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Calculation of Power Losses in Litz Wire Systems
by Coupling FEM and PEEC Method

Andreas Roßkopf, Eberhard Bär, Christopher Joffe, and Clemens Bonse

Abstract—The frequency-dependent resistance of inductive
components with high-frequency litz wires is essential for the de-
sign of power electronic systems. A novel simulation approach is
demonstrated, which combines the specific benefits of two numeri-
cal methods: The magnetic field distribution is calculated by stan-
dard finite-element method tools for complex 3-D geometries based
on a solid conductor. The resulting magnetic field on cut sections of
the conductor is used as boundary condition for the partial element
equivalent circuit method. Based on the coupling of these methods,
power losses on litz wire level have been calculated taking different
bundle structures and pitch lengths into account. The work flow
has been automatized and enables simulations of litz wire systems
with hundreds of strands. For different simulation setups, the sim-
ulations have been verified by comparison to measurements up to
500 kHz. The average deviation is less than 5% in the relevant
frequency range.

Index Terms—Finite-element method (FEM), litz wire, partial
element equivalent circuit (PEEC), power losses, proximity effect,
simulation, skin effect.

I. INTRODUCTION

IN the domain of power electronic systems, prototyping and
experiments are time intensive and very costly. The knowl-

edge of parameters such as resistance, inductance, or magnetic
field distribution is essential for the design and development
process. In the last decades, empirical formulas and analytical
approaches are more and more replaced by numerical simula-
tions.

The best-known numerical approach is the finite-element
method (FEM) which is established in all engineering domains,
such as structural mechanics [1], fluid dynamics [2], or electro-
magnetics [3]. From the mathematical point of view, the FEM
and also the finite differential method are based on the differen-
tial equation method. In contrast, the boundary element method
(BEM), method of moments [4], and the partial element equiv-
alent circuit (PEEC) [5] are based on the integral formulation.
A review on common numerical methods for modeling of in-
duction and electromagnetic systems has been published [6].
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In the last years, also approaches using coupling of FEM and
BEM have been presented for some specific electromagnetic
problems in 2-D [7] and 3-D [8]. Also acceleration techniques
like the multipole approach enable calculations of real systems
such as shielded induction heaters [9].

Due to high research efforts on numerical algorithms and
the increasing computational resources, common electromag-
netic simulation software is sufficiently mature for most appli-
cations. However, in applications using litz wires, the multiscale
structure of these systems results in large differences between
measurements and simulations. Research on this topic is highly
relevant for the design of all kinds of inductive components, in
particular in the domain of inductive power transfer (IPT). The
frequency-dependent resistance strongly depends on the wind-
ing structure of the litz wire conductor and the ferrite geometry
[10]. Different approaches based on accurate measurements of
litz wires [11], homogenization of the complex structure [12],
[13], [14] or reduction to rotationally symmetric systems [15]
are state of the art.

In the following, a novel approach for the simulation of
litz wire systems is presented. The work flow is based on the
SlicerPro approach introduced in [16] in which the simula-
tion process is splitted. On one hand, the field simulation (with
FEM) of the entire system with a solid conductor is carried out.
On the other hand, the loss calculation of the litz wire with the
structure in detail employs the PEEC method. This work flow
combines the specific benefits of both methods stemming from
different approaches in the formulation of Maxwell’s equations
in the solver. Although methods using differential (FEM) or in-
tegral (PEEC) formulations solve the same physical system, the
solution variables differ and so does the effort for calculations
[17].

The basic theory of FEM and PEEC is well known and doc-
umented in [18], [19], and [20] and therefore only sketched in
Section II. Section III describes the new enhanced simulation
approach with focus on the interface of the different numerical
methods and the used quality standards. In Section IV, this ap-
proach is benchmarked by comparison with measurements for
a real coil used for IPT systems [10] with different ferrite ge-
ometries. Finally, the conclusions provide an outlook on further
improvements of the method and requirements on litz wires and
measurement techniques.

