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Abstract—The use of three-dimensional (3D) thermal simula-
tions of magnetic components for power converters is limited to
validation of final designs due to time consumption. A two-step ho-
mogenization is proposed to simplify them, while keeping good ac-
curacy. The required equations and some guidelines are described
in this paper. It can be applied to solid round wire, litz wire, or foil
wound magnetic components. Considerations to extend its use to
transformers, including the use of interleaving techniques and insu-
lating tape, are explained. This method can reduce the computation
time of 3-D simulations (seven times faster than usual simulations)
while the convergence is assured even for complex structures or
cases with litz wire. Finally, the method is experimentally validated
with DC and AC excitation.

Index Terms—Electrothermal effects, inductors, power trans-
former thermal factors, transformers.

NOMENCLATURE

a,b,c,d Coefficients for the proposed multivariable fitting.

Acond Area of conductor.

Aine Area of insulation.

AWG American wire gauge.

h Heat transfer coefficient or film coefficient.

k Thermal conductivity.

kq Thermal conductivity of surrounding material
(air, potting).

Kcond Thermal conductivity of conductor material.

keq Effective thermal conductivity.

Keq,,, Effective thermal conductivity in the orthogonal
direction.

keg,. Effective thermal conductivity in the radial
direction.
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Effective thermal conductivity in the angular
direction.

Effective thermal conductivity in the tangential
direction.

Effective thermal conductivity of several homog-
enized blocks.

Effective thermal conductivity in the vertical
direction.

Thermal conductivity of ferrite.

Thermal conductivity of wire insulation.
Homogenized thermal conductivity of different
insulation.

Thermal conductivity of bundle impregnation.
Thermal conductivity of wire impregnation.
Thermal conductivity of strand insulation.
Thermal conductivity of insulation layers.
Thermal conductivity ratio (ky, /kq).

Thermal conductivity of a homogenized wire.
Width of conductors.

Width of insulation layers.

Number of conductor layers.

Number of insulation layers.

Total number of layers.

Packing factor of a litz bundle.

Losses in primary winding.

Losses in secondary winding.

Heat flux.

Heat flux in the x direction.

Inner radius of a cylindrical foil winding.
Radius of the n foil layer.

Critical radius.

Volume fraction of conductor material.
Introduced variable to replace 7.

Maximum core temperature.

Average core surface temperature.

Maximum winding temperature.

Average winding surface temperature.
Temperature rise.

Measured temperature rise.

Temperature rise with “wire-level” homogeniza-
tion.

Temperature rise obtained by simulation.
Temperature rise with “winding-level” homoge-
nization.

Wire diameter.
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Volume of conductor material.
Vi, Volume of strand insulation material.
Volume of impregnation material.

iimp
Vipuna Volume of bundle insulation.
Vo Volume of a wire.
w Width of the cell under study.

1. INTRODUCTION

UE to the interdependence between electromagnetic (EM)
D and thermal fields, proper modeling of both domains is
needed to optimize magnetic components for power converters.
As aresult, a good accuracy of the thermal models is required to
get better optimized magnetic components, with higher power
density and lower size, while ensuring their operation below the
thermal limit.

Some analytic solutions to estimate the temperature of the
magnetic components can be found in the literature. Manufac-
turers usually provide empirical equations for each core shape
[1], [2]. A simple equation was introduced in [3] for any core
shape and size. These approaches are useful as first-order ap-
proximations during the early design iterations, but its use in
optimization processes would lead to non-optimized designs.
Another empirical model for potted litz wound toroid inductors
is developed in [4], while it offers a good accuracy, its use is lim-
ited to the shape of the component, the winding arrangement,
and the boundary conditions (no convection, since that model
is developed for space environment conditions) used in their
experimental setup.

Another approach to solve the thermal problem is the use of
one-dimensional (1D) models’ thermal networks. In [5], a 1-D
thermal network is proposed to consider the heat transfer path
from the center core leg of a magnetic component to the top
and bottom core parts by means of parallel thermal resistors.
The effect of convection and radiation inside the window is also
modeledin [6]. Some details are added compared to [S] and avoid
simplifying the radiation, but the heat transfer in other directions
is neglected, what might infer a high error in the temperature
estimation.

The most accurate solutions are achieved by means of 3-D
FEA simulations. The downside is that they are substantially
time-consuming, due to the mesh requirements of the conduc-
tors, specially in the case of litz wires. Additionally, if the mesh
is too demanding, such as detailed simulations of litz wire wind-
ings, 3-D simulations might become unfeasible.

Homogenization techniques have been traditionally used to
simplify either the mathematical analysis or the simulations in
different physics fields, which consist in replacing heteroge-
neous systems by a single component whose calculated prop-
erties make it macroscopically behave as the original system.
In thermal analysis, that property is the effective thermal con-
ductivity keq from the heat equation q7’ = —kVT [71, [8]. A
review of the traditional analytic models to obtain k., is detailed
in [9]. Some of these methods are used in [10] to get the effective
conductivity of bundles of litz wire for electrical machines.

In this paper, one step further is carried out and the homog-
enization is applied at two levels. The first one, described in
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Fig. 1. 3-D thermal distribution on a cut plane of a PQ core inductor: detailed
FEA simulation (left); homogenized winding (right).

Section II-A, includes the conductor and its insulation. The lat-
ter is applied at winding level, where the wires and the material
between them (air or potting resin) are homogenized, explained
in Section II-B. An application example is depicted in Fig. 1.

The main features of the proposed method are as follows:

1) Simplified thermal analysis of the winding while keeping
a good accuracy, since the equations are based on FEA
results.

2) Reduction of the running time of 3-D thermal simulations
by a factor between 6 and 8, compared with detailed sim-
ulations, due to the resulting simpler mesh.

3) Assured convergence of 3-D thermal simulations, which
allows the analysis of complex problems.

