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Modeling and Design of Induction Heating Systems

ABSTRACT

Induction heating is a non-contact heat transfer process applied to materials with good
electrical conductivity, typically metals. Using a variable magnetic field, induced currents
are generated in the material, which dissipate heat due to the Joule effect. Furthermore,
the efficiency of the energy transfer process is greatly influenced by the presence of mag-
netic properties in the material.

This technology is utilized in various fields, including industrial, medical, and domestic
applications. Its main characteristics include efficiency, heating speed, safety, and pre-
cisionin process control. Its efficiency is primarily defined by the relationship between the
power delivered to the workpiece, i.e., the material to be heated, and the losses that occur
in the winding that generates the variable magnetic field. Another critical parameteris the
distribution of power delivered to the workpiece, which is determined by the geometry of
the coil. In general, the combination of the physical and geometric characteristics of the
induction system makes it challenging to analyze.

In industrial applications, which are the subject of this thesis, various processes exist
depending on the treatment required for the material. Industrial processes that utilize in-
duction heating can be categorized into three groups, as outlined below. First, among the
induction heat treatments, we can list hardening, tempering, annealing, and normalizing.
Next, we can mention the applications of induction heating, including forging, forming, ex-
trusion, stretching, sealing, straightening, and melting. Finally, we should mention special
applications, such as soft soldering, brazing, welding, and bonding.

In this work, the induction heating process in surface hardening applications will be
studied. In this case, the physical properties of the workpiece change considerably as
the temperature increases, even exceeding the Curie temperature, at which the magnetic
properties disappear. To obtain a comprehensive description of the system’s behavior, an
electromagnetic-thermal model must be developed that simultaneously accounts for the
dependence of all parameters using an approach based on the application of nonlinear
boundary conditions. This approach allows for a realistic description of the phenomena



involved at a reduced computational cost.

In a subsequent step, the results obtained in the previous section will be integrated to
create a simulation model of the complete induction system, comprising the inductor-
workpiece system and its associated electronics. In this way, the results of the elec-
tromagnetic-thermal model obtained by FEM simulation will be integrated into a circuit
simulation program.

Finally, experimental measurements will be carried out to validate the results obtained.
First, measurements will be taken in the small-signal regime to verify that the electro-
magnetic simulation models are correct. Subsequently, measurements will be taken in an
experimental setup under real working conditions delivering high power levels.

Key words - Induction heating, resonant inverter, nonlinear load, dynamic modeling,
Curie temperature, finite elements.



Modelado y Diseno de un Sistema de Calentamiento por
Induccidn

RESUMEN

El calentamiento por induccion es un proceso de transferencia de calor sin contacto,
que se aplica a materiales con una buena conductividad eléctrica, normalmente, a meta-
les. Utilizando un campo magnetico variable, se generan corrientes inducidas en el ma-
terial, las cuales disipan el calor, como consecuencia del efecto Joule. Ademas, la efi-
ciencia del proceso de transferencia de energia se ve muy influenciada por la presencia
de propiedades magneticas del material.

Dicha tecnologia se utiliza en diversos campos, como pueden ser tanto las aplicaciones
industriales, como las meédicas y las domésticas. Sus principales caracteristicas son la
eficacia, la velocidad de calentamiento, la seguridad y la precision en el control del pro-
ceso. Su eficiencia se define principalmente por la relacion entre la potencia suministrada
a la pieza, es decir, el material a calentar, y las pérdidas que se producen en el bobinado
que genera el campo magnetico variable. Otro parametro critico es la distribucion de la
potencia suministrada a la pieza, que viene determinada por la geometria de la bobina. En
general, la combinacion de las caracteristicas fisicas y geometricas del sistema de induc-
cion dificulta su analisis.

En las aplicaciones industriales, que son el objeto de esta tesis, existen diversos pro-
cesos en funcion del tratamiento que requiera el material. Los procesos industriales, que
utilizan el calentamiento por induccion, pueden clasificarse en tres grupos, los cuales
se describen a continuacion. En primer lugar, entre los tratamientos térmicos por induc-
cion, podemos enumerar el temple, el revenido, el recocido y la normalizacion. A conti-
nuacion, mencionaremos las aplicaciones del calentamiento por induccion, entre las que
se incluyen, la forja, el conformado, la extrusion, el estirado, el sellado, el enderezado y
la fusion. Por ultimo, caben destacar las aplicaciones especiales, taly como los procesos
de soldadura o de union.

En este trabajo se analizara, asimismo, el proceso de calentamiento porinduccion, den-



tro de las aplicaciones de temple superficial. En dicho caso, las propiedades fisicas de
la pieza varian considerablemente a medida que aumenta la temperatura, superando in-
cluso latemperatura de Curie, a partir de la cual desaparecen las propiedades magneéticas.
Para obtener una descripcion completa del comportamiento del sistema, es necesario de-
sarrollar un modelo electromagnético-térmico que dé cuenta simultdneamente de la de-
pendencia de todos los parametros, mediante un enfoque basado en la aplicacion de las
condiciones de frontera no lineales. Elmencionado enfoque permite obtener una descrip-
cion realista de los fendmenos implicados, con un coste computacional reducido.

Enunpaso posterior, seintegraran losresultados obtenidos en el apartado anterior, con
el objetivo de crear un modelo de simulacion del sistema de induccion completo, que se
encuentra compuesto por el conjunto inductor-pieza y su electronica asociada. De esta
forma, los resultados del modelo electromagneético-térmico, obtenidos mediante simula-
cion FEM, se integraran en un programa de simulacién de circuitos.

Finalmente, se realizaran medidas experimentales, con el objeto de validar los resulta-
dos obtenidos. En primer lugar, se realizaran medidas en elrégimen de pequena senal, de
cara a verificar que los modelos de simulacion electromagnetica son correctos. VY, pos-
teriormente, se ejecutaran mediciones dentro de un montaje experimental, basados en
condiciones reales de trabajo con altos niveles de potencia.

Palabras clave - Calentamiento porinduccion, inversor resonante, carga no-lineal, mo-
delado dinamico, temperatura de Curie, elementos finitos.
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Indutzio Bidezko Berokuntza Sistemen Modelatzea eta
Diseinua

LABURPENA

Indukzio bidezko berokuntza prozesu bat da, non beroa kontakturik gabe transferitzen
den. Eroankortasun elektriko ona duten materialei aplikatzen zaie, normalean, metalei.
Eremu magnetiko aldakor baten bidez, materialean induzitutako korronteak agertzen dira,
Joule efektuaren ondorioz beroa barreiatzen dutenak. Gainera, materialaren propietate
magnetikoek eragin handia dute energia transferitzeko prozesuaren eraginkortasunean.

Teknologia hori hainbat arlotan erabiltzen da; hala nola, industriako, medikuntzako eta
sukaldeko aplikazioetan. Prozesuaren kontrolaren eraginkortasuna, berotze abiadura, se-
gurtasuna eta zehaztasuna dira haren ezaugarri nagusiak. Prozesu haorren efizientzia pie-
zari, hots, berotu beharreko materialari, transferitutako potentziaren eta eremu magnetiko
aldakorra sortzen duen induktorearen galeren arteko erlazioak definitzen du, nagusiki.
Beste parametro kritiko bat da piezaren zeharreko potentziaren distribuzioa, eta hori bo-
binaren geometriak zehazten du. Oro har, indukzio sistemaren ezaugarri fisikoen eta geo-
metrikoen konbinazioak erronka bihurtzen du bere analisia.

Tesi honen xede diren industria aplikazioetan, materialak behar duen tratamenduaren
araberako hainbat prozesu daude. Indukzio bidezko berokuntza erabiltzen duten industria
prozesuak hiru multzotan sailka daitezke, eta horiek jarraian deskribatzen dira. Lehenik
etabehin, indukzio bidezko tratamendu termikoen artean, tenplatzea, iraoketa, suberake-
ta eta normalizazioa kokatzen dira. Ondoren, indukzio bidezko berokuntzaren aplikazioak
bereizten dira, besteak beste, forja, konformazioa, estrusioa, tenkatzea, zigilatzea, zu-
zentzea eta fusioa. Azkenik, aplikazio bereziak daude, hainbat soldadura mota eta lotura,
esaterako.

Lan honetan, era berean, indukzio bidezko berokuntza prozesua aztertuko da gainaza-
leko tenplatze aplikazioetarako. Kasu honetan, piezaren propietate fisikoak nabarmen
aldatzen dira materiala berotu ahala; Curieren tenperatura gainditzean, propietate mag-
netikoak desagertzendira. Sistemaren portaera bere osotasunean ulertzeko, beharrezkoa



da parametro guztien mendekotasuna aintzat hartuko duen modelo elektromagnetiko-
termiko bat garatzea, mugalde-baldintza ez-linealak aplikatuz. Ikuspegi horrek aukera
ematen du prozesuan inplikatutako fenomenoen deskribapen errealista bat egiteko; eta,
gainera, kostu konputazional txikiarekin.

Jarraian, aurreko atalean lortutako emaitzak integratuko dira, indukzio-sistema osoa-
ren simulazio-eredu bat sortzeko helburuarekin; eta azken hori induktore-pieza sistemaz
eta hari lotutako elektronikaz dago osatua. Modu horretan, FEM simulazioen bidez lor-
tutako modelo elektromagnetiko-termikoaren emaitzak integratuko dira zirkuituak simu-
latzeko programa batean.

Azkenik, tesian garatutako modeloak baliozkotzeko jomugarekin neurketa esperimen-
talak gauzatuko dira. Lehenengo eta behin, seinale txikiaren erregimenean egingo dira
neurketak, modelo elektromagnetikoak zuzenak direla ziurtatzeko. Eta, ondoren, muntaia
esperimental bat baliatuko da simulazioak lan baldintza errealetan, hau da, potentzia mai-
la handiagoekin balioztatzeko.

Hitz gakoak - Indukzio bidezko berokuntza, erresonantzia inbertsorea, karga ez-lineala,
modelatze dinamikoa, Curie tenperatura, elementu finituak.
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Chapter1

Introduction

This chapter is a State-of-the-Art [SoA) study of the Induction Heating (IH) technology,
which is the general topic of this thesis. It includes the historical evolution and prospects
of IH systems, the fundamental principles of induction heating, including main defini-
tions, the comparative advantages of induction heating over other heating methods, and
an overview of various induction heating processes, with a focus on industrial applica-
tions. This SoA compiles power electronic topologies employed in literature and methods
to model IH systems; a brief overview of some dynamic models is also added. Finally, the
thesis will be framed, describing its objectives and scope, and the structure of the docu-
ment will be introduced.






1.1. INTRODUCTION TO INDUCTION HEATING TECHNOLOGY

1.1 Introduction to Induction Heating Technology

Human beings have always invented various tools to survive in their existence. These
inventions have evolved alongside humanity and influenced our understanding of life. One
of the most significant discoveries in the history of mankind is fire, which was discovered
more than seven hundred thousand years ago, [1]. Around four hundred thousand years
ago, traces of fire became significantly more common at various archaeological sites, [2].
This natural phenomenon affects many animal species, but only humans have learned to
control and create fire.

Figure 1.1. Metal under treatment on burning fire.

Throughout history, people have utilized various heat sources for their everyday require-
ments and industrial purposes; in Fig. 1.1, a metal under treatment on a burning fire is
captured. The use of fire for melting, casting, and forging metals, particularly during the
Iron Age, represented a significant advancement in human technological progress. The
progression of fire technology facilitated the creation of a wide array of heat-based in-
dustrial processes, such as furnaces, kilns, and ovens. It was not until the beginning of
the twentieth century that the electric furnace was introduced into the iron and steel in-
dustries, [3]. Even if initially it was not very desirable, it has now become a valuable tool
in the industry, increasing the application range.

Indeed, the use of electromagnetic induction for heating is a relatively recent innova-
tion, dating back to the late 19th century. Michael Faraday discovered the basics of elec-
tromagneticinduction heating, which James Maxwell afterward developed, describing it by
four famous equations named after him. Figure 1.2 captures the plague showing Maxwell’s
equations.

In 1831, Faraday found a close connection between magnetism and electricity. As a
result, an electric current was induced simply by moving a magnet near a coil: electro-
magnetic induction. At the end of the 19th century, in 1865, Maxwell published his famous
equations based on Faraday’s and other scientists’ discoveries. These equations, which
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Figure 1.2. Plate detailing equations affixed to rear of plinth on which statue of James Clerk Maxwell
statue sits by Impensustained, [4].

describe the link between electricity and magnetism, are the induction heating principle.
Then, in the 1920s, that induction heating technology developed enough to expand its
applications, becoming the most important one in the industry, especially in the manip-
ulation of metals. In the Second World War, induction heating was used for military pur-
poses. Nowadays, various applications use this technology, such as cooking appliances
and medicine, [5].

Evenifinduction heating technology has developed significantly, its potentialis farfrom
limited. The demand for this technology is remarkably increasing, and the reason is simple:
induction equipment improves constantly, and the systems are studied every day by re-
searchers; induction heating processes are optimized continuously. It remains among the
most popular heating methods, guaranteeing security and reliability. It is crucial to con-
tinue in this line. In the near future, induction heating might be essential for the research
and development of similar but more efficient technologies.

1.1.1 Fundamentals of Induction Heating Technology

Electromagnetic induction heating (IH) is a process in which an electrically conductive
material, usually a metal, is heated by means of an alternating magnetic field. Induced
currents are generated inside the mentioned metal, and its resistivity tends to heat the
material due to the Joule effect. In case of materials with significant values of relative
permeability, the heat transfer due to induced currents becomes more effective. Energy
is transferred from the source coil to the heated part through the magnetic field, so no
physical contact is needed to carry out such a process, [B].

IHis used in several fields, such as industrial, medical, and domestic applications. This
technology stands out for its efficiency, heating velocity, security, and very precise con-
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1.1. INTRODUCTION TO INDUCTION HEATING TECHNOLOGY

trol. Its efficiency depends mainly on the ratio between the resistance of the coil and
the equivalent resistance of the material to be heated; generally, the former being the DC
component and the latter the AC one due to eddy currents induced within it. Moreover, the
optimization of the coils” geometry is important when it comes to the homogeneity of the
heated parts. Even more, the material’s magnetic and electric behaviors must be known
for a correct measurement of the system, [7].

Electromagnetism and heat transfer are closely related, as the strength of the mag-
netic field and the temperature of the material define its physical properties. Additionally,
the metallurgical phenomenon is a nonlinear function of process characteristics such as
temperature, heating intensity, cooling speed, and the material’s chemical composition.
Therefore, electromagnetic induction heating can be described as a complex combination
of electromagnetic, heat transfer, and metallurgical phenomena, [6].

1.1.1.1 Electromagnetism principles of induction heating

Induction heating processing system consists of three basic elements: an alternating
current generator, the material to be heated, and a coil through which a current is driven,
generally located around the workpiece to be heated, [8]. The first one is often referred to
as the inverter or generator, which is used to convert the mains frequency and increase
it to anywhere between a few hundred hertz to megahertz. The workpiece consists of a
metallic material where the eddy currents are induced through an electromagnetic field
generated by the coil, which carries the AC current.

When an alternating current passes through a coil, a magnetic field of the same fre-
quency appears around the material being heated. If the electrically conductive workpiece
is placed in the proximity, this magnetic field will be able to heat it thanks to the Joule ef-
fect and hysteresis losses, which are respectively represented by Fig. 1.3a and Fig. 1.3b.

Billet

(a) (b)

Figure 1.3. Effects responsible for induction heating: (a) Joule effect, and (b) hysteresis.
Undoubtedly, the primary phenomenon for heat dissipation through electromagnetic
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induction is the Joule effect caused by eddy currents induced by the applied variable
magnetic field on the material’s surface. All metals are electrically conductive, and the
power losses occur due to their resistance to the flow of electricity they conduct, resulting
in heat generation. This occurs in both ferromagnetic and non-ferromagnetic materials.
Some metals have low resistivity and are consequently good conductors, e.g., silver and
copper; others, which are worse conductors of electricity, have higher resistivity, such as
steel. Therefore, more heat is lost when electric currents circulate through materials like
steel.

Hysteresis losses, which are only found in magnetic materials, such as steel and nickel,
are lower than those of the Joule effect and are considered only in ferromagnetic mate-
rials below Curie temperature. In the process of induction heating of magnetic materials,
when the magnetic field H is applied, the magnetic domains of the material begin to os-
cillate, delaying the magnetic response of the B-field. This process is called hysteresis,
and the heat generated is the result of the energy released in the process of reorienting
the magnetic domains. While hysteresis losses may not be significant, the characteristics
related to the BH-curve of the material greatly influence the performance of the induction
heating process. This influence can arise from the effects of permeability or the magnetic
saturation of the material.

When alternating current flows through a conductor, the current distribution across the
cross-section is not uniform. The highest current density value appears at the surface of
the piece and weakens towards the center. This is known as the skin effect. This effect is
also reflected in a workpiece surrounded by the coil, causing eddy currents to appear on
the workpiece’s surface. As a result, less or null current flow will be detected in the center
of the part, [9].

The power dissipation will be concentrated in the surface layer due to the skin effect
because the fields exponentially decay inside the material with the characteristic distance
given by the penetration depth, ¢, for linear material, which depends on the frequency and
the material’s electrical and magnetic properties, [10]. This penetration depth depends
inversely on the electrical conductivity, magnetic permeability, and excitation frequency.

The electrical conductivity is the ability of the material to conduct electric current and
corresponds to the inverse of the material’s resistivity. At higher temperatures, metals
offer higher resistivity, so the higher the impedance reflected on the load. Besides, the
magnetic permeability is the ability of the material to conduct magnetic flux, which de-
creases with temperature. It gives the relation between the magnetic flux density, B, and
the magnetic field, H, as B = uH.

Therefore, while the workpiece is being heated, the electrical resistivity will usually in-
crease, and the magnetic permeability will decrease to a greater extent. For this reason,
the penetration depth will be higher with temperature. Thus, it can be deduced that when
the temperature of a metalincreases and it becomes paramagnetic, the eddy currents will
reach areas closer to the core.

Induction heating systems can be classified as transversal flux heating (TFH) or longi-
tudinal flux heating (LFH] based on the flux direction, [11]. In transversal flux heating, the
material to be heated is often positioned over an inductor located below the workpiece as
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in Fig. 1.4a. The electromagnetic field caused by the alternating current in the induction
coilsis orthogonal to the material’s surface to be heated; therefore, eddy currents induced
in the plane of the object produce Joule losses and heat in its surface. Magnetic flux con-
centrators are often used with this technology, [12]. According to [13], the TFH concept
offers very high electrical efficiency.

Figure 1.4b depicts the longitudinal flux heating typical case, where the material to be
heated is surrounded by the induction coil. The current through the coil creates an elec-
tromagnetic field with orthogonal flux to the cross section of the piece. Therefore, eddy
currents areinduced close to the surface. Forexample, [14] analyses the effects on blanks
for a press hardening process with longitudinal flux heating.

72\

Figure 1.4. Inductors for (a) transverse flux heating, and (b] longitudinal flux heating.

(b)

1.1.2 Induction Heating Applications

Eddy current and dielectric losses, once considered problematic forradio engineers, are
now employed as effective heating methods. These techniques have expanded the scope
of induction heating, allowing for a wider range of processes and operations to benefit
from this versatile technology. Induction heating is increasingly being developed and em-
ployed in diverse fields. It is primarily used in industrial, household, and medical applica-
tions [5], [15], but its potentialis far from limited, [8].
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Figure 1.5. Applications of induction heating technology: (a)induction cooking, (b) diathermy treat-
ment, (c) agriculture, [16], (d) crystal growing, (e) textile industry, [17], (f] 3D printing, (g) automo-
tion, [18], (h) aeronautics, and (i) metal industry.

Induction heatingis aremarkably versatile technology with applicationsin various fields,
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as it can be seen in Fig. 1.5. This process, which utilizes electromagnetic induction to
generate heat within a conductive material, has become increasingly dominant in mul-
tiple industries, from manufacturing to automotive engineering, domestic to biomedical
applications. Some of these are described below:

It is commonly employed in domestic appliances, such as induction cooktops where
their efficiency and precise temperature control make IH an attractive alternative to
traditional heating methods (Fig. 1.5a), [19].

Biomedical applications of IH include, among others, its use in hyperthermia cancer
treatments, where the controlled heating of targeted tumor tissues can enhance
the efficacy of radiation therapy or chemotherapy, [20]. Electromagnetic induction
for hyperthermia therapy was first proposed in 1957, [21]. In Fig. 1.5b, a diathermy
treatment is captured. Furthermore, electromagnetic induction is also proposed to
clean the biofilm seeded on orthopaedic implants, [22].

Electromagnetic heating has also been studied for potential applications in agricul-
ture. This techniqgue has been investigated for treating grains and forages, control-
ling stored-product insects and plant pathogens. For example, in [16], a large-scale
induction heating system is designed for organic waste digesters to produce fertil-
izer (Fig. 1.5c).

Induction heatingis also usedinspecific applications such asnanoparticle research,
crystal growing, and enhancement of diamonds, [23]. Silicon growing process by IH
in 1956 is captured in Fig. 1.5d.

The textile industry has shifted from electric heating to more efficient alternatives
like induction heating to reduce costs and improve fuel utilization, [24]. Even [17]
propases an iron that works with electromagnetic induction (Fig. 1.5¢e).

Induction heating technique is also suggested for additive manufacturing or 3D print-
ing in [25] (Fig. 1.5f).

In the automotive industry, induction heating is utilized within a variety of fields in
the production of electric vehicles, [18]. In Fig. 1.5g, an electric vehicle is shown
with highlighted parts that have been produced by IH technology. Moreover, in [26],
thermal management of electric vehicle batteries is proposed by employing induc-
tion heating technology.

According to the aerospace domain, induction heating is employed in the heat treat-
ment of aircraft components, allowing precise control over the thermal characteris-
tics of critical parts. For example, in [27], aeronautical gears are hardened through
induction heating. Additionally, [28] proposes IH for de-icing critical areas of aircraft
wings (Fig. 1.5h).

One of the primary applications of induction heatingisinthe heat treatment of metal-
lic materials, [6]. The focus in the following lines will be on IH for the metal indus-
try. Figure 1.5i captures different industrial processes employing electromagnetic
induction.

All these applications highlight the versatility of induction heating and its ability to ad-
dress a diverse range of heating needs. However, it is worth mentioning that electromag-
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netic induction is not only used for transferring heat but also for transmitting power for
other uses, such as Electric Vehicle (EV] wireless charging in [29].

1.1.3 Advantages of Induction Heating Systems

In the dynamic manufacturing sector, efficiency, precision, and sustainability are criti-
cal. Consequently, induction heating has acquired significant popularity in various indus-
trial sectors. Induction heating systems have gained relevant attention in recent years
due totheirremarkable advantages over traditional heating methods for conductive mate-
rials. These systems are contactless and easy-to-control. Induction heating technology
provides rapid heating, particularly beneficial in industrial and commercial applications
where time is crucial. It is durable, capable of withstanding harsh environments and pro-
longed use, and efficient, enabling precise temperature regulation and effective energy
utilization.

Furthermore, only a specific part of the piece can be heated with this technology, i.e. the
part that needs to be treated, unlike traditional ovens, where the entire piece is heated.
This significantly improves the efficiency of the entire system, [30].

To sum up, it offers numerous advantages over other traditional heating methods, [31].
The following advantages further demonstrate the effectiveness and appeal of IH tech-
nology:

+ Enhanced mechanical properties are obtained. As the heating is more precise than
with traditional methods, the risk of overheating or uneven heatingis minimized, and
fewer defects are caused.

+ High-efficiency process leads to reduced energy consumption - resulting in cost
savings - because the whole piece no longer needs to be heated. This high effi-
ciency is due to the precise heating of specific areas, minimizing unwanted heat
zones.

+ |H is a rapid and direct heating method that significantly reduces processing times
compared to other traditional heating methods.

+ Induction heat treatment processes can be automated; it is very suitable for large-
scale production.

+ Moreover, itis a process that allows for precise temperature control and repeatabil-
ity, with consistent results. Thus, it is a reliable choice for batch-based production,
reducing manufacturing variability.

