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Abstract— An improved 2-D equivalent (i2D) analytical 
calculation method to estimate conductive losses in gapped 
magnetic components in a wide range of frequencies is presented. 
In the previous work, which is based on the superposition of 
losses mechanisms (skin, gap and proximity) in the winding of the 
component, several expressions to separately evaluate all 
components of losses were used and the total winding loss could 
be obtained by the addition of the calculated values. Although the 
obtained results were in good agreement with finite element 
analysis (FEA) and measurements this method is limited to 
conductors with smaller radius than the skin depth at the 
considered frequency. In this paper the dependence of the wire 
diameter is eliminated by means of the inclusion of the proximity 
magnetic field in the calculations while the number of required 
equations is reduced. 
The method is used to evaluate conduction losses in inductors for 
switched mode power supplies (SMPS) and the results are 
compared with FEA simulations. 

Index Terms— Windings losses, windings resistance, magnetic 
components, air gap. 

I. INTRODUCTION 

Winding loss calculation is a very important task in the 
design process of magnetic components. In components with 
air gaps, the losses in the windings cannot be accurately 
calculated with the commonly used methods [1-6], as gap 
effect over winding losses is not taken into account, so 
numerical analysis tools, such as FEA tools, are often required 
for the component characterization [7-9] with the disadvantage 
of larger design time and the difficulty to implement iterative 
optimization processes. 

The solution presented in [10] accounts for planar 
conductors in gapped magnetic components and provides 
analytical expressions to determine the magnetic field at a 
given position from the gap and, on the other hand, [11], 
which is for round conductors, uses the mirror-image method 
[12] to calculate the magnetic field over a conductor that, 
depending on the desired accuracy, might require a large 
number of calculations. In [ 13] a simple solution based on the 
well-known DowelPs method [1] is proposed, but it can be 
properly applied only in components whose windings are 
arranged in a "layered" structure. 

In [14] an analytical 2D equivalent method based on the 
superposition of losses mechanisms (skin, gap and proximity) 
in the winding of the component was proposed. Although the 
obtained results are in good agreement with FEA results and 
measurements, this method is limited to conductors with 
smaller radius than the skin depth at the considered frequency, 
for this reason, for a given conductor, the error in the 
calculations increases as the frequency rises. In this paper, the 
dependence of the wire diameter is eliminated by means of the 
inclusion of the proximity magnetic field in the calculations. 
FEA simulations are used to verify the accuracy of the 
improved model. 

II. THE 2-D ANALYTICAL MODEL 

In [14] the power loss per unit length of a cylindrical 
conductor under a transverse magnetic field is calculated by 
means of expression (1) [15], where ber, bei, ber' and bei' are, 
respectively, the real and imaginary part of the Bessel 
functions of first kind and their derivatives, a and ¡i the 
conductivity and permeability of the conductive material, r0 is 
the radius of the conductor and H0 is the magnitude of the 
transverse field to the conductor. 

D 7T/z2 . u2 ber(kr0)bei' (kr0)-ber' (kr0)bei(kr0) 

~ a r° ° n2[ber(kr0)]
2+n2[bei(kr0)]

2 

(1) 

Where k = ^Jwafi and w is the angular frequency. Since the 
fringing field due to the air gap in a magnetic component (see 
Figure 1), Hg, is considered to be two-directional in the plain 
r-z in cylindrical coordinates, any conductor affected by this 
fringing field will be exposed to its two components, Hr and 
Hz, both transverse to the conductor. The field components of 
Hg can be calculated, according to [10], with (2) and (3) for r 
and z components respectively, where lg is half of the air gap 
length, r and z are the cylindrical coordinates respect of the 
origin (Figure 1), m is equal to zero if r 2 + z 2 > Zj and equal 
to 1 if r 2 + z2 < ¿j and Hg = 0.9 NI/2lg with N and / equal 
to the number of turns and peak current through the winding, 
respectively. 
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Figure 1. Influence of the fringing field on a conductor in a gapped magnetic 
component. 
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As both components of the fringing field are orthogonal, the 
dissipated power per unit length in a single conductor due to 
the influence of the air gap can be expressed as the vectorial 
sum of the loss due to both components, Pr and Pz (equation 
4), that are calculated by means of (1) using (2) or (3) as H0 

respectively. 

