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Numerical Modeling of Litz Wires Based on Discrete
Transpositions of Strands and 2-D

Finite Element Analysis
Silvano Cruciani , Tommaso Campi , Francesca Maradei , and Mauro Feliziani

Abstract—A new numerical method is proposed to model the
electric behavior of a single bundle litz wire with a large number of
strands. The method is first based on a two-dimensional (2-D) finite
element analysis (FEA) to evaluate the series impedance matrix of a
multistrand cable with parallel strands. Then, a mathematical algo-
rithm for a discrete transposition of all strands is applied to simulate
the bunching and twisting of the strands. The new procedure is very
efficient and accurate, as demonstrated by the excellent agreement
of the numerical results with those obtained by experiments or with
3-D FEA. The error in terms of ac-to-dc resistance ratio is less than
10% in the tested configurations. Furthermore, the computational
cost of the proposed method is very low and comparable with a
simple 2-D FEA.

Index Terms—Finite element analysis (FEA), inductive coils,
inductive power transfer (IPT), litz wire, skin and proximity effects,
wireless power transfer (WPT).

I. INTRODUCTION

L ITZ wires are widely used in many application fields of
power electronics as they strongly mitigate the skin and

proximity effects, thus reducing the ac losses. Currently there is
an increasing interest on litz wires due to their wide use in the
emerging technology known as wireless power transfer (WPT)
and based on inductive coupling [1], [2]. In this technology,
the conductors used for the coils are often made by litz wires
and the coils are generally in air. Thus, the magnetic field in
WPT applications is lower than that of traditional inductors with
magnetic core, but the frequency is higher than powerline fre-
quency (e.g., 50/60 Hz). Typical operating frequencies in WPT
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applications using litz wire coils range from tens of kilohertz to
a few megahertz.

The goal of this study is the development of an accurate
numerical model of litz wires for WPT applications. Predicting
the ac resistance with good accuracy is therefore very important
since the resistance appears in the Q factor expression of induc-
tors. A litz wire is a multistrand conductor where each strand
is a thin, insulated conductor (generally made of copper with
diameter d < 1 mm and enameled). The number n of conductive
strands can be very high, i.e., n > 1000. The strands are often
grouped in bundles and twisted to reduce the skin and proximity
effects.

The challenge in litz wire design consists in adopting complex
bunching architectures to obtain an approximately identical path
for all strands, which therefore occupy all possible positions in
the litz wire sections. In an ideal pattern model, the impedance of
all the strands is the same and the current flowing through each of
them is also the same. Therefore, the distribution of the current
in any cross section of litz is quite uniform and insensitive to skin
and proximity effects. A drawback of this bunching strategy is
the increase in the length of the strands due to the twist resulting
in a small increase in power losses. Despite the real manufacture
of litz wires cannot completely satisfy the ideal pattern of the
strands, in practical applications, the performance expressed as
the ratio Fr between the ac resistance and dc resistance is quite
good (1 ≤ Fr ≤ 2 at the operational frequency).

Litz wire modeling is not easy. In the past, complex analytical
formulations have been provided based on some simplifying
hypotheses [3], [4], [5] [6], [7], [8], [9], [10], [11], [12], [13]. In
recent times, thanks to the ever-increasing performance of soft-
ware and computers, some studies based on numerical models
have been presented [14], [15], [16], [17], [18], [19], [20], [21],
[22], [23], [24], [25], [26], [27], [28]. The numerical methods are
very complex and are mainly based on the finite element analysis
(FEA) solving eddy currents equations in the frequency domain.
The configuration of a litz wire is typically three-dimensional
(3-D) due to the twisting of strands and bundles, thus the
generation of the finite element mesh and the computation are
very heavy and often impracticable even when the number of
strands is not so high. In fact, the size of the finite elements in
the conductors must be much less than the penetration depth,
and therefore, the mesh must be very fine to accurately take
into account the skin and proximity effects. To overcome this
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inconvenience, several numerical approaches have been pro-
posed using circuit equations or homogenization techniques
[28], [29], [30], [31].

