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Abstract— In the last quarter of a century, high-frequency 

transformer design has been one of the major concerns to power 
electronics designers in order to increase converter power 
densities and efficiencies. Conventional design methodologies are 
based on iterative processes and rules of thumb founded more on 
expertise than on theoretical developments. This paper presents 
an analytical design methodology for litz-wired high-frequency 
power transformers that provides a deep insight into the 
transformer design problem making it a powerful tool for 
converter designers. The most suitable models for the calculation 
of core and winding losses and the transformer thermal 
resistance are first selected and then validated with a 5 kW 
50 kHz commercial transformer for a PV application. Based on 
these models, the design methodology is finally proposed, 
reducing the design issue to directly solving a five-variable 
non-linear optimization problem. The methodology is illustrated 
with a detailed design in terms of magnetic material, core 
geometry and primary and secondary litz wire sizing. The 
optimal design achieves a 46.5% power density increase and a 
higher efficiency of 99.70% when compared to the commercial 
one. 

Index Terms— Analytical design methodology, high-frequency 
transformers, litz wire, PV power electronic converters. 

I. INTRODUCTION 

IGH-FREQUENCY (HF) power transformers with rated 
powers from 1 to about 25 kVA are traditionally used in 

AC/DC high power supplies such as microwave heating, 
telecom and uninterruptible power supplies [1], [2]. They 
operate in the 10-200 kHz frequency range and have a high 
enough surface to volume ratio to obtain high power densities 
with free cooling. The increase in distributed generation from 
renewable sources, the development of electric and hybrid 
vehicles, and the emergence of SiC devices has drawn the 
attention to these transformers, and particularly to their design, 
due to their advantages over the line-frequency ones, such as 
higher power densities and efficiencies, and lower costs 
[3]-[7]. 
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Initial design specifications for a transformer are the rated 

power S, rms-voltage Vrms, frequency f, transformer turns 
ratio n, and maximum ambient temperature τamb_max. Together 
with the specifications, the design criteria have to be 
established, usually in terms of maximum efficiency and 
minimum volume. The design constraints are mainly physical 
or given by the manufacturing environment. The first physical 
constraint is Faraday’s law: 
 cpshrms ABfNkV  4  (1) 

where ksh is the waveform factor of the applied voltage 
waveform, N the number of turns, Bp the magnetic induction 
amplitude and Ac the cross-sectional area of the magnetic core. 
The second constraint is the thermal limit: 
 max tth PR  (2) 

where Rth is the transformer thermal resistance, Pt is the total 
power loss and ∆τmax the maximum permitted temperature rise. 
The third constraint is the transformer turns ratio between the 
primary and secondary number of turns, Np and Ns: 
 sp NNn  . (3) 

The fourth one is a geometric constraint, which establishes 
that windings must fit into the limited core window area Aw. 
Finally, the manufacturing environment determines the 
material availability to cost ratio. The design process must 
result in an optimal design regarding the magnetic material 
and shape, the type and disposition of the windings, and the 
number of turns. 

Due to the large number of degrees of freedom, 
conventional transformer design methodologies are based on 
iterative procedures. These design methodologies can be split 
into two groups: pure iterative methodologies [8]-[10] and 
rules-of-thumb-based iterative methodologies [1], [11]-[20]. 
Pure iterative methodologies face the design problem by 
covering particular ranges of several design variables until a 
feasible design is obtained. The methodologies of the second 
group are most commonly used since they speed up the 
iterative process by using rules of thumb to set the starting 
values for some variables. These rules of thumb are 
assumptions justified by expertise that make it possible to 
simplify the design problem. The most common are: 
1) Core selection. The magnetic core power-handling ability is 

evaluated solely by means of its area product [11], 
[13]-[15], [18], [20], or its geometric-constants [15], [20]. 
In both cases the values for the current density amplitude Jp 
and Bp are established beforehand. 
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2) Power loss distribution. The core loss is set equal to the 
winding loss [14], [15]. 

3) Litz wire sizing. A strand diameter lower than the skin depth 
is established and then the extra ac power loss is either 
disregarded [14], [15], or considered constant in the rest of 
the design procedure [1], [11], [20]. 

4) Other rules of thumb. Primary and secondary winding 
copper losses are equalized [11], [13]. The window area is 
distributed equally between primary and secondary 
windings [11]. Only one magnetic material is taken into 
account in the design process [18]. 
Some of these rules of thumb have already been rejected 

through theoretical developments. In the case of the first one, 
it has been recently demonstrated that the shape of the core 
has a strong influence on the design problem [16], [19]. 
Regarding the power loss distribution, it has been 
demonstrated that the optimal relation between core and 
copper losses depends on the characteristics of the magnetic 
material [1], [11], [16]-[18]. Furthermore, the iterative 
characteristic of conventional design methods complicates the 
optimization of the power converter since, in order to analyze 
the influence of a change in the converter magnitudes on the 
transformer, the entire design process must be repeated. This 
is the case when analyzing the dependence of the power 
density on the switching frequency [13], [16]. 