This two-level homogenization for magnetic components was
introduced in [11]. A simplification of the set of equations and
some explanations to extend this approach to model inductors
and transformers with any winding type are presented in this
paper.

The paper is structured as follows. In Section II, the concept
is described. It involves a two-step homogenization. The first
step is at a wire level, explained in Section II-A for round solid
wires and litz bundles, with round or square section. Afterward,
the second step is applied at a winding level, for round solid or
litz, square litz, and foil winding. It is described in Section II-B.
Then, the application of the two-level homogenization for trans-
formers is particularized in Section III, in which some especial
concern needs to be considered if an interleaving technique or
insulation between layers is used. In Section IV the method is
experimentally validated with DC and AC excitation and the re-
duction of the simulation time for 3-D FEA is analyzed. Finally,
conclusions are presented in Section V.

II. METHOD: TWO-LEVEL HOMOGENIZATION

The proposed two-stage homogenization is described in this
section. The first step, described in Section II-A, compre-
hends the conductor and its insulation. The latter, explained in
Section II-B, is applied at the winding level, where the wires
and the material between them (air or potting resin) are homog-
enized. Fig. 2 shows a diagram of the method.
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Design flow to model the winding thermal equivalent layer (pot core is used as an illustrative example). From left to right: cross-sectional area of a pot

core inductor, as an example; homogenization at wire level and at winding level; inductor with the equivalent layer.

A. Wire-Level Homogenization

The first step is to homogenize the conductor and insulation
materials. The process to homogenize different conductor types
(round solid wire, round and square litz) for any magnetic com-
ponent is discussed along the following sections.

1) Round Solid Wire: In this case, there is no homogeniza-
tion strictly speaking. Nevertheless, a simplification is required
in order to avoid an excessively restrictive mesh of the wires:
its insulation should be neglected. This simplification does not
compromise the temperature estimation since the temperature
gradient within a conductor and in the insulator is negligible.
The reasons for this are the reduced dimensions of the wire, the
high thermal conductivity of the conductor, and its internal heat
generation. This assumption is valid for commercial wires lower
than AWG 10 (external diameter of 2.59 mm) [7], used for low
and medium power applications (< 100 kW).

In addition, since the insulator thickness of common commer-
cial solid wires is below the crifical radius value (rei = ki /h =
0.04 W/m-K/5W/m?-K = 8 (mm) for common operating
conditions) [7], [8], it is reasonable to consider that the effective
thermal conductivity of the whole wire is equal to the conductor
material conductivity (k,, = kcong). More details regarding the
critical radius can be found in [7] and [8].

Furthermore, the thermal conductivity has a dependence on
temperature. However, the conductivity of copper and aluminum
wires can be assumed constant and equal to 401 W/m - K and
237 W/m- K, respectively, for a temperature range between 0 °C
and 100 °C [12].

2) Litz Wire With Round or Square Section: This is another
usual case. Due to the high number of strands within a litz bundle
and their reduced diameter, the homogenization of the bundle is
required to make possible its thermal analysis. Different methods
are discussed next.

It is important to distinguish between two different types of
litz wire: impregnated (the strands from a bundle are embed-
ded within a potting material) and non-impregnated (no potting
is used in the bundle). A study in [13] reveals that Hashin—
Shtrikman’s method for two-phase composite materials [14] is

more suitable for impregnated ones—a comparison with ex-
perimental results is provided in that paper to validate this
statement—for which the thermal properties of the impregna-
tion and insulation materials are close and might be considered
equal. Then, the conductivity of the bundle k,, can be described
as

(L1+7) keona+ (1 —7) -k
(1_7)'kcond+(1+7>'ki

where kcong is the conductor strand conductivity, k; is the in-
sulator conductivity, and 7 is the volume fraction of conductor
material (7 = volona/volior). However, the error due to the pre-
vious assumption might be unacceptable if the impregnation and
insulation materials’s properties cannot be assumed as equal. In
[15], the use of &, instead of k; in (1) to account for the differ-
ent conductivity of the insulator (g subscript) and impregnation
(timp) materials. The definition of & is

ko = ki -

ey

kisl ' Uist + kiimp

Vi, + Viimp + Viuna

: Uiimp + kibund ! IUibund

@)

The corresponding volume fraction of each material (v and
the corresponding subscripts) can be calculated with the packing
factor (PF), usually provided by the manufacturer. Furthermore,
an additional term is added to consider the conductivity of the ex-
ternal cover insulator of the bundle, designated by the subscript
bund. This modification of the Hashin—Shtrikman’s approach
shows an error in the estimation of k,, compared with measure-
ments lower than 11% for low PF litz bundles (PF < 50%) and
lower than 37% for high PF bundles (PF > 50%), according
to [15].

For higher PF (PF > 50%), other methods have been recently
presented. In [16], a thermo-electric field analogy to estimate the
effective k,, of litz bundles is developed. A deviation from mea-
surements between 1.3% and 12.5% is achieved with this ap-
proach, but it is a relatively complex method. The methodology
from [17] and [18] is based in thermal networks. Both use the
available data from the manufacturer and provide good match-
ing with FEA results. The first one provides different models for
square-packed and hexagonal-packed wires, but does not offer
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experimental data. The second one provides experimental results
with good accuracy. However, it requires some experimental cal-
ibration, since there is a strong dependence on the uncertainty
associated to manufacturing tolerances and material data pro-
vided by the litz manufacturers. By analyzing the results from
[18], it can be stated that this error margin is lower than 34%.
Therefore, using the modified Hashin—Shtrikman’s method from
[15] leads to results close or within that uncertainty band.

To summarize, Hashin—Shtrikman’s method with the aver-
aged properties of the insulation materials offers proper accu-
racy for low PF values. For higher values, other methods such as
the ones provided in [17] and [18] are recommended, but require
additional complexity or calibration with measurements due to
the manufacturing uncertainty. In that case, modified Hashin—
Shtrikman’s method (1) and (2) can be used for simplicity, since
its accuracy is acceptable. As described in Section 1V, this ap-
proach offers a good matching with experimental results.