II. THEORY OF FEM AND PEEC

The physical basis of electromagnetic phenomena is de-
scribed by Maxwell’s equations. These equations are a coupled
system of linear partial differential equations of the electromag-
netic fields ( �E, �H), the current and charge density ( �J , ρ), and
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TABLE I
MAXWELL’S EQUATIONS IN DIFFERENTIAL AND INTEGRAL FORMULATION

Differential formulation Integral formulation

∇× �H = �J +
∂ �D

∂t

∮
L

�H · d�l =
∫

A

(
�J +

∂ �D

∂t

)
· d �A (1)

∇× �E = − ∂ �B

∂t

∮
L

�E · d�l = −
∫

A

(
∂ �B

∂t

)
· d �A (2)

∇ · �D = ρ

∮
A

�D · d �A =
∫

v

ρdv (3)

∇ · �B = 0
∮

A

�B · d �A = 0 (4)

and additionally

�D = ε �E �B = μ �H �J = σ �E (5)

the material properties (ε, μ). There are two common formula-
tions which are shown in Table I with standard notation for all
parameters and properties [21].

The FEM approach bases on the differential form of
Maxwell’s equations. Initially, the entire simulation domain—
including air—is divided in subdomains (i.e., triangles in 2-D
or tetraeders in 3-D). Discrete shape functions are used for a lo-
cal approximation of the continuous differential operator on all
elements. Recombining these local functions to a global system
of equations results in a large, but sparse system of equations
(with nonzero entries corresponding to adjacent elements). This
matrix represents the entire simulation domain which is solved
under the constraints imposed by the boundary conditions [19],
[22]. Common FEM programs have highly accurate approaches
considering effects of materials with electric and magnetic per-
meability. Moreover, models with (partial) symmetry can be
reduced by appropriate boundary conditions and calculation ef-
forts can be reduced by solvers specialized for partial physical
problems (i.e., electrostatic, eddy current) instead of a full-wave
simulation. Based on the differential formulation of Maxwell’s
equations, the solution variables are field values—integral val-
ues like resistances or conductivities—need additional postpro-
cessing.

The pros and cons about the FEM can be summed up as
follows.

Pros:
1) tight integration in common development processes and

simulation work flows;
2) calculation of the electromagnetic field distribution pos-

sible even for materials with inhomogeneous electric or
magnetic permeability, including the effects of hysteresis
(i.e., ferrite).

Cons:
1) time-intensive meshing process (entire domain, includ-

ing air) and huge amount of elements can lead to a pro-
hibitively large linear system of equations in case of com-
plex structures;

2) calculation of integral values such as resistance and in-
ductance needs additional efforts.

A very convenient numerical approach in the domain of coil
simulation is the PEEC method [23]. In contrast to the FEM,

the PEEC method uses the integral formulation of Maxwell’s
equations [24], [25], [5]. In this numeric approach, free space
does not need to be resolved—only electrically conductive parts
are used in a volumetric representation. At the beginning, the
simulation domain is subdivided in partial elements which are
considered as parts of an LRC circuit. The total electric field �E
at an observation point �r in the frequency domain ω is given by

�E(�r, ω) = −jω �A(�r, ω) −∇φ(�r, ω) (6)

based on (1) and (2).
Instead of the differential operators, Green’s integral function

G is used to calculate the magnetic vector potential �A and the
electric scalar potential φ. Therefore, (6) is restated as

�E (�r, ω)︸ ︷︷ ︸
α

= −jωμ

∫
v ′

G (�r, �r′) �J (�r′, ω) dv′

︸ ︷︷ ︸
β

− ∇
ε

∫
v ′

G
(
�r, �r′

)
q (�r′, ω) dv′

︸ ︷︷ ︸
γ

. (7)

The value of the current density ( �J) is stored in the volume
v′ of each conductor cell, while the surfaces account for the
charges (q).

In the simulation of litz wire systems, the capacitive displace-
ment currents between strands and charge accumulation are both
second-order effects [26]. Therefore, the γ term in (7) vanishes.
The total electric field �E is only dependent on the magnetic
vector potential and, therefore, the current density �J (β term).

In the simulation, the conductor under study is approximated
as a set of piecewise-straight parts. The volume of each straight
set is discretized into parallel filaments. By the partial induc-
tance approach [23], the relation between currents and voltages
in the filaments can be written as

Vb = ZIb = (R + jωL)Ib . (8)

This system of equations represents an equivalent elec-
tric circuit with n branches, the branch voltage vector Vb =
[V1 , V2 , V3 , . . . , Vn ]T (calculated by the α term [23]), and
branch currents Ib = [I1 , I2 , I3 , . . . , In ]T . The impedance
matrix Z is the summation of the diagonal resistance matrix R
and dense inductance matrix L. According to Kirchoff’s voltage
and current laws [27], the mesh-analysis matrix M is introduced
by

Vs = MVb (9)

and

MT Im = Ib (10)

with the vector of the source branch voltages Vs and the vector
of the mesh currents Im .