The aim of this paper is to propose a novel analytical HF 
power transformer design methodology that includes the 
complex multi-physical dependency between the transformer 
design variables, and directly leads to an overall optimal 
design including the core shape and material, litz wire sizes, 
and winding distribution. In Sections II, III and IV, existing 
models of the core loss [21]-[24], litz wire winding loss 
[22]-[31], and transformer thermal behavior [1], [11], [12], 
[14], [15], [35], [36] are reviewed and selected. In Section V, 
the selected models are used to characterize a commercial litz-
wired HF transformer and validated through dedicated 
experimental tests. After defining in Section VI the design 
problem through a set of design parameters, the methodology 
is proposed in Section VII. In Section VIII, the methodology 
is applied to a real-world design example and a global optimal 
design is obtained. 

II. MAGNETIC MODELING 

A. Core Loss 

Core loss can be calculated using hysteresis models, loss 
separation models and empirical models [17]. Hysteresis and 
separation models, also known as theoretical models, are 
complex since they require extensive measurements and 
parameter extractions that hinder their application in design 
procedures. Furthermore, the accuracy obtained does not 
justify their complexity. On the contrary, empirical methods 
obtain similar accuracy but are easy to calculate from the 
information provided by manufacturers [1]. Thus, in practical 
transformer design, these methods are normally used. The first  
 
 

empirical method to calculate core loss density pc was the 
well-known original Steinmetz equation (OSE) [12], [21]: 

  01
2

2 TopeTopeT
y

p
x

mc cccBfCp    (4) 

where f is the frequency of the magnetic induction, τope is the 
operating temperature, Cm, x, and y are the loss coefficients, 
and cT2, cT1 and cT0 are the temperature coefficients. These 
coefficients, that empirically model the power loss 
dependence on both the magnetic material operating point 
(f, Bp) and τope, are specified by the manufacturers. 

Expression (4) is only valid for sinusoidal remagnetization, 
which is not normally found in power electronics. Therefore, it 
needs to be modified for arbitrary magnetizing current 
waveforms. Several models have been developed over the last 
15 years including the modified Steinmetz equation (MSE) 
first introduced in [22], the generalized Steinmetz equation 
(GSE), the improved GSE (iGSE), the natural Steinmetz 
extension, the equivalent elliptical loop, the waveform 
coefficient Steinmetz equation [23] and the improved iGSE 
(i2GSE) [24]. All of them are based on the OSE approach but 
including variations based on different physical interpretations 
of the dynamic remagnetization process. HF power 
transformers used in typical power converters have square 
input voltages with or without zero periods. In these cases, the 
MSE, the iGSE and the i2GSE have been shown to be the most 
accurate core loss models [18], [23], [24]. Each model 
improves the accuracy of the previous one but with the 
drawback of increasing complexity. For the purpose of 
designing HF transformers, the MSE represents a satisfactory 
tradeoff between simplicity and accuracy, and is therefore 
used in this paper for the calculation of core loss Pc as [22]: 

     cTopeTopeT
y

p
x

eqmc VcccBfC
T

P  
01

2
2

11   (5) 

where T is the period of the magnetic induction waveform, Vc 
the magnetic core volume, and feq is the equivalent frequency 
that represents the average remagnetization velocity: 
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. (6) 

B. Soft Magnetic Materials and Core Geometry 

In HF applications, soft magnetic materials are used due to 
their low power loss. They are classified into two groups: 
ferromagnetic, which are iron alloys such as nanocrystalline 
and amorphous materials; and ferrimagnetic, such as ferrites. 
Table I shows the characteristics provided by the 
manufacturers for the main soft magnetic materials suitable 
for power applications. This table includes the material type, 
grade, and manufacturer, as well as the saturation magnetic 
induction at 100 C, Bsat100, and the core loss coefficients for 
the indicated frequency ranges. Concerning core geometry, U 
and E cores are commonly used in power applications due to 
their modularity and availability for a wide range of sizes [15]. 
As shown in Fig. 1, their geometry is characterized by four 
characteristic dimensions: mean magnetic path lc, cross-
sectional area Ac, window area Aw and core volume Vc. 
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Fig. 1. Characteristic dimensions lc, Ac, Aw and Vc for U and E cores. 

III. WINDING MODELING 

When working at high frequencies, litz wires are used to 
minimize copper loss. Litz wires consist of N0 strands of 
radius r0 isolated and parallel connected at the wire’s 
beginning and end. When a single litz wire conducts 
time-varying currents, the well-known skin and internal 
proximity effects can cause a non-uniform current distribution. 
The skin effect forces the current to flow close to the surface 
in each strand. It is characterized by the skin depth δ: 

 






f

1
 (7)

 
where μ and σ are the magnetic permeability and the electrical 
conductivity of the conductor material, respectively. The 
internal proximity effect is due to the interaction between each 
strand and the external magnetic field created by the currents 
flowing through the rest of strands. Both effects can lead to an 
increase in the copper loss [25]. 