B. Winding-Level Homogenization

Once the homogeneous conductivity of a wire k,, is obtained,
the next step is to characterize the effective thermal conductiv-
ity of the whole winding of the magnetic component keq. This
comprises every homogenized wire (k,,) and the surrounding
material between them (see Fig. 2).

This second homogenization implies the geometric transfor-
mation of every homogenized wire to a single block. As a result,
the external heat exchange surface with the air is slightly mod-
ified, as well as the contact resistance between the equivalent
winding and the core. However, this effect has been neglected,
since its contribution have a minimum effect on the global heat
transfer.

It is important to highlight that uniform power distribution
is assumed. The power losses generated in the original system
remain unchanged in the equivalent model. As an example, to
analyze an inductor with 100 wires and 2 W total winding losses,
the 2 W will be assigned to the equivalent block.

The guidelines to model round wires (solid and litz), square
litz wire, and foil for inductors are described along the following
sections.

1) Round Wires (Solid and Litz): The analytical homoge-
nization techniques summarized in [10] could be use to calculate
keq for round wires (solid or litz). However, their accuracy is
limited for low filling ratios, which is common in composite
materials for which they were developed. On the other hand,
the wires in a magnetic component are usually arranged very
close to each other, leading to high filling ratios within the
window. Then, those approaches are not recommended and a
more accurate model is required.

A new generalized model based on a multivariable curve fit-
ting of FEA simulation results is introduced in this paper in
order to increase the accuracy and avoid the previous limitation.
The simulation setup is depicted in Fig. 3, similar to the pro-
cess to obtain the effective thermal conductivity described in [7]
and [8]. The depicted “cell” is a representative cross-sectional
sample of the winding, as shown in Fig. 2. This cell contains a
wire (with conductivity k,,) and the surrounding material (i.e.,
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Fig. 3. Cross-sectional representation of the simulation setup.

potting resin or air, with conductivity k,). The diameter of the
wire is ¢ and the width of the representative cell is w. Since this
cell is “repeated” along the window of the magnetic component,
the top and bottom surfaces are defined as adiabatic, to account
for this symmetry [7]. Then, since the goal of this analysis is to
obtain the effective thermal conductivity across the cell, certain
heat flux ¢/ [W/m?]is injected on the left surface of the cell. As
a consequence, a temperature gradient appears between the left
and the right surfaces, considering 7} and 75 as the average sur-
face temperatures in [K] on left and right surfaces, respectively.
Hence, the effective thermal conductivity k.q between left and
right surfaces is calculated as the product of the applied heat flux
(¢2) and the width of the cell (w) divided by the temperature rise
between surfaces (AT = Ty — 13) according to

w w
keq:qg'ﬁzqg‘ﬁ- (3)

The effective thermal conductivity of the winding Fkeq
depends on the ratio between the thermal conductivity of
the wire and the surrounding material KAyyio = kv /kq, and
their volume fractions, which can be expressed in terms
of the relationship between the diameter of the wire over
the width of the cell ¢/w. Obtaining this relationship
by analytical methods becomes quite complex, therefore
2-D FEA simulations are used instead (according to the setup
shown in Fig. 3). In order to get the effective conductivity for
any combination of size and conductivity ratios, a high enough
number of simulations are solved. In this case, a sweep of 31
steps from 0.5 and 0.8, and 100 more from 0.8 to 0.998 for ¢/w
are considered. On the other hand, k., is swept with 600 log-
arithmic steps from 10° to 10°. For each combination of ko
and ¢/w, the effective thermal conductivity k.q is obtained by
simulation. These results are shown in Fig. 4.

Then, a multivariable fitting of the resultant graph was per-
formed to get a general expression for k.q applicable to any
Eratio from 1 to 100 000 and ¢/w from 0.5 to 1—for lower size
ratios, any of the traditional methods can be used, since they
offer a negligible error. To do so, (4) is proposed. It consists
of a modification of Hashin—Shtrikman’s equation, where the
volume fraction 7 is replaced by a variable 7%, described as

(L+7%) - ko + (L — 7%)

keq
Neq _ 4
ke (1 = 7%) - kragio + (1 +7%) @)

where 7* is a variable obtained such that its value makes the
above-mentioned equation to get the exact value of keq from the
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simulations. It is expressed as

RO

Whose coefficients a, b, ¢, and d are expressed in terms of
kratio according to (6). Notice that coefficients ¢ and d are 0 for
kratio lower than 6.7; their values depend on ki, calculated as

0.15323 - Erato — 0.21445
a =

6
Foratio + 6.1801 (6a)
14.297 - Krio + 78.569
b= 6b
Fratio + 8.3734 (6b)
0 Fraio < 6.7
€ =19 0.04902 - kpyo — 0.24267 (6¢)
6.7 S kralio
Fermio + 19.568
0 Fraio < 6.7
d (6d)
270.55 - ko — 472.41
7055 . ‘ 6.7 S kraticr

Kratio + 3.6959

The results obtained by the above-mentioned equations are
compared to the aforementioned approaches from [10] (Hashin—
Shtrikman, Maxwell, Rayleigh, and Milton) and FEA re-
sults. To make this comparison, the relative error (Error[%)] =
(Kestimated / Ksimutatea — 1) - 100) for those approaches is plotted
over ¢/w and ki, in Fig. 5. It can be seen that Hashin—
Shtrikman, Maxwell, and Rayleigh methods might result in an
underestimation of keq of 83%, 95%, and 88%, respectively. The
mismatch of Milton’s approach varies from +18% to —75%.
This could lead to unacceptable estimations of the temperature
rise. However, the proposed method shows a better performance,
with a little error in the band of [—2.4, 4.6]%. This fact reveals
that the developed method shown in this paper is more suitable
for the homogenization of round conductors than other tradi-
tional approaches.