Combining (8) with (9) and (10) yields

MZMT Im = Vs (11)

where Vs is always zero except those rows corresponding to ter-
minal voltage excitations. Based on this equation, the terminal
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TABLE II
COMPARISON OF PEEC AND FEM FOR A 19×0.25 MM LITZ WIRE OF 30 MM IN

LENGTH (SMALL SAMPLE ON THE LEFT SIDE)

behavior of the entire system can be calculated, which also
yields the port admittance matrix inv(MZMT ). In common
implementations, the system of (11) is solved by iterative
algorithms like GMRES or PCG, accelerated by fast matrix-
vector approaches such as the fast multipole method [23] or
pFFT [26].

In conclusion, advantages and disadvantages can be summa-
rized as follows.

Advantages:
1) time and frequency sweeps can be calculated very effi-

ciently with reduced complexity;
2) the simulation is reduced according to the geometry (lim-

itation to conductive parts) and the electrical complexity
(simplifications on circuit level).

Disadvantages:
1) the variety of applications of the PEEC method is limited

and focused on circuits and corresponding components.
Sophisticated implementations are available for special-
ized problems [28], whereas rigors EM solver allow the
treatment of arbitrary geometries;

2) the calculation of the field and current density distributions
requires additional postprocessing.

Well-known implementations, which showed the benefit of
the PEEC method 20 years ago, are the extraction programs
FASTCAP [29] and FASTHENRY [23], [30]. In the last
few years, these approaches where enhanced and adapted to
high-performance computers, resulting in tools specialized on
the calculation of power losses in litz wires [31], [32]. All
these approaches concern pieces of several centimeter of litz
wire conductors (i.e., one pitch length of 30 mm) but not an
entire power electronic system.

Compared to the FEM, these PEEC-based simulations
achieve a significant reduction of computational efforts. The
FEM simulation of one pitch length (30 mm) with 19 strands
requires approximately 42-GB memory, while the same struc-
ture needs 1.5 GB in the PEEC method (see Table II). Due to
the limitation to conductive parts, the PEEC method requires
less elements (factor 7) than the FEM. Moreover, the large dif-
ference in memory (factor 28) also results from the fact, that in
elements of the PEEC method only circuit variables are stored
while in the FEM memory is required for all electromagnetic
field variables [17] (including the ones needed for the postpro-
cessing). The CPU time for the calculation of the power losses

for a defined frequency and external magnetic field value shows
the same trend: While the PEEC method requires 578 s, the
FEM simulation needs eight times longer.

III. SIMULATION APPROACH FOR LITZ WIRE SYSTEMS

In most simulations of winding losses in litz wire systems,
simplified structures are used or the system is reduced to 2-D
[15]. Our new work flow enhances the approach described in
[33] by using loss calculations based on the PEEC method on litz
wire level. With the help of this coupled method, the resistance
of realistic 3-D litz wire structures with different pitch length
or bundle levels are evaluated for the entire power electronic
system.

In Fig. 1, the new work flow is sketched in a flow chart dia-
gram starting with the CAD import to a standard FEM program.
On geometry level, litz wire conductors are simplified to solid
conductors with homogenous excitation by a current density.
Even though the current density distribution is inhomogeneous
in real systems inside the strands, the total current is distributed
equally among all strands (stranded option) in the simulation.
This assumption may slightly differ from the behavior in real
systems due to skin effect on bundle level [34] and the con-
tact [16]. In case of constant material properties in the regarded
frequency range, the physical system can be treated by the mag-
netostatic solver.

