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TITRE

Modélisation de composants magnétiques avec prise en compte de la température pour
prototypage virtuel de convertisseurs DC-DC

RESUME

La complexité croissante des dispositifs en ¢électronique de puissance nécessite

l'intervention de la conception assistée par ordinateur. Le développement de systémes
électriques/électroniques est effectué¢ a l'aide du prototypage virtuel dans lequel les logiciels
de simulation sont utilisés pour prédire le comportement des composants. De ce fait, le
prototypage virtuel permet une €conomie de temps et d'argent pour la réalisation de
prototypes. La demande croissante d’appareils a faible puissance et a haut rendement a obligé
les concepteurs a analyser précisément les pertes de chaque composant constituant du
systéme. Les composants magnétiques constituent une partie importante des appareils en
¢lectronique, par conséquent la modélisation précise des matériaux magnétiques est nécessaire
afin de prédire leur comportement réaliste dans des conditions de fonctionnement variables
selon I’application.
Notre travail s’inscrit dans ce contexte et propose un modele dynamique non linéaire de
composants magnétiques pour une utilisation dans des simulateurs de circuits €lectriques. Ce
modele de composant magnétique inclut le comportement d'hystérésis non linéaire du
matériau et permet une modélisation précise des pertes fer et des pertes joule avec de plus la
prise en considération des effets thermiques qui, généralement, ne sont pas pris en compte par
les modeles existants. Le modele est basé sur le principe de la séparation des contributions
statiques et dynamiques des pertes fer et s’appuie sur la théorie de Bertotti. Le langage de
programmation VHDL-AMS est utilisé en raison de sa fonctionnalité de modélisation multi-
domaines, permettant un couplage avec un modele thermique. Le modele de composant
magnétique est mis en ceuvre dans le logiciel de simulation de circuit "Simplorer". Il est
ensuite testé dans une application de convertisseur de puissance, le convertisseur abaisseur qui
permet de fournir une excitation non-conventionnelle. Le mode¢le est validé pour différents
noyaux d’inductances, différentes ondulations de courant et niveaux de charge, différentes
températures et une large gamme de fréquence.

DISCIPLINE

Génie Electrique

MOTS-CLES

Simulation de circuit, composants magnétiques, modé¢lisation magnétique dynamique,
couplage magnétothermique, convertisseurs DC-DC, pertes de puissance, noyaux
nanocristallins et poudre fer.
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43 Bd du 11 novembre 1918 69622 Villeurbanne



TITLE

Magnetic Components Modeling Including Thermal Effects for DC-DC Converters
Virtual Prototyping

ABSTRACT

The increasing complexity of power electronic devices requires the intervention of
computer-aided design in electrical engineering. Development of electric/electronic systems
nowadays is carried out by the help of virtual prototyping, in which simulation software are
used to predict components behavior without investing time and money to build physical
prototypes. The increasing demand of low power, high efficiency devices forced designers to
precisely analyze losses in each component constituting the system. Magnetic components
constitute a major part of electronics devices. Therefore accurate modeling of magnetic
materials is mandatory in order to predict their realistic behavior under variable operating
conditions.

Our work takes place in this context by proposing a non-linear dynamic model of magnetic
components for use in circuit simulators. It includes the material nonlinear hysteretic and
dynamic behaviors with accurate modeling of winding and core losses in addition to thermal
effects that are not taken into account by existing models. The model is based on the principle
of separation of static and dynamic contributions as well as Bertotti’s theory. VHDL-AMS is
used as a modeling language due to its multi-domain modeling feature, allowing coupling
with a thermal model. The magnetic component model is implemented in circuit simulation
software “Simplorer” It is then tested in a widely used power converter application, the buck
converter, to ensure non-conventional excitation. The model is validated for different core
inductors, different current ripples, different loads, different temperatures and a wide
frequency range.
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Electrical Engineering
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Circuit simulation, magnetic components, dynamic magnetic modeling, magneto-thermal
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Introduction

The increasing complexity of power electronic devices requires the intervention of
computer-aided design in electrical engineering. Development of electric/electronic systems
nowadays is carried out by the help of virtual prototyping, in which simulation software are
used to predict components behavior without investing time and money to build physical
prototypes. In the design and analysis of systems in general, specifically power converters,
virtual prototyping assure time, failure rate and cost reduction. Indeed modeling and
simulation allow the prior knowledge of the power converter behavior using circuit simulators
to optimize complex circuit prototypes. Individual passive and active components models
exist and are associated together to form a complete converter model.

Power consumption and efficiency have always been of great concern in the development
of power electronics systems. The increasing demand of low power, high efficiency devices
forced designers to precisely analyze losses in each component constituting the system.
Magnetic components constitute a major part of electronics devices. Therefore accurate
modeling of magnetic materials is mandatory in order to predict their realistic behavior under
variable operating conditions. In fact nonlinear characteristics of magnetic materials and both
dynamic and thermal effects have a non-negligible influence on device’s performance and
must be taken into account in circuit simulations. Furthermore, temperature induces major
changes in component’s behavior and is not considered in these pre-defined software
magnetic models.