2) Square Litz Wires: Since square litz wires lead to high
filling factor of the magnetic component’s window, the space
between the bundles is negligible. Then, only the first step of the
homogenization is required. The procedure to obtain an equiv-
alent thermal conductivity in this case corresponds to the one
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described in Section II-A2. The equivalent conductivity of the
winding will be equal to the obtained k., in that section.

3) Foil: Foil is a useful choice for high-frequency specifica-
tions [19] and provides a lower thermal impedance path than
litz or solid wires, since the heat exchange surface between lay-
ers is much higher. The homogenized thermal conductivity of
a foil winding can be easily obtained if there is no insulation.
In that case, the equivalent conductivity of the winding can be
approximated to the conductor’s conductivity, neglecting the air
between the layers. However, if some insulation layer exists be-
tween the conductor layers, the effective thermal conductivity
requires some further calculations, depending on the shape of
the winding (rectangular or circular). To analyze these problems,
1-D heat transfer equation can be solved to get effective ther-
mal conductivity of the winding for each spatial direction, as
described next.

XY rectangular winding: If the center core leg is squared and
the conductor and the insulation layers are alternated, a simple
thermal network in Cartesian coordinates can be analyzed to
extract the effective conductivity for each spatial direction: or-
thogonal direction (keq ) across the perpendicular direction to
the winding; top-down direction (kg ) along the vertical direc-
tion of the winding; tangential direction (keq_) along the wind-
ing direction.

Solving the corresponding 1-D thermal networks correspond-
ing to Fig. 6 (see Appendix A for further details), the thermal
conductivity in the orthogonal directions is defined as

1 1 lcond 1 . lins

kcond lcond + lins kins lcond + lins

keqon (7)
where [.onq and l;, are the total width of conductor and insulation
layers, respectively. As an example, in Fig. 6, considering the
red layers as conductors and yellow ones as insulation, lconqg =
l1 + Iz and l;ng = Iy + 1y); keona and kipg are their corresponding
conductivity.

Regarding the vertical direction, the conductivity can be
expressed as

Ains

Acond
keq. = keond - _ s
e cond A Acond + Ains

_— 1+ kive -
cond T Ains .

()
where Acong and Ay, are total heat exchange cross sections of
both the conductor and the insulation tape (Acong = A1 + Az
and Ains = AQ —+ A4)

Finally, the impact of the tangential conductivity on the heat
flow along this direction can be ignored, since the temperature
gradient along the same foil layer is negligible because the wind-
ing is a heat source itself and it has axial symmetry. Thus, the
problem is similar to a composite plane wall.

RZ Circular winding: In a similar manner, a 1-D thermal net-
work is analyzed in cylindrical coordinates to get an equivalent
conductivity when a round center core leg is studied. This case is
shown in Fig. 7 (see Appendix A for further details). The radial
component of the equivalent conductivity is expressed as

ln(%) k nd'kin‘
ke, = = )
Kins chond In( T ) + Feona Z"Lim In( )

Tn
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Fig. 7. Foil winding for round cores (left) and equivalent winding (right).

where nconq refers to the conductor layers and nj, to the in-
sulation layers (in the example in Fig. 7: ncona = 1,3 and
Nins = 23 4).

The conductivity along the vertical direction is described in
(8). Finally, the impact of the conductivity along the € direction
can be ignored, due to the same reasoning that k., previously
described.

C. Summary

Finally, the two-level homogenization process is summarized
in Table I for the different winding types, to ease the readability.
In any case, additional design steps from Section III will be
followed if interleaving or insulation are used.

III. USE OF THE TWO-LEVEL HOMOGENIZATION FOR
TRANSFORMERS

So far, the procedure to homogenize a magnetic component
made by a single winding type has been explained. That is the
typical case of an inductor. However, if different wires (size or
type) are used in the same component, some further steps need
to be carried out. A clear example of this is a transformer, in
which the diameter of the wires from primary and secondary is
different.

Some considerations to apply the introduced method to trans-
formers, where interleaving techniques and insulation tape
might be used, are described in this section.

A. Application to Different Interleaving Levels

The different levels of interleaving are depicted in Fig. 8 and
described next.

1) Winding arrangement in blocks. Primary and secondary

windings are separately treated since the diameter of their
wires could be different, as well as their losses. Then,
the corresponding effective thermal conductivity for each
winding keq, and ke, is calculated according to Section II.
Layer-level interleaving. The procedure to compute keq,
and ke% do not differ from the previous case, but the cor-
responding equivalent blocks are alternated according to
the primary and secondary arrangement.
Fully interleaved winding. Since primary and secondary
wires are alternated within the same layer, the only so-
lution is to homogenize the whole winding as one single
block. First, the effective thermal conductivity of each cell
is calculated (keq1 and keq2). Then, (8) is used to obtain the
effective conductivity of each layer. Finally, depending on
the shape of the center leg of the magnetic component, the
corresponding equations from Section II-B3 will be used
to get the total effective conductivity kg, -

2)

3)
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TABLE I

EQUATIONS SUMMARY FOR DIFFERENT WINDING TYPES

Round solid wire
1) ky = kcond~
2) keq (Eq. 4-6).

Round litz bundle
1) ky (Eq. 1 and 2).
2) keq (Eq. 4-6).

Square litz bundle
1) keq = kw (Eq. 1 and 2).

Z_/

Square foil
1) kGQOrt (Eq' 7)
2) keq, (Eq. 8).

Round foil
1) keq, (Eq.9).
2) keq, (Eq. 8).
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Fig. 8. Homogenization procedure for different winding arrangements in transformers. (a) Winding arrangement in blocks. (b) Layer-level interleaving. (c) Fully

interleaved winding.

