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Abstract— Analytical expressions based on the one 

dimensional field solution derived to compute windings losses in 
high frequency transformers could also be applied, under certain 
assumptions, to estimate losses in integrated magnetic 
components. To validate this approach, AC losses of two types of 
integrated components were analytically and numerically 
estimated, and the results are verified by the experimental 
measurement. 
 

Index Terms— Power Electronics, integrated magnetic 
components, high frequency power losses, air gap effects. 

 
 

I. INTRODUCTION 

High frequency winding losses in transformers are generally 
estimated using the one dimensional field solution addressed in 
[1], [2]. Moreover, the orthogonality recognized by Ferreira 
allows the two terms of the high frequency losses, skin effect 
and proximity effect, to be analytically separated. For 
components with air gapped cores, many techniques [3], [4] 
and [5], are proposed to minimize the air gap effects and to 
maintain the one dimensional field solution. 
 
Integrated magnetic components which contain capacitive and 
inductive components present advantages in minimizing the 
cost and volumes. For designers, this integration introduces 
some difficulties in recognizing the magnetic field distribution 
in the window area, and accordingly for winding losses 
estimation. In this situation, numerical solutions such as the 
finite elements programs are usually preferred to calculate the 
losses and to visualize magnetic field distributions. However, 
numerical methods are not compatible with optimization lines 
and become limited and expensive in time and memories for a 
standard PC. 
 

 
 

This paper explores the application of the one dimensional 
field solution to estimate analytically winding losses in an 
integrated magnetic component, shown in Fig.2, under the 
following assumptions: 

1) Air gap effect can be neglected using the techniques 
proposed in [3], [4] and [5], where fringing flux can still be 
very close to the air gap zone. Hence, the presence of a one-
dimensional magnetic field in the rest of the window area 
becomes obvious. 

2) The presence of a one-dimensional magnetic field allows 
the primary and secondary winding losses to be estimated 
using Dowell [1] or Ferreira [2] methods.  

3) For the center leg windings, only DC losses will be 
considered because of the reduced output current ripple, and 
the influence of the air gap negligible. 

 
To verify this approach, two types of integrated magnetic 

components are designed and implemented. Windings losses 
are analytically estimated and compared with the results 
obtained by a finite elements tool. The AC resistance of the 
windings is measured too. 

II.  SELECTED INTEGRATED MAGNETIC STRUCTURES 

Magnetic components used in the DC-DC converter shown 
in Fig.1 (a) could be integrated [6], [7] into one single 
magnetic core, Fig.1 (b). The output filtering inductance 
presented by the integrated structure is given as: 
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Where RC and RO are the reluctances of the center leg and the 
outer leg respectively. 
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                  (a)                                                    (b) 
Fig. 1: Studied structure with: (a) discrete magnetic 
components, (b) integrated magnetic component 
 

III.  WINDING LOSSES ESTIMATION  

A. Planar integrated magnetic component 

1) Analytical approach 
An integrated magnetic component, shown in Fig.2, is 

designed and implemented, for 1kW, 48V, DC-DC converter, 
with an operating frequency of 150 kHz. Primary windings 
(20turns) are constructed using a foil of (7mm x 0,2mm) 
dimensions, secondary windings (7 turns) are constructed 
using a foil of (2//: 9 mm x 0,2mm), central windings (3 
turns)with a foil of (2//: 4mm x 0,3mm). Transformer windings 
losses can be estimated in the mth layer as follows: 
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Where: hδλγ /=  

λ  is the thickness of the foil and δh is the skin depth of the 
corresponding harmonic. 
 

As already indicated, for the central leg winding, only 
conduction losses are taken into account because of the 
reduced output current ripple and when one of the techniques 
proposed in [3], [4] and [5] is applied. Notice that no 
electromagnetic interaction is assumed in the window area 
between the central leg windings and the transformer windings  

 
Figure.2: Planar integrated magnetic component. 
 
So, for central windings losses we have: 

2
_ oDCcc IRP =  (3) 

Where DCcR _  is the dc resistance of the central leg 

windings, and oI  is the output dc current. 

 
 
2) Numerical simulation 
A numerical simulation using a 2D finite elements tool was 

carried out to estimate the windings losses in the structure 
shown in figure.3, and to visualize the magnetic field 
distribution in the window area, figure.4. 

 
(a) 
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(b) 

Figure.3: Magnetic field distribution in the window area: (a) 
with single air gap, (b) with distributed air gap. 

 
3) Results  
Windings losses are estimated in the 2D plan and 

represented in the Table І. 
 