+ |H systems have few moving parts, unlike traditional furnaces. Therefore, the equip-
ment life is lengthened, and there is less downtime; maintenance costs are also
reduced.

* Itisrelatively easy to move without any particular infrastructure.

+ Environmentally friendly. Induction heating uses electricity instead of fossil fuels,
increasing energy efficiency up to 90 % and reducing carbon footprint.

+ IHis a flame-free process that creates a safer working environment. Therefore, the
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risk of burns and harmful airborne particles is eliminated, ensuring safe and com-
fortable conditions.

+ Suitable for several applications, as detailed in the previous section.

1.1.4 Induction Heating in Metal Industry

Induction heating is a widely adopted technology in several industrial sectors, offering
versatile and efficient heat treatment techniques, [32]. The inherent advantages of IH,
such as its speed, precision, and energy efficiency, have made it an attractive alternative
to traditional heating methods, particularly in the context of industrial processes.

As the popularity of heat treatment techniques is rising, the use of induction heating
in this area has become increasingly extended, particularly for the treatments focused on
steel components like tubes, pipes, or pressure vessels.

In [33], recent applications and future development trends for efficient heating and
melting by electrothermal technologies in metallurgical processes are described.

In the following lines, some industrial fields of induction heating technology are sum-
marized from [34]:

+ Hardening is one of the most common applications of IH. It consists of heating the
workpiece and suddenly cooling it, in order to give the material the necessary hard-
ness and flexibility.

+ Tempering is a supplementary treatment after the hardening, to increase the mate-
rial’s tenacity and to reduce the stresses created in the previous process.

+ The annealing processreturns properties that the materiallost in some previous pro-
cess: eliminating internal stresses, removing the hardness, obtaining a specific mi-
crostructure, etc. First, the materialis heated to the austenization temperature and
then cooled slowly.

+ Normalizing takes place before hardening or tempering; itis about balancing internal
stresses. To do so, the billet is heated up above the critical temperature and cooled
with ambient air.

+ Inawelding process, two or more pieces are heated up to their melting temperature.

+ Forgingisrealized at high power and low frequencies. In essence, a preheated piece
is shaped as its resistance to deformation is weakened when heated.

+ In fusion metals are melted inside a crucible. Afterward, the molten metal is poured
into a cast to give the desired shape.
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1.1.4.1 Induction hardening

As mentioned previously, one of the most typical applications of induction heating in
the metal industry is the hardening of steel or cast iron. In Fig. 1.6, an induction heating
process of a gear is rendered.

Figure 1.6. Inducteur a roue dentée by Leflambela, [35].

The purpose of the hardening process is for the material to obtain certain properties,
including hardness and resistance to erosion. The workpiece to be hardened is heated to
the temperature of austenization and immediately cooled.

Thus, the process is divided into at least two stages. The first is induction heating, in
which the billet is heated while the alternating current circulates through the inductor.
There are three critical temperatures: Curie’s temperature (in steels, around 700-800 °C)
determines the ferromagnetic limit, and AC1 and AC3 temperatures, respectively, deter-
mine the beginning and end of austenization. Once the areas to be hardened exceed the
AC3 temperature (as a general rule, about 50 °C further), it is crucial to immediately cool
them. This fast cooling is realized by putting the workpiece into oil or a shower with aque-
ous polymers. Then the austenite parts will become martensite - below 400 °C -, harden-
ing even more, but becoming more fragile.

Figure 1.7 depicts the isothermal transformations (left) and phase diagram (right] of
carbon steels, [35]; the isothermal transformation is also named as Time-Temperature-
Transformation (TTT). Martensitic transformation begins at a temperature called Ms, which
depends on the chemical composition of the material. To calculate this temperature, there
are several equations developed by various authors, [36]. Due to the fast nature of induc-
tion hardening, it is usually considered that only martensite and bainite are generated,
[37].

Finally, if needed, a tempering treatment would be applied to reduce this fragility and
weaken internal stresses. To do so, the piece is heated below the AC1 temperature, kept
at that temperature for as long as necessary, and cooled with ambient air.
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Figure 1.8. Maximum steel hardness depending on the amount of carbon, [30].

If the heating process of the industrial hardening is executed by induction, the marten-
site layer is formed in the desired areas of the billet, keeping intact the zones that do not
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need the treatment, because they willnot exceed the AC1 temperature, and their mechan-
ical properties shall not be altered.

The induction hardening is distinguished by its high accuracy in the areas treated with
heat. Induction allows distortion to be as small as possible, due to the speed of the pro-
cessandthe ability of the heat source to concentrate onthe surface layer, which is directly
related to the aforementioned penetration depth of the current.

Steelalloys are oftenused ininduction hardening processes. The type of steelis chosen
according to the working conditions defined by the degree of hardness and profile of the
surface, plus the cost of the system. Pure carbon steel and low alloys are the cheapest,
usedinavariety of hardening applications, with a carbon content of between 0.2and 0.7 %.
The amount of carbon in steel determines the maximum hardness obtained on the surface,
see Fig. 1.8, [30.

Depending on the specifications of the thermal treatment or the geometry of the work-
piece, the induction hardening may be a simple device or a more complex machine. The
first step in designing an induction hardening system is to determine the hardness profile,
depth, and transition zone of the surface. The factors involved in the hardness through
the radius or thickness of the billet are temperature distribution, metallic microstructure
and chemical compasition, cooling conditions, grain size, and the material’s hardening
capacity, [6].

Compared to other traditional heating systems, the induction technique is noticeably
influenced by changes in the chemical composition of metals, [39]. That is why it is es-
sential to control these changes adequately. It is important to have homogeneous and
fine grains, rapid metal response to heat treatment, and as little distortion as possible.
This initial microstructure will ensure greater hardness at a wider depth. Softer surfaces
alsoimprove the conditions of heat treatment, such as fatigue, resistance, and durability.

According to the temperature distribution, the geometry, power density, and frequency
of the workpiece and coil are designed, [6]. Complex designs, holes, and sharp edges,
among others, determine the success of the process. In addition, as the process requires
short heating cycles for proper execution, it is necessary to work with high power densi-
ties. Frequency is the first control variable to be considered in induction hardening sys-
tems, which willdetermine the hardness profile, depth, and transition zone of that surface.

Itisimportant that the heating and cooling times are respectively long and short enough.
Otherwise, a phenomenon called superhardening may occur. As its name suggests, it con-
sists of hardening a piece more than is necessary, and there are two reasons: to heat too
quickly or to cool too slowly. This phenomenon occurs mainly in steel with 0.35-0.6 % car-
bon, [34], [40].

1.2 Induction Heating Systems Structure

As it was previously stated, the fundamental structure of an induction heating system
comprises three key components: the inductor-workpiece assembly, the power converter,
and the control system.
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The inductor-workpiece system serves as the heart of the induction heating process. In
this critical component, electrical energy is converted into a magnetic field that induces
alternating current directly within the material being heated. This efficient transfer of en-
ergy allows for accurate control over the heating process, making it ideal for various ap-
plications, from metal hardening to melting.

The power converter plays a significant role in the overall cost and effectiveness of the
system. It transforms input electrical energy into the precise frequency and voltage re-
quired for induction heating. A well-engineered power converter is vital, as it directly in-
fluences the efficiency, performance, and reliability of the entire system.

Finally, the control system manages and monitors the operation of the induction heating
system. Typically designed with advanced digital components, the control system regu-
lates the power delivery, adjusts parameters based on real-time feedback, and ensures
that the heating process is both efficient and safe. Together, these components work in
harmony to deliver precise and reliable induction heating solutions.

1.2.1 Inductor-Workpiece Assembly

The coilis the primary component of the inductor-workpiece assembly, as it directly im-
pacts key characteristics such as power distribution and heat transfer to the workpiece.
Typically, the coil is made by winding several turns of a highly conductive material, usually
copper. Depending on the application, the coil may be constructed from solid wire, a tubu-
lar structure, or multi-stranded wire. The coil carries the current that generates variable
magnetic fields throughout the system. However, itis also influenced by inductive effects,
which can be classified into the skin effect, the proximity effect, and the ring effect.

The skin effect in the cross-section of each turn in a coil is related to the tendency of
electric and magnetic fields to exponentially decay within a conductor. This phenomenon
becomes significant as the frequency increases. Consequently, at certain frequencies,
the current in the conductor flows primarily near the surface, as the penetration depth
within the material approaches the characteristic size of the cross-section of the con-
ductor. This effect is illustrated in Fig. 1.9a.

The proximity effect is due to the influence of neighboring conductors in the coil. When
explaining the skin effect, we often refer to a single conductor, but in most induction sys-
tems there are usually several conductors (or induction coils) close to each other. Each of
these conductors has its own magnetic field which interacts with the surrounding fields.
Therefore, when placing two conductors next to each other, in addition to the surface ef-
fect, the proximity effect will also influence the current density distribution (Fig. 1.9b). If
the currents passing through the conductors are in opposite directions, more current will
be concentrated in the surface areas between the two conductors. On the other hang, if
the currents are in the same direction, the outer areas will have a higher current density.

Finally, thering effect is a combination of the two previous effects. When a conductoris
forming a loop, asin Fig. 1.9c, the current lines will be concentrated inside the ring, reduc-
ing the current density on the outside. As a result, most of the current will be in the inner
surface layer of the ring. The ring effect can have both positive and negative implications
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(a) (b)

(c)

Figure 1.9. Induction phenomena in the coil: (a) skin effect, (b) proximity effect, and (c) ring effect.

depending on the application. In a conventional induction heating system where the part
to be heated is surrounded by the wire, the ring effect can be beneficial. Together with
the skin and proximity effects, the ring effect will help to concentrate the current inside,
thereby increasing the efficiency of the coil. However, it can have a negative impact when
the aim is to heat the inner surface of a billet.

In some cases, a magnetic flux concentrator (MFC) made of a magnetic material is added
in the construction of the coil. The purpose of these elements is related to their influence
on the magnetic field distribution, which can improve the coupling between the coil and
the workpiece. Different impeder/flux concentrator materials for induction tube welding
systems are demonstrated in [41]. Moreover, numerical simulation and experimental in-
vestigation of MFC is realized in [42], where a novel type of MFC is presented, based on
ferromagnetic particles embedded in ceramic matrix material, so high-temperature me-
chanical stability and good magnetic performance are guaranteed.

Due to the importance of the coil in the induction heating system performance, an ef-
fective design of these components constitutes a key task to achieve successful results.
Different optimization methods and numerical finite element methods for induction coils
for surface hardening are exposed in [43]. Moreover, inductive coils for induction harden-
ing are also optimized in [44] to increase their lifetime. The optimal design of the inductor
shape for transverse flux heating is described in [13] using numerical modeling and opti-
mization techniques. The peculiarity of this design refers to the very slow movement speed
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1.2. INDUCTION HEATING SYSTEMS STRUCTURE

and the target temperature. A numerical optimization algorithm is used in [45] to design a
one-sided transverse flux induction coil.

Focusing more on the electrical behavior of the induction load, this inductor-workpiece
system is seen from the electrical equivalent point of view as an inductive impedance,
[46]. The simplest way of modeling an IH load is the series, Fig. 1.10a, or parallel, Fig. 1.10b,
resistance and inductance equivalent circuit, where the resistance is associated with the
total dissipated power - induced power — and the inductance is related to the total energy
storedinthe system. These two components are named as equivalent resistance, Req, and
equivalent inductance, Leq. Their values depend on the system’s geometry and materials,
the frequency of the AC current, and other parameters.

Figure 1.10. Electrical models of an IH load: (a) series, and (b) parallel.

The parameter that best characterizes the RL circuit is the quality factor, ¢, which gives
the ratio between the reactive power - corresponding to the energy stored in the induc-
tance - and the active power - energy dissipated in the resistance -. In a high-{ circuit
the reactive power is small with respect to the active power. Therefore, quality factors for

wle

series, (s = %=, and parallel, §, = " models are distinguished, [47].

~ Req wleq”

Regardless of the chosen model, the energy behavior of the circuit must always be the
same, therefore, the quality factors of both models must be the same. Thus, the parallel
resistance value is ¢ times the series resistance, [48]. The majority of authors choose
the series model because it is more intuitive, and the calculations are occasionally more
straightforward as the same current circulates through both Req and Leg.

However, both equivalent impedance circuits are linear models which do not properly
catch the frequency response of the IH systems, [43]. Indeed, induction load’s equiva-
lent electrical parameters for different frequencies, Req (f)-Leq (f), are computed in [50] by
means of FEM simulations, E,. Moreover, every inductive load may have a nonlinear be-
havior that will be further described in Section 1.3.

Alternative passive electrical networks have been proposed by some authors to extend
the conditions under which the equivalent response to the IH systems is achieved, always
departing from the structures described in Fig. 1.10. Those networks can mainly be divided
into equivalent modeling by linear network, to match the frequency response in a given
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range, and equivalent modeling by nonlinear models, where it is intended to describe in
part the dependence on the response at variable excitation levels.

1.2.1.1 Equivalent modeling by linear network

Linear networks are used to capture the frequency dispersion in the electrical equiv-
alent response. On the one hand, in literature, Foster's impedance equivalent networks
(Fig. 1.11) have been employed to model the eddy current effects in different electromag-
netic applications. In[51], Foster’s series and parallel circuits are analyzed for transformer
transients.

RZ Rn
NN NN
Yym - L
A\ L L
Yym Yym

Figure 1.11. Foster’s series impedance equivalent network.
The one depicted in Fig. 1.11 has the series configuration and is solved by (1.1).

Z(w) = (R + jwly) + (Ro||jwlo) + ... + (Ry||jwln) (1.1)

Foster's networks are also employed, for example, by [52] to model high-frequency mul-
tiwinding magnetic components, or in [53] with inductances for very large-scale integra-
tion (VLSI) applications. In [54], Foster’s series network is proposed for modeling loads in
domestic induction heating applications.

Different electrical IH load models are presented in [55], from the basic series and par-
allel resistor-inductor equivalent circuits to more improved models taking into account
eddy current effects. In[49], this improved circuit in Fig. 1.12 is explained, where Ry and L;
are the series resistor and leakage inductance, and R,, Rz, L, and Lz are the parameters
corresponding to the magnetic losses and to the flux.

Rs
AAY,
Ly
Y YY)
Rl Ll RZ
ANVN\N— Y YV

Figure 1.12. Equivalent impedance network proposed in [55].
This circuit can be computed by the equation (1.2).
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Z(w) = (R + jwly) + (Ra|| (Ra|| (R3] jwls) + jwLz)) (1.2)

This equivalent network of passive elements proposed by Forest et al. in [55] and [49] is
also employed in other research works to model domestic IH loads, [S6], where the values
of the components of the equivalent network are adjusted to the equivalent impedance
computed from numerical simulations by FEM.

InFig.1.11andFig.1.12, Ry and L; represent, respectively, the DC resistance and infinite
inductance values, both independent of frequency.

In those equivalent networks, series connections of the rest R-L paralleled pairs reflect
the effect of frequency; the more R-L pairs, the more accurate the fitting will be, but the
more complex the analysis. This modelis not very precise at low frequencies, but it works
well at higher frequencies.

1.2.1.2 Equivalent modeling by nonlinear elements

Because of the nonlinear nature of induction loads and the dependence of the equiv-
alent impedance on excitation, a Foster’s series nonlinear network is employed in [54] to
model both frequency and current-dependent behavior of IH loads.

RZ Rn

R, Ly N N
A A— Y Lottt oL
o o

Figure 1.13. Foster’s equivalent nonlinear network.

The circuit depicted in Fig. 1.13 is the same as Fig. 1.11 but employing nonlinear ele-
ments; this model has potential for improvement.

In [57], the equivalent impedance of a domestic IH load is also modeled depending on
excitation current and frequency.

Thereis athird factorthat affects the electrical performance of the IH load: temperature.
In [58], the temperature dependence of domestic induction heating systems is studied
with analytical expressions.

In conclusion, Req and Leq vValues of such load are frequency-, magnetic field-, and tem-
perature-dependent, so electromagnetic-thermal modeling of the inductive load is need-
ed to obtain its complete behavior; among others, [59] couples electromagnetic and tem-
perature fields by FEM. This will be extensively described in Section 1.3.

1.2.2 Power Electronics

The range of power converter topologies used ininduction heating systems is very wide,
as specifications vary from application to application; they are chosen according to the
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frequency and output power needed. Anyway, the main function is the same for each of
them. These power converters are essentially frequency modifiers; that is, they convert
the mains 50 Hz or 60 Hz single- or three-phase power into a higher-frequency single-
phase power. In [60], a review of the state-of-the-art soft-switching power electronics
stages is compiled; in the very first part, power converter topologies are classified.

Depending on the application and the material to be heated, the operating frequency
of the power converter varies greatly; from a few hertz in high-power systems - melting
of metals - to hundreds of kilohertz - surface treatments -. Induction heating systems
rely on power electronic converters to generate medium/high-frequency alternating cur-
rent, which induces heat in electrically conductive materials. The efficiency, reliability,
and power density of those systems are directly influenced by the characteristics of power
semiconductors, [61].

Traditionally, silicon (Si) has dominated the field of semiconductor materials due to its
mature fabrication technology and cost-effectiveness, preparing for significant advance-
ments in solid-state devices. Semiconductor devices employing silicon as the active ma-
terial, including insulated gate bipolar transistor (IGBT) and metal-oxide-semiconductor
field-effect transistor (MOSFET) structures, have become prevalent, particularly in low-
and medium-frequency IH applications. However, Si-based devices are subject to limita-
tions in high-frequency and high-temperature operations, primarily due to their inherent
material properties.

Indeed, the increasing demand for increasing efficiency, higher operating frequencies,
and compact converter designs has facilitated the adoption of wide-bandgap (WBG) semi-
conductors. The materials silicon carbide (SiC) and gallium nitride (GaN] are increasingly
being utilized in power electronics, demonstrating enhanced performance in comparison
to conventional Si-based devices, particularly in demanding applications such as induc-
tion heating, [B1].

SiC devices exhibit superior thermal conductivity, higher breakdown voltage, and lower
switching losses. These properties make them well-suited for high-power and high-tem-
perature environments, [62]. Conversely, GaN devices offer distinct advantages, including
high switching speeds and low on-resistance, which are particularly beneficial in high-
frequency and low/medium-power applications, [63].

Depending on the operating frequency and power level, various power device structures
are employed in induction heating inverters. IGBTs are a popular choice in applications up
to a few tens of kHz due to their high current capability and ruggedness, although their
switching speed is relatively limited. Si MOSFETs are frequently utilized at higher frequen-
cies, ranging from 100 to 500 kHz, where the rate of switching becomes critical. SiC MOS-
FETs and Schottky diodes are being used more frequently to replace Si devices in high-
performance systems. This substitution has the effect of extending the feasible operat-
ing range beyond 1 MHz while reducing cooling requirements. GaN high electron mobility
transistor (HEMT) is now demonstrating its viability as a promising solution for compact,
high-efficiency resonant inverters, particularly within the range of tens to thousands of
kilowatts, [64].

It is noteworthy that silicon carbide devices are being adopted more frequently in IH
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inverters due to their lower switching losses. Consequently, SiC has emerged as the pre-
ferred technology for high-frequency switches. The paper [65] presents a series of prag-
matic technical considerations for the practical implementation of SiC devices in reso-
nant inverters for industrial IH applications. Mareover, the paper [66] puts forward several
propositions to facilitate the provision of intelligence to IH converters and to advance ser-
vices for the integration of IH converters in an Industry 4.0 network. Besides, in [67], the
implementation of GaN technology is proposed in modular induction heating cells. This
approach offers a flexible solution that has the potential to outperform current State-of-
the-Art solutions.

The general power conversion scheme for IH systems is shown in Fig. 1.14. The main
feature of this type of systemis the resonant tank that includes the IH load, composed of a
coiland the workpiece, whose electrical equivalent consists of an inductance, L, in series
with a resistance, R, [68]. The frequency of the current exciting the load can be raised
either with two-stage conversion stages as in Fig. 1.14a or employing direct conversion
asinFig. 1.14b.

AC DC [
Filters + Resonant
DC AC tank
|
(a)
) 4
. AC Resonant
Filters
AC tank
|

(b)

Figure 1.14. Diagram of the power conversion stages with resanant tank including the IH load: (a)
typical AC-DC plus DC-AC conversion, [5], and (b) direct AC-AC conversion.

Regarding Fig. 1.14a, the first AC-DC rectifier stage supplies the DC-bus from the AC
mains voltage. The most straightforward constructions consist of passive diode bridge
rectifiers, although controlled options have advantages. In [69], three-phase Power Fac-
tor Carrector (PFC) rectifier topologies with sinusoidalinput currents and controlled output
voltage are derived from known single-phase PFC rectifier systems and/or passive 3-ph
diode rectifiers. Moreover, a comparative evaluation of four three-phase PFC rectifiers for
industrial applications is realized in [70].

Additionally, sometimes anintermediate DC-DC converterisimplemented further to con-
trol the input voltage of the DC-AC inverter stage. For example, [71] employs an interme-
diate buck converter to adjust the amplitude of the rectifier’s output voltage.

Finally, the DC-AC resonant inverter stage generates the medium/high-frequency cur-
rent that will feed the inductive type load. The different configurations used distinguish
between the type of electronics employed, according to the number of switching devices,
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either single switch [72], [73], half-bridge [74], or full-bridge topologies,[75].

Depending on the structure of the resonant tank, a distinction can be made between LC-
series [76], [77], which stands out for its simplicity; LC-parallel [78], [79], which achieves
favorable working conditions for the electronic inverter but increasing the control com-
plexity; and LLC [80]-[82], which features robustness. Depending on the type of the res-
onant tank, Current Source Inverter (CSI) or Voltage Source Inverter (VSI) topology is em-
ployed [83].

Recently, proposals have also been made for direct AC-AC converters applied to induc-
tion heating, as appears in Fig. 1.14b, [84], but the more significant number of devices to
be switched complicates the generation of gating signals [85]-[87], directly affecting the
cost.

Additionally, there are several proposals for multiple output topologies [88]-[90], mainly
focused on a specific application with the purpose of obtaining a complex power distribu-
tion.

However, our work will focus on the typical stages for power conversion in IH applica-
tions depicted in Fig. 1.14b, whose main blocks will be described as follows. This power
conversion sequence offers a versatile converter able to supply the required power to
loads of varying characteristics while maintaining robust behavior; thus, the controlis fa-
cilitated compared with direct AC-AC converters.

1.2.2.1 AC-DC rectifier

The mains source provides S0 Hz or 60 Hz of alternating current that needs to be con-
verted into a medium- or high-frequency current required by the induction heating appli-
cation. For that purpose, the first conversion stage, which generally consists of a bridge
configuration topology rectifier, converts the mains AC power into a DC-bus.

This stage can be an uncontrolled/passive - composed of diodes - or controlled/active
- thyristors, transistors-. Depending on the specifications, some IH applications require a
Power Factor Carrector (PFC) to ensure a sinusoidal input current and/or increase voltage,
[91].

1.2.2.2 DC-AC inverter

A comprehensive review of high-frequency converters is presented in [92]. Topology
selection, soft-switching technologies, resonant gate drivers, and magnetic components
design and optimization are analyzed.

Quasi-resonant single-switch inverters represented in Fig. 1.15a is the simplest struc-
ture and are the most typical for low-power IH applications due to their cheapness, [93].
In [94], a quasi-resonant ZVS-PWM inverter with PFC is proposed for a domestic IH applica-
tion.

In [95], a method to improve the reliability of half-bridge (HB) series-resonant inverter
for high-frequency IH applications is presented, as can be seenin Fig. 1.15b.
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(b]

Figure 1.15. Typical inverter topologies for IH systems: (a) quasi-resonant single-switch, (b] half-
bridge, and (c) full-bridge.

The full-bridge (FB) topology in Fig. 1.15c is proposed in [96] for induction metal surface
hardening. Control techniques for the FB inverter are evaluated in this paper, which is
further analyzed afterward.

1.2.2.3 Resonant tanks

Nowadays, all or almost every induction heating system uses resonant circuits [92] at
the output of the inverter stage to achieve high efficiency and power densities. The func-
tionality of resonant circuits and the most commonly used topologies are described in the
following lines.