When litz wires are wound around a magnetic material and 
stacked to form windings, a third effect called external 
proximity effect appears that complicates the calculation of 
the ac copper loss. In the windings, each turn of the litz wire is 
located in an external three-dimensional time-varying 
magnetic field generated by the currents conducted by the rest 
of wires. This field intensifies eddy currents and can increase 
winding loss. In order to reduce the magnetic field strength in 
the window space and, consequently the power loss, windings 
are sectioned and interleaved. Primary and secondary 
windings are divided into sections of mp and ms layers, 
respectively, each layer containing bp and bs number of turns. 

Litz wire winding loss calculation methods can be classified 
into two major groups: numerical field calculation methods 
[26], [27], and analytical methods [28]-[32]. Although the first 
methods make it possible to precisely calculate the winding 
loss, they are disproportionately time-consuming when applied 
to litz wire windings. On the contrary, the analytical methods 
are easy-to-use and, in HF power transformers, where there 
are no air gaps and the strand radius remains below the skin 
depth, they present good accuracy. Thus, for the purpose of 
designing, analytical methods are recommended. 

The analytical methods can, in turn, be divided into three 
groups. The methods of the first group calculate the power 
loss using the complex permeability of a conductor matrix 
concept [28]. These methods provide a good accuracy even at 
high r0/δ values, but their implementation is complicated since 
the real and imaginary parts of the winding permeability have 
to be correctly determined. The second group [29], [30] is 
based on Dowell’s approach [33] and its interpretations 
including the orthogonality principle presented by Ferreira in 
[34]. To apply the one-dimensional Dowell’s method to litz 
wire winding, each layer of strands is considered to be 
equivalent to an individual solid layer of thickness 2r0 through 
the application of a porosity factor. Finally, the methods of the 
third group extend the stand-alone litz wire loss analysis 
presented in [25] to the entire winding [31], [32]. Both second 
and third groups lead to similar results with a good tradeoff 
between simplicity and accuracy [29], [32]. As the physical 
phenomena are more accurately modeled by the methods of 
the third group, the Tourkhani model [32] is adopted in this 
paper, and its approximation for r0≤δ is used, since it can be 
directly applied to calculate the total winding loss Pw,m of a 
section of m layers as follows: 
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where Irms is the rms current,  is the fill factor, that is, the 
quotient between copper and winding area, Fac is the ac copper 
loss factor and Rdc is the dc resistance: 
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with MLTw being the mean length turn of the winding. 

IV. THERMAL MODELING 

The steady state transformer thermal resistance can be 
estimated by means of theoretical and empirical models. There 
exists a wide variety of theoretical thermal models depending 
on the heat transfer mechanisms considered and their 
interpretation [1], [11], [12], [14], [15], [35]. Regarding the 
empirical models, previous work of magnetic material 
manufacturers have shown that it is possible to establish, for a 
fixed temperature rise, an empirical formula to model the 
transformer thermal resistance as a function of its core volume 
[36]. Empirical models are claimed to obtain similar accuracy 
to theoretical models but with a much lower complexity [1], 
[15]. Thus, in this paper, next empirical resistance Rth is used, 

Aw Ac 

lc 

Vc

Aw 

Ac 

lc 

Vc 

TABLE I  POWER SOFT MAGNETIC MATERIALS PROPERTIES 

Material type Mn-Zn Power Ferritesa 
Nanocrys-

talline 
Amor-
phous 

Material grade 3C94 R N87 FT-3M 2705M 

Manufacturer 
Ferrox-

cube 
Magne-

tics 
Epcos Hitachi Metglas 

Bsat100 (T) 0.35 0.35 0.35 0.8 0.55 

f range (kHz) 20-200 <200 20-200 <500 <500 

S
te

in
m

et
z 

C
oe

ff
ic

ie
nt

s 

Cm (·10-4) 23.7 26.9 19 1.1 0.1 
x 1.46 1.43 1.41 1.62 1.88 
y 2.75 2.85 2.57 1.98 2.21 
cT2 (·10-4) 1.65 1.75 4.25 0 0 
cT1 (·10-2) 3.1 3.42 8.91 0 0 
cT0 2.45 2.67 5.67 1 1 

a Minimum power loss at 90-100 C 
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according to the data provided by the manufacturers for 
different double E and double U cores, and a temperature 
increase of 50 C [36]: 
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V. TRANSFORMER MODEL VALIDATION 

The selected transformer model is now applied to 
characterize a commercial 50 kHz 5 kW transformer used in a 
PV grid connected system. The transformer, whose 
characteristics are shown in Tables II and VIII, is located in a 
half bridge ZCS HF resonant intermediate conversion stage. 