Here, an innovative and simple simulation method is proposed
to model a multistrand litz wire, which is seen as a nonuni-
form multiconductor transmission line (MTL). In the past, the
transmission line theory was applied to model nonuniform lines
adopting a segmentation approach. The segmentation approach
was originally proposed in [32] and [33] to predict crosstalk
in twisted-wire pairs, which were modeled as a cascade of
loops consisting of uniform two-wire sections with abrupt in-
terchanges of wire positions at the ends of each loop. A further
development of this approach was proposed in [34] to evaluate
the voltage and current wave propagation in a nonuniform MTL
with helical conductors. The MTL was discretized into small
sections, each considered as a uniform line with parallel con-
ductors. The circuit parameters of each section were obtained
by means of a two-dimensional (2-D) FEA [35], [36], [37], [38].
The computational cost increases with the number of sections
used in the discretization. The uniform MTL sections were
then cascaded to obtain an equivalent circuit model suitable for
analysis by CAD circuit simulators. This approach, based on
the segmentation of a nonuniform MTLs into small sections of
cascaded uniform line, can be also applied to a litz wire, which
is an MTL with shorted ends. However, in the case of a large
number of strands, the number of sections to be used in the
segmentation becomes very high, and therefore, this approach
would be extremely demanding in terms of computational re-
sources since the series impedance matrix must be calculated
for any segment and the strands must be connected physically
at any segment interface. To overcome this drawback, a new
numerical procedure is proposed, which is very convenient from
a computational point of view as it is based on a single 2-D FEA
to obtain the series impedance matrix of a reference litz wire
section [35]. Passing from one section to the next, it is assumed
that each strand moves discretely to a new position among those
included in the reference section. The model of the nonuniform
litz wire is then obtained by mathematically applying a large
number of discrete transpositions to all strands to simulate an
ideal twisting (i.e., all strands are assumed to have the same
impedance and current as demonstrated in several studies [16],
[28]). By this approach, it is not necessary to consider the real
strand connections between different cascaded MTL segments
and the numerical cost of the procedure is relatively low and
comparable to a 2-D FEA.

It should be noted that a procedure based on the segmentation
approach was also proposed in [28] for concentric twisted litz
wires with some simplifying assumptions. Concentric litz wires
are layered in concentric circles and strands are moving during
the twisting remaining in the same layer. The impedance of each
strand in the same layer is almost the same, but different in
different layers. The approach proposed here is instead valid for
any litz wire and it is based on the assumption that the strands
have all the same impedance. This is reasonably achieved in
the proposed algorithm by allowing each strand to occupy any
possible positions inside the cable. Although the transposition
algorithm proposed in this work is only mathematical, without

any close relation with the real physical twisting of the strands,
it provides very accurate results as clearly demonstrated in
Section III. Another great advantage of the proposed method
is the possibility to easily varying some geometrical parameters
of the litz wire configuration. This aspect is very important in
the design and optimization of a coil for WPT systems.

In the following, the mathematical method of the proposed
numerical procedure is first presented and then validated by
comparison with experimental and 3-D numerical results. The
validation performed adopting different configurations of single
bundle litz wires testifies an excellent accuracy in terms of ac
resistance.

II. MATHEMATICAL MODEL

A. Litz Wire Configuration

Litz wires have been introduced to reduce the ac power losses,
by mitigating both skin and proximity effects. AC power loss
in a strand increases with increasing frequency as the current
tends to distribute in the external part of the conductor (strand
level skin effect). This skin effect is significant when the strand
diameter d is greater than the penetration depth δ =1/

√
πfμσ,

being f the frequency, μ the permeability, and σ the conductivity
of the strands. At the operational frequency, the strand diameter
is typically designed as d < δ / 3 [39], [40]. Following this rule,
d can be very small and the current that can flow in it is also
very small. Therefore, the number n of the strands in a litz wire
can become very large to carry the amount of current required
for the application under consideration. At low frequency, the
strand level skin effect is negligible as the current distribution is
fairly constant in the strand section as in dc. When considering
a bundle of parallel strands, the current tends to distribute itself
more in the external strands of the bundle (bundle level skin
effect).

The proximity effect is due to the action of the magnetic field
that can modify the distribution of the current inside the strands
increasing the ac power loss due to circulating currents. The
magnetic field can be produced by the current flowing in other
nearby strands (strand level proximity effect), bundles (bundle
level proximity effect), or other sources (external field proximity
effect). Strand level and bundle level skin and proximity effects
depend on the electrogeometric configuration of the litz wire, as
well described in the technical literature [4], [5], [6], [7].