Based on the total field distribution calculated with the FEM
program (�Htot), the internal and external magnetic field along
the length of the conductor is evaluated on the surface of the
solid conductor, which is shown in Fig. 2. The internal magnetic
field of a round conductor with radius r is given by

H =
I

2πr
. (12)

It is tangential to the surface of the conductor and the intensity
depends on the current I . Therefore, when averaging �Htot over
the cut of the conductor surface (see Fig. 2), only �Hext remains
which is the external magnetic field the conductor is exposed to
and which is the quantity needed for the further loss calculations.
Due to the symmetry of the conductor, only the magnitude of the
external magnetic field (hereinafter referred as Hext) is needed
for further loss calculations. Based on several thousand of cuts
along the length of the conductor, the spatial external magnetic
field distribution is calculated.

The method of extracting Hext is quite costly compared to
taking the values at the center of the conductor. As the internal
field vanishes at the center, �Htot is equal to the external field
�Hext there. However, the usage of simulation raw data on sur-
face nodes of the geometry as described above yields much
higher accuracy compared to interpolated field values in center
positions along the conductor.

The coupling interface between FEM and the PEEC or the
analytic method is geometrically located at the surface of the
conductor. The magnetic field values calculated by the FEM
minus the field generated by the conductor itself are used as
boundary condition (external magnetic field) for the simulation
on litz wire level. Therefore, the specific benefits of the differing
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Fig. 1. Schematic work flow of new coupled simulation approach combining
FEM with PEEC or analytic methods.

Fig. 2. Left figure shows the mesh of a circular conductor in the FEM sim-
ulation. The magnetic field is calculated on all nodes of the circular structure,
which is discretized by 20 edges at the conductor surface. On the right side, this
structure is simplified and sketched with four points (Pi ) on the circle. The entire
magnetic field (�Htoti ) on all nodes is calculated by the FEM and results from
the superposition of the internal (black) and external (blue) magnetic field com-
ponents. By calculating the vectorized average over all �Htoti at the surface, the
internal magnetic field components vanish and the averaged external magnetic
field remains.

methods are combined to simulate the loss distribution in the
entire system: The analytic method enables a very fast and ac-
curate calculation, delivering the theoretical limit of a perfectly
twisted conductor, whereas the PEEC method takes into account
the realistic 3-D structure of common litz wires.

It has to be noted that the results of the PEEC method are not
fed back to the FEM calculations. As the PEEC method assumes
equal currents in all strands, deviation from homogeneity would
be on strand level. In case of high-frequency litz wires with
hundreds of strands, the deviation from homogeneity on strand
level has only a very minor influence of bundle level effects
[34], [35].

IV. APPLICATION ON LITZ WIRE COIL

For many inductive systems, the ferrite structure has signif-
icant influence on the coupling and loss behavior. Due to the
ferrites, the magnetic field is focused and causes additional lo-
cal losses, differing depending on the litz wire type and its inner
structure.

A. Experimental Setup

In the following, the coil of an IPT system with 12 windings of
a 420 × 0.1 mm litz wire such as in Fig. 3(a) is considered. This
experimental coil is measured and simulated for four different
setups of the ferrite structure [see Fig. 3(b)].

B. Extraction of the External Magnetic Field Hext

The work flow described in Fig. 1 is used for all setups with
an excitation current of 1 A homogeneously distributed over the
cross section of the solid conductor. The resulting magnetic field
distribution on the surface of the conductor [see Fig. 3(c)] shows
the superposition of the magnetic field generated by the conduc-
tor itself and the external magnetic field. The internal magnetic
field at the conductor surface is approximately 108 A/m in case
of the chosen conductor of 2.95-mm diameter [see (12)]. In areas
with little external fields such as at the top left of the plot, this
value is reached, while in the middle of the coil, the magnetic
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Fig. 3. (a) Experimental coil with 12 windings of a 420 × 0.1 mm litz wire.
This coil is used for measurements and simulations as solo coil and with three
different ferrite structures shown in (b). In (c), the magnetic field determined by
the magnetostatic simulation is plotted on the surface of the coil in case of the
star ferrite geometry for a current of 1 A.

field is five times higher as here the external field dominates. In
areas near the edges of the underlying ferrite strips, the magnetic
field increases by a factor of 2 or even more along a distance of
1 mm.

The extraction of the external magnetic field out of FEM sim-
ulation raw data is carried out based on the approach described
in Fig. 2. The magnitude of Hext is visualized in Fig. 4 for all
four setups of Fig. 3(b). The averaged external magnetic field
values are calculated on cuts of 1 mm and plotted along the
length of the conductor, starting at the top left of plot 3(c) with
nearly no external field. The closer one gets to the middle, the
stronger the external magnetic field increases.