TABLE I 
ESTIMATED LOSSES IN THE 2D PLAN 

 Primary 
losses 

(W) 

Secondary 
losses 
(W) 

Central leg 
winding 

(W) 
2D 

Numerical 
estimation 
(single air 

gap) 

4.23 5.6 0.178 

2D 
Numerical 
estimation 
(distributed 
air gap) 

4.2 5.56 0.174 

Analytical 
estimation (30 

harmonics 
containing DC 
component) 

3.5 3.86 0.091 

 
As can be seen in the table І, central leg winding losses keep 

the same value with a single or a distributed air gap. Then, 
losses due to the fringing air gap field could be satisfactory 
neglected even with a single air gap when the output current 
ripple is enough reduced. Consequently, this will be 
considered as another advantage of this integrated magnetic 
structure, introduces more simplification in designing and 
losses estimation. In the other hand, an error was introduced in 
calculating secondary windings losses, where each layer of 
secondary is formed using two foils in parallel. Moreover, 
analytical estimation doesn’t take into account the magnetic 
field distribution for the outer windings which is not totally a 
one-dimensional. 
 

B. Integrated magnetic component using Litz wire 

An integrated structure shown in Fig.6 was built using Litz 
wires and a magnetic core type of (E55/28/21), with: 
• Total primary turns 202 =PN  

• Secondary turns 7=SN  

• Central leg windings 3=CN  

• Number of strands in the Litz wire for primary windings 
250=SPn  

• Number of strands in the Litz wire for secondary and central 
leg windings 750=SSn  

• The diameter of the strand dS = 0.1 mm 
 

 
 

Figure.4: AC measured resistance of the transformer 
constructed using vertical foils and a planar core. 

 
In neglecting the twist of strands, the homogenization 

conception [8], [9] and [10], allows a Litz wire exposed to an 
uniform transversal magnetic fieldexH  varying sinusoidal 

respect to time, to be dialed as a solid conductor with a 

complex permeability ( µµµ ′′−′=∗ j )as shown in figure.7, 

where: 
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and: 
n : Number of strands in the conductor. 
r : Radius of the strand in (m). 

R : Radius of the homogenized conductor in (m). 
δ : Skin depth in (m). 

Sµ : Magnetic permeability of the strand material. 

dµ : Magnetic permeability of the dielectric medium. 

j  : Imaginary unit. 

2,0 JJ : Bessel functions.  
 

 
(a) 

 
(b) 

Figure.5: Magnetic field distribution in the window area 
when the integrated structure works as: (a) a transformer, 

(b) an inductor. 
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           (a)                                                  (b) 
Figure.6: Principle of the Homogenization 
(a)Litz wire, (b) homogenized Litz wire. 
 

1) Analytical estimation of windings losses 
Litz wires losses can be estimated using classical 

expressions [11] and [12], derived from the exact solution of 
losses in a round conductor placed in a perpendicular and one 
dimensional field. The magnetic field distribution, shown in 
figure.6, visualized using the FE tool in the window area when 
the structure works as a transformer, justifies the application of 
the one dimensional field solution. 
Then, Litz winding losses are given as: 

proxskin PPP +=  (8) 

Where: 
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And also proximity losses could be given per unit length for a 
homogenized Litz conductor as: 

222
Pr 2 exox HRfP µπ ′′=  (11) 

 
2) Numerical Simulation of Litz windings 

In the light of the homogenization conception, magnetic 
components with Litz wires can be numerically simulated 
using finite elements tools. Proximity losses are numerically 
estimated in replacing Litz wires by homogenized solid 
conductors with a correspondent complex permeability. On the 
other hand, skin losses could be separately estimated (9) using 
the orthogonality conception [2], and then be added to 
proximity losses. 
 
3) Experimental measurements 

The series resistance measured for primary and secondary 
windings is 43 mΩ measured at 150 kHz, and the DC 
resistance is 22.3 mΩ as shown in figure 7. For Irms= 6.7 A of 
primary current, Then, primary and secondary windings losses 
for the first seven harmonics are given as: 
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The total losses in the transformer windings, primary and 
secondary, are the sum of proximity losses listed in Table II, 
and skin losses are calculated using [9] as: 
ds = 0.1 mm (diameter of the strand) 
Then: 

75.1=skinP  W 

The Total losses are: 

proxskin PPP +=  5.2=P  W 

The difference between Pmesured and P can be explained, on the 
one hand, by the 2D modeling used for simulation and, on the 
other hand by the error due to the low resistance measurement. 
 

 
Figure 7: AC measured resistance of the transformer 

IV. CONCLUSION 

Analytical formulas used to estimate winding loses in a 
classical transformer were extended to be applied for 
integrated magnetic components. The effects of magnetic 
fringing flux could be neglected in integrated components such 
as the studied structure when the output current ripple is 
enough reduced. Beside the analytical formulas applied to 
estimate litz wire windings, a method based on the 
homogenization was numerically and analytically applied, and 
experimentally verified. 
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