1) Losses Assignation: It is important to notice that an
EM homogenization is required prior to perform the thermal
simulation to consider the non-uniform losses distribution
due to high-frequency effects. Some EM homogenization
techniques are proposed in [20]-[23]. By using these ap-
proaches, both the EM and thermal simulations can be coupled
in the simulation software. Further details are provided in
Section IV-B.

In the case that the EM-thermal coupling was not an avail-
able feature of the used simulation tool, certain simplifications
could be performed depending on the interleaving level. For a
winding arrangement in blocks [see Fig. 8(a)], the total primary
losses By and total secondary losses Py, would be assigned to

the blocks keq, and kg, , respectively (see Fig. 8). For a layer-
level interleaving, the assigned losses to each equivalent layer
would correspond to the proportional part of the number of lay-
ers (NViayers, and Niayers, ). For example, if primary winding dis-
sipates 1 W and there are five layers, the losses will be equally
split among them (1 W/5 = 0.2 W per primary layer). Finally,
in a fully interleaved winding, since both primary and secondary
windings are homogenized as a single block, the assigned losses
to this block would be equal to the total winding losses. How-
ever, using these simplifications would penalize the accuracy
of the obtained temperature compared to the EM-thermal cou-
pling. Then, it is recommended to use EM-thermal coupling if
possible.
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Fig.9. Representation of a winding modeling with insulation tape. (a) Original

winding. (b) First homogenization. (¢) Second homogenization. (d) Tape and
winding layers homogenization.

B. Insulation Tape Between Layers

It is a common practice to add some insulation tape, usually
between primary and secondary winding in a transformer. As
an example, the process to model this case is depicted in Fig. 9.
The first step [from Fig. 9(a) to (b)] is to homogenize each con-
ductor, according to Section II-A (wire-level homogenization),
obtaining their k,,. Next, each layer separated between tape lay-
ers is homogenized, following the procedure from Section II-B
(winding-level homogenization), assigning to them their corre-
sponding k.q [see Fig. 9(c)]. Optionally, every insulation tape
and winding layer can be homogenized in a single block with
conductivity keq,,, by treating them as foil layers, using the
corresponding equations from Section II-B3 [see Fig. 9(d)].

At this point, the procedure to obtain a simplified thermal
model for any inductor or transformer with round, square, or
foil winding, also with interleaving or insulation if needed, is
explained. The method is validated by means of experimental
results in the following Section.

IV. EXPERIMENTAL VALIDATION OF THE MODEL

In this section, the scope of the suggested homogenization
technique is analyzed and validated in two different scenarios:
DC and AC excitation currents. The corresponding testbench is
depicted in Fig. 10. In (a), the device under test is connected to
a voltage source at constant voltage, so a DC current is injected
to the magnetic component. In (b), a sinusoid is provided by a
waveform generator (GW Instek, model AFG-2005), which is
amplified by an RF amplifier (AR, model 150A 100B) and then
connected to the magnetic component in order to analyze the
high-frequency effects of an AC current. In the case of an induc-
tor (b.1), it is connected in series to a capacitor. The impedance
of this resonant series LC tank is minimum at its resonant fre-
quency, with the purpose of injecting a high peak current with
an acceptable voltage level at that frequency. In the case of a
transformer (b.2), a resistive load of 1 €2 is connected in its sec-
ondary side in order to have AC current flowing through both
primary and secondary windings.

As a result of injecting either DC or AC current, some EM
losses are caused in the tested magnetic component. Then, its
temperature starts rising until the thermal steady state is reached.
The goal of this testbench is obtaining experimental measure-
ments of this temperature rise and comparing it with a detailed
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Fig. 10.  Testbench for (a) DC excitation in inductors, and AC excitation in

(b.1) inductors and (b.2) transformers.

3-D FEA simulation (“wire-level FEA”) and other 3-D FEA sim-
ulation using the method developed in this paper (“winding-level
FEA”). The differences between both simulations are described
next.

1) “Wire-level FEA.” Fully detailed 3-D FEA simulations,
which include the insulation of the wires or the strands
within a litz bundle, are not feasible due to the highly de-
manding meshing of these objects [21]. As aresult, at least
the wire-level homogenization described in Section II-A
is mandatory and applied in these “wire-level FEA” 3-D
simulations.

2) “Winding-level FEA.” In this case, the suggested two-step
homogenization is used, every wire from the previous step
and the material between them are homogenized, accord-
ing to Sections II-B and III. This two-step homogenization
leads to a considerably reduced simulation time compared
with the “wire-level FEA” approach, which will be ana-
lyzed at the end of this section.

To compare both 3-D simulations with the experimental re-
sults, mean surface temperatures of the core, and the winding of
each magnetic component are measured with a FLUKE-Ti400
thermal camera, according to the procedure described in [24]-
[26]. The 3-D simulations are performed with Icepak, from AN-
SYS Electronics Desktop 2019.1.

Several inductors and a transformer, with different core shapes
and winding types, are tested to validate the introduced homoge-
nization method under different scenarios, described in Table II.
The next thermal conductivity has been considered for the dif-
ferent objects or materials in all cases: kg = 4.5 W/m- K for the
ferrite cores [27], k, = Kimp = 0.03 W/m- K (conductivity of
air at 353 K from [28]) for the air surrounding the wires and the
“impregnation material” of the litz bundles, £;,,, = 0.155 and
ki, = 0.245 W/m- K [16] for the bundle insulation and strand
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TABLE II
DESCRIPTION OF THE TESTED PROTOTYPES

Prototype A (inductor) B (inductor) C (inductor) D (inductor) E (transformer)
Core P36/22 P36/22 PQ32/30 PQ32/30 RMBS&/T
L . Litz Litz Foil (0.27mm-2) .
Winding type Solid Solid
35 x 0.2mm 35 x 0.2mm (cop.+is0.+cop.+iso.)
¢[mm] 0.81 (AWG20) 1.45 (AWGI15) 1.45 (AWGI1)5) — pri=0.51 (AWG24), sec=0.81 (AWG20)
insulation
0.02 0.055 0.055 65pm (-2) 0.02
thickness[mm]
w[mm)] 0.87 1.6 1.6 4 pri=0.64, sec=1
Number of turns 92 28 42 22 pri=28, sec=15
kw[W/mK] 390 0.205309 0.205309 390 390
keq[W/mK] 0.179535 0.079864 0.079864 1.4094 pri=0.0639, sec=0.0721

T Q)
104

|28

104

28

(a) (b)

Fig. 11.