An inductor-workpiece load can be modeled with an equivalent resistance, Req, and in-
ductance, Leq, depending on the model, connected in series or parallel. This IH load de-
pends on the exciting current frequency and envelope, and the temperature of the mate-
rial. Thus, for complete modeling, equivalent impedance networks are employed, as de-
scribed in the previous section.

Then, additional capacitors and inductors are added to complete the resonant tank. Ca-
pacitive and inductive impedances are balanced by working at a frequency called the res-
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Figure 1.16. Typical IH resonant tanks: (a) series, (b) parallel, and (c] LLC.

onant frequency. At this point, all the power entering the circuit is active, and the system
works at maximum efficiency.

The most common structures are second-order circuits connected in series, as shown
in Fig. 1.16a, or parallel, Fig. 1.16b, and the combination of both, Fig. 1.16c, would be a
third-order resonant circuit. Those resonant circuits are explained and detailed in [97].

A series-resonant circuit is commonly used in VS| topologies; when the switching fre-
quency is above resonance, that is, Zero Voltage Switching (ZVS) is achieved, avoiding the
switching on losses. However, parallel resonant circuits are usually used in CSls, reduc-
ing currents through switches and allowing Zero Current Switching (ZCS) operation, [65]. In
Table 1.1, the comparison of voltage-fed and current-fed inverters is summarized.

Table 1.1. Characteristics of VSl and CSI topologies.

Voltage-fed

Current-fed

Capacitive DC filter
Square voltage
Sinusoidal current
Series resonance
Load current = output current
Voltage x ¢
Low ¢ loads

Finally, the hybrid series-parallel LLC config
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Inductive DC filter
Sinusoidal voltage
Square current
Parallel resonance
Load voltage = output voltage
Currentx ¢
High ¢ loads

uration combines the advantages of the two
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previous structures, being the most widely used topology in high-power industrial appli-
cations [81], [82].

Additionally, matching transformers are widely used in induction heating applications
between the output of the inverter and the resonant tank. The inductive load is placed
on the secondary side, and the resonant capacitors can be connected even to the pri-
mary or secondary side, depending on the resonance condition, [98]. For example, in [99],
the compensated capacitors are distributed between both sides to achieve self-starting
switching.

1.2.3 Control Strategies for Induction Heating Power Converters

Focusing on modulation strategies, different methods can be applied to vary the power
delivered to the inductor-workpiece system. Taking advantage of the resonance curve of
the IH systems, Pulse Density Modulation (PDM] is usually applied, [100]; this control strat-
egy allows the inverter to operate near the resonant frequency for different output power
levels, [101]. The PDM inverter makes an induction heating system simple and compact,
leading to higher efficiency, [102]. PDMis a form of modulation to represent an analog sig-
nal with a binary signal, where the relative density of the pulses corresponds to the analog
signal’s amplitude. Indeed, Pulse Width Modulation (PWM] is a particular case of PDM with
a fixed switching frequency.

Onthe other hand, inthe case of using full-bridge inverters, itis possible to apply Phase-
Shift Modulation (PSMJ, [103]. PSM consists of varying the phase of the carrier between a
certain number of discrete values. While in the conventional phase modulation the phase
variation is continuous, in PDM, it is a digital signal, so the number of states are limited.

Furthermore, several methods for resonant inverters in IH systems have been proposed
regarding controlvariables; but the general schemes do not vary so much from one method
tothe other, almost every of them are based on proportional-integral (PI) and phase-locked
loop (PLL) regulators.

In controltheory, aPlregulatoris atype of feedback controller used to maintain a desired
output in a system by adjusting the error between the real output and desired setpoint; in
this case, proportional and integral controls are combined to eliminate the error. A single
proportional regulator can also be employed, or it can also be combined with a derivative
controller, composing a proportional-integral-derivative (PID) regulator. Else, a PLL is a
feedback control system that adjusts the phase of a generated output signal to suit the
phase of an input signal.

In [104], output power and switching frequency are regulated, respectively, based on
diagrams depictedin Fig. 1.17and Fig. 1.18. The power controlis realized by regulating the
voltage to reach the power reference. Additionally, the switching frequency is taken near
resonance by decreasing the phase shift between the voltage and current waveforms, or
in other words, making the reactive power close to zero.

In [105], similar controls are proposed to improve the efficiency of parallel LLC reso-
nant inverters, combining both output power control in Fig. 1.17 and phase shift control
in Fig. 1.18, which aims to reduce effective current reducing conduction and switching
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losses and improve power transfer efficiency; they consider ZVS operation, output power
variations, and load changes. In [106], the same scheme is again proposed to control the
output power; here, they use aPIDregulator. Moreover, in[107]and [108], the output power
of a series-resonant inverter is regulated based on online equivalent load estimation.
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Figure 1.17. Power/current control general diagram.
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Figure 1.18. Frequency control general diagram.
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In[109], the power transmitted to the induction coil is controlled in a single-phase volt-
age source inverter with LLC resonant load. This power is regulated by means of the in-
verter’s output current or voltage controls employing Pl regulators as in Fig. 1.17.

A single-switch quasi-resonant DC inverter is studied in [93] modeling a variable load
current, frequency, and temperature dependent. The output power is controlled based on
aPlregulator asin Fig. 1.17 but employing the pulse frequency modulation (PFMJ.

The power control of a full-bridge resonant inverter for an induction hardening process
is analyzed in [96]. The control is implemented digitally. Controls based on the input DC
voltage and the PDM appear suitable for the surface metal treating for large temperature
variations. Moreover, output poweris alsoregulatedin [110] for a series-resonantinverter.

Currentis controlled in [111] employing a similar similar scheme as in Fig. 1.17, but with
current measurement and reference and employing a shift-phase control. A single-phase
voltage source inverter feeding a parallel resonant IH load is analyzed.

Regarding multiphase induction heating systems, on the one hand, three concentric
inductors supplied by three resonant current inverters for metal sheets is presented in
[11]. Atthe end, a control of the effective current through each coil is proposed employing
a similar scheme as in Fig. 1.17, with current inputs. On the other hand, an equal system
is analyzed in [112] employing a resonant control to achieve a perfect current reference
tracking.

A PLL based on the concept in Fig. 1.18 is employed [113] to track the resonant fre-
quency. A series-resonant DC-DC converter is studied in for high-power density and high-
efficiency applications, with an LLC resonant tank.

Billet temperature control is proposed in [114] by using a feedback temperature mea-
sured at one point within the volume. An optimal control algorithm is presented for that
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purpose. When controlling temperature, one of the difficulties is estimating the temper-
ature of the object being heated. In [115], non-contact temperature measurement is pro-
posed through radiation. A wireless temperature measurement induction heating using
an Au-coated ferromagnetic implant is proposed in [118]. The main disadvantage of using
thermocouples in IH systems is that they get affected by the electromagnetic field in the
surroundings, giving erroneous results. In[117], aK-type thermocouple is used to measure
the temperature of the workpiece and compared with a commercial IR sensor. Moreover, a
procedure to measure high-temperature gradients during raping heating of an induction
dilatometer is proposed in [118].

Other works suggest temperature control based on data obtained from previous analy-
ses. For example, in a hot rolling production line, [119] proposes an artificial neural net-
work to establish the temperature prediction model considering the factors that cause the
billet temperature rise concluded from the electromagnetic analysis.

1.3 Electromagnetic-Thermal Modeling of Induction Loads

Especially focusing on industrial applications, the same workpiece can be treated under
different operating conditions, e.g., a higher frequency is needed for induction hardening
than for melting. The operation point is determined by the current flowing through the
inductor. In addition, not only the heat treatment type but the load’s characteristics also
vary depending on the working frequency and current level. In other words, the equivalent
impedance of the inductive load depends on the magnetic field level and frequency due to
the BH-curve and skin effect, respectively.

Temperature is also a factor that modifies the properties of materials, particularly at
temperatures above Curie point. Such change of properties directly influences the elec-
trical behavior of the inductor-workpiece system, which must be predicted to properly an-
alyze the power converter supplying the heating system. The basis of an industrial hard-
ening process is to exceed the austenizing temperature in the area to be processed and
afterward create the martensite layer, the hardened one, through the rapid cooling of the
austenite. It is worth mentioning that this austenizing point is above the Curie tempera-
ture; therefore, modeling the load at high temperatures is a key factor when designing and
foreseeing this type of IH processing.

1.3.1 Electromagnetic-Thermal Modeling

Each IH process is a challenging combination of three phenomena: electromagnetism,
heat transfer, and metallurgy. In other words, it is a multiphysical problem, [120]. Electro-
magnetic-thermal numerical simulations are needed to fully describe this behavior, [121].

The computation of a IH system can be simply done by analytic equations as detailed
in [47]. However, numerical modeling has become essential in various fields, and IH sys-
tems are one of those, for example, [122]-[124]. Therefore, the focus of this work will be
on numerical models. In [125], different electromagnetic-thermal analysis programs and
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methods of calculation are mentioned.

There are different methods to apply numerical modeling. The Finite Difference Method
(FDM] is a well-known approach where partial differential equations are discretized on a
grid, and the derivatives are approximated using finite differences; this method is em-
ployed, forinstance, in [126]. The Finite Element Method (FEM] is better suited for handling
complex geometries and boundary conditions, [127]. It divides the domain into smaller
elements and approximates the solution within each node, allowing for a more accurate
representation of the problem. The Boundary Element Method (BEMJ, on the other hand,
focuses on transforming the partial differential equation into an integral equation on the
boundary of the domain, which can be advantageous for problems with infinite or semi-
infinite domains, [128]. Other works, such as [129], [130], propose hybrid FEM-BEM maodel-
ing for induction heating processes. Other numerical methods like Large Eddy Simulation
(LES) are also used in various industrial processes where liquid metal is driven by electro-
magnetic forces, but are more intended to compute turbulent recirculating flows, [131].

Numerical computations based on FEM are regularly employed and commonly used to
model IH systems, considering the material’s nonlinear properties. In this way, accurate
modeling is achieved under a wide range of operational conditions so that the control of
the supplying power electronics influenced by the variable behavior of the load can be
properly designed.

1.3.1.1 FEM-based electromagnetic-thermal modeling

The fundamentals of the electromagnetic modeling are described in [132]. Almost ev-
ery FEM simulations are based on the very known Maxwell’s differential equations in (1.3),
which are described in [133].

V:-D=p
V-B=0
_ OB (1.3)
V X E= 9
oD
VXH—J-FE

The general algorithm used by FEM tools to couple the electromagnetic and thermal
analyses is depicted in Fig. 1.19. In [134], a coupled electromagnetic-thermal transient
finite-element solution for modeling IH of ferromagnetic materials is presented based on
the mentioned algorithm.

In three-dimensional domain, the same algorithm is used, for example, by [135] for in-
duction surface hardening, in [136] and [137] for tube welding; moreover, in [138], a com-
mercial FEM tool, ANSYS®, is used to model induction press hardening and heating of com-
plex disks, respectively.

In [140], FEM is used to couple electromagnetic and thermal analyses with hardness
fields; they present both mathematical models and experimental results. [141] also stud-
ies metallurgical aspects by FEM, apart from electromagnetic-thermal analysis.
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Figure 1.19. Coupled electromagnetic and thermal analyses by FEM, frequency-transient study,
[139].

Induction heating for hot metal forming increases the production rate and improves en-
ergy efficiency. However, it is a complex task because the heated parts are pre-shaped
with holes and cutouts. In [142], a FEM and experimental investigation is carried out to
optimize a single-stage IH process for hot forming of pre-shaped blanks.

In [143], an induction hardening problem is divided into simpler ones and the electrical
regime is optimized by FEM. Moreover, a multi-surrogate multi-objective decision-making
optimization algorithm for IH systems design is presented in [144]. The electromagnetic,
thermal, and metallurgical fields are coupled in [145] for a multi-fidelity framework. Induc-
tion mass heating is modeled in [146] based on multiple-criteria optimization. In [147], dif-
ferent multi-objective approaches for the design and control of electromagnetic devices
are investigated.
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1.3.2 Material Properties

Electromagnetic-thermal modeling of the system permits accurate analysis of such be-
havior, but the computational cost, in that case, is very high and requires precise charac-
terization of the properties of the load. In this subsection, the material’s magnetic, elec-
trical, and thermal properties will be briefly described, departing from research works as
[148].

1.3.2.1 Magnetic properties

Magnetism is a fundamental property of materials that has been extensively studied and
applied in various fields, from electronics to biomedicine. Three main categories are em-
ployed to classify the magnetic properties of materials: ferromagnetism, diamagnetism,
and paramagnetism.

Each materialis classified into one of these groups, considering itsrelative permeability.
Ferromagnetic materials have arelative permeability much higher than 1, meaning they are
easily magnetized and exhibit a strong magnetic response to an external magnetic field.
However, diamagnetic materials weakly oppose the magnetic fields as their relative per-
meability is slightly less than 1. In contrast, magnetic fields softly attracted paramagnetic
materials due to the relative permeability value a bit greater than 1. But for practical ap-
plication, diamagnetic and paramagnetic materials are considered non-magnetic.

Hysteresis has been mentioned as one of the properties of magnetic materials; in litera-
ture, there are different models of magnetic hysteresis. The Preisach model of hysteresis,
which was first proposed in 1935, describes a ferromagnetic material as a network of in-
dependent small magnetized domains [149]. The Stoner-Wohlfarth model (1948] is widely
used for modeling small magnetic particles, as it is a suitable model for the magnetization
of ferromagnetic material with single domains [150]. In 1984, the Jiles-Atherton model
was introduced [151], which consists of calculating hysteresis parameters from experi-
mental magnetization measurements departing from the anhysteretic susceptibility, the
coercivity, remanence, and the coordinates of the hysteresis loop [152].

When modeling IH systems, anhysteretic BH-curves are employed, but the complexity
comes from the nonlinearity of the material’s magnetic properties according to field levels
and temperature. In the past, some efforts have been devoted to measuring BH-curves of
magnetic materials at different temperatures, [153]-[155]. Moreover, [156] measures the
magnetic saturation of steels through a vibration sample magnetometer and proposes a
method to extrapolate the BH-curve.

Departing from the measurements, different equations have been proposedin the litera-
ture to compute the equivalent nonlinear magnetization characteristic of materials, [157].

According to IH systems, going from the simplest to the more complex ones, three BH-
curve equations are compared in [158]: simple potential model, Frohlich model, and in-
verse tangent approximation. Frohlich approximation of the nonlinear BH-curve is also
employed in [159], [160], emphasizing its accuracy and simplicity. The Langevin function,
which is used to determine anhysteretic magnetization in the Jiles-Atherton model, is em-
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ployed by [161] to describe the magnetic properties of soft materials. A more complex ap-
proximation is named Analytic Saturation Curve (ASC), whose equation was employed for
the first time in [162]. In [153]-[155], temperature dependence is added to this expres-
sion as an exponential function. Furthermore, the ASC with knee adjustment is proposed
by [163]. [164] also proposes this same equation, identifying the magnetic properties us-
ing neural networks. In Appendix A, all the mentioned BH-curve models are detailed and
compared between them.

On the other hand, there are works [161], [165], [166] that compute a nonlinear equiva-
lent magnetic permeability to assure the same performance with IBC method.

1.3.2.2 Electrical properties

Electrical resistivity or specific electrical resistance, p, is a specific property that mea-
sures how strongly a material opposes electrical current. In fact, electrical conductivity,
o, is the reciprocal of p.

Regarding how the electrical resistivity behaves with temperature, it is often simplified
as a linearized approximation:

p(T)=po(L+a(T—To)), (1.4)

where p is the electrical resistivity, « is the temperature coefficient of resistivity, Ty is a
fixed temperature reference - usually ambient temperature-, and pq is the resistivity at
temperature Tq. The temperature coefficient a is an empirical parameter obtained from
measured data, and it differs for different reference temperatures.

According to metals, in general, electrical resistivity increases with temperature. At
low-mid temperatures, the resistivity follows a power law function of temperature, which
can be mathematically approximated with the Bloch-Griineisen formula proposed in [167].

However, in [153], the temperature dependence of the electrical resistivity is simplified
for an IH process, in which two linear equations are proposed changing the slope at the
phase transition near the Curie temperature.

Prediction of electrical resistivity from the chemical composition of a plain carbon man-
ganese steel is performed in [168], employing regression-based and artificial neural net-
work-based models.

1.3.2.3 Thermal properties

The thermal properties of interest in induction heating systems are the heat capacity,
Cp, and the thermal conductivity, k. The former is a property that indicates how much a
material resists temperature changes, while the latter, as its name suggests, describes
the ability of such material to conduct heat. In [169], these two parameters are obtained
depending on temperature for the different materials, from ambient temperature to be-
yond the Curie point. The heat capacity is principally affected by the phase transition of
the material; its temperature-dependent graph shows a significant peak value around the
Curie point.
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Convection and radiation heat fluxes at the surfaces might also be considered, as they
are the reason for dissipating part of the heat, [170]. Heat convection is the transfer of
heat from one place to another through fluid movement. Heat radiation, on the other hand,
is caused by the electromagnetic radiation emitted from a surface into its environment.

On the other hand, especially for hardening processes, the numerical simulation of the
metal quenching process is performed in [171], using FEM to couple temperature, phase
transformation, and stress-strain fields. Heat transfer coefficients for quenching pro-
cesses are obtained in [172]. Precisely, quenching in water using steel probes for a variety
of iron alloys is studied in [173].

1.3.2.4 Mechanical properties

The induction heating process involves the aforementioned three phenomena. The me-
chanical properties will be briefly mentioned, due to theirreduced importance for this the-
sis, to conclude this section.

The mechanical properties of microalloyed steel (MAS) are established in a comprehen-
sive database by [174], at temperature ranges from room to 550 °C. First, chemistry, hard-
ness, and microstructure are analyzed; then, physical and tensile properties are studied;
effect of long term thermal exposure is also evaluated; and, finally, oxidation and engine
testings are realized. Moreover, in [175] a mechanical model is developed to be employed
in FEM simulations of an IH system. [176] also models the mechanical phenomena, but in
this case, to study a hard turning process.

1.4 Dynamic Modeling

The general scheme of a dynamic simulation model is depicted in Fig. 1.20. It is usually
based on a dynamic load highlighted in green, which is dependent on output parameters
obtained by parameter sensing. The dynamic load may be preceded or followed by struc-
tural systems.

DYNAMIC LOAD

Figure 1.20. General scheme of a dynamic simulation model.

The dynamic behavior of the inductor-workpiece load has been described in some works,
although it is not fully captured due to the complex dependencies of the physical proper-
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ties of the inductor, [177]. On the other hand, some works have been devoted to studying
the dynamics of power converters applied to induction heating. An analysis based on ex-
perimental results is proposed in [178].

In [179], the dynamics of the induction load is studied by applying phase shift control,
and in [180], an analysis of the dynamics of a matrix power converter is performed but
both focused exclusively on the circuit behavior of the IH load, which need to be properly
identified.

Other research fields regularly employ dynamic models. For example, in [181], a power
hardware-in-the-loop is simulated to analyze the effects of real variable speed heat pump
and battery energy storage systems in a building. A data-driven rolling optimization con-
trol approach is presented in [182] to handle the dynamics of the virtual energy storage
system. Moreover, a variable refrigerant flow system is modeled in [183] to predict its per-
formance for model-based control, fault diagnosis, and detection. Furthermore, a model
predictive control strategy is proposed in [184] to reduce the cost of installing energy stor-
age to islanded microgrids.

1.5 O0bjectives and Scope

Ina few words, induction heating is a heating process of an electrically conductive ob-
ject, usually a metal, by means of electromagnetic induction. Induced currents are gener-
atedinside the aforementioned conductive object and tend to heat the material due to the
Joule effect. In case of magnetic materials with significant values of relative permeability,
the heating process can become more effective.

Induction heating is used in several fields, such as industrial, medical, and domestic
applications. This technology stands out for its efficiency, heating velocity, security, and
very precise control. Its efficiency depends mainly on the ratio between the resistance
of the coil and the equivalent resistance of the material to be heated. Moreover, the op-
timization of the coils’ geometry is important when it comes to the homogeneity of the
heated parts. Even more, the material’'s magnetic and electric behaviors should be prop-
erly described for a correct characterization of the system.

Coming back toinduction heating processes, many impedance equivalent network mod-
els have been suggested in previous literature to model the load depending on the mag-
netic field's frequency, which have been described in previous pages. However, the mag-
netic field level's influence on the load behavior, caused by the heated material’s nonlin-
ear BH-curve and reflected in the coil current’s envelope dependence, is less analyzed.
Furthermore, the induction load’s temperature dependence is also critical as it directly
influences the behavior of the power converter’s control dynamics.

1.5.1 Thesis Framework and Methodology

This thesis is framed in the industrial applications of induction heating. In this frame-
work, we will study induction heating application conditions that are not very usualin this
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field but can be expected to provide improved heat treatments with respect to the present
ones. These conditions may include the use of lower frequencies than usual in this field.

The proposed methodology includes both finite-element study and electrical simulation
activities as well as experimental developments. As for the simulation activities, the prob-
lem will be approached from a multiphysical point of view by coupling the electromagnetic
and thermal aspects of the problem. In this way, the aim is to explore the benefits that the
use of non-standard working conditions could bring to the thermal treatments.

As for the experimental activities, the development of a versatile test bench is planned,
including a variable current generator, a sensor system, and the automation necessary for
the verification of the planned heat treatments.

1.5.2 General Objectives

The working method of this research project will be a combination of simulations and
experimental tests. First, a combination of electromagnetic-thermal finite-element simu-
lations and electrical software simulations will be developed. Moreover, those simulations
will be validated in an induction hardening testbench.

These are the general objectives that arise under the main goat:
Goal 1: Obtain technical knowledge about induction heating systems.

That is, SoA of induction heating technology; analyze at which stage is the investi-
gation about IH systems. Gain knowledge about its history and future, basics (defi-
nitions, equations), advantages (compared to other heating methods), and different
processes (focus on industrial ones). Study thoroughly the power electronics tech-
nologies needed for [H (different converter topologies, control strategies, etc.). Also
find information about the fundamentals of FEM simulations and other calculation
methods.

Goal 2: Ability to simulate different induction heating processes by finite-element
method.

Different FEM models will be employed to foresee the performance of the system. A
coupled electromagnetic-thermal model of the induction load will be developed.

Goal 3: Optimize the operating point of the power electronic converter that feeds the
inductor.

The FEM models will be coupled with an electrical circuits simulator to better study
the behavior of the power converter and its control dynamics.

Goal 4: Carry out induction heating tests.

One of the aims of this thesis is to employ the induction hardening testbench to
validate the assumptions and simulations carried out during the development of the
PhD studies.
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1.5.3 Chapters Overview

This thesis document is structured as follows: first, the thesis topic has been intro-
duced in this Chapter 1. Now, the nonlinear load will be modeled by a commercial FEM
tool in Chapter 2, where electromagnetic and thermal models of induction loads will be
developed step by step. In Chapter 3, the power electronics of the analyzed system will
be described. Then, in Chapter 4, the proposed dynamic model of the nonlinear induc-
tion load under study will be detailed, followed by the electrical simulation of the heating
process. To validate the model, the simulation results will be compared with some exper-
imental measurements in Chapter 5. Finally, the work will be summarized with the most
meaningful conclusions in Chapter 6, and some interesting future lines will be proposed.
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Chapter 2

Electromagnetic-Thermal
Modeling of the Induction
Heating System by Finite
Element Method

This chapter presents a thorough examination of the numerical modeling of the induction
heating system analyzed in this thesis. The main purpose of the industrial induction sys-
tem under study is to conduct metallurgical treatment on a cylindrical steel component,
which represents a typical load in industrial environments. Initially, the chapter will detail
the computational characterization of the system’s electromagnetic behavior. This will
be followed by an overview of the key aspects of the thermal modeling process. Subse-
quently, an integrated electro-thermal model will be developed to effectively couple both
electromagnetic and thermal behaviors. Finally, the chapter will focus on the system as it
pertains to the specific material of interest, namely 42CrMo4 steel, also referred to as AlSI
4140. This material is widely recognized in the industry for its applications in the manu-
facture of various machine components across a broad spectrum of uses.