Litz wires with low numbers of strands typically consist of
a single bundle. Litz wires with higher numbers of strands are
often made of several bundles twisted and bunched together. The
length of lay (pitch p) describes the distance that a single wire
needs for a full rotation (360°) around the circumference of the
strand, as shown in Fig. 1 [39].

B. Litz Wire Modeled by Parallel Strands

A litz wire composed by n independent strands is initially
assumed to be a uniform MTL, i.e., all strands are assumed to
be straight and parallel. The voltage and current vectors of the
n insulated strands are described by the low frequency equation



6712 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 5, MAY 2023

Fig. 1. Pitch p (or length of lay).

valid for an electrically short line as

V0 −Vl= z�I (1)

where � << λ is the length of the considered line, being λ

the wavelength, V0 and Vl are the voltage vectors of n rows at
x = 0 and x = �, respectively, I is the current vector of n rows,
and z is the n×n per-unit-length (p.u.l.) impedance matrix. The
impedance matrix Z = z � can be evaluated by a numerical
approach based on the solution of eddy currents equations
by the FEA [35]. The 2-D FEA is carried out neglecting the
capacitances and therefore, the proposed approach is not valid
for modeling the high frequency behavior of a litz wire.

To predict Z, n simulations are performed imposing n different
excitations. From a mathematical point of view, the applied
voltages of the generic kth simulation can be grouped in the
voltage vector V(k) = V0

(k) – Vl
(k). Assuming a unit voltage

excitation Va = 1 V, the ith coefficient of V(k) is given by
Vi

(k) = Va for i = k and Vi
(k) = 0 for i � k. Therefore, it yields:

V(1) = [Va 0 0 … 0]T, V(2) = [0 Va 0 … 0]T, …, V(n) = [0 0 0
… Va]T.

The currents flowing in the n strands obtained in the
kth simulation are assembled into the corresponding vector

I(k) = [I
(k)
1 I

(k)
2 · · · I

(k)
n ]

T
where the coefficient Ii(k) is the

generic ith strand current at kth simulation. At the end of the
n simulations, the following system is obtained where all matri-
ces are of order n × n :[

V(1) V(2) · · · V(n)
]
= Z

[
I(1) I(2) · · · I(n)

]
.

(2)
As an equal voltage excitation was assumed (e.g., Va = 1 V),

the voltage matrix in (2) is Va 1 being 1 the identity matrix and
the series impedance matrix Z is then obtained as

Z = Va

[
I(1) I(2) · · · I(n)

]−1
. (3)

Once the impedance Z is known, it is possible to evaluate the
current distribution in all strands for any voltage excitation by
the following equation derived from (1):

I =Y (V0 −Vl) (4)

where Y =Z−1. In litz wire applications, the strands are con-
nected in parallel at x= 0 and x= �, so all coefficients of voltage
vectors V0 and Vl are equal to the applied scalar voltages V0 and
Vl, respectively, as

V0 =
[
V0 V0 · · · V0

]T
= V0

[
1 1 · · · 1

]T
(5)

Vl =
[
Vl Vl · · · Vl

]T
= Vl

[
1 1 · · · 1

]T
. (6)

The current vector I is obtained from (4) and its ith coefficient
(i.e., current flowing in the ith strand) is given by

Ii = Va

n∑
k=1

Yik (7)

when assuming the applied voltage Va = V0 − Vl, and being
Yi,k the coefficient on row i and column k of the matrix Y.

The litz wire current IW is obtained as the sum of all strand
currents as

IW =
n∑

k=1

Ik. (8)

The litz wire impedance ZW can be calculated by Ohm’s law
as

ZW =
Va

IW
. (9)

The ac resistance Rac of a litz wire is derived as

Rac = real (ZW ) . (10)

The dc resistance Rdc can be simply calculated for a multi-
strand uniform line by the following formula:

Rdc =
�

nσπ(d/2)2
(11)

where σ is the electrical conductivity of the strands, n is the
number of strands, and d is the diameter of the conductive strand
without considering the insulation layer of the enamel.

