
Abstract—In this paper, an analytical procedure is presented, 
how to predict the AC resistance of litz-wire windings 
considering air gap fringing fields. For this purpose, an 
equivalent complex permeability model is derived for 
hexagonally packed wires. It is shown, how the real- as well as 
the imaginary part of the complex permeability can be 
determined with the copper filling factor as a parameter. An 
analytical 2D model is deduced to describe the air gap fringing 
fields of gapped inductors. Accordingly, the proximity losses of 
the litz-wire winding are determined correctly and the AC 
resistance of practical inductors can be predicted over a wide 
frequency range with high accuracy. This offers the opportunity 
to optimize such components. Finally, the influence of various 
parameters on the copper losses is investigated and verified by 
means of experimental data drawn from impedance 
measurements. 

Index Terms—Inductors, air gaps, eddy currents, 
electromagnetic analysis, analytical models. 

I. INTRODUCTION 

 
Fig. 1. Inductor under test: ETD59/31/22-N87, air gap length lg=5mm, number 

of turns N=72 (litz-wire 7x35x0.1mm) 
 
High frequency (HF) litz-wire is generally used to avoid 

strong eddy current losses due to the fringing fields of 
adjacent air gaps. If the radius a of the insulated strands is 
smaller than the skin depth 
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the well known skin effect can be neglected and a 
homogeneous distribution of the conducted current is 
expected. Nevertheless, considerably high losses can still be 
generated due to the fact that all of the strands are influenced 
by external magnetic fields generated by adjacent strands, 
windings and air gaps as well (proximity effect). 

 
Fig. 2. Basic configuration of the winding window 
(distributed air gap with Ng parts of length lg/Ng) 

 
When designing high frequency inductors and integrated 

magnetic components, these effects have to be predicted with 
high accuracy. Especially air gap fringing fields can lead to 
much higher losses than expected. As a disadvantage, these 
losses develop in a small region around the air gap. Due to the 
poor thermal conductivity of insulated litz-wire, heat cannot 
be dissipated outside and insulation failures are the 
consequence. 

In recent work (e.g. [1], [2]), eddy current losses of round 
and rectangular wires have been investigated. These results 
were extended to bundles of wires [3] and litz-wire windings 
[4]-[5]. Nevertheless, numerical simulations as well as 
analytical solutions (e.g. by the modal decomposition of the 
boundary value problem) come to their limits when the great 
number of litz-wire strands has to be taken into account. To 
provide a solution, equivalent complex permeability models 
[6]-[8] were derived for the winding area and linked either 
with FEM simulation or rough (usually 1D) estimations of the 
penetrating magnetic field. 

The novelty of the approach presented in this paper is 
given by the fact that an exact 2D analytical solution is 
conducted to describe the air gap fringing field. Furthermore, 
the distance s between air gap(s) and winding can be 
considered as a degree of freedom as well as the number of 
single gaps gN  to realize a distributed air gap. 
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II. CALCULATION 

a)  
 

b)  
Fig. 3. Simulation (a) of the elementary cell of hexagonally packed wires to 

obtain the equivalent complex permeability µ=µ´-jµ´´ (b) 
 
To begin with, a complex equivalent permeability model is 

derived for hexagonally packed wires [8]. Fig. 3a shows the 
FEM-simulation of the elementary cell. The picture depicts 
the absolute value of the electrical current density in a per-
cent scale for 50% copper filling factor and a relation between 
strand-radius a and skin depth (1) of 5/ =δa . In Fig. 3b the 
results are presented with different values of the copper filling 
factor as a parameter. 

These curves now are used for the calculation of the air 
gap fringing fields. Fig. 2 shows the basic configuration. The 
problem (complex amplitudes) can be solved by means of the 

2D magnetic vector potential ( )y,xˆˆ
zz AeA

rr
= . For region 1 

and 2 in Fig. 2, the two solutions 
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are found. After determination of the Eigenvalues nλ  and the 
parameters 0A , 0B , nA , nB  and nE  (a detailed derivation 
will be given in the final paper), the proximity losses of the 
winding area 2 in Fig. 2 can be calculated using Poynting’s 
theorem. 

In Fig. 4 the results are compared with measured data. 
Four different types of litz-wire are used for measurements – 
each with different twist pitch length. To describe the parasitic 
effects of the inductor, a constant parallel capacitance 

pF62≈C  is assumed. Fig. 4 illustrates the high accuracy of 
the model. 

 
Fig. 4. Comparison between simulated and measured results for different types 

of 7x35x0.1mm litz-wire (parameter: twist pitch length) 
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