Our work takes place in this context by proposing a non-linear dynamic model of magnetic
components for use in circuit simulators. It includes the material nonlinear hysteretic and
dynamic behaviors with accurate modeling of winding and core losses in addition to thermal
effects that are not taken into account by existing models. The model is based on the principle
of separation of static and dynamic contributions as well as Bertotti’s theory. VHDL-AMS is
used as a modeling language due to its multi-domain modeling feature, allowing coupling
with a thermal model. The thermal model is represented by a temperature source for static
thermal conditions or by an equivalent thermal circuit for self-heating conditions. The
magnetic component model is implemented in circuit simulation software “Simplorer” and
validated by modeling a Nanocrystalline-core inductor. The effects of frequency, temperature
and waveform are studied. It is then tested in a widely used power converter application, the
buck converter, to ensure non-conventional excitation. The model is validated for different
core inductors, different current ripples, different loads, a wide frequency range (10-100 kHz)
and for temperatures up to 200 °C.

This thesis is a continuation to the work began several years ago at Ampere’s Laboratory
in magnetic materials dynamic modeling. Four chapters other than the introduction and the
conclusion constitute this manuscript. The first chapter introduces magnetic materials and
their classification and presents the materials currently used in power electronics applications.
Then temperature effects on these materials and their characterization by variable frequency
and temperature measurements are studied. The principle of characterizing magnetic materials
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including the results of wide temperature range (25°C to 250°C) B-H measurements is
explained.

Chapter 2 concerns both magnetic and thermal modeling and coupling between them.
Static and dynamic modeling laws that are well known and widely used are presented
focusing on the models that are used in circuit simulation. Thermal modeling approach and
thermal model structure are explained using the concepts of thermal elements and thermal
energy transfer. Parameters identification of both magnetic and thermal models is also
presented.

The work on developing the magnetic component model is described in chapter 3. We
expose modeling techniques, modeling languages and circuit simulation software. Then we
explain the modular structure of the magnetic component model and its implementation in the
circuit simulation software Simplorer using VHDL-AMS modeling language. The choice of
both static and dynamic material laws depending on the choice of material is explained.
Temperature effects are introduced to the component model which is validated for
nanocrystalline material for different temperatures and frequencies.

In many power applications, magnetic materials are excited with non-sinusoidal
waveforms. This induces different losses compared to those provided by manufacturers based
on sinusoidal flux density. Based on that, the forth chapter is dedicated to the adaptability,
reliability and precision of developed model for use in power electronics applications. The
magnetic component behavior in a buck converter is investigated. A circuit design with
variable voltage, frequency and load is realized. Core and winding losses measurements under
variable conditions are performed. Measured results are compared to simulated ones for
different core inductors, frequencies, flux densities, DC bias and temperatures. Advantages of
the model with respect to analytical losses formulas, as well as its limitations are discussed.

Finally a general conclusion summarizes the thesis and clarifies our perspectives for future
work.
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Chapter 1

1. Magnetic Materials in Power Electronics

1.1 Introduction

Electrical power supplies and transformers, electric motors, mobile phones, computers and
many other devices used in everyday life rely on magnetism and magnetic materials. The
phenomenon of magnetism is known for thousands of years by which materials exhibit
attractive or repulsive forces on other materials. Recent researches led to a better
understanding of the phenomena’s underlying principles. In fact the origin of magnetism lies
in the spin and orbital motions of electrons creating an electron magnetic moment. These
moments may point in random directions or are aligned together to define the magnetic
properties of the material. So the magnetic behavior of a material depends on its structure,
particularly its electron configuration. The response of a magnetic material to an applied
magnetic field H (A/m) specify if the material is magnetic or not and its type of magnetism.

[1]1[2].
1.2 Magnetic materials in power electronics

1.2.1 Materials Classifications and applications

Based on their magnetization M (A/m), resulting from the response to applied magnetic
field, magnetic materials are classified into five major groups summarized in Figure 1-1.
Ferromagnetic and ferrimagnetic materials are usually considered magnetic. The remaining
three are so weakly magnetic that they are usually thought of as "nonmagnetic" [3]. Thus only
ferromagnetic and ferrimagnetic materials are used in power electronics. Furthermore
magnetic materials are classified as soft or hard according to the ease of magnetization [4]. If
a material is easily magnetized and demagnetized then it is referred to as a soft magnetic
material (applied field below 100 A/m), whereas if it is difficult to demagnetize then it is
referred to as a hard magnetic material (applied field above 1000 A/m).

Fields of applications of magnetic materials depend on their magnetic properties. Soft
materials are mainly used in power conversion, power adaption, and signal transfer. Hard
materials are used as permanent magnets. Magnetic recording applications mix both soft and
hard magnetic materials to enhance data storage capacity [5].