 

Core loss is estimated by means of (5). Winding loss for the 
fundamental Pw,50 and the third Pw,150 current components are 
calculated using (8). The approximation is valid in this case up 
to the 14th harmonic. The steady state operating temperature 
τope is estimated by means of an iterative process in which the 
empirical thermal resistance in (10) is used. Fig. 2 shows the 
test bench. Through dedicated test τope, Pc, Pw,50 and Pw,150 are 
measured separately [37]. Measured and estimated values are 
compared in Table III for different operating powers P at an 
ambient temperature of 25C. 

 
Fig. 2. Test bench used in the HF transformer characterization. 

 

As shown in Table III, estimated and experimental results 
are in good agreement. Winding loss model is accurate with a 
slight overestimation of losses. Core loss estimation is less 
accurate due to the uncertainty introduced by the lack of 
information about the thermal characteristic of the ferrite used. 
The thermal model is also accurate, with good agreement 

between estimated and measured temperatures. The small 
deviations in the temperature at low operating powers are due 
not to the thermal model but to the errors in the estimation of 
Pc. As a conclusion, for the purpose of transformer designing, 
the use of the modified Steinmetz equation, the Tourkhani 
winding loss model and the empirical thermal model is 
justified due to their tradeoff between simplicity and accuracy. 

VI. DESIGN PROBLEM DEFINITION 

A. Core Geometry Modeling 

Similarly to the homothetic analysis carried out in [16], the 
core geometry of the two main core types is completely 
described in Fig. 3 through four parameters: the dimensional 
factor a in meters, and the three non-dimensional shape 
coefficients c1, c2 and c3. The core characteristic dimensions 
can be defined now as a function of these parameters as shown 
in Table IV. MLTc is the core mean length turn defined as the 
length of a turn wound at the middle of the window width, and 
Ve is the transformer equivalent volume that represents the 
volume including the windings. These two characteristic 
dimensions depend not only on the core type, like the rest of 
dimensions, but also on the way the windings are wound. In 
Table IV, the most common ways to wind are considered, 
which are over the central leg “shell type” for double E or EE, 
and over both legs for double U or UU cores. In the fourth 
column, the dimensions are expressed in a generic form in 
which the non-dimensional core characteristic coefficients ac, 
aw, vc, mlt, and ve are solely function of the shape coefficients. 

 
 (a) (b) 

Fig. 3. Dimensional factor a and shape coefficients c1, c2, and c3, of the two 
main types of power cores: (a) double U and (b) double E. 

 
Including this analysis, the core loss can be now expressed 

as follows: 

 y
pc BaKP 3

1  (11) 
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3 
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4 

5 

6

(1) HF Power Transformer 
(2) Resonant Converter 
(3) Climatic Chamber 
(4) Xantrex DC PS 
(5) Power Analyzer PZ4000 
(6) AGILENT Data Logger 

TABLE IV CHARACTERISTIC DIMENSIONS OF EE AND UU CORES 

Characteristic 
dimensions 

Both legs  
double U 

Shell type  
double E 

Generic 
form 

Ac c3·a2 c3·a2 ac·a
2 

Aw c1·c2·a2 c1·c2·a2 aw·a2 
Vc 2c3(c1+c2+2)a3 2c3(c1+c2+5/4)a3 vc·a

3 
MLTc 2·(c1+c3+1)·a 2·(2·c1+c3+1)·a mlt·a 

Ve 
2·(c1+1)·(c2+2) 
·(c3+c1)·a3 

2·(c1+1)·(c2+1) 
·(c3+2·c1)·a3 

ve·a
3 

a

c2·a

c3·a

c1·a a c1·a

c2·a

c3·a

TABLE III TRANSFORMER ESTIMATED AND EXPERIMENTAL OPERATION 

P 
Estimated Experimental 

Pc Pw,50 Pw,150 τope Rth Pc Pw,50 Pw,150 τope Rth 
(kW) (W) (W) (W) (C) (C/W) (W) (W) (W) (C) (C/W)

1 5.5 0.5 0.1 46.4 3.5 6.4 0.5 0.1 50.1 3.6 
2 5.1 2.3 0.3 50.5 3.5 5.9 1.9 0.2 54.0 3.6 
3 4.3 4.6 0.6 58.6 3.5 5.1 4.3 0.4 59.8 3.6 
4 3.5 8.3 1.1 69.5 3.5 4.2 7.9 0.8 70.6 3.6 
5 2.6 13.2 1.6 85.8 3.5 3.4 13.1 1.2 85.2 3.4 

TABLE II COMMERCIAL TRANSFORMER CHARACTERISTICS 

S / f 5kW / 50kHz Magnetic material CF 139 
Vp 215 V Core 2xEE71/33/32 
Np / Ns 10 / 16 Bp 0.077 T 
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where coefficient K1 is: 

