or parallel strands RR,,,., respectively) in the two figures are the
same, measurement results and adapted theoretical curves for
real litz wire are not. All theoretical curves have been calculated
as to be comparable to the skin effect measurement by means
of the brass bar in Fig. 1.

To confirm the validity of the results, Fig. 6 compares the
reactance X, the total resistance R, and the calculated contri-
bution Rj,,, of the brass bar. Ry,,, is small compared to R, and
X compared to R is in a range, where the test results obtained
from the impedance analyzer are sufficiently accurate.

An off-center position of the litz wire under test can be shown
to increase the resistance of the brass bar by a factor

1442

fbar = 1_ 4¢2 (21)

where c is the off-center distance of the litz wire divided by
the groove diameter. Equation (21) holds exactly for skin depth
equal to zero, but is also a good approximation for the frequency
range under consideration. An evaluation of (21) shows that the
influence of ¢ can be neglected as long as it is less than 10%.
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10 — —
Proximity losses due to solder joints
in variable distance from the air gap
10 iy rhuinrlirirra ]
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e
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110 ° ;
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f
MHz
Fig. 7. Normalized proximity losses of litz wire and solder joints.

B. Proximity Losses

Measurements with open-ended litz wires are in very good
agreement with the ideal theoretical results (see Fig. 8). Devi-
ations from the ideal behavior at very low frequencies can be
explained by the finite measurement accuracy due to dominant
dc losses in the excitation coil, which becomes noticeable for
very small proximity losses. A measurement setup as in [6] with
separate excitation and measurement coils could eliminate these
errors.

To measure deviations in the proximity effect of real litz wires
from ideal behavior is not as easy. It was necessary to use quite
small sections of litz wire with solder joints at both ends and put
the sections under the influence of an external magnetic field.
However, the solder joints themselves have the proximity losses
at lower frequencies that dominate the measurement. Of course,
the proximity losses of solder joints provide no further insight,
so this effect had to be eliminated.

In the test setup of Fig. 2, the litz wire samples to be tested
had to be so long that the solder joints at both ends could be
placed far enough from the air gap, so the fringing field would
not produce extra proximity losses in them. We chose sections
of 15.5 cm length, of which up to six were placed inside each
of the two air gaps. With a core length of 12 cm, the distance
of the solder joints from the air gap on each side was 1.7 cm.
So, for the air gap width of 3 mm, the air gap stray field did not
generate significant losses in the solder joints. The greater total
length of the sections compared with the length inside the air
gap field was taken into account mathematically. Fig. 7 shows
the influence of solder joints in the vicinity of the air gap. For
this measurement, the soldered ends of the litz wire samples
under test were placed at variable distance from the air gaps,
with no wires in the air gaps themselves. Even at the shortest
distance 0.5 cm, losses in the solder joints were much lower
than the proximity losses in the litz wire samples.

The measurement provides a value P, for the proximity
losses in the litz wire under test. In all tested litz wire samples,
this value lies between the calculated values P,ox ia (19) and
Pprox,par (20). In fact, a linear combination as in (12) can be
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Fig. 8.  Proximity factor for 15.5-cm-long sections of litz wire 245 x 0.1, type

2 without solder joints.
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Fig.9. Proximity factor for 15.5-cm-long sections of litz wire 245 x 0.1, type

1 with solder joints at the ends.

used for an approximation of the test results

Pprox,)\. - )‘-prox Pprox.id + (1 - )‘-prox) P)I)I‘OX,pal" (22)

Again, this scalar parameter A, can be regarded as a quality
factor for the litz wire under test with respect to the proximity
losses. It is to be noted, that the parameter A,,,x—contrary
to Agkin—Vvaries with the length of the litz wire samples, (see
Fig. 11). In order to be independent of the applied magnetic
field, proximity factors are calculated from the proximity losses
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Borox, Dy (23)
To verify the validity of (22), Figs. 8—10 compare the proximity
factor D calculated from measurement data with the proximity
factor D, calculated from the approximation (22).

Compared to the differences found in skin effect measure-
ments, the proximity effect measurements do not differ as much
for the two different types of litz wire (see Figs. 9 and 10). Thir-
teen centimeters of each litz wire section have been exposed to
the magnetic field, which is larger than the pitch lengths 3.7 cm
(bundles) and 2.9 cm (strands), so the deviation from ideal be-
havior is small and mainly visible in the lower frequency range.
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Fig. 10.  Proximity factor for 15.5-cm-long sections of litz wire 245 x 0.1,

type 2 with solder joints at the ends.
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Fig. 11. Quality parameter (proximity effect) of litz wire 245 x 0.1, type 1
with solder joints at the ends for varying lengths exposed to the magnetic field.