An important parameter of a litz wire is the ac-to-dc resistance
ratio FR defined as

FR =
Rac

Rdc
. (12)

C. Litz Wire Modeling With Strand Transposition

The previous equations are valid for a uniform line with
parallel strands, whereas the strands in a litz wire are bunched
and twisted to minimize the skin and proximity effects. Although
a realistic modeling should use a 3-D field approach to evaluate
ZW impedance, a 3-D numerical solution is a difficult and
time-consuming job and requires a high computational cost.
To overcome these drawbacks, a simple calculation method is
proposed here based on the hypothesis of an ideal twist for all
the strands, which are assumed to have the same path inside the
litz wire. The problem now is how to impose this ideal twisting
to a litz wire. In the proposed approach, the configuration of a
single bundle litz wire is modeled as a series cascade of identical
uniform wire sections with a transposition of the strands passing
from one section to the next. Each wire will thus assume all
possible positions within the cable, passing from one section to
another within a pitch.

Given a reference cross section of a multistrand cable, the
positions of the n strands are numbered to indicate the discrete
positions that a strand can assume. A change in the relative
position of the n strands along the line axis is accomplished by
a discrete transposition of all strands, which is mathematically
performed, without considering the real physical connection.
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Fig. 2. Transposition of the strand positions in a segmented litz wire with
n = 4 strands and m = 4 wire sections.

Fig. 3. Equivalent circuit model with transposition for n = 4 strands and
m = 4 wire sections assuming that the impedance matrix is diagonal (only to
better explain the proposed algorithm, whereas the real impedance matrix is
full).

First, the litz wire of length � is arbitrarily discretized into
m line sections of equal length �/m. A section is modeled as a
multistrand line composed by n straight and parallel conductors.
The impedance matrix for a section is given by Zs = z �/m,
being z the p.u.l. impedance matrix. During the transposition,
each strand changes its position within the litz wire following
a simple iterative algorithm. Assuming that all line section
terminals are coded with numbers, the output terminal of the
considered section is connected to the input terminal of the next
section whose code has a number greater than one with respect
to that of the output terminal considered. To better illustrate
the transposition procedure, Fig. 2 shows a circuit diagram of
the transposition scheme when assuming only four sections
(m = 4) and four strands (n = 4) for simplicity. The strands
of the litz wire are marked with a number and the positions
that the strands occupy within the bundle cross section are also
marked with a number. Each strand is color coded so that the
variations of the strand position inside the litz wire can be easily
observed.

The equivalent circuit is shown in Fig. 3 where, for simplicity,
only the series impedance of each strand is shown. It should be
noted that in a real litz wire, the matrix Zs is a full matrix where
off diagonal mutual terms Zij are nonzero. The diagonal series
impedance matrix Zs for each MTL section is given by

Zs =

⎡
⎢⎢⎣

Z1 0 0 0
0 Z2 0 0
0 0 Z3 0
0 0 0 Z4

⎤
⎥⎥⎦ . (13)

The vector of the strand currents flowing into the kth line
section is indicated as Isk. By the adopted transposition ap-
proach, the vectors of the strand currents flowing into different
line sections are related as follows. Assuming for the first section
Is1 = [I1 I2 I3 … In]T = I, the current into Section II is given
by Is2 = [In I1 I2 … In-1] T = T-1 I, the current into Section III
is Is3 = [In-1 In I1 … In-2] T = (T-1)2 I, etc., when the n×n
permutation matrix T is given by

T =

⎡
⎢⎢⎢⎢⎢⎢⎣

⎛
⎜⎜⎜⎜⎝

0

0

...

0

⎞
⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎝

1 0 · · · 0

0 1 · · · 0

...
...

. . .
...

0 0 · · · 1

⎞
⎟⎟⎟⎟⎠

1
(
0 0 · · · 0

)

⎤
⎥⎥⎥⎥⎥⎥⎦
. (14)

Therefore, the current vector for the generic kth section can
be obtained by

Isk =
(
T−1

)k−1
I. (15)

Different types of permutation can be easily obtained by suit-
ably modifying the matrix T. In the following, the transposition
matrix T in (14) is used as it is easy to understand and implement.
All the strands complete the permutation, i.e., assume identical
positions, when the number of line sections m coincides with
the number n of strands, i.e., m = n, or more generally, when
m = kn being k an integer number.