 01
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where kmag is the core loss waveform coefficient that relates 
the loss with the actual magnetic induction to the loss with 
sinusoidal waveform. For two- and three-level voltage 
profiles, typical of isolated dc-dc power applications, kmag can 
be expressed as a function of the length of the zero-voltage 
period θ in rad as follows [23]: 
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B. Litz Wire Winding Geometry and Loss 
The design parameters of a litz wire are the strand radius r0 

and the number of strands N0. These parameters are not 
independent since the available area for the winding is limited 
[29]. For a given area, as the strands are insulated, the fill 
factor  depends on the combination between r0 and N0. The 
dependency between the strand insulation thickness g and r0 
for a 0.2-0.01 mm range can be modeled from 
PACK Feindrähte litz wire manufacturer’s data [38] as: 

   6
00 102484.0  rrg . (14) 

An approximation for lower radii can be found in [29]. The 
dependence of N0 on r0 for a circular wire, when a number of 
turns N has to be fitted in an available winding area Aa,w, can 
then be expressed as: 

 
    2201
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where e1 and e2 are the litz wire insulation constants, and Kd is 
a constant winding factor that models the reduction of the 
available area due to factors such as serving, strand packing, 
bundle filler and packing, twist and turn packing [29]. The 
analysis of the window area distribution complicates the 
design procedure since it can only be made in a discrete way, 
i.e. the number of turns forming a layer must be an integer. 
This makes it necessary to follow a trial and error procedure to 
fill the window [19]. In this paper, and to prevent this 
discontinuity from obstructing the design problem analysis, 
the complete window area is initially assigned to the windings. 
If litz wires are correctly sized, the window area needs to be 
completely filled [29]. Therefore, the number of turns per 
layer b can be related directly to the window dimensions and 
the litz-wire characteristics as follows: 
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In addition, the fill factor  of a winding made up of N turns of 
a litz wire with N0 strands of radius r0 can be expressed as: 
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where N0 has been expressed as a function of r0 by applying 
(15). As an equal window distribution between primary and 
secondary is not justified [1], [20], primary and secondary 
winding areas, Awp and Aws, can be referred to the window area 

Aw through the winding distribution coefficient α as: 

 2aaAA wwwp   , (18) 

     211 aaAA wwws   . (19) 

Two winding dispositions have now to be distinguished. If 
maximum efficiency is desired, primary and secondary 
windings must be fully interleaved as shown in Fig. 4. 
However, in some cases, primary and secondary windings 
cannot be interleaved. For instance, in high voltage 
applications, they are grouped into separate chambers due to 
isolation concern. When leakage inductance and interwinding 
capacitance are used as filter [39] or resonant [40] 
components, a non-interleaved structure is also preferred. Loss 
calculation is carried out below for both winding dispositions: 
1) Maximum efficiency winding interleaving. As shown in 

Fig. 4, the primary and secondary number of layers, mp and 
ms, are equal to the unit. The primary and secondary 
windings are divided, respectively, into pp and ps sections of 
one layer with bp turns per primary layer and bs turns per 
secondary layer. Applying (8) to each primary winding 
section and adding the losses for each section, the total 
primary winding loss Pwp are expressed as: 
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where MLTj is the mean length turn of layer j. The average 
of the mean length turns of the different layers can be 
approximated by the core mean length turn MLTc. 
Introducing (15), (17) and (18) in (20), the primary winding 
power loss is: 
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Fig. 4. Generic maximum efficiency interleaved windings distribution. 

The secondary winding loss Pws can be derived similarly. 
By expressing Ns and the secondary current Is in terms of Np 
and Ip with the turns ratio, and adding Pwp and Pws, the total 
winding loss Pw can be obtained. Particularizing now (1) for 
the primary, Np can be expressed as a function of Bp. 
Finally, the core characteristic dimensions can be expressed 
in their generic form as indicated in Table IV and then 
included in the expression for the winding losses as follows: 

bs bp 

j pp ps 1 ... ...

1 1
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where r0p and r0s are the primary and secondary radii. 
Coefficients K2 and K3 are: 
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where the waveform factor ksh is equal to 1 for a square 
voltage and 1.11 when the voltage is sinusoidal [18]. 

2) Non-interleaved windings. In this case, the number of layers 
per section is not required to be equal to the unity. In 
addition, primary and secondary mean length turn, MLTp 
and MLTs, are not equal anymore and can be expressed for 
“shell type” double E core type as follows: 

   accamltMLT pp  13122  , (25) 

    accamltMLT ss  131122  . (26) 
When the windings are not interleaved, the turns of a 
winding are distributed in m layers of b turns each. Thus, 
including in (16) the N0 expression in (15) and the window 
area distribution between primary and secondary windings 
modeled in (18) and (19), the squared mp and ms can be 
expressed as: 
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If the Tourkhani approximation for the calculation of 
winding losses in (8) is developed for primary and 
secondary windings in a similar way as done for the 
maximum efficiency interleaving, but including the 
dependencies expressed in (25), (26), (27) y (28), next 
expression for the total winding losses of a non-interleaved 
two-winding transformer is obtained: 
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In this case, coefficients K2, K3 and K4 are: 
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Finally, when working with nonsinusoidal currents, and 
both for fully interleaved and for non-interleaved windings, 
the total winding power loss must include the winding losses 
due to the current harmonics as follows: 

 
 max

1 ,

n

i iww PP  (33) 

where Pw,i is the copper loss for the current harmonic i and 
nmax is the maximum harmonic considered. For each harmonic, 
coefficients K2, K3, K2,n, K3,n, and K4,n need to be particularized 
for the harmonic rms current Ip,rms,i and frequency fi. 