Figure 1-2 shows the world market of magnetic materials applications. Soft magnetic
products occupy about 45% of world market (being estimated at USD 12 billion) where hard
magnets occupy about 20% of world market (being estimated at USD 4.5 to 5 billion). The
remaining 35% are magnetic recording applications to attain a total of USD 30 billion as a
global market of magnetic materials [6][7].
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1.2.2 Soft magnetic materials

Soft magnetic materials are extensively used in power electronics, motors, power supplies,
power transformers, and inductors [8][9]. The operating frequency of these devices varies
from DC up to 10 MHz [10]. In our domain of application, the study of magnetic properties
and material’s behavior under variable operating conditions is essential. The macroscopic
properties of soft magnetic materials will be explained briefly hereafter.

When a soft magnetic material is magnetized in one direction, it will not relax back to zero
magnetization when the imposed magnetizing field is removed. It must be driven back to zero
by a field in the opposite direction. If an alternating magnetic field is applied to the material,
its magnetization will trace out a loop called a hysteresis loop (Figure 1-3). The lack of retrace
ability of the magnetization curve is the property called hysteresis and it is related to the
existence of magnetic domains in the material. Once the magnetic domains are reoriented, it
takes some energy to turn them back again. This property of ferromagnetic materials is called
a magnetic "memory"[11].

B
2.0 R
] Saturation
Residual 15 Induction (B,)

Magnetism

(8)

\400 600 800 1000

Coercive
Field (H.)

-B

Figure 1-3: Magnetic hysteresis loop[12]

The hysteresis loop shown in Figure 1-3 is generated by measuring the magnetic flux of a
ferromagnetic material while the magnetizing field is changed. From the hysteresis loop, a
number of primary magnetic properties of a material can be determined like permeability,
Saturation Induction, Residual Magnetism and Coercive Field. The Residual Magnetism is the
magnetic flux density that remains in a material when the magnetizing force is zero. And the
Coercive Field is the amount of reverse magnetic field which must be applied to a magnetic
material to make the magnetic flux return to zero.

10
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The size and shape of the hysteresis curve is of considerable importance. The area within a
loop represents magnetic energy losses per unit volume of material per cycle. Soft magnetic
materials have small hysteresis loops and thus lower energy losses. Also they have a high
initial permeability and a low coercivity, consequently the material may reach its saturation
magnetization with a relatively low applied field. The phenomenon of hysteresis corresponds
to the rotation of magnetization and the movement of magnetic domains walls within the
grains of the material. The domain wall movement illustrated in Figure 1-4 changes the size
and number of magnetic domains according to the magnitude and/or direction of the external
magnetic field [13].

4B 4B A B
H H H
< — > < > < >
Grain v v A

Boundary

Domain / ./v
Boundary H H /;1
Figure 1-4: domain walls movement [13].

Another property consideration for soft magnetic materials is the electrical resistivity. As
energy losses may result from eddy currents that are induced in the material, it is most
desirable to minimize these energy losses by increasing the electrical resistivity. This is
accomplished by forming solid solution alloys such as iron—silicon, iron—nickel and other
alloys. Both electric resistivity and hysteresis characteristics of soft magnetic materials may
be enhanced for some applications by an appropriate annealing or by applying mechanical
stress. These treatments change impurities, average grain size, anisotropy and crystallization
of magnetic materials. This consecutively changes magnetic and electric properties of the
material, mainly saturation induction, coercivity and resistivity [ 14].

11



Chapter 1 Magnetic Materials in Power Electronics

1.2.3 Materials used in power electronics

Based on their hysteresis characteristics, soft magnetic materials occupy different
applications in the field of power electronics. Depending on their composition and structure
soft magnetic materials used in power electronics are classified into 3 main categories having
different properties (saturation, coercivity, permeability, and resistivity). These 3 main
magnetic core materials are ferrite cores, iron powder cores and nanocrystalline cores [15].

1.2.3.1 Ferrite cores

Ferrites are chemically inert ceramic materials, having a magnetic cubic structure. They are
physically hard, brittle, stable and high resistivity materials. Ferrites are Metallic Oxides with
the general structure XFe,O4 where X is one of the transition metals: Fe, Ni, Zn, Mn, Cu, Ba,
Co, and Mg. These metals are mixed, milled, shaped and finally pressed to ensure the required
grain size and the final shape of magnetic core. Heating up to 1300°C is required to physically
harden the material and ensure desired magnetic properties [16].

The common types of ferrites are Mn-Zn ferrites used for low frequencies applications up
to several kHz and Ni-Zn ferrites used for higher frequencies applications up to few MHz
[17][18]. They exist in different core shapes including toroid, E, I and U shapes shown in
Figure 1-5 [19][20].

' [-{d
(OFFE

Figure 1-5: Ferrite sample (left) and core shapes (right) [21]

1.2.3.2  Powder cores

A powder core consists of small particles of pure iron and/or metal alloys, coated with a
thin insulating layer and pressed with an addition of lubricant to a bulk material at high
pressure. The insulating coating reduces eddy currents by increasing the resistivity of bulk
material and decreases the permeability by acting as small air gaps inside the core material.
During compaction