At high frequencies, the proximity losses of real litz wires are
close to the losses of ideal litz wires. Above 10 MHz, the inher-
ent core losses of the test setup exceed the losses in the wires
and reliable test results cannot be expected.

C. Evaluation of Results

In real litz wires, the current is not equally distributed be-
tween the strands, due to nonperfect interchange of the strands.
There are several construction parameters that have an influ-
ence. Not only the pitch length plays an important role, but also
the substructure of the bundle.

In proximity effect measurements, the quality parameter Ao
correlates to the length of the litz wire which is exposed to the
magnetic field. Fig. 11 shows a sample of litz wire type 1 with
total length 15.5 cm and solder joints at the ends, which has
been exposed to the magnetic field at varying lengths. A typical
valley occurs near /; = 5 cm, which corresponds to 1.5 pitch
lengths at bundle level and 2 pitch lengths at strand level. At this
length, the magnetic flux through a loop formed of two strands
will have a maximum, leading to a peak in the proximity losses
at bundle level. At the length 9.5 cm, a smaller valley is visible.
In cases of greater lengths subjected to the field, these effects
tend to cancel out, so that no more valleys are visible.

In skin effect measurements, the pitch length is correlated to
the quality parameter Ayj,. This parameter is independent of
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TABLE I
INFLUENCE OF LITZ WIRE PITCH

type la 1 1b 2

bundle pitch 2.0cm 3.7cm 4.5cm 3.7cm
strand pitch 2.9cm 2.9cm 2.9cm 2.9cm
A 2.5¢cm 5.0cm 6.5cm 5.0cm
Askin 0.58 0.49 0.43 0.89
Aprox 0.991 0.989 0.983 0.991

the sample length when the test samples are long compared to
the pitch length.

Table I shows the measurement results of four litz wire types:
types la, 1, and 1b are built from seven bundles of 35 strands
each, but with different pitch lengths. Type 2 (four bundles of
61 and 62 strands) is included, too. For otherwise equal inner
structure, both quality parameters decrease with increasing bun-
dle pitch length of the litz wire. A modified bundle substructure
like that of type 2, however, has by far the greatest influence.

V. CONCLUSION

A new test setup has been presented, which offers the pos-
sibility for measuring the frequency-dependent resistance of a
single litz wire without the influence of nearby currents or metal-
lic/permeable objects. The obtained test results indicate that a
single scalar value can be used to characterize the quality of
a real litz wire over the full frequency range. Measured and
theoretical results for the frequency-dependent resistance of the
nonideal litz wire can be brought into very good agreement
by adjusting this parameter. Skin effect is dominant in energy
transmission over wires at higher frequencies. If litz wires are
chosen to limit the skin losses, their nonperfect properties must
be taken into account.

A second test setup has been used to evaluate the proximity
effect of litz wires independent of the skin losses and without
the influence of metallic or soft magnetic objects in the vicinity.
Measurements of the proximity effect in round litz wires show
quite good agreement with the theoretical results for the ideal
litz wires. Nonideal behavior has been observed if solder joints
in short distances are present. One additional scalar parameter
Aprox 18 sufficient to describe the nonideal behavior of a certain
length of litz wire in case of the proximity effect.

This paper shows that the nonideal behavior of any given
litz wire at skin effect may be described by only one scalar
parameter. This parameter in combination with the well-known
analytical formulas for skin losses in ideal litz wires and equiv-
alent solid wires offers the possibility to describe the actual
skin losses in real litz wires, where strands are not perfectly
interchanged. With respect to the proximity effect, this paper
characterizes a real litz wire by a second scalar parameter. This
parameter A, is influenced by the length of the litz wire which
is exposed to the external field. Lengths that are smaller or com-
parable to the pitch length will lead to reduced values Aoy, thus
increasing the proximity losses especially at lower frequencies.

3393

For certain subbundle configurations, a single parameter Ao«
may not be sufficient to describe the proximity losses within the
whole frequency range. A better description would comprise
parameters for subbundles as well, a subject for further research.
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