(c) ()

DC test thermal results: on the upper row, results of the “winding-level FEA” 3-D thermal simulations of the prototypes A, B, C, and D from left to right;

on the bottom row, the corresponding experimental thermography including the averaged temperature in the marked black squares.

insulation materials. The accuracy and simulation speed results
are analyzed along the following sections.

The results presented for each prototype are calculated in 3-
D simulations and extracted from the thermography (FLUKE
Smart View software). The measurements from the thermal cam-
era are considered as the reference for the surface temperatures.
Then, the relative error between the measured temperature rise
(AT = Texp — Tamp) and the temperature rise obtained by the
corresponding 3-D simulation (AT, = Tgim — Tamb) 1S calcu-
lated according to

ATsim

2osim ) 100,
ATey 00

Error gt %] = (10)

Regarding the maximum temperature estimation, since mea-
suring the temperature within the core is not possible, only the
results from “wire-level FEA” (just wires/bundles are homog-
enized) and “winding-level FEA” (two-stage homogenization
is performed) 3-D simulations are compared. In this compari-
son, the “wire-level FEA” is considered as the reference, so the

TABLE III
DC TEST CONDITIONS

Prototype A B C D
Tamb°Cl 26 24 26 20
P[W] 3793 3244 3160 4

relative error of these magnitudes is calculated with

ATyindrEA

-1
ATyireFEA

Erroryax [ %] = -100.

(1)

A. DC Tests

In this section, some DC current is injected into the induc-
tors “A,)” “B,” “C,” and “D” in order to have certain winding
conduction losses while having null core loss, according to the
setup depicted in Fig. 10. Power loss and ambient temperature
for each test are summarized in Table III. The temperature distri-
bution obtained with the thermal camera and the suggested 3-D
“winding-level FEA” simulations corresponding to this tests is
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Fig. 12.  DC test temperature of “A” (P36/22 inductor, round solid wire).
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Fig. 13.  DC test temperature of “B” (P36/22 inductor, round litz bundle).

shown in Fig. 11. Mean and maximum temperatures in the core
and the winding of each device are analyzed next to validate the
proposed model for DC excitation.

For each prototype, the results are presented in bar graphs. The
bars, respectively, correspond to the experimental, “wire-level
FEA” and “winding-level FEA” obtained temperatures (bars for
experimental maximum temperatures are not shown since that
data are not available). The error margin inherent to the mea-
surements, which is related to the discrepancy of the measured
surface emissivity and the background radiation, is included for
every case.

1) Prototype A. Inductor, P36/22, Round Solid Copper: As
a proof of concept of the homogenization at the winding level
(see Section II-B), a pot core inductor with round solid wire is
built. Since the winding is practically surrounded by the core,
the external boundary conditions practically do not affect it, thus
avoiding a possible source of error. The results of this test are
shown in Fig. 12. It can be seen that the simulation with the
equivalent layer (“winding-level FEA”) deviates only a 5% for
the winding surface temperature estimation (T,,,,) and —2.2%
for the core surface temperature (7). Furthermore, the evalu-
ation of the maximum temperatures in winding (7, ) and core
(T,..), respectively, have —7.5% and —4.4% deviation, com-
pared with the detailed “wire-level FEA” simulation.

2) Prototype B. Inductor, P36/22, Round Litz: Prototype B
consists in an inductor, with the same core than the previous

1 v 1 v 1 N U
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Fig. 14.  DC test temperature of “C” (PQ32/20 inductor, round litz bundle).
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Fig. 15.  DC test temperature of “D” (PQ32/20 inductor, foil).

one, but with round litz wire. In this case, the performance of
both wire-level (see Section II-A) together with the winding-
level homogenization (see Section II-B) can be checked. The
data of the litz wire provided by the manufacturers has certain
tolerance, so there is some uncertainty. However, the results of
the “winding-level FEA” simulation are close to the “wire-level
FEA” estimations, as depicted in Fig. 13. The evalution of T},
has almost no deviation compared with the experimental mea-
surement (1% and —3.7%, respectively) and a slightly higher
for T, (9.2% and 10.1%). This might be due to a mismatch of
the boundary conditions in the simulations with respect to the
experimental setup.

Comparing prototypes A and B, they both use a P36/22
core, but A is made by solid wires and B by litz bundles.
After the winding homogenization, the wires are replaced
by a block. This change in the geometry leads to a different
external surface exposed to the ambient (lower external surface
after the homogenization). Since the solid wires from A are
more compactly packed than B, the decrement of external
surface is lower in A than in B. Consequently, the impact of
convective heat transfer is stronger in A than in B after the
winding homogenization. This is the reason why the maximum
winding temperature after the homogenization is higher after
the winding homogenization (two-level homogenization) in
A and lower in B, compared with their corresponding wire
homogenization (first-level homogenization).
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Fig. 16.

AC test thermal results: on the upper row, results of the “winding-level FEA” 3-D thermal simulations of the prototypes A, B, C, D, and E from left to

right; on the bottom row, the corresponding experimental thermography including the averaged temperature in the marked black squares.

TABLE IV
AC TEST CONDITIONS

Prototype A B C D E
Tamb°Cl 24 22 23 22 20
flkHz] 62 219 155 107 100
pri = 3.68
Iop—prlAl 3.2 349 474  3.68 sec — 6.64

However, the important point here is that the “winding-level
FEA” simulation offers close results to the “wire-level FEA,” but
with a much less demanding mesh and, thus, a lower simulation
time, which will be analyzed at the end of this section.