2.1. MODELING OF INDUCTION HEATING SYSTEMS

2.1 Modeling of Induction Heating Systems

The process of material treatment through induction heating involves the interaction
among three primary phenomena: electromagnetic behavior, heat transfer, and metal-
lurgy techniques. Achieving accurate results in computational analyses necessitates a
careful consideration of these multifaceted effects and their interconnections. This com-
plexity often results in significant computational costs, and various challenges must be
addressed due to the coupling between different behaviors. To effectively manage these
challenges, the focus of numerical modeling will be on finite element analysis, which is
a well-established methodology specifically suited for this application and is widely uti-
lized in the modeling of induction heating systems. Initially, the uncoupled phenomena
will be explored individually before advancing to the development of a coupled model. The
finaloutcome willbe a comprehensive simulation model that integrates specific behaviors
relevant to the process.

The electromagnetic phenomenonis the fundamentalreason behind the inductive heat-
ing of a workpiece, acting as the primary source of heat generated at its surface. Ininduc-
tion heating systems, power is transferred from a coil, which generates a variable electro-
magnetic field when supplied with a periodic current. This electromagnetic field induces
currents in the workpiece—in this case, typically a metal billet—resulting in heat genera-
tion due to Joule heating, where energy is dissipated as heat due to electrical resistivity
of the material under treatment.

A defining feature of IH systems is their capacity to transfer heat without any direct
physical contact with the workpiece, particularly at the surface level. This capability is
predominantly due to the skin effect, a phenomenon where the induced currents tend to
flow near the surface of the conductor, thereby allowing for localized heating. This unique
heating method enables the application of high power levels to specific regions of the
material almost instantaneously, facilitating complex thermal treatments and processes
such as hardening, annealing, or melting, tailored to the material’s requirements.

AtypicallH system consists of a coiland a power electronic converter. The coil is essen-
tial for generating the electromagnetic field necessary for inducing currents in the work-
piece. To accurately model the electrical behavior of the workpiece-coil system, we often
use a simple equivalent circuit composed of an equivalent resistance and an equivalent
inductance, which can be configured either in series or in parallel.

The equivalent resistance represents the power transferred from the coil to the work-
piece, capturing the fundamental energy flow. However, it also accounts for minor contri-
butions from power losses occurring in the coil itself, which can be due to resistive heat-
ing and other inefficiencies. Conversely, the equivalent inductance is associated with the
magnetic energy stored within the system. The workpiece significantly influences this in-
ductance, as its presence modifies the magnetic field distribution generated by the coil.

Both the equivalent resistance and inductance are highly sensitive to the geometry and
physical characteristics of the waorkpiece, including its dimensions, shape, and material
properties. Additionally, the characteristics of the external electromagnetic field—such
as frequency and intensity—further affect these parameters. It is particularly noteworthy
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that the magnetic properties of the load exhibit linear responses at low excitation levels;
however, as excitation levels increase, nonlinear effects, such as saturation phenomena,
become critically important. These nonlinearities can introduce complex behaviors in the
system, making detailed analysis and modeling increasingly challenging and demanding
a more nuanced understanding of the electromagnetic interactions at play.

After the electromagnetic heat dissipation is obtained, the system’s thermal analysis is
carried out. Here, conductive heat transfer is the dominant process. The thermal conduc-
tivity defines the rate at which heat diffuses through the conductive areas, while the spe-
cific heat capacity determines the energy needed to increase the temperature a degree
per mass unit. Both thermal parameters depend on the material’s temperature and mi-
crostructure. Itis worth mentioning that during both heating and quenching, there are var-
ious microstructural phase changes, so that the thermal properties can change abruptly.
However, to a lesser extent, some of the power is dissipated on the workpiece surface due
to convection and radiation heat losses but it just reduces the effectiveness of the heat
transfer to the workpiece, thatis, the net power delivered into the load is almost the totally
power transferred by the induction process.

Regarding the metallurgical aspects, during a phase transformation of a material, at
least one new phase is formed with different structural properties and physical character-
istics from the parent phase. Most transformations do not happen immediately; instead,
they start with forming many small particles of the new phase, which gradually increase
in size until the transformation is complete. However, this analysis is beyond the scope of
this thesis.

Various methods are used to analyze the behavior of the inductor-workpiece system,
and they can be broadly categorized into two main groups: analytical methods and nu-
merical methods. Analytical methods have been used since the early days of IH for sim-
ple geometries and linear materials. However, as the processes and geometries became
maore complex, these analytical methods proved insufficient for further analysis. Numeri-
cal computingisincreasingly utilized in industry, and its role is expected to expand. Some
numerical methods have been described and cited in Chapter 1. In this work, a commer-
cial finite-element method tool, COMSOL Multiphysics®, [185], is employed to simulate the
numerical model of the induction system under study.

2.2 Computational Model of the Induction Load

The industrial application of induction heating involves the integration of electromag-
netism, heat transfer, and metallurgy. Consequently, numerical simulation tools that uti-
lize multiphysics analysis are essential for developing an electrical model of the inductor-
workpiece system. This modeling is necessary to describe and optimize both the system
and the associated power electronics.

Inthis thesis, electromagnetic modeling willbe conducted using frequency domain sim-
ulations, which provide a good balance between result accuracy and computational cost.
For the heat transfer and metallurgy processes, we willemploy transient thermal modeling.
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This approach incorporates the properties of the workpiece by defining the temperature
dependence of thermal conductivity and capacity, as the phase transitions related to the
microscopic internal structure of the material show a strong dependence on these param-
eters.

Initially, we will separately describe both types of simulations using simplified charac-
teristics. Subsequently, incremental models will be developed to construct a comprehen-
sive electric-thermal coupled model. Finally, specific characteristics will be included to
achieve a complete model that captures the main features of the induction heating sys-
tem. A key focus will be on determining the equivalent impedance of the induction heating
system.

2.2.1 Electromagnetic Modeling

The electromagnetic model of the workpiece-inductor system will be based on several
key assumptions specific to this configuration. First, capacitive effects will be ignored,
as they only become significant at frequencies much higher than those typically used in
this type of system. Instead, we will focus solely on inductive effects, which are associ-
ated with current densities within the system. No current discontinuities will be observed
because no current accumulation are allowed under the assumptions taken for the simu-
lation.

The physical properties of the materials in the system will influence the characteris-
tics of the electromagnetic fields. In particular, if any of the materials exhibit magnetic
properties, indicated by their relative permeability in linear form, the fields in the system
will be enhanced. Moreover, as is typical in induction systems, currents will be induced in
materials with electrical conductivity. These induced currents will be affected by the skin
effect, which causes them to concentrate near the surface of the conductive materials.

Obviously, the starting point of electromagnetic modeling is Maxwell’s equations, [133].
Because of the characteristics of the problem, it is appropriate to use the decomposition
using the electric potential, I/, and the magnetic vector potential, A, as given below, [134],
[163]:

OA
and

B=V xA (2.2)

It is important to understand that electric charge densities create electric potential, V,
while magnetic vector potential is generated by electric current densities. Since the in-
ductive behavior is fully described by the magnetic vector potential, A, we can disregard
the electric potential in our analysis. Consequently, the electric and magnetic fields rel-
evant to the IH system can be expressed as E = —% and the magnetic field is given by
B =V x A, respectively.

In addition, a magneto-quasi-static approach can be applied to the IH system, as the
contribution from radiation is less significant. This assumption implies that the displace-
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ment current in Ampére’s law can be considered negligible, which means that Jy = 2—5’ =0.
Under these conditions, the electromagnetic model of the system simplifies to solving the
following partial differential equation throughout the entire system, derived from Maxwell’s

equations, [36], [186]:

iVZA — UE == _Jcoil [23]
where o is the electrical conductivity and p is the magnetic permeability of the material
media. The field's sources of the magnetic vector potential are given by the external cur-
rent density in the coil J.o;, which typically corresponds to the homogenized distribution

of the current in the cross-sectional area of the coil’s turns.

The preceding expression relates to a parabolic diffusion equation that is solved in the
transient regime. The computational cost associated with this time-domain simulation
is exceptionally high, often leading to convergence issues or prolonged simulation times.
However, given the characteristics of the power electronics and the resonant tank em-
ployed, the current supplied to the coil aligns with the fundamental harmonic of the op-
erating frequency. Therefore, we can utilize a frequency domain approach, resulting in
a significant reduction in computational cost. In the context of eddy current problems,
obtaining results in the frequency domain is generally more straightforward. Under this
regime, the fields are substituted by a complex amplitude, and the time derivative oper-
ator is replaced by the operator jw, where w is the angular frequency associated with the
working frequency of the power converter, simplifying the solution to the following equa-
tion:

L%~ jwoh = 3 (2.4)
W

where the angular frequency is w = 2xf.

One of the aims of the finite-element modeling of induction heating systems is to obtain
the electrical equivalent of the induction load. For that purpose, first, the induced voltage
in the coil Vinq is calculated by integrating the electrical field on the coil’s turns, as it is
given as follows:

Ving = —/ E-ar (2.5)
coil

By defining the longitudinal electric field along the turns as £, = E-T, equation (2.5) can
now be rewritten as:

Vind = —/ E”df [26]
coil

It should be noted that the effect of induced currents in conductive materials has two
significant implications. First, the induced voltage in the coil is complex valued, with the
real component exceeding zero. Second, this induced voltage is indeed frequency depen-
dent, meaning its value varies based on the operating frequency of the converter.
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The previous expression corresponds to coils made up of filiform turns. However, con-
sidering turns with a cross-sectional area denoted by Sy, it can be convenient to rewrite
the equation as:

turn

1
Ving = — E\d 2.7
’ S /Vcol ” ’ [ ]

where Vg corresponds to the whole volume of the coil.

Dividing such induced voltage by the coil’s excitation current, the complex impedance
is obtained. The equivalent resistance and inductance values are directly calculated due
t0 Zeq = Req + jwleq. This calculation is analytically expressed as [501:

Zeq = Vg __ 1 1 / Eav, (2.8)
Veoil

/Coil /coil S‘furn

where /eq; is the current amplitude flowing through the coil and £ is the aforementioned
longitudinal electric field to the turns of the coil.

Typically, the electrical properties of an induction heating system are characterized nu-
merically by the frequency-dependent equivalent resistance, Req(w), and the equivalent
inductance, Leq(w). These values can be accurately determined through Finite Element
Method (FEM] simulation in the frequency domain by varying the excitation frequency.

2.2.2 Thermal Modeling of the |H System

The thermal modeling of the induction heating system must take into account its intrin-
sic characteristics. First and foremost, the coil and the workpiece can be considered es-
sentially isolated because the space between these two elements is filled with air, which
can be assumed to act as a thermal insulator. Additionally, in industrial applications, the
thermal behavior of the coil can be largely neglected, as the water-based cooling system
prevents any overheating of this component. Consequently, the thermal simulation should
focus primarily on the thermal behavior of the workpiece.

When conducting a thermal simulation of a workpiece, two key factors must be con-
sidered. Firstly, in induction heating systems, the heat source is related to the induced
currents, which are significantly influenced by the skin effect. This means that the heat
is concentrated in a thin layer close to the surface of the workpiece. Secondly, the main
variable analyzed in this type of simulation is the temperature, T, at each point within the
workpiece. Given the high power levels involved, it is common to observe large tempera-
ture gradients, which result in rapid heat transfer throughout the component.

According to heat transfer fundamental theory, [170], heat is transferred through three
primary mechanisms: conduction, convection, and radiation.

+ Conduction: also known as heat diffusion, this process involves heat transfer within
a solid or fluid, and arises from the exchange of kinetic energy between atoms. The
empirical constitutive law of heat conduction is written as:
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QCond - _kvr, [29]

where k is the thermal conductivity, VTis the temperature gradient, and geong is the
heat flux by conduction.

+ Convection: this mode transfers heat from one location to another through mass
transfer, and it just happens in fluids. The heat transfer by convection at a surface,

Joonv, 1S given by:

Qeonv = h (Ts - TO) s [210]

where h is the convection coefficient, Ts is the surface temperature, and Ty is the
ambient temperature. The impact of this process becomes notable when the part is
subjected to quenching through a water shower because it is equivalent to a rapid
increase in the convection coefficient.

+ Radiation: itinvolves electromagnetic radiation emitted from a body to its surround-
ings. Notably, this is the only mode of heat transfer that does not require a material
medium to occur. It holds significant importance at elevated temperatures. Radia-
tion heat losses are given by:

Grag = €0 (TS“ _ Tg“) , (2.11)

where ¢ is the Stefan-Boltzmann constant (5.67 - 1078 W/m? . K“) and ¢ is the emis-
sivity of the surface.

Heat transfer by conduction is a process that aims to homogenize temperature through-
out the workpiece, affecting its entire volume. In contrast, convection and radiation in-
volve the dissipation of heat at the surface of the material but are generally less significant
than conduction heat transfer.

The power source to heat the material results from the Joule losses caused by the eddy
currents in a thin layer close to the surface of the workpiece to be heated. The energy
generated in the material, ging, is given by:

1
Qind = 5|de|2' (2.12)

where Jing is the complex amplitude of induced current density in the workpiece.

The induced current is given by Jing = oE, therefore, including the relationship for the
electric field, E = —jwA, we obtain:

2
Ging = %w?. (2.13)

Thus, the heat dissipation from the induced current can be straightforwardly calculated
from the electromagnetic field simulation.
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The thermal behavior of materials heated by induction is primarily determined by the
heat diffusion in the workpiece. This is due to the high power levels involved and the effi-
cient thermal conductivity of metals. Additionally, the material’s thermal capacity plays a
role in the heat transfer process, as it affects the transient response of the temperature
distribution within the workpiece. The heat transfer equation, given by (2.14), describes
how the temperature distribution in the material changes over time and space.

pcpg—: —V (kVT) =0, (2.14)

where pis the density of the material, ¢, is the specific heat, kis the thermal conductivity,

and (is the aforementioned heat source arising from eddy currents as well as includes the
heat dissipation in the workpiece’s surface by convection and radiation.

Unlike its electromagnetic counterpart, the thermal model operates in the time domain.
As aresult, when significant changes in physical properties arise from updates in temper-
ature distribution, a new electromagnetic simulation must be conducted in the frequency
domain. When considering the coupling between electromagnetic and thermal behaviors,
it is essential to account for the different dynamics of both systems. Additionally, as ex-
plained in the previous section, electromagnetic simulation is carried out in the frequency
domain, while thermal modeling is performed in the time domain. Therefore, it is crucial to
update the parameters at designated intervals to optimize the results effectively.

2.3 Finite Element Simulations of the Induction Heating Sys-
tems

Finite element simulation has been widely used to model industrial induction heating
systems. This section outlines anincremental procedure for modeling, aimed at highlight-
ing the key aspects of this type of simulation.

First, we will describe the reference model, which consists of a coil and a metallic work-
piece. Although this model is simple, it demonstrates the effectiveness of such an ap-
proach, even under simplified conditions. Initially, we will consider linear physical proper-
ties to analyze their influence on the final results.

Next, we will explain the uncoupled simulation model, which will include two configura-
tions: one with the coil in air and another with the inductor interacting with linear prop-
erties in the workpiece. Following this, we will construct a thermal model with constant
physical properties to identify the main aspects of the heat transfer process.

In the final part of this section, we will present the main results of a coupled electro-
thermal model that also uses linear properties.

The reference system geometry consists of an inductor with a multi-turn spiral coil.
To simplify this geometry, it is modeled as a given number of evenly spaced rings with
a common axis. This reduction transforms the coils into a two-dimensional axisymmetric
structure with rotational symmetry. Such a simplification typically leads to a significant
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Figure 2.1. Geometry of the induction heating system in a three-dimensional capture by revolving
the axisymmetric structure.

reduction in computational costs while enhancing accuracy compared to a fully detailed
geometric model.

Additionally, the insertion of the workpiece, which is a single metallic billet, preserves
the rotational symmetry of the system. Thus, simplifying the coil’'s geometry boosts the
simulation’s performance with minimal impact on the precision of the numerical results.
The complete inductor-workpiece geometryisillustratedin Fig. 2.1, as utilized in COMSOL®,
the FEM tool employed in this dissertation.

Table 2.1. Inductive load’s geometry.

Parameter Value | Unit

Coil’s turn number 6
Coil’s inner radius 15 | mm
Turn inner diameter 4 mm
Turn outer diameter 6 mm
Distance between turns 9 mm
Billet radius 10 mm
Billet length 75 mm

The geometrical data for the induction heating load is detailed in Table 2.1. As shown
in the table, the coil is constructed with n = 6 tubular turns, as a water-cooling system
is necessary to limit the maximum working temperature of this component. The tube has
a cross-section consisting of an outer circle with a diameter of deyt = 6 mm and a hollow
section with an inner diameter of d,t+ = 4 mm. Water circulates inside the tube to cool
the coil. Each turn forms a ring with an inner radius of ripy = 15 mm, with a separation of
d: = 9 mm along a common rotational axis.

The metallic workpiece is a cylindrical billet, with a radius of r = 10 mm and a length of
[ =75 mm. Itis important to note that this geometry corresponds to the prototype used
in the experimental setup designed to characterize induction heating in the subsequent
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chapters. However, the conclusions drawn in this section can easily be extended to alter-
native configurations.

2.3.1 Electromagnetic Simulation Modeling

As it was stated, the starting point to explain the FEM-tool simulation model is to con-
sider just electromagnetic simulation. Linear physical properties are considered for these
simulations. Moreover, due to time-domain simulations requiring a high amount of re-
sources, it can be adequate to perform the simulation in the frequency domain, which
provides good results at a moderate computational cost. The central assumption taken in
the frequency domain simulation refers to the excitation waveform, which corresponds to
a perfect single harmonic of a given frequency. The validity of the preceding condition is
beyond any doubt because the power converter feeds a resonant tank close to resonance
with a high-quality factor load. In that case, the diffusion equation is reduced to a sim-
plest form because, as was aforementioned, the operator for the derivative is substituted
by an operator jw, and the parabolic equation is transformed into a most straightforward
elliptic equation.

The simulation will cover a larger range of excitation frequencies, from 10 Hz to 100 kHz,
in order to capture the electromagnetic behavior under a wide variety of situations. In
this study, three different configurations are examined. First, the coil in air is modeled to
determine itsinductance and the resistance associated with power dissipation due to the
current driven by the device. In this case, the frequency dependence of these parameters
will be examined. Next, a billet with specific physical linear properties is included in the
simulation to extract the main characteristics of the induction heating system. Finally,
the method for incorporating nonlinear physical properties related to the BH-loop of the
materialis explained. Itisimportant to note that these characteristics introduce additional
challenges to the electromagnetic analysis.

2.3.1.1 Coilin air

The billet is removed from the model to simulate the coilin air. As previously mentioned,
the coilis a hollow tube made of copper, whose electrical conductivity at ambient temper-
ature is o = 58 MS/m. Actually, during the process, the coil dissipates heat, and cooling
water circulates through the inner hole of the inductor, but in this analysis, the tempera-
ture is not taken into account; the coil is supposed to be at ambient temperature. In this
configuration, magnetic properties do not play any important role because both air and
coil are non-magnetic.

The geometry of the coilin airisrelatively straightforward, benefiting from the axial sym-
metry of its simplified structure. The main challenge in modeling this type of system liesin
the reconfiguration of the current distribution as the excitation frequency increases. This
is due to the induced currents that arise from the conductivity of the material used in the
turns. To effectively simulate the influence of these induced current densities, it isimpor-
tant to consider key parameters related to the so-called penetration depth, 6. For linear
media, this penetration depth can be analytically defined as follows:
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Figure 2.2. Skin depth, §, in the coil’s section for an excitation frequency range of interest.

5= =, (2.15)
Wio

where o and p are, respectively, the electrical conductivity and the magnetic permeability
of the material, and w is the exciting current’s angular frequency.

According to the penetration depth’s expression, increasing the excitation frequency &
is reduced, resulting in a more pronounced effect. The frequency-dependent coil’s skin
depth is plotted in Fig. 2.2, where it is clearly observed that the penetration depth de-
creases as the frequency is increased.

Itis noteworthy that at an intermediate frequency of 1 kHz, the penetration depth mea-
sures approximately 2 mm, closely matching the characteristic dimensions of a single
turn’s cross-section. This penetration depth is crucial, as it clearly defines how electro-
magnetic fields diminish within conductive media. At the turn level, two prominent phe-
nomena arise due to current distribution. First, we observe the definitive ring effect, which
occurs largely because the spiral design of the turn channels current densities toward its
inner side. This effect intensifies when the penetration depth aligns precisely with the
turn’s diameter. Additionally, at higher frequencies, we see a significant shift in current
distribution: current densities increasingly gather at the external surface of the turns. This
shift arises because the penetration depth is less than the thickness of the turns’ cross-
section, defined by the difference between the outer and inner radii.

With the purpose of accurately visualizing the distribution of induced currents at the
turn level, it is important to apply an appropriate spatial discretization, or meshing, to the
coil’s geometry in air. Generally, the mesh elements used in numerical simulations should
be smaller than the characteristic distances over which the modeled fields vary, i.e., the
penetration depth value at the higher excitation frequency. In Fig. 2.3, the mesh of the
coilis displayed, with particular attention to the mesh of each turn’s outer boundary layer.
This fine mesh is crucial for accurately modeling the skin effect on the coil’s turns. In that
case, a total of eighteen layers are utilized at the surface of the turn with an exponential
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growth factor slightly higher than one, and the remainder geometry is meshed with free
triangular elements. This meshing can be more clearly observed in the zoomed-in view of
a turn’s mesh. The surrounding air is meshed using free triangular grids.
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Figure 2.3. Meshing applied to the coil in air structure.

Due to thelinear physical properties of this configuration, the simulation results are pro-
portional to the applied excitation level. Consequently, the equivalent resistance derived
from the simulation is independent of this excitation level. This independence allows for
the selection of any value for the excitation. In this thesis, two different current excitation
levels are considered: the small-signal regime, which is related to the current level used
in high-precision measurements with an LCR meter, and the large-signal level that occurs
when the system operates under typical working conditions. For the small-signal level,
we consider a harmonic current level of 10 mA. This value is selected because, even with
a workpiece inserted, the system’s behavior can still be described by media with linear
properties.

In Fig. 2.4, the current density distribution at the turn level in the coil is shown. At lower
frequencies, the current distribution is uniform. As expected, atintermediate frequencies,
thering effects lead to an asymmetric current distribution across the cross-sectional area
of the turn. Finally, at higher frequencies, the skin effect on the external surface of the
turn is clearly evident, as well as proximity and ring effects also modify Jqoj.

In Fig. 2.5, the equivalent resistance and inductance of the coil in air are plotted with
respect to the excitation frequency. At lower frequencies, both the equivalent resistance
and inductance remain relatively constant and show little dependence on the excitation
frequency. However, around 1 kHz, an increase in the equivalent resistance and a de-
crease in the equivalent inductance can be observed. This alteration is associated with
changes in the current distribution due to the skin effect. At higher frequencies, the skin
effect becomes particularly significant on the outer surface of the coil. As a result, the
increase in equivalent resistance becomes more pronounced, while the change in equiv-
alent inductance is less significant. This is because the magnetic energy stored in the
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Figure 2.4. Current density in the coil’s turn section for different excitation frequency values: (a)
100 Hz, (b) 1 kHz, (c) 10 kHz, and (d) 100 kHz.

system s primarily located in the surrounding air, making the inductance within the cross-
section of the coil’s turns negligible. Finally, it is important to note that at lower frequen-
cies, where the current distribution is uniform, the equivalent resistance of the coil is de-
termined by its direct current (DC) resistance value. This value can be easily calculated
analytically from:

Rac = p il (2.16)

where pis the electrical resistivity inverse of the electrical conductivity (p = 1/0) and Sy
and [ are the turn’s cross-section area and coil’s length, respectively. As a result, for
the geometry under study, the analytical Ry, value is 0.75 mqQ.
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Figure 2.5. Simulated equivalent impedance of the induction coil: (a] equivalent resistance, Req,

and (b) equivalent inductance, Leg.
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2.3.1.2 Induction system with linear workpiece material

After analyzing the coil in air, a cylindrical billet is placed inside the copper turns. To
address the diffusion equation, (2.3), a crucial step involves discretizing the system’s ge-
ometry using a mesh. Inthe case of electromagnetic simulations involving induction loads,
there is arapid exponential variation when the fields enter a conductive material, which is
determined by the characteristic distance also known as the penetration depth, ¢, [126].
Therefore, itis essential to include several mesh elements that are a fraction of the pene-
tration depth when modeling the induction charge. This requirement leads to a high num-
ber of degrees of freedom that need to be solved, resulting in increased computational
costs.

