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ABSTRACT 
Analytical magnetic models are used when the winding 

strategy and the geometry of the magnetic component 
produces a ID magnetic field distribution. Additionally, 
analytical thermal models can be used when thermal 
distribution, the geometries of the windings and the core 
produce a 1D heat flux distribution. T h s  work shows how 
both thermal and magnetic analytical models can he coupled to 
obtain an accurate global model that allows magnetic designer 
the optimization of the magnetic component for a specific 
application based not only in magnetic 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. 

I. 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 to obtain the 
temperature rise and temperature map if certain conditions 
about the windings strategy and the core geometry are fulfded. 

The objective of this work is that taking into account 1D 
magnetic models for magnetic components and considering 

that power losses are dstributed 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 simultaneously the thermal distributions and 
the power losses in the way that appesrs is figure I .  

0-7803-8399-0/M/$20.00 Q20M IEEE. 867 

II. ID MAGNETIC COMPONENT MODELING 
In general cases Maxwell's equations are difficult to be 

solved analytically. However, if the field dntrihution can be 
considered as 1 D, Maxwell's equations are simplified and can 
be solved analytically. The conditions that the field distribution 
of a magnetic component must fulfd to be considered as ID 
are as follows. Fields can basically he assumed as 1 D when the 
winding strategy is axisymmetrical, the core material presents 
high petmeability and layers with turns of only one winding fd 
the whole window height. If the window filling for the layer is 
not so high the required condition for ID magnetic distribution 
is not fulfded in the same way, and the accuracy of the 
magnetic model is lower [5]. 

The ID modeling strategy used in this work is described in 
[I], 121, [3] and 141. In these references it was explained the 
procedure to obtain the ID model to he 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 necessary 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 dfferent 
regions in the circuit, the magnetic region (under the gyrators 
with the transmission tines) 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 he seen 
in figure 2. 

The different layers of the device are modeled like 
transmission tines (labeled as TL) and the insulator layers are 

modeled like capacitors (transmission lines without losses) 
Considering these transmission lines it is possible to evaluat. 
the losses for each layer. The transmission lines used are Rc 
transmission lines. 'The losses for each layer are evalaarrc 
considering the input power and the output power. As th 
gyrators do not dmipate power, the power losses can t. 
evaluated in the magnetic part of the circuit. The low-pw 
fdters are necessaq due to the average power losses P I .  

required for steady-state thermal models. Core losses ax. 
computed in the same way, evaluating the losses in the tbermn 
resistor that represents the core in the circuit. The way whiil 
the losses are computed for a magnetic component with thm 
layers can he seen in figure 2. 

Losses 

Evaluators 

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 geometries 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 ([lo14121 and 
[14]-[16]), radially for concentric components and axially for 

planar ones, moreover they are analytical ones. They are based 
on thermal networks, whose solution allows obtaining t k  
temperature distribiition axially or radially. They usually 
consider steady state, constant thermal 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 f h  coefficient is considered as a function 
dependent on temperature of the surface and a characteristic 
Iengh or height. If the window region is not full of conductors 
and there is an air enclosure, it is possible to 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 volume, it is 
possible to obtain an “equivalent” thermal circuit, knowing the 
average losses of this layer [14]. Using these ideas each layei’bf 
the magnetic component should he turn into an equivalent one 
in order to obtain a thermal network of the device. 

The power losses for each layer should he determined. If 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) i t  can he 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 obtaining a whole 
thermal network for the device. In figure 3 and figure 4, it can 
he seen for concentric components and planar ones how it is 
possible to obtain the thermal model and how the different 
layers are transformed to obtain the model. 

Each electtic resistance accounts for the thermal resistance 
of a conductor ot  insulator layer (radially for concentric 
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 source represents the power loss for all the different 
layers and different elements of the magnetic core. 

Figure 3. Anolyticol thennol modeling using equivalent loyers. Concentric 
components. 