3) Prototype C. Inductor, PQ32/20, Round Litz: Once the
performance of the two-step homogenization is checked, a PQ
core inductor is built to check the performance of the equivalent
layer when it is in direct contact with the ambient. Due to the
addition of this condition, another uncertainty appears, as previ-
ously explained. This is the reason of a higher deviation of 7},
(see Fig. 14). But still, the highlight of this comparison is the
similarity of the results of both simulations, so the “winding-
level FEA” simulation offer the additional advantage of having
a much simpler mesh.

4) Prototype D. Inductor, PQ32/20, Foil: Another con-
cept presented in this paper is the homogenization of foil
wound magnetic components. To validate the expressions from
Section II-B3, a PQ core inductor with foil winding is built. As
shown in Fig. 15, the estimation of T}, . and T, . has an accept-
able deviation from the measurements. Comparing this case with
the previous ones, the evaluation of the maximum temperatures
are slightly higher with the “winding-level FEA” model.

B. AC Tests

Along this section, AC excitation is used instead of DC in ev-
ery inductor (prototypes “A,” “B,” “C,” and “D”). A transformer
is added (prototype “E”), where proximity effect becomes more
critical. In AC excitation, some local effects within the wires
appear (skin and proximity effects), but the resultant loss distri-
bution can be directly mapped in the thermal simulation [29].

The AC setup is depicted in Fig. 10. The peak-to-peak of the sinu-
soidal current and frequency for each case (equal to the resonant
frequency of the LC tank), as well as the ambient temperature,
are summarized in Table IV. The temperature maps obtained in
simulation and by measurements are shown in Fig. 16.

Prior to the 3-D thermal simulations, a 3-D EM simulation
corresponding to the electrical operating conditions is required
to obtain the power loss distribution in every finite element. This
power loss distribution is directly mapped into the 3-D thermal
simulation as an input [29]. In this way, the high-frequency effect
on the losses distribution is considered.

Furthermore, the EM equivalent properties need to be cal-
culated and assigned in the “winding-level FEA” simulations.
To calculate these EM properties, some homogenization tech-
niques are proposed in [20]-[23]. For the sake of simplicity, [20]
is used in the corresponding EM simulations required in this sec-
tion. In the AC tests shown next, two new variables are added,
compared to the DC tests, which could be sources of deviation
between measurements and simulations: core loss and the EM
homogenization. The results for each prototype are described
next.

1) Prototype A. Inductor, P36/22, Round Solid Copper: In
this test, the difference with measured mean temperatures of
winding and core is higher than in the previous DC case. The
main reason of this is the uncertainty related to the assigned EM
material properties and the EM homogenization. However, it can
be seen in Fig. 17 that both “wire-level FEA” and “winding-level
FEA” have close results.

2) Prototype B. Inductor, P36/22, Round Litz: The tempera-
ture rise in prototype B is lower than in prototype A for a current
of similar magnitude (see Table IV) due to the lower resistance
of used litz bundle compared to the round solid wire (Fig. 18).
Simulation results are within the measurement error margin and
close to each other (differences of 2.5% and 1.2% for maximum
temperatures).

3) Prototype C. Inductor, PQ32/20, Round Litz: By means of
prototype C, the validation is carried out for a litz-based winding
in a highly exposed to ambient core shape with AC excitation
(Fig. 19). In this case, the maximum possible current (due to
hardware limitations) is set, according to Table IV. Even with
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Fig. 17.  AC test temperature of “A” (P36/22 inductor, round solid wire).
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Fig. 18.  AC test temperature of “B” (P36/22 inductor, round litz bundle).
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Fig. 19.  AC test temperature of “C” (PQ32/20 inductor, round litz bundle).

this current, the temperature rise is lower than the previous cases
due to the reduced resistance of this winding. As a consequence,
the relative error between measurements and errors is higher.
However, in terms of absolute error, the difference is around 5° C.

4) Prototype D. Inductor, PQ32/20, Foil: The homogeniza-
tion of foil winding, described in Section II-B3, is validated with
AC current (Fig. 20). Nevertheless, the same conclusion can be
extracted than in Prototype D, except that the deviation of the
simulation results is within the measurement error margin.

5) Prototype E. Transformer, RMS8/I, Round Solid Wire: The
last concept that needs to be validated is the homogenization
applied to transformers. To do so, an RM&/I core transformer
with solid copper wires of different diameters for primary and
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Fig. 20.  AC test temperature of “D” (PQ32/20 inductor, foil).
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Fig. 21.  AC test temperature of “E” (RMS8/I transformer, round solid wire).

secondary windings is tested, according to Fig. 10 and Table IV.
The results are shown in Fig. 21. It can be seen that the devia-
tion between simulations and measurements is lower than 6.3%.
Furthermore, the results of both “wire-level FEA” and “winding-
level FEA” differ in less than 5.2%.

C. DC and AC Results Summary

Regarding the previous results of the DC and AC tests, the

next general conclusions can be extracted.

1) Thermal measurements have an inherent error due to the
discrepancy in the emissivity of the measured surfaces and
the background radiation [24]-[26].

2) Difference between the 3-D thermal simulations using
both the “wire-level FEA” approach or the proposed
“winding-level FEA” and measurements is affected by the
tolerance of the available thermal and EM material prop-
erties data provided by the manufacturers.

3) Inthe case of the AC tests, two additional variables appear:
core loss and the EM homogenization required for the
“winding-level FEA.”