According to the notation adopted, the voltage drop vector
Vsk along the generic kth section is given by

Vsk =

⎡
⎢⎢⎢⎣

V1,sk

V2,sk

...
Vn,sk

⎤
⎥⎥⎥⎦ = ZsIsk. (16)

The coefficient Vi,sk of the voltage vector Vsk is the voltage
drop on the conductor occupying the ith position in the kth
section, and not the voltage drop on the ith conductor that, in the
considered section, has been moved in a different position due to
the transposition (see again Fig. 3). The vector Vpk containing
the voltage drops along each strand can be obtained from Vsk by
reordering its coefficients. It yields: Vp1 = [V1,s1 V2,s1 V3,s1

… Vn,s1]T; Vp2 = [V2,s2 V3,s2 … Vn,s2 V1,s2] T = T Vs2;
Vp3 = [V3,s2 V4,s3 … Vn,s3 V1,s3 V2,,s3] T = T2 Vs3; etc.
Therefore, the voltage drop vector Vpk can be obtained for the
generic kth section by

Vpk = Tk−1Vsk. (17)

The voltage drop vector V = [V1 V2 V3 … Vn]T along the
n wires for the total length � of the litz wire can be easily
obtained by summing the voltage drops Vpk along all different
line sections as

V =

m∑
k=1

Vpk (18)
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Fig. 4. (a) Circular planar coil. (b) Cross section of the planar coil with
N = 5.

and, via (16) and (17), it yields

V =
m∑

k=1

Tk−1ZsIsk. (19)

Finally, the voltage vector V can be expressed as function of
I via (15) as

V =

m∑
k=1

Tk−1Zs

(
T−1

)k−1
I. (20)

The impedance matrix Ẑ of a litz wire applying the proposed
transposition with m permutations is then given by

Ẑ =
m∑

k=1

Tk−1Zs

(
T−1

)k−1
. (21)

The litz wire current IW can also be expressed via (7) and (8),
when considering the modified admittance Ŷ = Ẑ−1, as

IW =
[
1 1 · · · 1

]
Ŷ

⎡
⎢⎢⎢⎣

1
1
...
1

⎤
⎥⎥⎥⎦Va = Va

n∑
i=1

n∑
j=1

Ŷij (22)

being Ŷij the ijth coefficient of matrix Ŷ.
From (9), the impedance of the litz wire cable is then given

by

ẐW =
Va

IW
=

1∑n
i=1

∑n
j=1 Ŷij

. (23)

The number of transpositions m can be selected as compro-
mise between the ideal transposition, which can be obtained for

Fig. 5. (a) Position numbering of the strands in the cross section of litz wire#1
with n = 42 strands. (b) Cross section of litz wire#2 with n = 60 strands.

a number of sections that tends to infinite (m → ∞) and parallel
strand configuration (m= 1). A recommended choice is to select
m = n, as minimum number of sections, to ensure the full
transposition of all strands. It should be noted that mathematical
criterion adopted for the transposition (i.e., ideal pattern) cannot
fit exactly the physical configuration. However, when n is quite
large and m is large enough, it is realistic to assume that the
adopted transposition is quite close to ideal.

Finally, the formula in (23) must consider the difference in
length between a twisted strand and a straight litz wire [39].
Assuming for simplicity a helical shape for a strand path, the
factor kp of the shortening of length due to the bunching process
is given by

kp =

√
p2 + c2

p
(24)

being c the circumference of the litz cable. Thus, (23) must be
modified introducing the factor kp as

ẐW = kp
1∑n

k=1

∑n
i=1 Ŷkj

. (25)

D. Numerical Simulation

The n×n impedance matrix of a parallel strand line is obtained
by postprocessing of the 2-D-FEA in the frequency domain. For
the numerical simulation, the eddy currents equation is adopted

∇×
(
1

μ
∇×A

)
+ jωσA = Js (26)

being A the magnetic vector potential, μ the magnetic perme-
ability, σ the conductivity, and Js the current density source.

The simulations of the coils are performed assuming a
2-D axial symmetric configuration to model a circular coil. The
calculations are performed in COMSOL modeling each strand as
a separate coil function and extracting the current, as described
in Section II-B.

It should be noted that the impedance matrix is calculated
by a 2-D axial symmetric FEA, approximating the multiturn
structure of a planar circular coil by means of series-connected
multistrand coil, as schematically shown in Fig. 4.
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Fig. 6. Current distributions in the n = 42 parallel strands obtained by a 2-D
FEA for case #1: (a) 1 kHz, (b) 20 kHz, and (c) 200 kHz.

