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ABSTRACT

Analytical magnetic models are used when the winding
strategy and the geometry of the magnetic component
produces a 1D magnede field distribution. Additionally,
analytical thermal models can be used when thermal
distribution, the geometries of the windings and the core
ptoduce a 1D heat flux distribution. This work shows how
both thermal and magnetic analytical models can be coupled o
obtain an accurate global model that allows magnetic designer
the optimization of the magnetic component for a specific
application based not only in magnetc information like
maximum flux density, magnetic losses, etc, but also in thermal
concepts like maximum temperature rise, heat flux, etc. The
proposed approach is validated using finite element analysis
and measurements.

L INTRODUCTION

Nowadays, the thermal effects are very important due to
high level integration of the circuits. Therefore, it is very
important the use of tools and models that allows the
evaluation of thermal parameters like maximum temperature,
etc. When a magnetic component is designed it is usual to
compute the maximum temperature and the design is made
using an iterative procedure until this magnitude is maintained
below a certain value. It is common to obtain a magnetic model
after the design process. Using the magnetic model it is usual to
compute parameters like AC resistance, leakage inductance,
parasitic capacitances, etc. Conductor losses and core losses are
evaluated and they are used as inputs for the thermal model
according to heat transfer equations,

Due to the fact that there is a trend towards a high level of
packaging, it is very important to use reliable models that allow
the designer to compute the maximum temperature rise of a
device under certain boundary conditions and loads. The use of
analytical models is a simple and efficient way 1o obtain the
temperature rise and temperature map if cerrain conditions
about the windings strategy and the core geometry are fulfilled.

The objective of this work is thar raking into account 11D
magnetic models for magnetic components and considering
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that power losses are distributed and using them to compute
the temperatures map, it is possible to couple both magnetic
and thermal models to obtain a magneto-thermal model that
allows to obtain simultanecusly the thermal distributions and
the power losses in the way that appears is figure 1.
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Figure 1, Integration of the thermal and the magnetic model for a magnetic
component.

IL ID MAGNETIC COMPONENTMODELING

In general cases Maxwell’s equations are difficult to be
solved analytically. However, if the field distribution can be
considered as 1D, Maxwell’s equations are simplified and can
be solved analytically. The conditions that the field distribution
of a magnetic component must fulfill to be considered as 1D
are as follows. Fields can basically be assumed as 1D when the
winding strategy is axisymmetrical, the core matertial presents
high permeability and layers with turns of only one winding filt
the whole window height. If the window filling for the layer is
not so high the requited conditon for 1D magnetic distribution
is not fulfilled in the same way, and the accuracy of the
magnetic model is lower [5].

‘The 1D modeling strategy used in this work is described in
[1], 12], (3] and [4]. In these references it was explained the
procedure to obtain the 1D model to be used in an electric
simulator and how to use an analytical procedure to calculate
electric parameters without using an electric simulator.
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The idea for solving Maxwell’s equations when there are 1D
field distributions is the analogy between those equations and
transmission lines equations. In order to consider this analogy it
is necessaty to take into account a block that converts magnetic
field into voltage across the winding {gyrator). This is due to
the fact that the analogy is between magnetic field and electric
voltage. There is also another analogy between the electric field
and the electric current. Therefore, there are two different
regions in the circuit, the magnetic region (under the gyrators
with the transmission lines) and the electrical one (above the
gyrators with the electrical terminals). For the case of the core
it Is necessary another gyrator. This configuration can be seen
in figure 2.

The different layers of the
transmission lines (labeled as TL)

device are modeled like
and the insulator layers are
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modeled like capacitors (transmission lines without losses)
Considering these transmission lines it is possible to evaluat
the losses for each Jayer. The transmission lines used are R(
transmission lines. The losses for each layer are evaluaie:
considering the input power and the output power. As th:
gyrators do not dissipate power, the power losses can be
evaluated in the magnetic part of the circuit. The low-pas:
filters are necessary due to the average power losses ai:
required for steady-state thermal models. Core losses ar:
computed in the same way, evaluating the losses in the therma
resistor that represents the core in the circuit. The way
the losses are computed for a magnetic component with thre:
layers can be seen in figure 2.
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Figure 2. 1D magnetic modeling for a component with two layers. Power losses generation for each layer
planar ones, moreover they are analytical ones. They are based
III. ID THERMAL MODELING '

The thermal modeling for magnetic components is based
basically on solving heat transfer equation with several
boundary and initial conditions ([6]-|9]). Since this is a first-
order system of partial derivative equations and it is very
difficult to solve for a general geometry and heat distribution.