Based on this plot, various effects can be investigated:
1) All setups show the same pattern—the inner windings

are exposed to the highest fields, while in the outer mid-
dle (at the range of 0.5–1.5 m), the external field is the
lowest.

2) The periodic structure of peaks for the cross and star
geometry shows the ferrite distribution and the conspic-
uous buckling along the red curve (but also in all others)

Fig. 4. Averaged external magnetic field Hext for the four different structures
of Fig. 3(b) along the length of the conductor. The values are calculated on 3000
cut elements with a length of 1 mm for a current of 1 A.)

results from the crossing of the windings to the return
conductor [central bottom of Fig. 3(c)].

3) The curve of the air coil defines the minimum over the
length, while the full ferrite structure reaches almost
throughout the maximum. Nevertheless, especially at the
outer winding layers (up to 1 m), the influence of the fer-
rite strip edges result in peaks with higher magnetic field
for the cross and star geometry.

C. Loss Calculation With the PEEC Method

The data of the FEM simulation characterize the external
magnetic field distribution along the conductor accrued by adja-
cent windings or ferrite geometries. Based on the spatial resolu-
tion along the conductor, the power losses inside the conductor
can be calculated depending on the litz wire structure by the
PEEC method [36], [26]. In the following, a 420 × 0.1 mm
litz wire [37] is used for measurements and simulations of all
four ferrite setups. The conductor consists of 14 bundles with
30 strands each and a pitch length of 37 mm.

Using these data for the design of the litz wire in simulations,
the resulting diameter of the conductor differs—3.26 mm in the
simulation versus 2.95 mm in the experiment. In real litz wires,
the package density on strand and bundle level is very tight
due to the wrapping. In simulations, the twisting of strands has
to be described mathematically—in case of substructures like
bundles, this results in a bigger diameter to avoid intersections.

Based on the approximated geometry of the conductor, the
power losses P for a wide range of frequencies and external
magnetic fields are calculated by the PEEC method. To get
an impression for the increase of P with higher frequencies
(up to 1 MHz) and external magnetic fields (up to 1000 A/m), a
normalized factor FP = P

PDC 0
is introduced. This dimensionless

factor is equal to 1 in the dc case without external magnetic field
and visualized in Fig. 5 for the relevant ranges.

For low frequencies (up to 10 kHz), P is equal to PDC and the
proximity effect has only marginal influence on power losses.
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Fig. 5. Influence of frequency and external magnetic field on power losses of
a litz wire with 14 bundles with 30 strands. The losses are normalized to the
dc case without external magnetic field and for one pitch length (37 mm). The
curve for 100 kHz and varying magnetic field is highlighted (red line).

For frequencies higher than 10 kHz, the power losses have a
polynomial (n between 1.9 and 3.4, depending on the external
magnetic field) dependence on the frequency. Interpolations for
defined frequency and external magnetic field values have to
take this into account.

D. Loss Calculation on System Level

For calculating power losses on system level, the averaged
magnetic field along the length of the conductor (see Fig. 4)
has to be combined with the loss characteristic of the regarded
litz wire (see Fig. 5). However, the length intervals differ: The
distance between cuts in Fig. 4 is 1 mm in average, while the
PEEC approach uses a pitch length of 37 mm for the power loss
calculation. Consequently, when summing up power losses of
all cuts, a correction factor ( L cut

Lpitch
) needs to be applied.

Applying this work flow on the frequency range from 1 kHz
to 1 MHz allows us to determine the power losses of the entire
system. Based on the excitation current, the initial FEM simula-
tion, the results can be transferred to resistance values according
to P = I2eff · R. In Fig. 6, these simulation results are compared
to measurements with a 4294A Precision Impedance Analyzer
of Agilent Technologies. The four different ferrite setups show
the expected shape: the higher the ferrite coverage, the higher is
the frequency dependent resistance. Measured (solid lines) and
simulated (dashed lines) curves have the same shape and espe-
cially simulations of setups including ferrites (cross, star, full)
very well agree with measurements over the entire frequency
range studied. Standard approaches using the analytic methods
of [12] and [13] (visualized by pointed lines) show a high devi-
ation to measurements and are therefore inappropriate to depict
the system behavior of real litz wires at higher frequencies.