The workpiece inside the coil consists of a metallic ferromagnetic material. Forillustra-
tion purposes, we will select typical linear properties: electrical conductivity ¢ = 1 MS/m
and relative magnetic permeability u, = 100. These values are representative of iron when
excited at small signal levels, where the behavior of the induction heating system can
be approximated using linear properties. Under these conditions, the penetration depth
within the workpiece is significantly smaller than that in the copper of the coil. There-
fore, a finer spatial discretization will be applied at the external surface of the workpiece,
particularly on the side facing the coil’s turns.

The meshing applied to the IH system is illustrated in Fig. 2.6. The coil remains un-
changed as shown in Fig. 2.3, while the billet is meshed with a structured grid that be-
comes noticeably finer in the area corresponding to the skin depth, as detailed in Fig. 2.6.
More nodes are concentrated at the outer boundary of the workpiece due to the skin ef-
fect, ensuring that there are always at least two layers throughout the penetration depth.
The meshing in the workpiece implies a large increase in the computational cost of the
simulation, because capturing the rapid variation of the fields inside the workpiece is a
challenge to achieve accurate results.
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Figure 2.6. Meshing of the IH system including workpiece.
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In Fig. 2.7, the simulated equivalent resistance of the complete induction heating sys-
temisdisplayed. Asseeninthe figure, the equivalentresistance is significantly influenced
by the excitation frequency. At higher frequencies, the energy transfer to the workpiece
becomes much mare effective. Conversely, at low frequencies, the equivalent inductance
is greater than the inductance of the coil in air. This increase is due to the high perme-
ability of the load, which enhances the magnetic fields throughout the system. However,
as the excitation frequency rises, the induced current densities within the load cause the
equivalentinductance to decrease. Both parameters depend on frequency, asis expected
in any induction heating system.

f(Hz)
(a)

(pH)

10t 10° 10° 104 10°
f(Hz)

(b)
Figure 2.7. Equivalentimpedance of the induction load foro = 1 MS/m and p; = 100: (a) equivalent
resistance, Req, and (b] equivalent inductance, Leg.
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(a)

(b]

(c)

(d)
Figure 2.8. Current density in the induction load’s vertical cross-section at selected frequencies:
(a) 100 Hz, (b) 1 kHz, (c) 10 kHz, and (d) 100 kHz.

The previously mentioned skin effect in the workpiece significantly influences the be-
havior of the induction heating system. As shown in Fig. 2.8, the current densities con-
centrate near the surface of the workpiece as the excitation frequency increases. In fact,
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Figure 2.9. Comparison of the simulated induction load’s equivalent impedance meshing the billet,
Zeq, and using meshless with IBC technique, Zeq 5c: (@) impedance module, and [b) the error between
both results

at typical working frequencies in industrial induction heating systems, which can reach
several kilohertz, the current densities can often be modeled as a surface current den-
sity. From an electromagnetic perspective, this means that the surface of the workpiece
acts as a discontinuous boundary for the fields, effectively causing them to vanish within
the material. This behavior can be modeled using the Impedance Boundary Condition (IBC),
which establishes a specific relationship between the tangential components of the elec-
tric and magnetic fields at the workpiece’s surface, [187]. Applying this IBC allows us to
avoid meshing within the workpiece, resulting in a significant reduction in computational
costs while maintaining a negligible loss of precision in the results. Particularly, when the
penetration depth is smaller than the typical dimensions of the system, the accuracy of
the simulation using the impedance boundary condition is very high.

Then, a linear Impedance Boundary Condition (IBC) has been implemented to this model.
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As recently mentioned, it is imperative to employ more minor mesh elements in regions
characterized by significant spatial field variations, particularly evident in induction heat-
ing systems near material surfaces. The penetration depth serves as a key metric for field
variation. Inthe pursuit of minimizing computational costs while upholding precisioninlin-
earmedia, the meshing of the workpiece is substituted by a boundary impedance condition
at the material’s surface, denoted as Zgc. With this strategy, the abruptly varying fields
near the conductor’s surface are replaced by the following relationship on the boundary,
[161]:

nx E=Zg (N xH) xn, (2.17)

where n is the normal vector to the surface, and E and H are, respectively, the aforemen-
tioned electric and magnetic fields complex amplitudes.

This condition establishes the relationship between the tangential components of the
electric and magnetic fields expressed as [161]:

14
o

The aim is to secure the effectiveness of this technique by comparing the IBC model
with the complete one. For a general comparison, a relative permeability of 100 and an
electrical conductivity of 1 MS/m were set to the steel workpiece. The resulting equiv-
alent impedance is plotted in Fig. 2.9a, comparing the complete model with the IBC. The
equivalent impedance error, &7, between both models is computed by means of (2.19) and
plottedin Fig. 2.9b.

|Zeq - Zeq,IBC’

(2.19)
|Zeq]

e2(%) = 100 -

As the frequency increases, the difference between the complete model and the one
with IBC diminishes. This happens due to the pronounced skin effect at higher frequencies;
the billet’s current penetration depth according to frequency is computed by (2.15) and
plotted in Fig. 2.10. Therefore, the more eddy currents flow through the boundary, the
lesser the error of the IBC model. The error valuesin Fig. 2.9b are acceptable in line with the
reduction in computational cost. In the case of a linear load in electromagnetic analyses,
the computational costis not very large, but the number of degrees of freedom is reduced
from 111917 to 32017 employing IBC; corresponding, respectively, to simulation times of
513 seconds comparing with 134 seconds employing IBC.
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Figure 2.10. Skin depth, §, in the billet’s section for an excitation frequency range according to
(2.15).

In conclusion, by using this IBC, it is possible to achieve accurate simulation results
while significantly reducing computational costs. Thus, given that the characteristic di-
mensions of the system are on the order of millimeters, it can be confirmed that the results
derived from applying the IBC are accurate.

Additionally, the application of the IBC reveals an important aspect of the behavior of
induction heating systems that is related to the physical properties of the load. From
the internal structure outlined in the definition of the IBC, it can be observed that the
electromagnetic fields outside the workpiece—responsible for determining the equivalent
impedance through the integration of the electric field along the coil turns—do not depend
independently on the values of electrical conductivity and magnetic permeability. Instead,
they are influenced by a single reduced factor, which is the ratio of electrical conductivity
to magnetic permeability, o/u,. This ratio dependence can be observed in Fig. 2.11.
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Figure 2.11. Equivalent impedance of the induction load (coil-billet pair) depending on o/ (a)
equivalent resistance, Req, and [b) equivalent inductance, Leg.

In Fig. 2.12, the radial power flow on the vertical surface in the billet is plotted for an
excitation effective current of 10 mA and different frequencies; it is worth mentioning that
the resulting values are very low due to the small-signal excitation. Figure 2.12a shows £,
curves for different frequencies relatively near each other, while in Fig. 2.12b, three dis-
tant frequencies are represented in logarithmic scale for the y axis. It is concluded that
the excitation frequency significantly changes the power flux value, but the profile with
respect to the z axis is always maintained. As expected, higher power flow is given at the
central areas of the billet’s surface because the magnetic flux density is higher in such
zones.

Moreover, in those figures, the power fluxes simulated with the complete model and
employing IBC are compared, and a close agreement is observed.

Figure 2.13 captures the power flux distribution through the superficial area of the billet
for the frequencies used in Fig. 2.12b. No difference is observed between the fully meshed
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Figure 2.12. Comparison of the simulated radial power flow through the billet’s vertical surface
meshing the whole workpiece at, P, vs. employing IBC technique, P, gc, for frequencies: (a) 10, 20
and 30 kHz, and (b) 1, 10, and 100 kHz with logarithmic scale on the y axis.

model and the IBC one.
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Figure 2.13. Comparison of the simulated radial power flow, P;, in through the billet’s vertical sur-
face meshing the whole workpiece (left) vs. employing IBC technique (right) for frequencies: (a]

1 kHz, (b) 10, and (c) 100 kHz.

2.3.2 Heat Transfer Modeling

Theinduction heating process delivers high power density to specific workpiece surface
areas, resulting in significant temperature gradients. Additionally, heat capacity values
play a crucial role in influencing temperature distribution since they relate to the amount
of energy required to raise the temperature at each point, as well as the energy needed
to increase the temperature of the entire workpiece. Therefore, accurately modeling the
transient behavior of temperature requires considering both thermal conductivity and heat
capacity, as they are essential factors.

\

/

Figure 2.14. Workpiece thermal model meshing.

The spatial dependence of the thermal phenomenon is smooth compared to the elec-
tromagnetic one, so a less dense meshing can be used in that case, as can be seen in
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Figure 2.15. Gaussian bell-shaped input surface power flow.
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Figure 2.16. COMSOL®-based temperature distribution through the billet’s vertical surface at dif-

ferent time instants for the reference model with ¢p = 400 J/kg-°C and k = 40 W/m-°C.

Fig.2.14. Inthis system, 5727 degrees of freedom are sufficient to obtain accurate results.
The transient simulation of a thermal process lasting 15 seconds takes approximately S
seconds.

A single thermal system is modeled in a transient study, departing from a vertically dis-
tributed radial power flow, P, in the curved surface of the billet. Regarding the previously
simulatedradial power flows, bell-shaped surface power flows are obtained; therefore, the
power distribution in this thermal simulation is modeled as a Gaussian equation described
in (2.20].

P (2) = Poxe>7", (2.20)

where P, o is the maximum value of the Gaussian bell and o is the spatial standard devia-
tion. The values given to each of them are 1.5 W/mm? and 1 mm, respectively. The power
distribution profile imposed by this equation (2.20] is displayed in Fig. 2.15. Therefore, the
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steelbillet is heated with a power of around 4.5 kW, which is a typical value in an industrial
induction heating system employing light loads.

This thermal study was realized to understand the effect of the specific heat capacity,
Cp, and thermal conductivity, k, effects of the material. For this purpose, some differ-
ent cases were simulated, varying those two parameters. As a reference model, constant
C, = 400 J/kg-°C and k = 40 W/m-°C are selected, respectively. Figure 2.16 depicts
the billet’s vertical surface temperature evolution for this reference model; temperature
curves throughout the z axis are plotted for different time instants.
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Figure 2.17. COMSOL®-based temperature distribution through the billet’s vertical surface, at
t = 10 s for different cp-k combinations: (a) constant ¢, = 400 J/kg-°C, and (b] constant
k =40 W/m-°C.

The bell-shaped temperature distribution through the billet’s superficial z axis is ob-
served in this Fig 2.16, which is strictly linked to the input heat source shape in Fig 2.15.

Then, some other cases are compared in Fig. 2.17, where different models’ tempera-
tures are plotted for a specific time instant. First, maintaining the heat capacity constant
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Figure 2.18. COMSOL®-based temperature distribution in the billet, respectively, at selected times
t=1,5, 10, and 15 s for ¢, = 400 J/kg-°C and different k combinations: (a) k = 40 W/m-°C, (b)
k = 10W/m-°C, and (c]) k = 160 W/m-°C.

and varying the thermal conductivity parameter; then, vice versa, maintaining k as in the
reference modeland varying ¢,. Some simulation results of the mentioned models are pre-
sented in the next lines.

Figure 2.17a shows three cases that notably vary the thermal conductivity value. For
lower k values, the material shows more resistance to heat conduction, so more heat is
accumulated in the central areas of the billet, exactly where more power flow is applied;
the heat gradient through the billet’s vertical surface becomes higher. This happens be-
cause lower thermal conductivities entail accumulating more heat in the heat source ar-
eas, making it more difficult to circulate such heat. The temperature at the extremities
of the billet is higher for the model with a quarter of the thermal conductivity value, while
its peak temperature is higher. Instead, with higher conductivity values, the temperature
tends to be more uniform throughout the billet’s vertical surface

On the other hand, in Fig. 2.17b, the specific heat capacity, c,, value is varied, main-
taining the thermal conductivity constant. Therefore, it is clearly seen that when the heat
capacity of the material increases significantly, much more power is needed to heat the
billet. Multiplying the heat capacity by four times shows that the heat source is not strong
enough to elevate the temperature of the billet’s surface.
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Figure 2.19. COMSOL®-based temperature distribution in the billet, respectively, at selected times
t=1,5,10, and 15 s for k = 40 W/m-°C and different ¢, combinations: (a) ¢, = 400 J/kg-°C, (b)
cp = 200J/kg-°C, and (c) ¢y, = 1600 J/kg-°C.

(b)

In Fig. 2.18 and Fig. 2.19, the same information is displayed in a different format. Tem-
perature distribution on the billet’s surface is depicted for different time instants in a more
visual way. The same conclusions are extracted, seeing the same effect of varying ¢, and
k values. Moreover, in those figures, not only is the heat’s vertical distribution shown, but
also how it penetrates the billet’s cross-section, again obtaining the same conclusions.

2.3.3 Electromagnetic-Thermal Simulation Model

Now, the recently described models are coupled in COMSOL Multiphysics® tool; a coupled
electromagnetic-thermal model is developed. For that purpose, the frequency-transient
study domain is simulated.

The coil is excited with a sinusoidal current of 400 A rms and 10 kHz, thus heating the
steel billet with about 5 kW; 15 seconds are needed to reach around 1400 °C at the hottest
point of the billet. The material does not saturate, so the temperature continues to in-
crease, resulting in such a high temperature; indeed, all the electromagnetic and thermal
parameters are assumed linear and the same as employed in the previous single models,
exactly, relative permeability of u, = 100, electrical conductivity of ¢ = 1 MS/m, heat
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capacity of ¢, = 400 J/kg-°C, and thermal conductivity of k = 40 W/m-°C.

InTable 2.2, electrical equivalent parameters, resistance and inductance, are computed
comparing the meshed-billet model and the one employing IBC. As the material is assumed
linear, there is no dependence on current envelope and temperature, so they are main-
tained constant during the whole process. Instead, they do depend on the excitation fre-
quency, these values are computed for a frequency of 10 kHz. The error between the com-
pletely meshed and the impedance boundary models is very little, so that the IBC use is
legitimate when simplifying the model.

Table 2.2. Comparison of electrical parameters between simulation models for f = 10 kHz.

Electrical parameter | Meshed model | IBC model | Error
Req 33.1 mQ2 33.2m | 0.2%
Leq 1.6393 pH 1.6403 pH | 0.03 %
| Zeq 108.2 mQ2 108.3mQ | 0.09 %
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Figure 2.20. COMSOL®-based temperature distribution through the billetat t = 1, 5, 10, and 15 s:
(a) meshed billet for the electromagnetic simulation vs. (b) meshless IBC for the electromagnetic
simulation.

In Fig. 2.20, the simulated temperature distribution through the billet is captured dur-
ing the transient process of 15 seconds. Comparing at a glance the meshed billet model
for the electromagnetic simulation with the one using IBC, no significant differences are
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observed. Note that meshing inside the load is required for the thermal simulation in both
cases.

Moreover, this Fig. 2.20 is represented in Fig. 2.21 with linear plots; again reinforcing
the conclusion that the IBC model is taken as a good alternative to reduce the degrees of
freedom. Furthermore, the same affirmation is made according to Fig. 2.22; as the material
is modeled with linear properties, the power flow in the superficial boundary of the billet
is maintained constant during the heating process.

z(mm)

Figure2.21. COMSOL®-based temperature distribution in the billet’s vertical surface, T, at different
time instants for the coupled electromagnetic-thermal model with linear material properties.

-30 -20 -10 0 10 20 30
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Figure 2.22. COMSOL® based power flow distribution through the billet’s vertical surface, P;, at dif-
ferent time instants for the coupled electromagnetic-thermal model with linear material properties.
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2.4 Electromagnetic-ThermalModelwith Nonlinear Properties
Workpiece

2.4.1 Description of the Induction Load

Theinductor-workpiece system under analysis has the exact geometrical dimensions as
in Table 2.1. The current flows through a solenoid-shaped coil of 6 turns of radius 18 mm,
spaced 9 mm apart. Coppertubing has been usedinits construction to allow liquid cooling
by circulating water so that at all times, its operating temperature is guaranteed to be
below the boiling point of water. The copper tube has an outer diameter of 6 mm and an
inner diameter of 4 mm. The metallic part to be heated consists of a 42CrMo4 - AISI 4140
steel cylinder of radius 10 mm and length 75 mm.

42CrMo4 steel is a low-alloy, high-strength steel that is extensively utilized in various
industrial metallurgical processes due toits exceptional adaptability to multiple treatment
options before machining different parts and components. This alloy is characterized by
its favorable mechanical properties, making it suitable for applications that require dura-
bility and toughness, [176].

The widespread use of 42CrMo4 steel in the industrial sector is further reinforced by a
substantial body of research that examines its behavior under various conditions. Nu-
merous publications have emerged, detailing the findings of studies conducted on this
material, which have contributed to a deep understanding of its characteristics and per-
formance, [153].

Research has addressed different aspects of 42CrMo4 steel, including its heat treat-
ment methods, fatigue resistance, and overallmechanical performance, [175]. This exten-
sive characterization under diverse working conditions allows engineers and researchers
to predict how this steel will perform in practical applications, providing valuable insights
for its utilization in design and manufacturing.

Physical properties of 42CrMo4 - AISI 4140 steel can be found in the literature. The
temperature of the material considerably influences all the physical properties of impor-
tance; however, the disappearance of the magnetic properties from the Curie temperature,
T. = 783 °C, which is reflected, in turn, in a substantial variation of the thermal capacity
of the material, stands out especially. From the analytical expression of the BH-curve with
respect to temperature presented in [162], it is straightforward to apply the methodology
proposed in [161] to obtain the equivalent magnetic permeability of the material with re-
spect to field and temperature.

In summary, the combination of extensive research, comprehensive characterization,
and effective processing methods, particularly through induction heating, highlights the
importance of 42CrMo4 steel in advancing mechanical engineering practices and optimiz-
ing the performance of components used in a wide range of industrial applications.
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2.4.2 Physical Properties of 42CrMo4 Steel

Given its notable properties and the depth of knowledge available, 42CrMo4 steel pres-
ents significant potential for processing through induction heating. This innovative tech-
nique allows for precise temperature control and rapid heating, which can lead to various
heat treatment processes designed to optimize its mechanical behavior. Induction heat-
ing treatments can improve hardness, strength, and tire resistance, making 42CrMo4 steel
even more desirable for applications in demanding environments.

Inthe metalworking industry, 42CrMo4 carbon steelis extensively used, but manufactur-
ers do not usually provide complete information about its physical and mechanical prop-
erties, which are often given at ambient temperature. Even though, in [153] and [169], the
temperature-dependent parameters can be found under certain conditions of interest. An
adequate characterization of the characteristics of the load is needed for proper model-
ing of the hardening process due to the high temperature reached. The high-temperature
level involved in this kind of process entails relevant changes in the material properties.

2.4.2.1 Electromagnetic properties

In a first step, the characterization of the magnetic properties of the material at ele-
vated temperature levels is a complex task, but it plays an essential role in the complete
modeling of the load. Some research have dedicated large efforts to gaining expertise
in this kind of measurements, [153], [155]. The characteristics measured in those works
correspond to the temperature-dependent BH-curve, neglecting the hysteresis effects in
order to simplify the analysis. The BH-curve strongly influences the load modeling due
to the presence of nonlinearity, in particular, associated with magnetic saturation, which
implies a dependence on the coil current level.

Several anhysteretic equations have been proposed in literature to model the nonlin-
earities of the magnetic properties, describing the magnetic flux density B depending on
the magnetic field Hand billet's temperature 7. The comparison of those models is realized
in Appendix A.

One of the most used model in literature to model nonlinear induction loads is the An-
alytic Saturation Curve (ASC) in (2.21), which was first propaosed in [162]. This magnetic
characteristic equation combines the analytic saturation curve in (A.8) with exponential
function of temperature in [A.12], representing both nonlinearities.

B(H.T) = joH + 22 arctan (%’) (1 — elT=)/0) 2.21)
Q s

where B is the magnetic flux density, H is the magnetic field, T is the temperature of the
sample, o is the vacuum permeability, B is the saturation field, y; is the initial relative
permeability, T¢ is the Curie temperature of the material, and C is a factor controlling the
temperature dependence of the magnetic properties.

The BH-curves depicted in Fig. 2.23 are obtained by the expression given in (2.21) with
coefficients fitted to experimental results provided in [153]. Coefficients for fitting the BH-
curves at different temperatures of 42CrMo4 steel are magnetic saturation, B = 1.32 T,
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Figure 2.23. BH-curves of 42CrMo4 steel at different temperatures.

initial permeability, u,; = 1860, Curie temperature, Tc = 783 °C, and factor controlling the
temperature dependence, C = 33.6 °C, taken from [127].

Onthe otherhand, the selected materialis a good electrical conductor, whose temperature-
dependent resistivity is given by [153]:

. =3 — . =3 - 0 °
(T):{l'026pr+l'q 107°T—-1.3-107°Tp, — 0.028, 20°C < T < 800°C (2.22)

3.8-107T +0.785, 800°C < T < 1200°C
where p;, is the specific electrical resistivity at 20 °C of the 42CrMo4 material (0.212 pu-m),
T'is the temperature of the material, and p (7) is expressed in pf2-m.

Figure 2.24 shows the electrical conductivity of the material obtained by computing the
inverse function of (2.22).

0 200 400 600 800 1000 1200
T(°C)

Figure 2.24. Temperature-dependent electrical conductivity in MS/m of 42CrMo4 steel.

There are several studies in the literature that relate the electrical resistivity (at ambi-
ent temperature] to the material’'s chemical compaosition. For example, [188] proposes an
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equation to compute this ambient resistivity depending on the chemical composition of
low-carbon steel. However, [168] highlights the effects of carbon, aluminum, and nickel
on the resistivity, which are not considered in the former model. Finally, [153] proposes
other composition-proportional relation for the 42CrMo4 steelin u2-m:

pr = 0.0011 4 0.0283C + 0.17Si + 0.0387Mn — 0.1295S + 0, 0702Al

2.23
+0.0272Cr + 0.0335Cu + 0.0333Mo + 0.0193Ni, | |

where the chemical composition is summarized in Table 2.3.

Table 2.3. Chemical composition of 42CrMo4 steel in wt.-%, [153].

C Si Mn P S Cr Ni Mo Sn Al
0.425 | 0.309 | 0.702 | 0.019 | 0.013 | 1.014 | 0.098 | 0.198 | 0.013 | 0.021

2.4.2.2 Thermal properties

According to the heat conduction (2.14) described at the beginning of this chapter, the
complete electromagnetic-thermal modeling also needs to include the thermal proper-
ties of the material, namely the thermal conductivity, k, and the heat capacity, c,. The
temperature-dependent k and ¢, parameters for 42CrMo4 steel are obtained from [169]
and plotted in Fig. 2.25 and Fig. 2.26, respectively. In both cases, the parameters increase
around Curie temperature due to the influence of the phase transition in the material,
which is also associated with the structural changes in the hardening processing. The
effect of the phase transition mainly affects the heat capacity; therefore, more power has
to be provided to increase the temperature around this point.

e e S S S—————
35_/\/\
30t ]

0 100 200 300 400 500 600 700 800
T(°C)

Figure 2.25. Temperature-dependent thermal conductivity of 42CrMo4 steel.

Moreover, convection and radiation heat fluxes, geony and graq, Might be considered as
they are the reason for dissipating part of the heat. The convection coefficient, h, of
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Figure 2.26. Temperature-dependent heat capacity of 42CrMo4 steel.