C. Design parameters 

The design characteristic parameters that have to be 
calculated from the design process are shown in Table V. Each 
magnetic material implies a particular value for the saturation 
magnetic induction Bsat and a particular set of Steinmetz 
coefficients. The core size and shape are defined by means of 
a, c1, c2, and c3. The magnetic material operating point is 
determined by Bp. The winding distribution is defined by the 
strand radii r0p and r0s, and the winding distribution factor α. 
Once these parameters have been determined, the remaining 
design parameters can be calculated: the number of primary 
and secondary turns, Np and Ns, through (1) and (3), the 
number of primary and secondary strands, N0p and N0s, 
through (15), and the number of turns per layer through (16). 

 These parameters comprehensively represent the 
multi-physical nature of the design problem. Conventional 
design methods usually consider the design problem in terms 
of fixing Bp and Jp [1], [8]-[20]. However, as the 
high-frequency electromagnetic effects in the conductors 
invalidate the constant Jp hypothesis, the proposed 
methodology does not consider Jp to be a design parameter. 

VII. ANALYTICAL DESIGN METHODOLOGY 

The requirement for a design to be feasible is that the 
transformer must be able to dissipate its total loss with a 
temperature rise equal to or less than the maximum allowable 
rise Δτmax. In addition, transformer design has to deal with two 
contradictory design criteria, which are minimum volume and 
maximum efficiency. For the power range considered in this 
paper, high efficiencies are always obtained due to the low 
dissipation capacity of free-cooled transformers. Thus, in 
order to take full advantage of the benefits of operating at high 

TABLE V DESIGN CHARACTERISTIC PARAMETERS 

Magnetic material Bsat, Cm, x, y 
Core type UU, EE 
Core size and shape a, c1, c2, c3 
Magnetic operating point Bp 
Litz wire parameters r0p, r0s 
Window distribution α 
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frequencies, minimizing volume becomes the priority 
criterion. Introducing (10) in (2), the core volume Vc can be 
expressed as: 

 
92.1

max

92.10457.0




 t
c

P
V . (34) 

To minimize Vc, the thermal limit must be transformed into 
equality. Once equalized (34), minimizing total power loss 
leads to a minimum volume and then to an optimal design. 
Thus, from a mathematical point of view, the proposed 
analytical approach reduces the design problem to minimize 
the total power loss function subject to the thermal constraint: 

 
0s.t.

min

max  tht

t

RP

P
. (35) 

The optimization problem shown in (35) is a function of the 
design characteristic parameters defined in Table V. The total 
loss is the sum of the core losses given by (11) and the 
winding losses given by (22) in the case of maximum 
efficiency interleaving and by (29) in the case of 
non-interleaved windings. Including the core parameterization 
carried out in Section VI, the empirical expression for Rth in 
(10) can be now rewritten as a function of the factor a as: 

 
56.152.0

0457.0

av
R

c

th 
 . (36) 

max is determined by the maximum operating temperature 
τope_max and the maximum permitted ambient temperature 
τamb_max. τope_max is normally set to about 100 C [14]. Since the 
temperature affects both the core and winding losses, the 
materials’ coefficients have to be particularized in the design 
process for the value of τope_max [41]. 

The resolution of (35) becomes complicated due to the large 
number of variables involved and the strong nonlinear 
characteristic of the problem. As there exists only a few soft 
magnetic materials, which means few possible values for Cm, 
x, y and Bsat, and the shape coefficients c1, c2 and c3 are 
closely delimited, the proposed solution is then to cover the 
possible ranges for these coefficients and solve (35) with 
respect to five design parameters: dimensional factor a, 
magnetic induction amplitude Bp, primary and secondary 
strand radii r0p and r0s, and window distribution coefficient α. 

The complete design methodology is now presented as a 
flowchart in Fig. 5. In the first step, the specifications are 
established. Then, in the second step, the core types and the 
ranges for c1, c2 and c3 are swept. The optimization problem 
presented in (35) particularized for the five design parameters 
is solved in the third step for each core type and shape 
combination, and for each magnetic material. For a fixed set 
of core shape coefficients c1, c2, and c3, minimizing the core 
volume, i.e. minimizing a, is equivalent to minimizing the 
transformer equivalent volume Ve. Therefore, in the fourth 
step, from the solutions obtained in the third step, the 
magnetic material that achieves the lowest value for a is 
selected. This process is repeated for each core type and shape 
combination and the selected designs are stored. Finally, when 
all the core type and shape ranges have been swept, the stored 

designs are compared in the fifth step and the one with the 
minimum Ve is selected as the global optimal design. 