III. APPLICATIONS

To validate the proposed method, two single bundle litz wires
are considered. The wire#1 is composed by n = 42 strands with
strand diameter d= 0.18 mm, cable diameter dc = 1.7 mm, pitch
p = 28 mm, and kp = 1.02, whereas the wire#2 is composed by
n = 60 strands with strand diameter d = 0.1 mm, cable diameter
dc = 1 mm, pitch p = 12 mm, and kp = 1.03. The cross sections
of litz wires #1 and #2 are shown in Fig. 5.

Three different geometrical configurations are tested as listed
in the following.

Case #1) planar circular coil, inner radius rc = 13 cm and
number of turns N = 5, wire#1.

Fig. 7. Current distributions in the 42 strands of the litz wire, varying the
number of total transpositions (m = 14, m = 28, and m = 42): (a) 1 kHz,
(b) 20 kHz, and (c) 200 kHz.

Case #2) stacked helicoidal coil, inner radius rc = 8 cm,
number of turns N = 20, wire#1.
Case #3) planar circular coil, inner radius rc = 13.25 cm,
number of turns N = 5, wire#2.

In all previous test cases, the value of kp was calculated by
(24) to take into account the shortening of the strand length due
to bunching process. The current distribution in n= 42 strands of
wire#1 obtained from (7) postprocessing the 2-D FEA solution
of a uniform MTL with parallel strands, i.e., no bunching or
twisting, is shown in Fig. 6 for test case #1 considering three
different frequencies: (a) f = 1 kHz, (b) f = 20 kHz, and
(c) f = 200 kHz. It can be observed that the currents are different
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Fig. 8. Microscope images of the adopted litz wire: (a) longitudinal view;
(b) cut section.

Fig. 9. Coils used in the experiments: (a) test case #1—planar circular coil
with N = 5 turns; (b) test case #2—helicoidal coil with N = 20 turns.

in each strand depending on its relative position in the wire
section and the differences increase with increasing frequency.

Then, the proposed transposition algorithm is applied assum-
ing different numbers m of discrete transpositions. The obtained
current distribution in n = 42 strands is shown in Fig. 7 for
a different number of transpositions (m = 14, m = 28, and
m = 42) at three different frequencies (f = 1 kHz, f = 20 kHz,
and f = 200 kHz). The obtained results demonstrate that the
current in all strands tends to be identical as m increases. It
means that the current distribution tends to a similar value in
all strands, thus demonstrating that each strand has roughly the
same path and impedance, which was the initial goal of the
proposed transposition procedure.

A comparison was made with the experimental results to
validate the proposed simulation method based on discrete trans-
position. The microscope images of the longitudinal and cut
section view of the adopted litz wire#1 are shown in Fig. 8,
whereas the test coils used in the experiments are shown in
Fig. 9. The ac resistance Rac and the ac-to-dc resistance ratio
FR for the considered test cases #1–3 have been measured
adopting a precision LCR meter, model Keysight E4980A in
the frequency range from 0 to 1 MHz. The experimental test
set-up is shown in Fig. 10. The simulations carried out by
the proposed procedure are referenced in the following figures
as “2-D FEA + transposition,” whereas those considering a

Fig. 10. Experimental set-up for test case #1.

Fig. 11. Test case #1 (planar circular coil, inner radius rc = 13 cm, number of
turns N = 5; wire#1: number of strands n = 42, strand diameter d = 0.18 mm):
(a) ac resistance Rac; (b) ac-to-dc resistance ratio FR.

uniform litz wire (i.e., parallel strands without transposition)
are referenced as “2-D FEA.” The measured values for the three
test cases are compared with simulations results obtained by the
proposed procedure adopting m = n, as shown in Figs. 11 –13,
respectively.