42CrMod4 steel is determined in [134] and [189], where a value of 10 W/m?.°C is given. The
emissivity is also assumed constant and is taken from [190]. In this work, the emissivity
of AISI 4140 steel is modeled considering the view factor and depending on the ratio of
workpiece radius to the inner radius of castable refractory, and an approximate value of
¢ = 0.4 has been chosen. It is worth mentioning that this value changes while the work-
piece changes its surface color with high temperatures, but it has been assumed to be
constant throughout the whole heating process.

2.4.3 Nonlinear Electromagnetic Model

The electromagnetic modeling of a nonlinear load is a very complex task due to the BH-
curve saturation, but to facilitate the processing, a nonlinear impedance boundary condi-
tion has been adopted. This condition allows the replacement of a domain with a boundary
with special properties. Therefore, the mesh inside the billet is not required for the elec-
tromagnetic analysis, see Fig. 2.27, and the computational cost is simplified as mentioned
in the previous analysis.

As mentioned in the previous point, the Impedance Boundary Condition (IBC)is commonly
employed to lower the computational cost of electromagnetic simulations in induction
heating systems. Generally, this approach yields highly accurate results when the sys-
tem’s characteristic dimensions exceed the penetration depth, 6. This ¢ is influenced by
the physical properties of the workpiece, specifically its electrical conductivity and mag-
netic permeability, along with the operating frequency, which typically measures a few
tens of micrometers. Thus, given that the characteristic dimensions of the system are on
the order of millimeters, it can be confirmed that the results derived from applying the IBC
are accurate.

Furthermore, because the magnetic properties of the material are significantly nonlin-
ear, an equivalent permeability that depends on temperature and magnetic field strength
has been developed. This equivalent permeability, p, isincorporatedinto the COMSOL® sim-
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Figure 2.27. Frequency-domain mesh of the entire induction heating system in the axisymmetric
two-dimensional geometry with Impedance Boundary Caondition (IBC).

ulation following the procedure outlined in the paper [161]. This procedure has also been
described for a practical COMSOL® simulation inthe paper [191]. The equivalent permeabil-
ity is obtained by solving the simple one-dimensional equation of magnetic field diffusion
within the material.

Figure 2.28 shows the induction heating system’s equivalent resistance and inductance
values depending on the excitation current’s level. In this analysis, the 42CrMo4 steel’s
properties were introduced; first, obtaining the equivalent magnetic permeability based
on this material’s anhysteretic BH-curve in Fig. 2.23, then, directly inserting the electrical
conductivity value, o. Regarding the equivalent resistance and inductance simulated, re-
spectively, in Fig. 2.28a and Fig. 2.28b, it is clearly concluded that both parameters decay
while the current envelope - field level - increases. This is the reflection of the material’s
BH property in Fig. 2.23, as the magnetic field, B, increases with magnetic flux density, H,
until the steel saturates. Therefore, the relative magnetic permeability, p,, decreases to
unity after saturation.

Mareover, in Fig. 2.29, the simulated radial power flow through the billet’s vertical bound-
ary is depicted for various current envelopes. The profile is again maintained, and the peak
amplitude changes with the value of the exciting current. The power induced in the billet
increases with the field level even if the equivalent impedance drops.

2.4.4 Complete Nonlinear Electromagnetic-Thermal Model

As mentioned at the beginning of this Chapter 2, every induction heating process is a
combination of three physical phenomena: electromagnetism, heat transfer, and metal-
lurgy. This thesis focuses on the first and second problems. The electromagnetic analysis
has already been done in the previous pages. Now, the thermal simulation will be coupled
to the electromagnetic one, including the material’s nonlinear behavior.

In contrast to the electromagnetic model in Fig. 2.27, the billet mesh is captured in
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Figure 2.28. Simulated equivalent impedance of the nonlinear induction load (coil-billet pair) un-
der different excitation effective current values: (a) equivalent resistance, Req, and (b) equivalent
inductance, Legq.

Fig. 2.30 for the thermal simulation. This mesh is not so critical as in the electromagnetic
analysis, as the dynamics of the thermal nature is slower. Therefore, the complete billet
can be meshed with fewer elements that do not involve large computational costs.

According to material properties, the equivalent magnetic permeability is computed by
combining the magnetic field and temperature dependencies as expressed in (2.21). The
temperature-dependent electrical conductivity is also inserted as the inverse of (2.22).
Furthermore, thermal conductivity and heat capacity datasets are included, respectively,
from Fig. 2.25 and Fig. 2.26. Finally, the billet’s surface heat convection and radiation are
modeled; due to the high-power density levels transferred to the load by the induction
process, the power losses of the two preceding phenomena have a moderate impact on
the final results.

In addition, copper tubing has been used in the construction of the coil to allow liquid

73



CHAPTER 2. ELECTROMAGNETIC-THERMAL MODELING OF THE INDUCTION HEATING SYSTEM BY
FINITE ELEMENT METHOD

1.5 : ; , ;
—1Ams -—250Arms
—10Arms ---300Arms
50Arms 350 Arms
—100A rms -—--400 Arms
P — [—150 Arms ----450 A rms
1r 200 Arms 500 Arms|]

P (W/mm?)

-30 -20 -10 0 10 20 30
z (mm)

Figure 2.29. Simulated radial power flow, P;, through the billet’s vertical surface at 10 kHz for dif-
ferent current envelopes.
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Figure 2.30. Thermal transient simulation mesh of the entire induction heating system.

cooling by circulating water so that at all times, its operating temperature is guaranteed
to be below the boiling point of water.

The electromagnetic modeling is performed in the frequency domain, and the thermal
modeling is done in the time domain to capture the transient behavior of the load. Both
types of simulations can be coupled using two COMSOL Multiphysics® modules. In [192],
[193], the complete electromagnetic-thermal modeling of the induction load under study
was presented.

2.4.4.1 Simulation procedure

The transient electromagnetic-thermal simulation can be initialized either with fixed
values or with an initial electromagnetic simulation. In this case, an initial simulation is
realized to define the initial condition of the magnetic field.
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This first simulation consists of a frequency-domain study with the same current am-
plitude and frequency values that will be employed in the induction heating simulation
process. There is no heating at all; the initial electromagnetic parameters are computed
for the ambient temperature. This initial study is performed in less than 10 seconds.
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Figure 2.31. Initial mesh of the induction heating system: (a) electromagnetic study employing IBC,
and (b) transient thermal model meshing.
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Figure 2.32. Induction heating system meshing in the first step using the adaptive mesh refinement
technique: (a) electromagnetic study employing IBC, and (b] transient thermal model meshing.

For this purpose, aninitialmesh capturedinFig.2.31ais created for the electromagnetic
model, which makes use of the previously mentioned IBC technique. This condition allows
the replacement of a domain with a boundary with special properties; therefore, the mesh
inside the billet is not required for the electromagnetic analysis, and the computational
cost is simplified. However, a mapped mesh, as can be seen in Fig. 2.31Db, is used for the
billet in the thermal analysis. It is worth mentioning that the thermal domain mesh could
be coarser, but a finer mesh has been employed to gain precision, as the computational
cost is not highly elevated.
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The simulation with a fixed mesh does not converge properly at some points of the pro-
cess, especially during the phase transition of the material under treatment. At this paint,
the workpiece saturates, and convergence problems appear, sometimes resulting in un-
stable results and other times breaking the simulation.

Luckily, the solver from COMSOL Multiphysics® offers an attribute called adaptive mesh
refinement, which consists of, as the name evokes, adapting the mesh during the sim-
ulation process; in other words, creates multiple meshes for fixed time steps of a time-
dependent simulation [185]. This adaptive mesh solver is employed to simulate the IH pro-
cess with the aim of obtaining more stable results.

The mesh of the whole geometry is modified for manually defined time steps. One hun-
dred is the maximum number of different meshes allowed by the FEM tool, and all of them
have been employed in this study. Therefore, every three seconds, the whole domain’s
geometry is re-meshed.

InFig.2.32, both frequency-domain and thermal-transient respective meshes are shown
for the first step at t = 0.3 s. Comparing them with the meshes in Fig. 2.31, two signifi-
cant modifications are observed. On the one hand, the mesh inside the billet is modified
to concentrate more nodes in the central inner part. On the other hand, the mesh in the
coil’'s turns is simplified, so fewer nodes need to be computed.

2.4.4.2 Simulation results

Transient simulations of 30 s duration have been performed, starting at room temper-
ature. In each simulation, the coil is fed with a single-harmonic current of 14.2 kHz, and
a fixed amplitude ranging from 250 A rms to 500 A rms, covering a wide range of operat-
ing conditions. The electromagnetic properties are updated when the temperature dis-
tribution changes. Then, some intermediate frequency-domain simulations are done in
selected instants by the FEM tool.

InFig. 2.33, the results of the equivalent impedance of the inductor-workpiece system,
Zeq = Req+jwleq, are plotted at the set working frequency. Now, the equivalent impedance
of the inductor-workpiece system depends on the time, i.e. on temperature. In Fig. 2.33a,
it can be seen how the equivalent resistance, Req, initially increases due to the tempera-
ture increase of the workpiece, but its value starts to decrease, possibly due to the mag-
netic saturation of a region of the workpiece exceeding the Curie temperature. The vol-
ume of this saturated region increases with time. On the other hand, in Fig. 2.33b, a similar
behavior of the equivalent inductance, Leq, is observed, although with a smaller relative
variation.

Therefore, itis concluded that a local saturation of the material can have a considerable
effect on the electrical characteristics of the induction load. This behavior needs to be
considered in the power electronics control in order to ensure that the dynamics of the
closed-loop current control is capable of handling the change in the electrical properties
of the load.

The induction heating process is characterized by a substantial transfer of power to the
surface of the workpiece, leading to the development of extremely high-temperature gra-
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Figure 2.33. Results from COMSOL Multiphysics® simulations during a transient of time of 30 s: (a)
equivalent resistance, and (b) equivalent inductance.

dients across its structure. This process typically involves generating heat through elec-
tromagnetic induction, causing localized heating that can result in significant variations
in temperature within the workpiece. In Fig. 2.34a, the temperature of the central region
of the workpiece, Ty, has been plotted to observe its behavior as it approaches close to
the Curie point of the material. It is observed that T, stops increasing abruptly because
the efficiency of the induction energy transfer process decreases as the magnetic prop-
erties are lost. In Fig. 2.34b, the average temperature of the vertical boundary surface of
the billet is plotted during the whole heating process.

Therefore, it has been observed that tracking the temperature at the hottest point of
the workpiece, identified as the midpoint, provides a useful approximation of the overall
behavior of the heating system. This approach simplifies the analysis, allowing for a more
manageable representation of the complex thermal dynamics.

However, it is important to note that the temperature distribution throughout the work-
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Figure 2.34. Results from COMSOL Multiphysics® simulations during a transient of time of 30 s: (a)
temperature in the middle point of the billet’s surface, and (b) average temperature of the billet’s

vertical surface.

piece is highly inhomogeneous, exhibiting considerable variation due to the nature of in-
duction heating. As aresult, certain critical characteristics of the heating behavior may
be uncertain when the entire process is reduced to the probing of a single temperature
point.

Nevertheless, a key finding from the simulations is the significant change in the sys-
tem’s equivalent resistance and equivalent inductance once the reference point at the
midpoint reaches the Curie temperature. This temperature marks a critical transition for
certain magnetic materials, beyond which their magnetic properties change substantially.
Understanding this relation is crucial for optimizing the induction heating process and en-
suring effective control over the heating parameters.

The temperature distribution in the load is represented in Fig. 2.35 for some selected
times. Higher temperatures are initially reached close to the surface of the middle area of
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the billet. Next, the deep regions are also around Curie temperature. Temperatures signif-
icantly above the Curie point are not observed due to magnetic saturation or the increase
in heat capacity.
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Figure 2.35. COMSOL®-based temperature distribution through the billet for 500 A rms and 14.2 kHz
coil'scurrentatt =1, 5, 10, 15, and 20 s, respectively.

The heat flux in the load is represented in Fig. 2.36. As can be observed, at surface
temperatures below Curie temperature, the power flux reaches the maximum values, but
after the magnetic saturation of the material, the performance of the power transfer by
induction clearly reduces. Therefore, the phase transition associated with the magnetic
saturation contributes to the homogenization of the temperature profile of the billet.
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Figure 2.36. COMSOL®-based heat flux distribution in W/mm? through the billet for 500 A rms and
14.2 kHz coil's currentat t =1, 5, 10, 15, and 20 s, respectively.

In Fig. 2.37, the simulated power exchange in the billet’s surface is plotted, exciting the
induction coil with 500 A rms and 14.2 kHz current. Figure 2.37a shows that even when
stabilizing the value of the current supplied to the inductor, the change in the equiva-
lent resistance implies a time dependence on the power transferred to the load. At the
same time, some power losses associated with convection and radiation slightly reduce
the net energy accumulated by the load, as can be seenin Fig. 2.37b, but the temperature
distribution in the load is mainly determined by the surface power density transferred to
the load. The simulation results for the power losses in the load are based on constant
convective and emissivity coefficients, but accurate results can be achieved by including
temperature dependence.
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Figure 2.37. Power exchange in the billet’s surface during a transient of time of 30 s for 500 A rms
and 14.2 kHz coil’s current: (a) power induced into the load, and (b) convection and radiation power

losses in the billet.
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Chapter 3

Power Electronic Converter for
Industrial Induction Heating
Application

In this chapter, the power converter for industrial induction heating applications is ana-
lyzed. This converter is conceived as a versatile instrument for further research activi-
ties on the high-temperature heating processes currently demanded by the metal indus-
try. Moreover, a modular hardware design for power electronics is proposed, which allows
great flexibility in operation while maintaining simplicity in its control. First, the light in-
ductionloadisintroduced and the power conversion stages of the employed flexible power
converter are briefly described. Afterward, the sizing of each stage and the control strate-
gies are related. Finally, the focus is taken to the last inverter stage, which is the one that
provides medium-frequency current to the induction load; in the last section, the series-
resonant inverter’s versatility study is realized.






3.1. INTROBUCTION: POWER ELECTRONICS CHARACTERISTICS

3.1 Introduction: Power Electronics Characteristics

The induction heating system required for industrial heat treatments must work under
a wide range of conditions to achieve accurate thermal processing of materials. This sys-
tem involves a nonlinear, light, inductive load, where the equivalent impedance depends
on both the workpiece’s temperature distribution and the applied excitation level during
processing.

Tens of kilowatt power levels are delivered to the load in order to obtain the required
elevated temperatures on the billet. The variable induction load consists of a resistive
value in the order of tens of milliohms and a few microhenries of inductance. As a result,
relatively elevated currents - up to 500 A rms at frequencies around tens of kilohertz -
flow through this light load.

In order to facilitate the control of the power converter, a versatile inverter topology
able to supply the required power to loads of varying characteristics while maintaining
robust behavior is proposed. The power converter must be able to control the power de-
livered to the load despite the change in its properties, with the purpose of modulating
the metallurgical process in the workpiece. Moreover, it should cover various power levels
to ensure proper operation. Additionally, the electronics have to be capable of handling
inductive loads with the mentioned small resistive component, which may vary consider-
ably throughout the hardening. The main function of this power converter is to obtain the
medium-frequency AC current to circulate through the coil that will generate the magnetic
field of the same current to inductively heat the steel workpiece on the basis of the 400 V
and 50 Hz three-phase mains voltage.

3.1.1 Power Conversion Stages

The basic block diagram of power conversion systems for induction heating systems
is illustrated in Fig. 3.1. The AC-DC rectifier supplies de DC-bus from the three-phase AC
mains. Then, the following DC-AC stage generates the medium-frequency current that will
feed the induction load, which comprises the resistor-inductor pair of the resonant tank.

AC 1 bC Resonant
0C T AC tank

Figure 3.1. Schematic of a power converter for IH purposes.

However, this is not so suitable for light loads like the one under study; it is preferably
used with loads with impedances of orders of ohms. In this case, an intermediate DC-
OC buck converter is added to further control the voltage at the input of the inverter with
this light load that modifies its electrical performance within fractions of seconds. More-
over, with this intermediate converter, the power delivered to the load can be regulated.
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Figure 3.2. Power conversion general scheme including the intermediate DC-DC stage.

In Fig. 3.2, the block diagram of the power conversion system employed in this thesis is
depicted.

The electronic stage was designed to prioritize both flexibility and robustness under a
wide variety of operational requirements. Its construction is particularly influenced by the
necessity to function effectively across an extensive range of frequencies, as well as the
ability to supply varying levels of current to loads whose characteristics can change rapidly
and unpredictably. To achieve these objectives, a modular approach was adopted, allow-
ing for the separation of different control tasks, which enhances efficiency and reliability.

In a few words, the first component of the system is a controlled boost-type rectifier,
which is tasked with the efficient conversion of mains electricity into a usable form. This
rectifier is essential for providing a stable input to the subsequent stages of the system.
The second modular element is dedicated to the precise control of the current delivered
to the loads, ensuring safe operating conditions at all times. This module utilizes a BC-DC
converter explicitly designed for this purpose, allowing it to respond swiftly to the dra-
matic fluctuations in load characteristics that may occur during operation. This respon-
siveness is critical for maintaining performance and protecting both the system and the
connected devices. The final stage of the system is an inverter, which plays an essential
role in adapting the DC-bus voltage to the desired output frequency. This adaptation is
crucial for ensuring that the power delivered meets the specific requirements of various
applications, further enhancing the overall versatility of the system.

Although it is technically feasible to design a more compact system by eliminating the
intermediate conversion stage, this would significantly compromise the flexibility and ro-
bustness that characterize the proposed topology. The current modular design not only
improves functionality but also provides a clear pathway for upgrades and adjustments,
making it a practical choice for a wide range of applications.

3.1.1.1 Grid-connected three-phase rectifier

The three-phase, six-pulse, full-bridge rectifier is the most common circuit for mains’
rectification purposes, [194]. In this case, the first component of the induction heating
power conversion system under study is a controlled three-phase boost rectifier depicted
in Fig. 3.3, which is tasked with the efficient conversion of mains electricity into a usable
form. Thisrectifier is essential for providing a stable input to the subsequent stages of the
system. Apart from allowing the control of the output voltage on the DC-bus, V,, it permits
sinusoidal current absorption of the phase current from the grid.

This converter is composed of six bidirectional two-quadrant switches, [195]. The in-
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Figure 3.3. Three-phase boost rectifier's switch diagram.

ductors and capacitor - LCL filter - between the mains and the rectifier’s input filter the
high-frequency switching harmonics; moreover, it facilitates the connection to the mains.

With this topology, the input current is regulated independently of the voltage, and the
power factor can be corrected. Moreover, the converter is bidirectional, allowing the cur-
rent to flow in the opposite direction. Since it is a boost-type converter, the output DC
voltage must be greater than the input line-to-line peak voltage.

To sum up, in this stage, the output DC voltage is regulated at a constant value of at
least the maximum voltage required at the input of the H-bridge inverter.

3.1.1.2 Intermediate DC-DC buck converter

The second modular element is dedicated to the precise control of the current deliv-
ered to the loads, ensuring safe operating conditions at all times. This module utilizes a
buck-type synchronous DC-DC converter, whose generic diagram is depicted in Fig. 3.4,
designed specifically for this purpose, allowing it to respond swiftly to the dramatic fluc-
tuations in load characteristics that may occur during operation. This responsiveness is
critical for maintaining performance and protecting both the system and the connected
devices.

Ve == +

. =V,

Figure 3.4. DC-DC buck converter’s basic diagram.

The energy is transferred to the output when the upper switch is conducting, [194]. In
essence, a buck converter generates an average output voltage lower than the input volt-
age.
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3.1.1.3 Series-resonant inverter

The final stage of the system is an inverter, which plays an essential role in adapting
the input DC-bus voltage to the desired output frequency. This adaptation is crucial for
ensuring that the power delivered meets the specific requirements of various applications,
further enhancing the overall versatility of the system.

This inverter will excite a resonant tank that behaves as a filter. The basic structure of
an inverter exciting a resonant tank is depicted in Fig. 3.5.

Vin Load

Figure 3.5. Basic structure of an inverter exciting a resonant tank.

A resonant tank is a combination of two or more reactive components - inductors and
capacitors - which can be connected in series or parallel; therefore, several combinations
can be made. In essence, the resonant tank works as a filter between a converter and the
load, and the gain the resonant tank applies to the load depends on the frequency with
which it is excited, [195].

In this specific system, the series compensation of the resonant tank is employed to
ensure soft switching of the inverter’s switches, and thus limit the losses of such stage,
see Fig. 3.6.

) - o)

~r—|

(%) R

— \- J

Figure 3.6. Series resonant tank circuit scheme, from left to right: inverter’s output, series LC tank,
and resistive load.

The series-resonant tank circuit’s impedance is given by (3.1), which is frequency-de-
pendent. This expression clearly shows that the real part will always be resistive, R, in-
dependently of the excitation frequency. However, reactances - or imaginary parts - are
frequency dependent. The inductive reactance, X, evolves linearly with the frequency
and the capacitive reactance, Xc, is inversely proportional to the frequency, which means
that at very low frequencies, there will be almost null inductive reactance and infinite ca-
pacitive reactance, and, inversely, at very high frequencies, infinite inductive reactance
and almost null capacitive reactance. Moreover, there is a point at which both reactances
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intersect, so they eliminate each other; this point happens at a frequency called the res-
onant frequency, f..

1
Z(jw)=R+jlwL——|. 1
(jw) =R+] (w wC) (3.1)
Equalizing X_ and X, resonant frequency expression is obtained:
1
fi = . (3.2)
Y N/

This resonant frequency also classifies the inverter’s operation modes. At switching
frequencies smaller than f,, the inverter operates in capacitive mode; on the contrary, at
higher switching frequencies than f;, the operation mode is inductive. When the switch-
ing frequency is equal to the resonant frequency, the inverter is operating in resonance,
and the impedance of the tank is at its lowest value, and it is completely imposed by the
resistive component.

The same operation modes can be explained in terms of voltage gain with (3.3). At reso-
nance, the voltage gain, H,, is 1, which means that the whole voltage inserted is applied to
the load; however, in inductive and capacitive operation modes, respectively, the induc-
tive and capacitive reactances appear, so the voltage gain will also be smaller than unity.
Moreover, at frequencies close to zero or infinite, H, will tend to zero.

, R real (2)
Hy (jw) | = =
VR (- L) W

The impedance-frequency curve isrepresented in Fig. 3.7b; in this case, at the resonant
frequency, the tank’s impedance value will be minimum and fully resistive. On the other
hand, in Fig. 3.7a, the voltage gain curve is depicted depending on the exciting frequency,
for a series-resonant tank.

(3.3)

2 IH,fjo)l

P 1/ wC ol

1|, oo

Capacitive Inductive
Xeo X, XoXe

v

v

Figure 3.7. Series-resonant tank’s characteristic diagrams: (a) impedance, and (b) voltage gain,
[195].

Moreover, two other important factors that determine the behavior of resonant tanks
shall be considered: quality factor, ¢, and bandwidth, BW. By definition, the quality factor
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istheratiobetweenthe stored energy and the dissipated energy inaperiod at the resonant
frequency:

Stored energy

N Dissipated energy " 3.4

From (3.4), the quality factor expression for the series-resonant tank can be easily de-
rived, [194]:

wil
Ps = R (3.5)

where w; is the angular resonant frequency.

Instead, the bandwidth, which is the range of frequencies over which at least half of the
maximum power is provided, is inversely proportional to the quality factor:

f

The bandwidth can also be expressed as the distance between two cut-off frequencies,
f, — f1. At those frequency values, 50 % of the maximum output power is obtained, which
means the same, the voltage gainis 70.7 %, 3 dB below its maximum. Inside the bandwidth,
itis assumed that the power transferred to the load is at least half of the maximum output
power.

On the other hand, the quality factor reflects the sharpness of the voltage gain curve’s
peak. The selectivity term is used to measure the ability to reject frequencies outside the
bandwidth. A more selective circuit - higher ¢ - will have a narrower shape, and for less
selective circuits - lower §) -, the shape will be wider.

Voltage gain curves for different R values are depicted in Fig. 3.8, including the quality
factor and bandwidth parameters.

Pout A Pmax
E >0>0
: R>R>
A
fe f

Figure 3.8. Frequency-dependent voltage gains for different R and { values.