In the relevant frequency range of IPT systems from 50
to 200 kHz, the averaged deviation between the coupled
FEM/PEEC simulation and the measurement is less than 5%
for all setups studied.

Fig. 6. Measurement and simulation results of the frequency-dependent re-
sistance for four different ferrite setups corresponding to four different colors.
The resistance of the system is plotted for frequencies up to 500 kHz for a
420 × 0.1 mm litz wire. The substructure of the conductor consists of 14 bun-
dles with 30 strands with a pitch length of 37 mm. Moreover, the analytic results
for a perfectly twisted conductor of 420 strands is visualized by pointed lines
based on simplified 2-D calculations.

Fig. 7. Section of one pitch length (37 mm) of a litz wire with 420 strands
exposed to an inhomogeneous external magnetic field. One half with 1.5 · Hext,
the other half with 0.5 · Hext.

E. Effect of the Field Averaging

One dominating error source is the usage of averaged
magnetic field values in each cut. The inhomogeneous field
distribution inside the conductor is lumped into an averaged
value for the PEEC simulation. By using these averaged values,
the precalculated data for a litz wire (visualized in Fig. 5) enable
the loss calculation for the entire system, while a spatial vari-
ation of the field would require hundreds of individual PEEC
simulations. However, for estimating the error resulting from
using a single value, analytic formulas [38] for the proximity
losses can be used, such as

Pprox =
l

κ
H2

ext · Ds (13)

which shows the quadratic influence of Hext at a given specific
conductance κ and proximity factor Ds . For example, a line
conductor exposed to an inhomogeneous field (see Fig. 7) of
one half with 1.5 · Hext and second half with 0.5 · Hext ex-
hibits in 25% higher proximity losses compared to the case of
homogeneous field.

In Fig. 8, the influence of an inhomogeneous magnetic field
distribution as specified above is shown for a 420 × 0.1 mm litz
wire (13 bundles with 40 strands) and 100 kHz. It can be seen
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Fig. 8. Increase of the entire power losses (due to skin, internal, and external
proximity effect) in percentage for a 420 litz wire (13 bundles with 40 strands)
at 100 kHz due to inhomogeneous external magnetic field (like in Fig. 7).
The change is taken relative to the case where the conductor is exposed to a
homogenous external magnetic field Hext.

that an increasing magnetic field leads to an increasing relative
change of power losses. For the typical conditions studied, Hext

is in the range up to 500 A/m. Therefore, according to Fig. 8, a
relative error up to approximately 10% can be attributed to an
inhomogeneous field distribution. In addition, it should be note
that these relative changes of power losses depend also on the
inner structure of the litz wire.

In conclusion, we consider this effect and the simulation error
resulting from the difference in the simulated geometry to the
experiment (see above) as the main reasons for the derivation
between simulation and measurement.

V. RESULTS AND CONCLUSION

The presented simulation work flow shows new capabilities
for the calculation of frequency-dependent resistances in litz
wire systems with ferrite materials. It is shown how standard
numerical tools can be combined in a work flow to simulate
3-D systems with high complexity thereby enhancing common
coupled FEM/BEM approaches. For the first time, complex 3-D
geometries with ferrite materials are combined with calculations
on litz wire level. This is achieved by performing simulations for
complex geometries on system level (with the FEM) combined
with modeling of litz wires on substructure level using the PEEC
method. Power loss and resistance can be determined over a
large range of frequencies. Among others, the method enables
one to study the influence of the substructure of the conductor
with different pitch lengths on strand and bundle level.

Simulation results show a good agreement with measure-
ments over a wide frequency range for different geometry se-
tups. Using this work flow combined with thermal simulations
has the potential to improve the accuracy of simulations used
for investigating various inductive coupling systems. To real-
ize simulations with higher accuracy, more data about the inner

structure of the litz wires need to be provided (i.e., pitch length
on strand level). Moreover, common algorithms for the design
of the geometrical structures need to be enhanced to repro-
duce the very dense package of strands due to the wrapping. In
addition, the inhomogeneous external magnetic field distribu-
tion needs to be considered in the loss calculation. However, to
allow these calculations with reasonable computational effort,
major adaptions of the PEEC implementation are required.
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