Under certain assumptions on the geometties and the field
distributions which the model can be apply for, it is possible to
obtain  analytical models that consider 1D  heat flux
distributions, Most thermal models in the state of the art for
magnetic components consider 1D heat transfer ([10]-]12] and
[14]-[16]), radially for concentric components and axially for
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on thermal networks, whose solution allows obtaining the
temperature  distribution axially or radially. They usually
consider steady state, constant thesmal properties, concentrated
and uniform power losses and no thermal feedback with the
electric properties. The models based on thermal resistors
usually consider natural convection and radiation around the
objects. The film coefficient is considered as a function
dependent on temperature of the surface and a characteristic
length or height. If the window region is not full of conductors
and there is an air enclosure, it is possible 10 model heat
transfer across this region applying 1D  heat transfer
considerations that obtain a non linear model and model the
window region like a non linear resistor [12].
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If the analytical distribution of temperatures for a concentric
layer or a planar one is averaged on the whole volutne, it is
possible to obtain an “equivalent” thermal circuit, knowing the
average losses of this layer {14]. Using these ideas each layei'of
the magnetic component should be turn inte an equivalent one
in order to obtain a thermal network of the device.

The power losses for each layer should be determined. 1f a
layer generates heat (conductor layer), it can be substituted by a
current source and two thermal resistors, just in the way that
appears in figure 3 and figure 4. If the layer does not generate
heat (without losses) it can be substituted by a thermal resistor
that models the heat transfer radially for concentric layers and
axially for planar ones. On the other hand, the different
elements of the core have equivalent thermal networks. The
connection of all these networks allows cbtaining a whole
thermal network for the device. In figure 3 and figure 4, it can
be seen for concentric components and planar ones how it is
possible to obtain the thermal model and how the different
layets are transformed to obtain the model.

Each electric resistance accounts for the thermal resistance
of a conductor or insulator layer (radially for concenttic
components and axially for planar ones) for the heat flux in the
analogy between heat transfer and electricity, and it depends on
the geometry and the thermal properties of the layer. Each
current scutce represents the power loss for all the different
layers and diffetent elements of the magnetic core,
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Once the structure of the thermal model is shown it is very
important to consider that the core must be turned into an
equivalent axisymmetrical one [13]. From the thermal point of
view, this transformation is carried out considering that it is
important to maintain the external area for the heat exchange
with the environment and to maintain the hear generation
(power losses) changing the core volume or the power losses
density. Another effect that must be considered, is that when a
fayer (or a disk) of conductors for the concentric (planar) case
is transformed into an equivalent axisymmetrical one, the outer
and inner surface for heat exchange should be kept as constant
as well as the heat generation. From the magnetic peint of view
it is possible to transform the original shape of the core into an
axisymmetrical one that stores se same amount of energy in the
volume (13

Actu

Figure 3. Analytical thermal modeling using equivalent lavers. Concentric
components.
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Figure 4. Analytical thermal modeling using equivalent layers. Concentric
components.

V. COUPLING BOTH MAGNETIC AND
THERMAL EFFECTS

The idea of coupling thermal and magnetic modeling is
based on the knowledge of magnetic distribution at the same
time that thermal distribution or knowing thermal distribution
after knowing magnetic distribution. In the first case, there is a
thermal feedback between magnetic mode! and thermal model.
In this work it has been used the second alternative because the
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purpose is to show how magnetic model can feed the thermal
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can be seen how both thermal and magnetic models ar

model. However these thermal models are suitable for thermal  coupled for the case of a concentric componenr
feedback if the model requires this consideration. In figure 5, it
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Figure 5. Coupling of both thermal and magretic models for a concentric device.

Figure 5 shows that instantaneous power losses are averaged
( ﬁc,f!] and P,) and distributed for the steady state model of a

concentric component. In the case of the magnetic core, it is
necessary to distribute the core losses because the core
geometry must be split in different elements in order to obtain
the thermal model [14]. Just in the way that is built the whole
medel, for all the elements that generates heat it is necessary to
measure the losses across them. Since the magnetic network of
the device has a structure that allows measuring the magnetic
field and the electric field through the transmission lines by
means of the gyrators, it is possible to obtain the power losses
for each conductor layer of the device. In the case of the core,
it is possible to measure the losses in the electric resistor (eddy
losses). Once core losses are measured it is necessary to
distribute them according to the volume of each element.
Then, these losses are considered like inputs for every clement
in the whole thermal network. Each element has an equivalent
thermal network that accounts for the heat generadon in this
specific part of the device. All these specific thermal networks
constitute the whole thermal model of the core, The idea of
coupling the thermal and the magnetic model dees not increase
too much (10-15% at least) the tme of simulation for all the
cases that have been used to validate this procedure.
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V. VALIDATION

Several wransformers and inductors have been built and they
have been modeled using the proposed approach and 2D FEA
simulations, moreover they have been measured using an
Infrared sensor (Raytek ST 80) and a K thermocouple. In orde:
to illustrate the accuracy of the proposed procedure, it has been
shown only three of them. All the transformers have been
tested with different loads and all the tests have been carried
out at 100 kHz with sinusoidal volrage waveforms ar the input.
The physical and geometrical characteristics of the devices, the
characteristics of the electrical waveforms and the results arc
shown in figure 6.

It can be seen in figure 6 that there is a good agreement
among measurements, FEA analysis and the proposed
approach. The errors obtained for each sample are 11.42%,
8.33% and 2.94% respectively. The temperature used to
compare different modeling alternatives is the temperature that
the device allows measuring taking into account that infrared
sensor does not allow to measure inside the device. This point
is placed in the most internal surface of the device.
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