Switched inverters are employed to excite such resonant tanks. Basically, these invert-
ers synthesize square-wave train output voltages, v, (t), whose Fourier series contains
odd harmonics expressed in [195]:
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AGEDY an;C sin nuwst, (3.7)

n,odd

where Vg is the DC-bus voltage, nis the harmonic number and, ws the angular frequency
of the square wave, ws = 2nfs. The amplitude of each voltage term is given by:

V, = Vo (3.8)
nm

While the harmonic number, n, grows, the amplitude of the Fourier voltage component,
V/, reduces. Likewise, according to Fig. 3.7, the voltage gain also decreases, and the
impedance increases at higher n values. In conclusion, only the fundamental and a few
otherterms will take partin the power transfer, and therefore, there willbe an almost sinu-
soidal voltage. In fact, working around f;, the fundamental harmonic is a good approach.

There are several types of switched inverters, but the most employed ones are bridge-
type topologies: half-bridge (HB) and full-bridge (FB). They stand out for good performance
and easy control.

On the one hand, there is the half-bridge topology, which consists of a switch branch.
It can be either configured with a middle point and the capacitors divided into two equal
branches (Fig. 3.9) or with the resonant capacitor in a unique branch, eliminating the mid-
dle point.

Figure 3.9. Switch diagram of the inverter’s half-bridge topology.

In essence, this inverter excites the resonant tank with a square voltage wave depicted
in Fig. 8.10a, with values ranging from zero to V4. The mean value of this square voltage
is not null, synthesizing a mean value in the harmonic spectrum in Fig. 3.10b. However,
the resonant capacitor will avoid reflecting this mean value on the load, so it will not be
problematic.

From Fig. 3.10a, the output voltage can be expressed in two time intervals. For the first
half-period, the output voltage will be V4, and for the next one, zero. Therefore, the fun-
damental output voltage of a half-bridge inverter is expressed in [196]:

. 2Vdc

™

v (3.9]

To analyze the circuit in Fig. 3.9, the half-period, where the top switch is closed and the
one on the bottom is open, will be considered. Note that the other half-period is precisely
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Figure 3.10. Half-bridge inverter’s output voltage (a) waveform, and (b) harmonics.

the opposite. So, applying Kirchhoff's current law, we obtain the expression of the load
current, ix.:

IRL = crjet + lerj2,p, (3.10)

where ic2+ and ig2p are, respectively, top and bottom resonant capacitor currents,
which are equally divided in both branches, i¢ij2 = icrj2,0 = icrse.

Cr dVCr/Z

erje = >4t (3.11)
In the same way, according to Kirchhoff's voltage law:
Vo = —Verjet + Verje, (3.12)

where Vg2 and Vg2 are, respectively, voltages on top and bottom resonant capac-
itors, which are phase-shifted, ve21 = Verep = Verje. Then, the voltage value for each
capacitor is expressed as:

. di
Verje = IRlR+ d—F;_LL (3.13)

Therefore, the circuit in Fig. 3.9 can be simplified to the circuit in Fig. 3.11.

i R L C,
> '\/\/\,_IYYY\_J’-' I—
+ Ver

Figure 3.11. Simplified series-resonant inverter’s circuit.

On the other hand, there is the full-bridge topology, drawn in Fig. 3.12. This topology
synthesizes an output voltage waveform in Fig. 3.13a, without any mean value. Likewise,
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/

Figure 3.12. Switch diagram of the inverter’s full-bridge topology.
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Figure 3.13. Full-bridge inverter’s output voltage (a) waveform, and (b) harmonics.

the outputvoltageistwice the value of the half-bridge output voltage. The harmonic spec-
trum of the full-bridge output voltage is represented in Fig. 3.13b. In this case, the output
voltage at the fundamental frequency is given by (3.14).

g = Ve (3.14)

7

The same analysis realized with the half-bridge circuit is now applied to the full-bridge
topology. In the first half-period analyzed, the top-left and bottom-right switches are
closed, and the other two are opened. In this case, the same current circulates through
the induction load and resonant capacitors, which, at the same time, is the same as the
current through the closed switches:

IR = Iy, (3.15)
where
) av
o = crd—;f. (3.16)

Then, v, is computed with Kirchhoff's voltage law:

. di
Vo = in R+ d—F;LL v (3.17)

Overlapping either Fig. 3.10b or Fig. 3.13b in Fig. 3.7b, itis concluded that when exciting
the tank with a frequency near resonance, there will be an almost sinusoidal voltage at
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the output; because the only one that will take part in the power transfer will be the fun-
damental component. This is an approximation expressed in Fig. 3.14, where it is clearly
observed that beyond the third harmonic, both the amplitude of such harmonic and the
voltage gain are reduced until they become null.

IH(joll

A

| VR —

V5 \/
t ¢/ ¢ .

6 f

Figure 3.14. Harmonic spectrum expressed on the voltage gain curve.

On the other hand, the resonant tank does also affect on the inverter, indeed, on its
power losses. Here again, the three operation modes are differentiated, making mention
of the phase shift between the voltage and current waveforms:

X — X
dgpit = arctan 2= P C, (3.18)

where X_ and X; are, respectively, inductive and capacitive reactances.

In an ideal operation, working at resonance, f = f;, there is no phase-shift between the
output voltage and current, so the diodes do not conduct, and the only power losses are
generated on the solid-state switches. Moreover, as both the voltage and current are in
phase, there is no current when switching on and off, so there are no switching losses.

In the inductive operation mode, 7 > f;, the voltage leads current; current circulates
through the transistors and diodes, so the conduction losses are caused by all of them.
According to switching losses, when a transistor is switched off, another diode switches
on; therefore, there are turn-off losses on the transistors and turn-on losses on the diodes.
Itisassumedthat diode turn-onlosses are negligible as they are almost insignificant com-
pared with the turn-off losses. Moreover, when switching on the transistor, the voltage on
its terminals is null, as its flying diode was already conducting, so the transistor switches
on with zero voltage. This soft switching on of the transistor is known as Zero Voltage
Switching (ZVS), [105].

However, at capacitive operation mode (f < f,], the current leads voltage, so here again
the transistors and diodes have conduction losses. Here, when switching off a diode, an-
other transistor switches on, so there are turn-off losses on diodes and turn-on losses
on transistors. In this case, the transistor switches off when the current is zero, which is
called Zero Current Switching (ZCS), [65].

To sum up, see Fig. 3.15. When working at resonance, there only are conduction losses
on the transistors. In the inductive operation mode, there are conduction losses on tran-
sistors and diodes, and switching-off losses on transistors. And at capacitive opera-
tion mode, there are also conduction losses on transistors and diodes, but switching-on
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Figure 3.15. ZCS and ZVS switching modes reflected in the frequency-dependent voltage gain
curve.

losses on transistors and switching-off losses on diodes. Therefore, if it is aimed to reg-
ulate the voltage gain, it is preferable to increase the switching frequency and operate at
inductive mode or ZVS.

3.2 Design Parameters of the Selected Topology

This section will further detail the power converter used to feed the induction coil. As
described in the previous section, three conversion stages are distinguished, which are
integrated with the input filters; the control electronics, the sensors, and other elements.
Then, a resonant capacitor bank is implemented in an independent component. And, fi-
nally, the induction load is given by the coil-billet impedance, which will be represented
as an equivalent resistance-inductance pair’s series connection. The scheme of the or-
ganization of the power conversion stages is shown in Fig. 3.16.

4 N\ .
Iy
ol Hac Pedoe Neeloe A
Tf'f”f) filters % % C
o \ ) DC} DC AC
. J

Figure 3.16. Diagram of the power converter of the induction heating system for flexible working
condition.

This power converter is connected to a three-phase mains of 400 V and designed to
deliver a nominal power of 50 kW. The electrical specifications of the IH power converter
are exposed in Table 3.1.
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Table 3.1. Electrical specifications of the IH power converter.

Parameter Value | Unit
Nominal power, Pnom 50 kW
Input line-to-line voltage, V|, 400 v
Input three-phase mains frequency, fyiq S0 Hz
Maximum voltage in the first DC-bus, Vg1 650 V
Maximum voltage in the second DC-bus, Vg2 | 600 \V
Maximum current through the IH load, iy 500 | Arms

The electrical additional requirements of each stage and passive components to be de-
signed have been defined by performing some calculations according to the specifications
in Table 3.1; therefore, the maximum input current per phase is 72.46 A, and the current
through the output of the DC-DC converter can reach 200 A.

Now, each of the three power conversion stages will be further detailed with the aid of
electrical simulations. PLECS® electrical simulation software, [197], is employed in this
section, so that the behavior of every conversion stage will be electrically studied.

The load employed in the simulation is similar to the induction heating load analyzed in
this thesis, but in a simplified version, because the aim here is not to model the dynamics
of such load but to justify the design parameters of the power converter topology under
study. The simulated resonant tank’s linear parameters are listed in Table 3.2. The reso-
nant frequency has been fixed to somehow maintain coherence in the whole document;
the load’s equivalent parameters are measured in Section 3.3, and the resonant capaci-
tance value has been chosen to obtain such resonant frequency value.

Table 3.2. Resonant tank parameters for PLECS® electrical simulation.

Parameter Value | Value
Resonant frequency, f; 14 kHz
Equivalent resistance, Req | S0 m{2
Equivalentinductance, Leq | 3.7 pH
Resonant capacitance, C; | 36.4 uF

Moreover, all the commercial and manufactured components used to build the power
converter are described in the following lines. The corresponding datasheet references
are also included at the end of the document.

3.2.1 Three-Phase Controlled Boost-Type Rectifier

The first electronic stage consists of a three-phase controlled boost-type rectifier that
converts the 400 V / 50 Hz three-phase mains voltage into a 650 V DC-bus voltage. In
Fig. 3.17, mains grid-side phase voltages, Vag, Vig, Veg, are depicted.
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Figure 3.17. Simulated 3-phase mains 50 Hz phase voltage.

3.2.1.1 Sizing of the rectifier

In the following lines, the sizing of the rectifier is realized step by step.
* Input filters

First, there is the input filter, which has two main purposes: filtering the harmon-
ics and facilitating the grid connection. It was designed according to the current
regulations for mains connections. The current harmonics will depend on the filter's
impedance, which will be responsible for ensuring that the regulations are complied
with. Frequency ranges from 10 to 50 kHz are considered to design the filter. An
analysis was performed between L and LCL-type filters, and the latter one, which is
composed of two inductors and a capacitor, was chosen. The cost, size, and weight
of this filter are lower, and was harmanic injection is expected to be better than with
asingle L per phase.

Moreover, a dumping resistor is added. Even if it may seem unnecessary, it helps to
avoid perturbations and oscillations while connecting and disconnecting the con-
verter.

The transfer function of an LCL filter is given by [198]:

g (s) CRs + 1
Vi (s)  Lgl¢Cs® + (Lg + L¢)CRS? + (Lg + Lf)S’

(3.19)

This expression is simplified for frequencies above 10 kHz to (3.20) to realize a quick
estimation of the required inductances:

ig(s) R

8 " LI (3.20)

Considering a suitable dumping resistance of 100 m{2, the established requisite is
met with two inductances of 100 ¢H minimum value. However, it is recommended to
use higher values and verify that they are high enough to minimize the grid’s fifth and
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seventh harmonics, complying with existing regulations. Then, the spectral analysis
was realized by simulations, and the LCL filter values per phase were chosen, which
are given in Table 3.3.

Table 3.3. Designed LCL filter values.

Component Value | Unit
Grid-side inductor, L4 80 pH
Converter-side inductor, Ly | 260 | pH
Three-phase capacitor, C | 78.6 | uF
Dumping resistor, R 100 | mQ

Although the choices of possible LCL values are infinite, the values in Table 3.3 have
been chosen for a cut-off frequency between 2-4 kHz and maintaining a higher con-
verter-side inductor value to minimize the current ripple (power losses]) of the recti-
fier.

The simulated currents before and after the LCL filter are plotted in Fig. 3.18a and
Fig. 3.18b, respectively. Those currents are also known as grid-side currents, iag, ing, fcg,
and converter-side currents, ias, ipf, fcf-

The grid- and converter-side inductors were ordered from a specialized company in
designing and manufacturing electrical transformers, chokes, and other electrical
machines, with the specifications calculated in the previous section. A three-phase
capacitor with 33 uF on each phase is then placed, with MKP technology for signal
filtering. The three dumping resistances are of 100 mQ2 and 100 W.

In addition, in order to further comply with existing standards, an EMC filter was
placed at the input of the converter. An EMC filter was placed at the input of the
converter to meet the established electromagnetic compatibility requirements.

Bus capacitor

First, the current to be supplied by the capacitor is obtained from (3.21). According
to electrical specifications in Table 3.1, the nominal values of the first bus voltage
and power are, respectively, 650 V and 50 kW. Therefore, this bus capacitor should
provide about 38 A rms.

P
2Vdc

However, computing the minimum capacitance value is complex, and it depends di-
rectly on the control dynamics. Some increasing ramps of a few tens of millisec-
onds have been simulated, and it was concluded that the bus capacitor should have
around 600 uF to prevent the bus from under-voltages during the power transient.

The output of the controlled three-phase rectifier consists of a bus capacitor in a
configuration of six KEMET C44U0GT6100A8TK 100 uF capacitors connected in paral-
lel. These capacitors have a nominal voltage of 900 V and a ripple current of 65 A at
10 kHz each.

(3.21)

I'Cz
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Figure 3.18. Rectifier input currents: (a) grid-side currents iag, ing, icg, @and (b] converter-side cur-
rents /af, /bf, /Cf.

3.2.1.2 Vector control

A vector control integrating a Power Factor Corrector (PFC) has also been included to
ensure a low ripple output and power factor close to one at the input by canceling the
reactive power consumption.

The vector control strategy of a grid-connected converter is normally developed in dg
rotating reference frame, aligning the grid voltage vector, vy, with the d axis, [198]. In
this way, not only the voltage equations are simplified, but also active and reactive power
computations are reduced in, respectively, (3.22) and (3.23):

[

[NSION]

and

97



CHAPTER 3. POWER ELECTRONIC CONVERTER FOR INDUSTRIAL INDUCTION HEATING
APPLICATION

3 ) .
0= E (ngldg + Vdg’qg) . [323]

The control of the modules is achieved by applying the Grid-Voltage Oriented Vector Con-
trol (GVOVC) strategy in Fig. 3.19. This vector control aligns with the grid voltage space vec-
tor and is in charge of regulating the voltage at the output, V4.1, and the reactive power
exchange with the grid. On the one hand, controlling the DC-bus voltage will ensure a
proper active power exchange. In this case, to ensure unity power factor, the reactive
power reference is annulled by setting iyq reference to zero current.

ch,l* o) ldg
de,1 > + Ve ™
Gy Pl - df o Vaf*; S
. of t aﬂ be*r a
[ % €4t 819 Vﬁf*‘ Y *; PWM _>Sb
, ) v >V abgd—<» —S.
lag —dabo/l—» P o
/
bg —, + 'y
A
Vag —» 0
Vog —» PLL
ch —>

Figure 3.19. Grid-Voltage Oriented Vector Control (GVOVC) block diagram, [198].

The gating signals of the MOSFETs in the 3-phase rectifier are generated from the Vg
voltage and iqq current references. igq current reference is generated by the proportional-
integral (PI) regulator corresponding to the DC-bus voltage. Then, the two grid current
components references are passed through other two Pl regulators, canceling the cou-
pling terms at their outputs. The terms for the cancellation of the LCL filter are the follow-

ing:

eqf =W - Lf . /df + w - Lg . /dg [325]

Actually, in this case, only the grid-side current is measured, assuming that both iy and
ir currents have similar fundamental values. Therefore, the coupling terms are minimized:

e ~ w- (Li+ Lg) - g (3.27)

Next, voltage references for the three-phase rectifier are obtained by the rotational and
Clarke transformations, which are finally transformed into gating signals for the MOSFETs
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by Pulse Width Modulation (PWM). The drivers generate the trigger signals at a fixed switch-
ing frequency of fs_,, =16.67 kHz. This frequency is relatively high to minimize the induc-
tive components size and avoid any undesired acoustic noise, but without exceeding too
much as the efficiency would be penalized due to increasing the switching losses.

The angle of the grid voltage, 0, is estimated by a phase-locked loop (PLL), providing
stability and rejecting perturbations. This angle is employed in the voltage and current
coordinate transformations.

The first DC-bus voltage control dynamics are shown in Fig. 3.20. First, the bus is pre-
charged passively by the diodes of the rectifier; 4.7 € precharge resistors are employed
for such purpose. Then, the rectifier and its associated control are enabled to reach the
referenced DC voltage of 650 V. The following two stages are also enabled at the same
instant as the rectifier.

700

600
500
= 400
S
~.° 300
200 }
100 ——Referencel]
——Measured
U 1 1 1 T
0 0.2 0.4 0.6 0.8 1

t(s)

Figure 3.20. Voltage controlin the first DC-bus.

3.2.2 Two-ChannelInterleaved Synchronous DC-DC Buck-Type Converter

Theintermediate power stage consists of a DC-OC buck converterregulating the variable
bus voltage Vg 2. Its final objective is to control the delivered power to the induction load.
Considering the selected series-resonant topology and that the inverter operates at an
open loop (uncontrolled), the power will be proportional to the voltage at the output of
this DC-DC converter. In other words, the power delivered by the series-resonant inverter
will be controlled with this intermediate stage.

3.2.2.1 Sizing of the buck converter

In the design of this DC-DC converter, particular attention has been paid to minimizing
the inductive elements at the output. Forthisreason, considering that the input voltage is
always higher than the output one, and the current through the output could reach 200 A,
abuck converter with two output channels has been chosen; thus, this currentis splitinto
100 A through each output inductor.
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Output inductors

There are some criteria to consider when designing the output inductors of the buck
converter. First, the switching frequency has to be relatively high to reduce the size
of the inductors and avoid acoustic noise; at the same time, high frequencies cause
switching losses. Therefore, a working frequency of 16.67 kHz has been chosen.

Then, the maximum current ripple, Aj max, from each of the inductors is established.
A very large ripple value means designing an inductance with very high saturation
currents, whereas to reduce this ripple, a very large inductive value - a very heavy
inductor - is needed. A typical value for this criterion is between 10 and 40 % of
the nominal value. After some computations, the inductance value of 330 uH was
defined. The circulating currents through the output inductors of 330 puH each are
simulated in Fig. 3.21.

110
108+
106
=4
— 104 F
102+
——Reference
100+ ___Measured /Ll
___Measured /L2
0.99984 0.99988 0.99992 0.99996 1

t(s)

Figure 3.21. Current waveforms through each inductor.

Two 330 pH inductors were placed at the output of the buck converter, one for each
branch. To design such inductors, the design software from IKERLAN was employed,
which provides a volume-efficiency optimized design. We manufactured those in-
ductors in IKERLAN.

Considering the working frequency of 16.67 kHz, the amorphous material is the one
best suited, as it exploits its maximum inductance with acceptable losses, resulting
in a smaller inductance size. Standard amorphous cores AMCC from Hitachi were
employed. Litz wires were chosen as the wiring technology. It should be noted that
at these operating frequencies, using a solid conductor would generate excessive
losses.

The design was launched in the mentioned tool, which makes a sweep using the
databases composed of standard cores and wires. The characteristics of one of the
DC-DCinductors are shownin Table 3.4. Moreover, an air gap was introduced to reach
the desired inductive value.
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Table 3.4. Characteristics of one of the DC-DC inductors.

Size 126 x 68 x 132 mm
Turn number | 47 turnsin 3 layers
Core 4x AMCC-125
Litz wire 0.2 mm x 360

+ Bus capacitor

With respect to the DC-bus capacitor, after simulating different values as in the first
DC-bus, a capacitance value of 400 pF was chosen.

The output of the DC-DC buck converter is configured by the four 100 uF capacitors
in parallel due to technological issues.

3.2.2.2 DC-bus voltage control

In this case, two inverting synchronous branches working in two-channel interleaved
mode are used. Fixed switching frequency modulation at ek = 16.67 kHz is used, applying
asymmetrical voltage control on each branch. Pl regulators, whose output response is
given by (3.28), are employed, as detailed in Fig. 3.22.

1 t

u(t) =K, (e(t) + 7/ e (1) dt) , (3.28]
iJo

where e (t) is the error at the input of the Pl block, K|, is the proportional constant, T; the

integral time, and u (?) is the output response of the regulator. The integral gain is given

by: Ki = Ky/T.

I* d S1
Pl {— —i<T>—» PliS{PWM o
/Ll

4?__. Pl PWM, 1g0e[ o
/LZ

Figure 3.22. DC-DC voltage control closed-loop diagram based on Pl regulators.

+
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Increasing the proportional constant and/or reducing the integral time, a faster system
response is obtained, but it gets more oscillating. It is worth mentioning that the PID reg-
ulator technology is directly discarded as its derivative compaonent increases such noise.

The parameters of the Pl regulators for the voltage and current loops are given, respec-
tively, in Table 3.5.

As previously mentioned, thisintermediate converteris composed of two paralleled buck
converters. Each PWM in Fig. 8.22 is applied to its corresponding buck branch. A phase-
shift of 180° is applied between both PWM carrier signals, obtaining two phase-shifted
output current waveforms as depicted in Fig. 3.21. Therefore, the total current circulating
through the output of the buck converter will result in half of the ripple.
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Table 3.5. Proportional and integral constants for the DC-DC voltage control loops.

Plloop | Proportional constant, K, | Integral constant, K;
Pl, 0.2 100
Pl; 3.5 1667
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(a)
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Figure 3.23. Dynamics of the voltage control of the buck converter: (a) currents through the DC-DC
buck output, and (b) voltage at the output DC-bus.

In Fig. 3.23a, the transition of the output current control dynamics is plotted to see how
accurately they follow the reference value. The regulated DC-bus voltage, V42, is obtained
by means of the filtering provided by the bus capacitor. The regulated bus voltage, Ve,
dynamics, simulated in Fig. 3.23b, will be determined by the power cycle to be delivered in
the hardening process.
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3.2.3 H-Bridge Series-Resonant Inverter

Finally, the output stage comprises an H-bridge-type DC-AC switched inverter controlled
to generate a square voltage at the output, which is connected to the resonant tank.

The inverter is designed to be easily configurable to provide a versatile machine able to
operate with a wide range of loads. A double two-switch branches are employed to form
a parallel half-bridge circuit or a simple full-bridge topology. The reason to employ the
paralleled HB topology is the possibility to provide the same output currents through the
inductor, with half of the currents, compared to the single FB configuration, circulating
through each switch branch.

In Fig. 3.24, current and voltage waveforms of the resonant tank and induction load are
extracted from the electrical simulations for the inverter’s paralleled half-bridge config-
uration. With the aim of circulating around 500 A rms through the inductor, the constant
voltage of 60 V on the input of the inverter has been computed. When paralleling branches
on the HB configuration, half of the current is being circulated from each of the devices,
i.e., 250 Arms.
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Figure 3.24. Waveforms in the resonant tank and induction load for the inverter’s half-bridge con-
figuration.

3.2.3.1 Series-resonant inverter’s characteristics

A series LC-circuit has been selected as the resonant tank to optimize the delivered
power. The resonant capacitance value is chosen to operate at the desired frequency of
the heating process, as the inductive reactance is imposed by the load and wiring.

The resonant capacitor bank, which is located on the light-blue block in Fig. 3.16, is
composed of commercial capacitors from CELEM, specially designed for induction heating
applications, [199]. The two models employed are C500T and CSP300, respectively cap-
tured in Fig. 3.25a and Fig. 3.25b.

Different combinations of these capacitors can be made in order to cover the maximum
working range of the series-resonant inverter. In Fig. 3.26, the three-dimensional ren-
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(a) (b)

Figure 3.26. Rendering of the resonant capacitors tank.

dering of the board of the resonant capacitors is shown. For the same model, different
capacitance values are employed, maintaining the same sizes, so they can be replaced
between them to impose the desired resonance condition.