 
Fig. 5. Analytical design methodology flowchart. 

VIII. DESIGN EXAMPLE 

The proposed methodology is now applied to design a 
high-frequency transformer for the same PV application in 
Section V. As it is located in a half-bridge ZCS resonant 
intermediate conversion stage, the applied voltage is a square 
waveform resulting in a triangular magnetizing current with a 
constant duty cycle of 0.5. The winding currents, which are 
the sum of the magnetizing and load currents, are mainly 
composed of the fundamental and third harmonic components. 
The worst conditions are considered in the design. Thus, a 
nominal primary current consisting of a 50 kHz 40.15 A 
fundamental and a 150 kHz 7.08 A third harmonic is 
considered. The secondary current has the same waveform but 
with the transformed amplitude. A maximum ambient 
temperature of 45 C, typical of PV systems, and a maximum 
operating temperature of 100 C, are considered. Table VI 
shows the core types, the magnetic materials, the ranges for 
the core shape coefficients and the winding factor Kd 
considered in the design. 

 

 

TABLE VI DESIGN MATERIALS AND CORE SHAPES 

Ferrite  3C94, N87 Kd/e1/e2 0.6/1.484/2×10-6 
Nanocrystalline FT-3M c1 range 0.2-2 
Amorphous 2705M c2 range 1-4 
Core types UU, EE  c3 range 1-6 
Design power 5 kW  max 55 C 
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The design methodology described in Fig. 5 is implemented 
in MATLAB®. The Lagrangian method is used to solve the 
optimization problem. In this case, the priority is to maximize 
the efficiency. Therefore, the windings are fully interleaved 
and expression (22) is used for the winding losses. The 
theoretical-optimal design characteristics are shown in 
Table VII. It is interesting to emphasize that the optimal 
current density Jp, both for primary and secondary conductors, 
is a quite high value of 7.5 A/mm2, while the optimal magnetic 
induction Bp is 0.118 T, quite far from the saturation value. 

 
As a consequence of the analytical nature of the proposed 

design methodology, an optimal non-integer number of turns 
is obtained. Thus, the theoretical-optimal design must be 
adapted by rounding the number of turns to its immediately 
lower integer in order to obtain a practical optimal design. The 
practical-optimal design performance at rated power is 
summarized in Table VIII. The total power loss is the sum of 
core losses, 7.3 W, and winding losses, 7 W. Primary and 
secondary winding losses consist of Pw50 and Pw150, that is 
6.7 W and 0.33 W, respectively. 

The rules of thumb summarized in Section I can now be 
assessed for the design carried out with the proposed 
methodology: 
1) Core selection based on the area product Ap. The 

expression for Ap is: 

 
ppsh

wcp BJfk

S
AAA




4
. (37) 

This expression is a necessary condition for a design to be 
feasible but not a sufficient one as it does not take into 
account the thermal constraint. The methods based on this 
rule, establish Jp and Bp beforehand. However, Jp and Bp 
depend, in turn, on Ap [16]. Since these methods do not take 
into account the interdependency between these variables, 
they require a big number of iterations to reach a feasible 
design that may not necessarily be an optimal one. 
Evaluating the right term of (37) for the obtained optimal 
design, it results to be four times lower than the optimal Ap 
of 43.46 cm4. That means that, even if the optimal Jp and Bp 
values were known beforehand and used in (37), the 
optimal value of Ap, and then the complete optimal design, 
would still be far from being reached. 

2) Equal power loss distribution. Contrary to this rule of 
thumb, the power loss in the theoretical optimal design is 
not equally distributed between core and windings. As 
shown in Table VII, their quotient is close to its optimal 
value of 2/y [1], [11], [16]-[18]. 

3) Litz wire sizing. The optimal design makes it possible to 
determine the optimal values for the primary and secondary 
litz wires. Traditionally, different rules of thumb are used 
for litz wire sizing in order to simplify the design problem 