Pg\ Im) — yPr + Pz 

The effect of near conductors in the proximity and the 
effect of the current flowing through the conductor itself 
(proximity an skin effects respectively), in [14] are evaluated 
by means of expression (5), from [15], where 8 is the skin 
depth Jo is m e DC current density and x is the distance 
between conductors. Then, the total dissipated power per unit 
length of a cylindrical conductor in a gapped magnetic 
component can be expressed as the sum of (4) and (5) and the 
equivalent resistance is obtained dividing by the squared of the 
RMS current through the winding. 
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Since (5) is a simplified expression, the radius of the 
conductor is considered to be relatively small compared with 
the skin depth at the given frequency. This is applicable only 
in windings that meet this condition, and it becomes evident 
that the error will increase as frequency rises and the radius of 
the conductor is no longer smaller than the skin depth, as it is 

the case of the calculation of winding losses in power 
electronics application where the harmonic content of the 
current through the component can be very important. 

III. THE IMPROVED 2-D ANALYTICAL METHOD 

Proximity and gap effects, which in the described 2D 
method are evaluated separately, are actually the same effect 
(external fields) and can be calculated using the same 
expression. This way, we need to calculate skin and proximity 
components in order to estimate the total winding loss. The 
equivalent resistance per unit length due to the skin effect can 
be calculated by means of expression (6), from [15], and the 
proximity component, which includes the fringing and 
proximity fields, can be evaluated using (1) just including the 
proximity and fringing field information as H0. 

Rs{n/m) = Re 
3 3 
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If we assume a magneto-static field condition and consider 
the fringing and proximity fields independent of each other (in 
order that superposition theorem could be used), the Biot-
Savart law (expression 7) can be used to calculate the 
magnetic field that is affecting a single conductor of length L 
due to the electric current / flowing through a near conductor 
at a position x by means of expression (8) (Figure 2), where x 
is an unitary vector in the direction of x. 

Fringing field 
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Figure 2. Representation of both, fringing and proximity, fields in a gapped 
magnetic component. 
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At this point, just as the 2D method, Pr and Pz can be 
calculated assuming the external field, H0, as the sum of the 
corresponding components of the fringing and proximity 
fields. This way the external field becomes (9) and the total 
loss per unit length of the considered conductor can be 
obtained as the sum of (10), whose components are evaluated 
by means of (1) with corrected values of the magnetic field 
(HQ), and (6) multiplied by the square of the RMS current 
through the winding. 
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IV. RESULTS 

The results of the proposed i2D model are compared with 
FEA. As a practical case, consider the inductors shown in 
Figure 4 as four possible designs of an inductor for a 
hypothetic SMPS in discontinuous conduction mode working 
at 400 kHz (see the waveform of the current in Figure 4e). 

The inductors were designed and modeled with the aid of 
the magnetic component design and FEA tools ANSYS 
PExprt and ANSYS MAXWELL respectively for the 
hypothetic operating conditions specified in table 2. The 
magnetic materials of the core in the inductors 3a/3b/3d and 
3c are, respectively, 3C95 and 3F3 from Ferroxcube with a 
relative permeability of 3000 and 2000. A copper conductivity 
of 45.25E6 S/m was used in all the calculations and FEA 
simulations. 

For simplicity, 2D axis-symmetric analysis is used for the 
FEA simulations. The components were modeled in the FEA 
tool using the structure transformation described in [16]. The 
2D axis-symmetric FEA model of the inductor 3a is shown in 
Figure 3, where the blue area is the solution space in which the 
vector potential, A, has been set to zero in its outer edges. 
After modeled, the inductors were simulated at different 
frequencies that correspond to the first 30 harmonics of the 
current in the Figure 4e (the harmonic content of the current 
waveform is given in the table 2). The same modelling 
strategy has been applied to the others inductors of the Figure 
4. 