Once the structure of the thermal model is shown it is very 
important to consider that the core must he 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 heat generation 
(power losses) changng the core volume or  the power losses 
density. Another effect that must he considered, is that when a 
layer (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 point 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 

Figure 4. Analylical thermal modeling using equivalent lquyers. Cvncenrric 
components 

I K  COUPLING BOTHMAGNETICAND 
THERMAL EFFECTS 

The idea of coupling thermal and magnetic modeling is 
based on the knowledge of magnetic distribution at the same 
time that thermal hstribution or knowing thermal distribution 
after knowing magnetic distribution. In the first case, there is a 
thermal feedback between magnetic model 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 can be seen how both thermal and magnetic models air 
model. However these thermal models are suitable for thermal coupled for the case of a concentric component 
feedback if the model requites this consideration. In figure 5, it 

Thermal 

Magnetic 

Figure 5. Coupling ofborh rhennol ond mogneric models/or LI concmrric device 

Figure 5 shows that instantaneous power losses are averaged 
( ic , f ,and c2) and hstrihuted 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 care 
geometry must be split in different elements in order to obtain 
the thermal model IlS]. Just in the way that is built the whole 
model, 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 electtic 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 

V. VALIDATION 
Several transformers and inductors have been built and thcy 

have been modeled rising the proposed approach and 2D F E 3  
simulations, moreover they have been measured using an 
Infrared sensor (Raytek ST 80) and a K thermocouple. In ordel 
to illustrate the accuracy of the proposed procedure, it has been 
shown only three of them. All the transformers have been 
tested with differenf. loads and all the tests have been carried 
out at 100 kHz with sinusoidal voltage waveforms at the input. 
The physical and geometrical characteristics of the devices, the 
characteristics of the electrical waveforms and the results arc 
shown in fiwre 6.  . .  I 

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 element 
in the whole thermal network. Each element has an equivalent 
thermal network that accounts for the heat generation in this 
specific pan 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 does not increase 
too much (10-15% at least) the time of simulation for all the 
cases that have been used to validate this procedure. 

It can he seen in figure 6 that there is a good agreement 
among measurements, FEA analysis and the proposed 
approach. The errvrs obtained for each sample are 11.42%, 
8.30% 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 tv measure inside the device. This point 
is placed in the most internal surface of the device. 
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(height) that is not wound and the window height (width) 
should be low for axisymmetric (planar) components. If this 
ratio is high the thermal model accounts only for 1D heat flux 
component and the accuracy is lower 1121. This effect is shown 
in figure 7 for the case of planar components and concentric 
components. 

(13 

I J I 4 W  I ,111 mw I 1-08 w 

Sample I 2 3 

Figure 4. Tromflmners modeled wing d i fermi  oltemorives and measured. 

VI. APPLICATIONSCOPE OF THE NEW 
MODELING APPROACH 

The application scope of the whole model can he established 
according to the assumptions of the thermal model and the 
magnetic model. As the constraints of the magnetic model are 
more restrictive, this model determines the application scope of 
the whole model. Although the assumptions of the respective 
models appear in the references ([1]-[2]) for the magnetic one 
and ([12], 114]-[15]) for the thermal one, it is necessary to 
highlight the application scope of both of them. 

In the case of ID magnetic modeling, the turns of lfferent 
windings must he placed in different layers and not in the same 

window filling in the height for concentric stmctures or in the 
width for planar ones should he high. Depending on this ffing, 
the conltion for 1D magnetic field distribution is fdfded in a 
different way. Although it is always possible to obtain the 
model, the accuracy is different 151. 

one. This consideration is more flexible in thermal models. The 

According to thermal model, the condition for 1D thermal 
distribution that should be fulfilled is as follows. The window 
filling in the height for concentric stmctures or in the width for 
planar ones should he high. The ratio between the width 

F i y r e  7. Diflerenr themalpoihs according ro rhe windowfilling 

In figure 7 it is shown that depending o n  the window ffiq 
in radial direction for concentric components or in axial 
direction for planar components, the heat is transfer through 
additional paths to the main direction. In this case thermal 
distribution begins to be 2D, but the thermal model that is 
proposed only accounts for the main path. Therefore, although 
it is possible to generate the model the accuracy is reduced. 

The core should be transformed into an axisymmetrical one 
to apply 1D magnetic modeling. The geometric dimensions can 
be transformed as it is shown in 1131. For 1 D  thermal modeling 
it is necessary to transform keeping as constant the outer 
surface area, the total heat generation (varying the volume or 
the density) and heat exchange surface between the core and 
the windings and between the windings when the "equivalent" 
thermal layers are obtained. 

VU. CONCLUSIONS 
A new analytical model for magnetic components is 

presented. The thermal and magnetic effects are coupled in a 

complete model. The model has the following characteristics: 
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