by fixing the value of the strand radius r0 to a certain 
amount of the skin depth δ. In Table VIII, four different litz 
wire sizing approaches based on common rules of thumb 
are presented and compared to the optimal design. The 
approaches are carried out once the required design 
characteristics (winding arrangement, number of turns and 
window area) have been fixed by the methodology 
proposed in this paper. 
First approach, named Litz-wire 1, only takes into account 
the skin effect, thus establishing r0=δ [11]. Second and third 
approaches, named Litz-wire 2 and Litz-wire 3, are more 
common and take r0=δ/3 [14], [25], and r0=δ/7 [1], [13], 
respectively. Finally, the fourth approach, named Litz-
wire 4, establishes a much more strict relation of 
δ/15<r0<δ/30 [8], [9], [42]. Litz-wire manufacturers usually 
provide recommended values for r0 tabulated as a function 
of the frequency range of operation. Concretely, the New 
England Wire Technologies advises to use strand radii 
between the second and third approaches depending on the 
frequency range [43]. 
The optimal design, with r0p≈δ/9 and r0s≈δ/8, is placed 
between the third and fourth approaches. Starting from the 
first approach, the winding losses tend to decrease as the 
strand radius reduces and its number increases and get close 
to their optimal value. However, when the number of 
strands increases over its optimal and the strand radius 
decreases under the optimal radius, the reduction of the ac 
factor Fac no longer compensates the increase of the dc 
resistance Rdc and, consequently, the winding losses 
increase. As shown in Table VIII, the two extreme cases 
lead to poor designs in terms of losses and temperature. The 
first approach results in a non-feasible design due to the 
high temperatures reached. In turn, the fourth approach 
obtains a more expensive design [44] with a worse 
performance with respect to the optimal one. This sizing 
approach is more adequate with higher current harmonic 
contents or higher number of layers per section cases. 
Consequently, the litz wire sizing rules of thumb must not 
be used as rules of general application because they only 
lead to good results in specific cases. If the expressions for 
winding losses (22) and (29) are analyzed together with the 
design approach in (35), it can be concluded that the 
optimal litz wire sizing, i.e. the litz wire that leads to 
minimum transformer volume and maximum efficiency, 
depends on a large number of factors that change according 
to the application considered. Some of these factors are 
current and voltage waveforms, number of layer per section, 
magnetic core shape and size, the levels of currents and 
voltages for a given power, materials used, range 
considered for the strand radius, frequency, or temperature. 

4) Other rules of thumb. The rule of equalizing primary and 
secondary winding losses is not correct. In the theoretical 
optimal design, they are 3.8 W for the primary and 4.2 W 
for the secondary. Another rule proposes to distribute 
equally the window area between primary and secondary 
windings. Although, in this case, it coincides with the 
optimal design, it does not work for non-interleaved 

TABLE VII  THEORETICAL-OPTIMAL DESIGN CHARACTERISTICS 

Mag. material FerriteN87 Np/Ns 5.4/8.6 
Core Type EE r0p/r0s (mm) 0.036/0.042 
c1/c2/c3 0.4/1.4/3.7 N0p/N0s 1476/688 
a (m) 0.0214  α/β 0.501/0.24 
Bp (T)/Jp (A/mm2) 0.118/7.5 Pw/Pc (W) 8/6.05 
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windings [1]. Finally, only one magnetic material is usually 
considered for a given frequency range. As shown in [42], 
the borderline between different soft magnetic materials 
depends indeed on the specifications and cannot be 
generalized. The design methodology has taken into 
account all the available magnetic materials, being in this 
case the optimal one the N87 ferrite.  
In order to observe the manufacturing environment 

constraints and minimize the cost, the optimal design must be 
implemented by using only commercially available materials. 
This commercial implementation of the optimal design, named 
optimal low-cost design, must maintain the optimal 
performance of the original design. With respect to the 
magnetic core, it is usually possible to achieve commercial 
core shapes similar to the optimal ones by combining 
standardized cores. The c2 coefficient can be increased or 
decreased by combining E and U cores with I cores. Different 
values for c3 can be achieved by stacking cores of the same 
type. On the contrary, dimensional factor a and c1 coefficient 
are only available for the discrete values offered in the market. 
In this case, a combination of three EI65/32/27 cores of N87 
ferrite leads to a core shape close to the optimal one. 
Regarding the conductors, a solution close to the optimal can 
be achieved with the next standardized round litz wires found 
in a commercial catalog [43]: 40 AWG diameter and 
1100 strands for the primary and 38 AWG diameter and 
660 strands for the secondary. 

Finally, the performance of the low-cost design and the 
commercial prototype presented in Section V are shown in 
Table VIII. When comparing the optimal low-cost design to 
the commercial one, it must be noticed that the power density 
has risen from 11.9 kW/dm3 to 17.4 kW/dm3, which is a 
46.5% increase, reaching even a higher efficiency that, at rated 
power, has risen from 99.68% to 99.70%. The window 
transversal section of the optimal low-cost design is shown in 
Fig. 6 at real size, with the primary winding blue colored and 
the secondary green colored. 

IX. CONCLUSION 

An analytical methodology for the design of power 
high-frequency litz-wired transformers has been presented in 

this paper. Existing models for the characterization of the 
transformer core and winding losses and its thermal resistance 
have been reviewed, evaluated and selected for their use in the 
design methodology. The proposed methodology 
comprehensively represents the multi-physical phenomena 
taking place in the electromagnetic device and makes it 
possible to understand the nature of the design problem, thus 
making easier the complex task of designing these magnetic 
devices. A design example for a 5 kW 50 kHz PV converter 
application has been carried out resulting in an optimal design 
with a power density of 17.4 kW/dm3 and an efficiency at 
rated power of 99.70%. When compared to a commercial one, 
an increase of 46.5% in the power density is achieved. 

 

 
 

Fig. 6. Window transversal section of the optimal low-cost designs. 
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