Table 1. Design conditions of the considered inductors. 

Positive Voltage 
Negative voltage 
Average current 
Current ripple 

Inductance 
Frequency 
Duty cycle 

48 V 
120 V 
4 A 
14A 

3.5 uH 
400 kHz 

0.41 

compared with FEA in table 3. The analytical (both 2D and 
i2D) and FEA calculated equivalent resistance of the inductor 
3b are compared in Figure 5, where the error that is introduced 
as the frequency increases in the 2D method is illustrated. It 
can be seen that the improved 2D analytical model that were 
used for computing the equivalent resistance of the windings 
shows much better results than the previous 2D method with 
respect to FEA results, which was accurate for the 
fundamental harmonic, but inaccurate for high order 
harmonics. 

Table 2. Harmonic content of the excitation current. 

Order of the 
harmonic 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

Peak 
current (A) 

5.966 
2.293 
1.138 
0.624 
0.206 
0.100 
0.108 
0.127 
0.141 
0.085 
0.065 
0.003 
0.023 
0.048 
0.040 

Order of the 
harmonic 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Peak 
current (A) 

0.044 
0.018 
0.013 
0.014 
0.016 
0.027 
0.017 
0.017 
0.003 
0.003 
0.013 
0.011 
0.015 
0.007 
0.006 
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Figure 3. Representation of the 2D axis-symmetric FEA model of the 
inductors. 

The analytical results for components 3a, 3b, 3c and 3d 
(including the skin depth approach which does not include the 
effect of the fringing field nor the proximity effect) are 



(a) (b) (o) (d) 

13 

12 

10 

i; 
0 -

0 
0 

Current 

/ 

/ 

A 
' 

1 

i 

1 
/ 
/ 

h 
\ 

/ 
Cm rent 
Avg 

ippl 
. current 

! 

0 0,3 0,6 0,9 1,2 1,5 1,B 2,1 2,4 2,7 3,0 3,3 3,6 3,9 4,2 4,5 4,B 

0) 
Figure 4. Axisymmetric representation of inductors with (a) 2.55mm air gap, 5 AWG13 turns (3 parallel) in a P42/29 core, (b) 2.13 mm air gap, 

6 AWG18 turns (3 parallel) in a RM12/1 core, (c) 1.47 mm air gap, 6 AWG22 turns (3 parallel) in a RM10/I core, (d) 578.35 urn air gap, 5 
AWG28 turns (3 parallel) in a RM8/I core and (e) hypothetic current waveform of the inductor. 

Table 3. Comparison between analytical and FEA calculated power loss. 

Inductor 

3a 

* 
3d 

skin 

119.32E-3 

205.39E-3 

322.30E-3 

592.61E-3 

2D 

20.61 

7.22 

4.64 

2.23 

Í2D 

2.71 

4.02 

3.74 

2.02 

FEA 

2.94 

4.05 

3.99 

2.00 

skin 

95.94 

94.93 

91.92 

70.37 

ative error ( 

2D 

601.02 

78.27 

16.29 

11.50 

%) 

i-2D 

7.82 

0.74 

6.27 

1.00 

V. CONCLUSIONS 

An improved analytical method to calculate winding loss in 
gapped magnetic components is proposed. As the calculation 
of the "proximity" component of the winding loss has been 
improved, the dependence of the results with the conductor 
diameter and frequency is eliminated so the accuracy and 
range of validity of the previous method has been increased. 

Although it is a simplified method (since the fringing and 
proximity fields are considered to be "independent" and are 
calculated by separate) an error is introduced in the calculation 
of the fields, thus, in the calculation of losses. Even so, the 
obtained results, compared with FEA, are very good and the 
method can be used to estimate losses in inductors for SMPS 
applications where the harmonic content of the excitation 
current might be important and, for a given selected wire, the 
2D method could be inappropriate. 
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Figure 5. Comparison of the analytical and FEA calculated equivalent 
resistance vs. frequency of the inductor 3b. 
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