As can be seen, the results provided by the proposed method
are in excellent agreement with the measurements for different
geometric configurations and types of litz wires. On the contrary,
the simple 2-D FEA provides inaccurate results and is therefore



CRUCIANI et al.: NUMERICAL MODELING OF LITZ WIRES BASED ON DISCRETE TRANSPOSITIONS OF STRANDS AND 2-D FEA 6717

Fig. 12. Test case #2 (staked helicoidal coil, inner radius rc = 13 cm, number
of turns N = 20; wire#1: number of strands n = 42, strand diameter d = 0.18
mm): (a) ac resistance Rac; (b) ac-to-dc resistance ratio FR.

not able to model the litz wire behavior, as expected, demonstrat-
ing the importance of the strand transposition algorithm. Finally,
at higher frequencies, a certain error appears as we adopted the
eddy current equations formulation, which are valid only at low
frequency.

As the previous numerical results are dependent on the num-
ber of permutations m, a sensitive analysis has been performed
for the test cases #1 and #2 calculating the average relative
error eΣ(m) of the ac-to-dc resistance ratio FR in all frequency
spectrum under examination by the following formula:

eΣ (m) =
1

M

M∑
k=1

|FR,meas (ωk)− FR,num (ωk,m)|
|FR,meas (ωk)| (27)

where FR,meas and FR,num represent the values obtained by
measurements and numerical simulations, respectively. It should
be noted that (27) evaluates the error eΣ(m) in a given frequency
band, i.e., ωk = 2πfk, with M samples such that 1 kHz ≤ fk ≤
200 kHz for k from 1 to M. The results obtained by varying
the number m of discrete transpositions up to 3n and assuming
M = 16 in (27) are shown in Fig. 14 and show how the accuracy
increases considerably up to m = n, whereas a further increase
in the number m of transpositions does not significantly improve
accuracy. The error eΣ(m) in the considered test cases #1 and
2 is quite small, eΣ(m) < 0.05 for m ≥ n, and converges
for m ≥ n. From the error analysis, we can state that n = m

Fig. 13. Test case #3 (planar circular coil, inner radius rc = 13.25 cm, number
of turns N = 5; wire#2: number of strands n = 60, strand diameter d = 0.1 mm):
(a) ac resistance Rac; (b) ac-to-dc resistance ratio FR.

Fig. 14. Average relative error eΣ(m) versus number m of transpositions for
test cases #1 and #2 in the frequency band f = 1 kHz – 200 kHz.

is a reasonable discretization step of the litz wire to obtain a
satisfactory accuracy by means of the proposed transposition
approach, at least for the considered litz wire. Thus introducing
the error e(ω) as function of the angular frequency ω = 2π f
defined as

e (ω) =
|FR,meas (ω)− FR,num (ω,m)|

|FR,meas (ω)| (28)

it is possible to evaluate e(ω) for the test cases #1 and 2 assuming
n = m, as shown in Fig. 15.
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Fig. 15. Relative error e(ω) versus angular frequency ω for test cases #1 and
#2 in the frequency range f = 1 kHz – 1 MHz assuming n = m.

Fig. 16. (a) Litz wire configuration with 3-D FEA discretization. (b) Map of
the current density distribution at 1 MHz. (c) Calculated ac resistance Rac.

Finally, a simple test was performed to compare the results
obtained with the proposed method (2-D FEA + transposition)
with those obtained from a complete 3-D FEA for a litz wire
with simple configuration. The considered cable is composed
by n = 7 strands with diameter d = 0.1 mm and pitch p = 24
mm. The cable has been discretized using 1 254 128 tetrahedral
elements. The configuration mesh and the obtained results are
shown in Fig. 16 demonstrating an excellent agreement. In the
considered case, the computational cost of the 3-D FEA is much
higher, with a solution time of 6 h and 34 min using an two Intel
Xeon X5260 processors against a time of 5 s for the 2-D FEA
simulation and few milliseconds for the transposition process.

IV. CONCLUSION

A new approach has been proposed for modeling a single
bundle litz wire by simulation. The ac resistance is obtained by
applying Ohm’s law to a multistrand structure given by a series
cascade of uniform MTL sections with parallel strands whose
impedance matrix is extracted from a 2-D FEA. A mathematical
algorithm of discrete transposition is applied to the cascade of
identical uniform MTL sections to simulate the ideal pattern
of a litz wire where all strands have the same path due to the
bunching and twisting process.

The proposed method compared with measurements and 3-
D numerical results proved to be very accurate and efficient.
The computational cost is not expensive and comparable with
a traditional 2-D FEA, which is much lower than a complex
3-D simulation, whereas the simple 2-D FEA without strand
transposition algorithm proposed in this work is not accurate.
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