4) Due to the geometric modification in the “winding-level
FEA” approach, the impact of the convective heat trans-
fer is slightly varied compared with the detailed “wire-
level FEA.” However, the difference between each other
is lower than 5° C for most cases, except for the foil in-
ductor, where it is lower than 9° C.
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TABLE V
COMPUTATION TIME FOR PROTOTYPES A, B, C, D, AND E WITH THE
WIRE-LEVEL FEA AND THE EQUIVALENT LAYER

Prototype A B C D E
Wire level FEA 20°29” 19’257 20177 1055”7 25°46”
Winding level FEA  2°55” 3°08” 2°48” 1’327 311~

Reduction factor 7 6.2 7.2 7.1 8.1

The most remarkable key point is the accuracy of the in-
troduced two-stage thermal homogenization (“‘winding-level
FEA”) in addition to its reduced simulation time, compared with
detailed simulations (‘“wire-level FEA”), which is analyzed next.

D. Finite Element Simulations: Computation Time

Once the accuracy of the method is analyzed, the simulation
time saving due to the simpler mesh of the “winding-level FEA”
simulation is compared with the detailed “wire-level FEA” sim-
ulation for each prototype in Table V. It is remarkable that the
“winding-level FEA” leads to a reduction of the computation
time by a factor between 6 and 8.

The results are computed with the Icepak pacakge from AN-
SYS Electronics Desktop 19.1, running Intel Core 17-6700 CPU
and 32 GB RAM is used. The mesh level is set as default and
100 iterations with the solve setting set to “Flow = 0.0001” and
Energy to “le-8.”

To summarize, the proposed method is validated by the pre-
vious experimental results. Furthermore, it provides almost
the same performance than detailed simulations—in terms of
accuracy—in addition to a much simpler mesh, which leads a
considerable reduction of the required simulation time.

V. CONCLUSION

A two-step homogenization is introduced in this paper to sim-
plify the thermal analysis of the magnetic components used in
power electronics, while keeping high accuracy. The required
analytical equations and specific guidelines to model round solid
and litz wires, square litz wire, and foil wound magnetics are de-
scribed. Other special concerns are discussed, such as the mod-
eling of transformers with interleaving and the use of insulation
tape between layers.

The main advantage of this method is that it reduces the
required time for 3-D thermal simulations by a factor of 6-8,
while keeping almost the same accuracy than more detailed
simulations. Experimental prototypes (four inductors and one
transformer) are built to validate this method, both with DC
and AC excitation. Other contribution of this method is that
convergence of 3-D simulations is assured even for complex
structures or litz winding, since the required mesh is much less
demanding for the equivalent winding than for detailed simu-
lations. These improvements might allow using this equivalent
3-D thermal simulations within optimization processes and
sensitivity analysis, thus providing more accurate temperature
estimations than traditional analytical equations, leading to
higher power density magnetic components.
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APPENDIX A
DERIVATION OF THE EFFECTIVE THERMAL CONDUCTIVITY FOR
FoIiL WINDING

In this appendix, the derivation of the equations for the effec-
tive conductivity for rectangular and circular foil winding, used
in Section II-B3, is explained.

A. XY Rectangular Winding

1) Orthogonal Effective Thermal Conductivity: Considering
a plane wall made by several layers of conductor material and
other layers of insulator, according to Fig. 6, the total thermal
resistance in the orthogonal direction (X or Y) can be calculated
as the series association of the thermal resistance of each layer
(see [7] and [8] ) by means of the next expression as

lcond lins
Rthon kcond -A * kins . A

Being A the cross section, l.onq and liys the total width of
conductor and insulation regions (for Fig. 6: considering the
red layers as conductors and yellow ones as insulation, leong =
l1 + Iz and ling = Iy + 1y); keong and kipg are their corresponding
thermal conductivity.

Now, according to the definition of a thermal resistance, R,
can be expressed in terms of its effective thermal conductivity
as

12)

P

—_— . 13
" Keg, - A 4

Rearranging this equation, the orthogonal thermal conductiv-
ity keq, can be computed as a function of the thermal conduc-
tivity and length of each material region as

_ (lcond + lins) . kcond . kins
o lcond ‘ kins + lins : kcond .

2) Effective Thermal Conductivity in the Vertical Direction:
Regarding the analysis of the multilayer plane wall in the vertical

direction (Z), the corresponding thermal network is the parallel
association of the thermal resistance of each region as

-1
1 1
R = + =
e < Rthcond, z Rthlsofz )

-1

(14)

_ kcondl' Acond + kinsl' Ains ) (15)

The previous equation can be defined in terms of its effective
conductivity as

Ly

Ry, = ——F1—.
keqz : Atotz

(16)

Following the same concept than in the previous case,
and assuming that all regions have the same vertical length
(1), the effective conductivity in the vertical direction can be
described as

kcond . Acond + kins . Ains
koo = . 17
o= Acond + Ains ( )
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B. RZ Circular Winding

In order to define the effective thermal conductivity of a cir-
cular winding, the procedure is the same than for the previous
section. However, the thermal resistances in this case are ex-
pressed in cylindrical coordinates, according to Fig. 7.

1) Effective Radial Thermal Conductivity: In the radial di-
rection, the thermal resistance of each region n is defined as [7],

(8]

ln(rnfoul/rnfin)

B = =50 0 e

(18)
where 7,,_ou and r,,_;i, are the outer and inner radius of the n
layer, respectively; [, is the height of the winding; and k,, is the
thermal conductivity of the n layer.

Then, analyzing the circular foil winding in the radial direc-
tion, the total radial thermal resistance is equal to the series
association of each layer’s thermal resistance as

ln(rout/rin)
Rar =2 Rowe = 50T, e,

where ro and 7y, are the outer and inner radius of the whole
winding and k.q_is the effective thermal conductivity in the
radial direction.

Finally, by rearranging the previous equation, ke, can be
described in terms of the radius and conductivity of each layer as

_ ln(rn/rl) - kcond * Kins
kins chond ln(%) + kcond Znins ln(%) .
2) Effective Thermal Conductivity in the Vertical Direction:

In both rectangular and circular foil winding cases, (17) is
applied.

19)

Keq, (20)
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