3.2.3.2 Control strategy

For simplicity reasons, the DC-AC inverter in this study will work at constant frequency
and a constant duty cycle of 50 %. Working at a fixed switching frequency makes the op-
eration of the inverter independent of the output power regulation, simplifying the control
of the electronics; the transferred power is regulated by the intermediate DC-DC. Further-
more, a matching transformer may also be implemented to better adapt to the load’s di-
versity.

104



3.2. DESIGN PARAMETERS OF THE SELECTED TOPOLOGY

3.2.4 Induction Heating Power Conversion System

For simplicity and versatility reasons, seven equal silicon-carbide MOSFET modules are
employed to manufacture the power converter under study. The complete power converter
detailed scheme is depicted in Fig. 3.27 with the inverter’s paralleled half-bridge and full-
bridge canfigurations, respectively drawn in Fig. 3.27a and Fig. 3.27b, [200].
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2

Figure 3.27. Power conversion stages detailed scheme, from left to right: 3-phase rectifier, DC-DC
buck, and the inverter’s (a) paralleled half-bridge and (b) full-bridge configurations.

3.2.5 Physical Implementation of the IH Test Bench

The complete power converter - the three power conversion stages - is composed of
seven Wolfspeed CAB425M12XM3 1200V and 425 A SiC modules capturedin Fig. 3.28a, each
implementing a half-bridge inverter composed of two MOSFETs with a drain-source resis-
tance, Rps, of 3.2 mQ. One of the reasons for employing this module, apart from its high
performance for the required electrical specifications, is that commercial driver boards are
available to plug on top of the component, greatly simplifying the design of the equipment.
In this case, a dual channel differentialisolated gate driver XM3 CPM3 SiC in Fig. 3.28b con-
nected to each module has been used to generate the trigger signals at a desired switch-
ing frequency on each stage.

On the other hand, the reason for homogenizing the components in all the power con-
version stages is to reduce the cost and simplify the assembly - mechanical and thermal
designs - of the converter. Bear in mind that we are working in an industrial system where
the cost of engineering is large enough, higher than the component costs.

The whole induction heating test bench is captured in Fig. 3.29. In Fig. 3.29a, the front
view of the test bench is shown, where the general control block and the induction load
are observed. The back view is captured in Fig. 3.29b to focus the resonant capacitors and
power converter elements; the blue element is the refrigeration circuit of the inductor.
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(a) (b)

Figure 3.28. Wolfspeed's power modules: (a] CAB425M12XM3 SiC module, [201], and (b) XM3 CPM3 SiC
driver, [202].

(a) | [b

Figure 3.29. Induction heating test bench: (a] front view (load and general control electronics), and
(b) back view (resonant capacitors tank in the bottom-left and the power converter in the bottom-
right).

Then, those pictures are itemized according to the general power conversion diagram
in Fig. 3.16.

The physical implementation of the power conversion stages - including the input fil-
ters, all the sensors, and the control board - is captured in Fig. 3.30 prior to being placed
in its final location in Fig. 3.29b.
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Figure 3.30. Implementation of the power electronics converter.

Rih | 0

(a) (b)

Figure 3.31. Series resonant tank: (a) configurable resonant capacitor bank, and (b) induction load.

Figure 3.31 shows the practical implementation of the series-resonant tank. The reso-
nant capacitor bank is captured in Fig. 3.31a, in which the configuration in Fig. 3.26 is im-
plemented. Then, Fig. 3.31b presents the induction load, that is, the inductor-workpiece
couple. Both the resonant capacitor bank and the IH load are connected to the power con-
verter by means of 35 mm? litz wires — 70 um x 16000 strands -, which can be observed in
both pictures protected with a white-colored electrical insulating cover.
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3.3 Series-Resonant Inverter’s Versatility Analysis

In this section, the last component of the described induction power converter, i.e., the
series-resonantinverter, is particularly analyzed. Various possible configurations are pro-
posed and compared to explore the working ranges of the inverter, aiming for a versatile
industrial induction heater.

3.3.1 Resonant Tank Components

In induction heating systems, the resistive and inductive components are imposed by
the induction load and the wiring. At the same time, the capacitance value is configured
to work in the preferred working conditions.

Atypicalindustrialinduction load will be placed at the output of the inverter under study,
which consists of a cylindrical steel workpiece surrounded by a multiturn solenoid, as de-
scribed in Chapter 2.

In every induction heating process, the induction load is represented as a resistor-
inductor pair connected in series or parallel, depending on the application; in this case,
a series connection is employed. There are different ways to obtain the electrical equiva-
lence of such load. On the one hand, a small-signal measurement is realized by means of
LCR meters, with which frequency-dependent R-L values are obtained. On the other hand,
finite element simulations are carried out to characterize the load as in Chapter 2.

As analyzed in the Chapter 2, the behavior of the metals heated inductively is usually
nonlinear; that is, their properties vary with the magnetic field levels. Moreover, temper-
ature dependence is another factor to consider. However, this chapter deals mainly with
the magnetic field’s frequency dependence issue; therefore, for the sake of simplicity, the
material’'s nonlinearities will not be taken into account.

Figure 3.32 shows the load’s performance under small-signal excitation of 10 mA. In this
measurement, apart from the coil-workpiece pair, litz wire terminals, whose impedance is
significant when it comes to determining the resonance of the system, are included. To
get an idea, the induction load itself has an inductance value of around 0.6 uH, and the
resistance value does not exceed 5 m§2 at 100 kHz.

These equivalent resistance and inductance values will be employed to realize the in-
verter's analysis in this section, because this is the impedance that will be perceived from
the converter’s output.

The capacitive component of the tank is configured in the capacitor bank described
in the previous section. This study combines various resonant capacitors from CELEM,
[199], of different values; Table 3.6 details the reference material. This analysis employs
all parallel combinations of these capacitors to cover the maximum working range of the
series-resonant inverter. Likewise, the capacitors’ limits will be considered, depending
on the data provided by the manufacturer, see Fig. 3.33 and Fig. 3.34.
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Figure 3.32. Small-signal measurements of the equivalent inductance of the induction load includ-
ing the litz terminals: (a) equivalent resistance, and (b) equivalent inductance.

Table 3.6. Resonant capacitors under study.

Model | Rendering | Capacitance | Number | Identifier
C500T | Fig.3.25a 1,4 uF 16 Cl
CSP300 | Fig. 3.25b 6,3 uF 8 c2
CS00T | Fig. 3.25a 2l uF 8 C3
CSP300 | Fig. 3.25b 2l uF 4 C4

Mareover, CELEM’s MT500 matching transformer, also described in the previous section,
is also implemented in this analytical analysis. The transformation ratio, n, of 6:1 is con-
sidered in this work.
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Figure 3.33. C500T capacitors limits: (a) C1, and (b) C3, [199].
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Figure 3.34. CSP300 capacitors limits: (a) C2, and (b) C4, [199].

3.3.2 Comparison of the Series-Resonant Inverter’s Configurations

In this task, various configurations of a series-resonant inverter are compared to de-
velop a versatile power converter for industrial induction heating applications.

Figure 3.35 shows the five configurations under study, all configured with two power SiC
modules. In the case of the half-bridge (HB) configuration, both branches are paralleled,
and the full-bridge (FB) comprises the same two modules. Both bridge-type topologies
directly connected to the load are analyzed, and the matching transformer is also imple-
mented; the resonant capacitors are positioned on both the primary and secondary sides
of the transformer. It is worth mentioning that the half-bridge (HB) configuration with the
resonant capacitor bank on the secondary side of the transformer is discarded because
a DC voltage component, due to the topology’s nature, saturates the transformer. That is
the reason why only five configurations are studied.
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Figure 3.35. Series-resonant inverter’s possible configurations: (a) half-bridge and (b) full-bridge
configurations directly feeding the load, (c) HB with adapting transformer and C; in primary side, (d)
FB with adapting transformer and C; in primary side, and (e] FB with adapting transformer and C; in
secondary side.

In Table 3.7, all the analyzed inverter configurations compiled in this work are summa-
rized.
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Table 3.7. Series-resonant inverter’s configurations overview.

Bridge conf. | Transformer | C; position | Conf. number | Scheme | P-f curves
half-bridge no - 1 Fig. 3.35a | Fig. 3.36a
full-bridge no - 2 Fig. 3.35b | Fig. 3.36b
half-bridge yes primary 3 Fig. 3.35c | Fig. 3.37a
full-bridge yes primary 4 Fig. 3.35d | Fig. 3.37b
full-bridge yes secondary S Fig. 3.35e | Fig. 3.38

3.3.3 Power-Frequency Curves

The output average active power dissipated in a series-resonant circuit is expressed
with the well-known equation in terms of the effective current and voltage:

2
Vrms

Pout - /rmszR - 7 R. [329]

Replacing the resonant tank impedance module, 171, obtained from (3.1) in (3.29), the
complete expression of the output active power of the series-resonant circuit is obtained:

Vins“R

.
R+ (wl— L)

Pout = [330]

All possible power-frequency curves are mapped in Fig. 8.36, Fig. 3.37, and Fig. 3.38 to
explore the operating ranges that each configuration can work in. The five inverter con-
figurations are compared, and their advantages and drawbacks are analyzed.

Several frequency-dependent output power curves are computed from (3.30), combining
the capacitorsin Table 3.6. The inverter'sinput DC-bus voltage has been set as areference
parameterto compare the five configurations. Input dc voltages from 10to 600V have been
used, the latter being the maximum dc voltage limited by the previous conversion stage.
All the points that exceed the maximum current set through the modules are not consid-
ered as working points. The nominal current, according to the SiC modules datasheet,
[201], is 425 A. However, with a prior thermal analysis of the designed cooling circuit, the
maximum branch current at steady state regime is estimated to be around 300 A. More-
over, the inverter's conduction losses are also considered for a drain-source resistance
of 1.1 mQ. An approached estimation of the switching losses is also considered in these
power-frequency; as the worst case, switching-off losses have been computed assum-
ing operation away from resonance, up to 50 W. In Appendix B, a detailed switching losses
estimation is realized for the power converter under study; this analysis is published in
[203].

The capacitive operation mode, which is caused when the inverter switches below the
resonant frequency, f;, is directly discarded in the power-frequency map. Therefore, in-
ductive operation mode, above f;, is considered an acceptable working range.
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Figure 3.36. Frequency-dependent output power curves for a wide range of resonant capacitance
values: (a) half-bridge, and (b] full-bridge configurations directly feeding the load.

Resonant capacitors limit graphs concerning the switching frequency are given by CE-
LEM, [199]. The same manufacturer provides the transformer’s limits. Each point that ex-
ceeds those limits is directly discarded from the plots.
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Figure 3.37. Frequency-dependent output power curves for a wide range of resonant capacitance
values: (a) HB with transformer and C; in primary side, and (b) FB with transformer and C; in primary
side.
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Figure 3.38. Frequency-dependent output power curves for a wide range of resonant capacitance
values for the FB configuration with transformer and C; in secondary side.

3.3.4 Comparison of the Inverter’s Configurations

Regarding all the plotted power-frequency curves, it is clearly observed that the res-
onance condition is changed with the location of the resonant capacitors with respect
to the transformer. If the capacitor bank is directly connected to the induction load, the
resonant frequency is directly given by (3.2). However, if the transformer is located be-
tween the capacitors and the IH load, the capacitance value is multiplied by a factor of n?,
reducing the resonant frequency.

All the curves plotted in Fig. 3.37, Fig. 3.36, and Fig. 3.38 define a permissible working
areaforeachinverter’s configuration. All operating regions are plotted in Fig. 3.39 to better
compare the five configurations.

This Fig. 3.39 also reflects the effect of placing the capacitors, in the case of using the
transformer, on the opposite side of the induction load. When connecting the resonant
capacitors on the primary side and the load on the secondary, the inverter can operate
at lower frequencies. This can be advantageous for other types of heat treatments, such
as tempering or melting, where lower frequencies are needed to penetrate the heat in the
whole section of the workpiece.

Another clear conclusion extracted from Fig. 3.39 is that less power is transferred with-
out the transformer. This is due to the MOSFET’s channel current restrictions; the trans-
former allows higher currents to circulate through the load for the same channel current.

Comparing the half-bridge and full-bridge topologies employing the same configura-
tions, i.e., Conf. 1 vs. Conf. 2 or Conf. 3 vs. Conf. 4, the higher output power is trans-
ferred to the induction load with the former topology. This happens because the half-
bridge topology is developed by the two MOSFET modules connected in parallel, enabling
double currents to circulate through the IH load.
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Figure 3.39. Desirable operating area for each configuration.

Finally, the last option places the resonant capacitors on the secondary side of the
transformer, directly connected to the load. In this case, only the full-bridge topology
is analyzed. The same frequency ranges as those without a transformer are covered, ob-
taining slightly higher output powers. It was supposed to transfer higher power amounts;
however, due to placing the capacitors on the secondary side, all the power-frequency
points that get near the resonance condition exceed the CELEM capacitors” limits, there-
fare, this configuration can easily work under unsafe conditions.
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Chapter 4

Dynamic Modeling of the
Induction Heating Process

This chapter describes a reduced-order dynamic model of an industrial induction heating
system, working from ambient temperature beyond the Curie point and operated by a reg-
ulated input-voltage series-resonant inverter. A co-simulation model has been derived to
ensure inverter control stability under the variable operating conditions intrinsically asso-
ciated with the physical properties of the induction load. This model is based on applying
areduction of the parameters obtained from simulations carried out by employing a finite-
element analysis tool to use the results in electrical simulation software.






4.1. INTROBUCTION TO DYNAMIC MODELING OF AN INDUCTION HEATING PROCESS

4.1 IntroductiontoDynamic Modeling of anInduction Heating
Process

The induction heating system required for industrial hardening must work under a wide
range of conditions to achieve accurate thermal processing of materials. This system in-
volves a nonlinear light inductive load, where the equivalent impedance depends on both
the workpiece’s temperature distribution and the applied excitation level during process-
ing.

A versatile inverter topology able to supply the required power to loads of varying char-
acteristics while maintaining robust behavior is proposed to facilitate the control of the
power converter. The power converter has to be able to control the power delivered to
the load despite the change in its properties to modulate the metallurgical process in the
workpiece. Moreover, it should cover a wide range of power levels to ensure proper oper-
ation. Additionally, the electronics has to be capable of handling inductive loads with a
small resistive component, which may vary considerably throughout an induction heating
process for hardening purposes. The basic structure of the proposed system is illustrated
in Fig. 4.1.

DYNAMIC
MODEL

AC 650V(
DC

H -

DC
)

DC-DC control

Figure 4.1. Diagram of the dynamic model: power conversion stages with the nonlinear inductive
load.

The present modular design improves functionality and provides a clear pathway for up-
grades and adjustments, making it a practical choice for various applications.

The induction heating system operates by supplying a medium-frequency current to the
load. The heating element consists of a solenoidal-type coil with a few turns. When oper-
ating without a workload, the system load is mainly inductive with a small resistive com-
ponent due to losses in the conductor of the coil. When the workpiece is inserted, the
equivalent inductance of the system may change according to the temperature and mag-
netic conditions, and the system resistance increases due to power delivery to the load.

Above the Curie temperature, the material’s magnetic properties are lost, and the in-
duction heating process relies solely on the material’s electrical conductivity. However,
because the applied power densities are very high and heat diffusion in the workpiece is
notinstantaneous, significant temperature inhomogeneities can develop within the work-
piece. As aresult, even if some areas of the workpiece have surpassed the Curie temper-
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ature, regions that remain below it can significantly influence the overall electrical be-
havior of the material. In cases where the Curie temperature has been reached in certain
hot spots, but the total energy delivered is insufficient to exceed it throughout the entire
workpiece, it becomes essential to model the electrical behavior of the workpiece accu-
rately.

Induction heating generates high heat flux to the workpiece’s surface, and therefore,
controlling the delivered power enables the precise application of metallurgical treatment
to the workpiece’s superficial layer.

4.2 DC-DC Dynamic Control

A control strategy based on regulating the second DC-bus voltage level, Vy 2, the input
of the inverter feeding the induction load, is proposed, with the same final purpose of
maintaining the envelope of the AC current through the coil constant. Thisbusis controlled
through the intermediate DC-DC stage, whose closed-loop control schematic is shown in
Fig. 4.2. Each loop employs a Pl controller to follow the reference signal; from inner to outer
loops, current through output inductors of the buck converter, /i; and /», is regulated to
controlthe voltage in the output, Vy. 2, whichisimposed to maintain the AC current through
the coil, /|y, constant.

ms + . P| dc,2 +O_ P| L +:_ Pl dl: PWM S1

N I 1H) T v T l _’82
/IH V /Ll

dc,2 d —>S3

—30— P|. > PVV|V|+180°_,SLI

L1

Figure 4.2. Three-loop DC-DC control diagram based on Plregulators to control the current through
the coil.

A third current loop, Pl;, is added to this strategy, which may slightly delay the response
of the control dynamics. Furthermore, with this strategy, the voltage in the second DC-bus
is controlled.

The parameters of the Pl regulators for the three voltage and current loops are given in
Table 4.1.

Table 4.1. Proportional and integral constants for three-loop DC-DC control.

Pl loop | Proportional constant, K;, | Integral constant, K;
Plig, 3 1

P, 0.2 100

Pl 3.5 1667
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4.3 Reduced-0rder Dynamic Model

The results from Chapter 2 provide a good description but are not practical for predict-
ing the entire system’s performance because of the high computational cost. Combining
the simulation results from the finite element analysis tool with electronic circuit simu-
lation software like MATLAB®/Simulink, [204] can be beneficial. An accurate definition of
the reduced-order model based on physical considerations for modeling the induction-
workpiece load and its inclusion into the electronic simulation tool can be valuable. This
reduced-order model was first published in [205], [206] and further developed in [207].

I T JE"}’WH IH load 0/2

T R T

eq
5 allL
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Figure 4.3. Schematic of the dynamic model of the IH system under study: power converter with
the nonlinear load.
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The equivalentimpedance of the induction load with the workpiece has several parame-
ter dependencies. Although it does not constitute a complete description of the electrical
behavior, it is appropriate to indicate that the equivalent impedance can be determined
as follows since it presents a good balance between complexity and descriptive power:

Zeq (f, /rms,?m) = Reg <f, /rms,?m> +jwleq (f, /rms,?m> , (4.1)

where frepreAsents the working frequency, /s is related to the amplitude of the applied
current, and Ty, is the estimated temperature of the central region of the workpiece.

The proposed reduced-order equivalent impedance at a fixed operating frequency, f =
fiy, will be represented as:

Zeq (I, T ) = Req (mss T) + jurLeg (mss T ) (42)
which is depicted inside the green highlighted area in Fig. 4.3.

The detailed procedure to estimate the equivalentimpedance of the IH load Zgq (/rms,7m>
will be detailed as follows.

4.3.1 Current Level and Estimated Temperature

In the proposed reduced-order model, the level of current feeding the inductor-work-
piece system plays an important role. As mentioned in the aforementioned assumptions,
when operating near resonance, the most significant current component is the one given
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atitsfundamental frequency. Therefore, being a practically sinusoidal waveform, the rela-
tionship between the current amplitude and its effective value, /s, is immediate, so both
values can be used interchangeably. Note that the current /s Will be determined by the
operational conditions in the circuit simulation model.

On the other hand, the reduced-order model also depends on the temperature, T, in
the key point given by the central region of the workpiece; and at the same time, T, de-
pends on the total energy delivered to the workpiece, Ey, obtained from the integral of the
delivered power at each moment. Moreover, a second factor related to the heating rate of
the workpiece is also considered in the T, estimation. The heating rate will be given by
the amplitude of the current, /s, With which the load is fed, because the characteristic of
the load depends on current level. In order to simplify the treatment, a factorization into
two terms, each dependent on the estimation of the total energy, EH, and the current, /ims,
respectively, is proposed as follows::

T (EH,/rms) =T (EH) T (hms) , (4.3)

where T¢ (EH> and T, (Ims) are factors dependent on the provided energy to the workpiece
and the current level, respectively.

The temperature of the workpiece has different dependencies according to the regions
observed in Fig. 2.34; this approach considers two dependencies. The induction energy
transfer process is more efficient below the Curie temperature, Tc, where the material pos-
sesses ferromagnetic properties. Above T¢, a phase transition occurs where the material
no longer has magnetic properties, and the temperature rises slower. In order to capture
this behavior, the following temperature factors are proposed concerning the estimated
delivered energy based on the observed behavior:

~ m

~ To+ Cr.En © Tm < T¢

Te (EIH> - R o (4.4)
Tork + C, (EIH — Ebrk) T > Tg,

where Ty is the initial temperature, ny, and Cy, are the exponent and proportionality factor,
respectively, fitted to a potential function for the dependence below the Curie tempera-
ture. Epx is the cumulative energy to reach the breaking temperature, Ty, close to the
Curie point, and C7_is the factor of proportionality of the quadratic dependence with ex-
cess energy from the Curie temperature, respectively.

Regarding the current-dependent factor T, (lms), @ polynomial expression has been con-
sidered, including only the dependence below the Curie temperature, as follows:

i Oy ihms’ T
T 57 Cr et < T
Ty (hms) = S Cryiher” m c sl

1 To > To,

where Cr,; proportionality factors will be adjusted in the following lines.

124
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The coefficients are adjusted by means of a curve fitting tool, and the results are after-
ward depicted in Fig. 4.4. The initial temperature, Ty, is set to the ambient temperature of
22 °C.

For the equations below the Curie temperature, the exponent and proportionality fac-
tors, respectively, are ny, = 0.6777 and Cy, = 0.6055. Instead, for above Curie expression,
the proportionality factor (7, takes the value of 4.0017 - 1078

Moreover, according to the current dependence, the adjustment provides the coeffi-
cients G0 = 621.1191, Cy,; = 0.6627, and Cy,» = 1.0691 - 10>, respectively. These
coefficients are fitted for a reference current, /¢, 0f 500 A rms.

1000 : : : : ——
800}

600 |

T_(°C)

400

200+ —250Atms —A400 A rms --- Fitted datal

——300Arms —450 Arms
350 Arms 500 Arms

0 20 40 60 80 100 120 140
EIH (kJ)

Figure 4.4. Comparison of simulated data and fitted curves for the middle point temperature of the
billet’s surface.

In Fig. 4.4, the comparison between fitted curves and simulation results in COMSOL® with
respect tothe temperature in the centralregion of the workpiece is shown. As can be seen,
the fit is quite good. However, a more significant error is observed at the lowest current
values, Ins, due to the difficulty of accurately capturing the behavior with a small number
of parameters. In any case, the accuracy achieved will be sufficient to obtain valid results.
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4.3.2 Impedance Dependence on the Estimated Parameters

Polynomial expressions are used to model the equivalent impedance Zg (/rms,7m> be-
cause they provide an analytical solution that can precisely capture an extended range of
behaviors. The equivalentresistance, Req, andinductance, Leq, expressions are dependent

on the estimated temperature, ?m, and current level, fms. These expressions are obtained
by factorizing each dependency equation, as it is provided as follows:

Reg (/?) —Rr (?) Ry (lrms) (4.6)

and

Leg (/rms,?m) — I (Tm) Ly (havs) (4.7)

The expressions for (4.6) and (4.7) have a similar structure but with different coefficients.
These coefficients are associated with the temperature, ATm, and current level, /s depen-
dencies, respectively. The fitting is divided in the two regions delimited by the material’s
Curie Temperature, T¢: below and above the Curie temperature, T¢, with a transitional tem-
perature ATto ensure stability in the simulation without sacrificing precision. Additionally,
the temperature dependence requires a higher order polynomial compared to the current
dependence to accurately approximate the behavior.

The factors for the temperature dependence are as follows:

i

5 i
Rr (Tn) = {Z;O CopiTn Tm <o (4.8)
oo CreiTm T > Te+ AT
and
6 z i o=
i (Tn) = {Z‘;“ Caalm - Im < To (4.9)

Conversely, no current level dependence, s, is 0bserved above the Curie temperature,
Tc as the magnetic properties of the workload vanish, and consequently, the equivalent
impedance loses its dependence on this parameter. As a result, the factor with respect to
the current level, /ins, Can be expressed as:

Ziezo CR‘,i/rms.i /7\-
R| (/rms) = EiZZU CR‘,i/ref, Am
1 T

I
I

(4.10)

(AVARRVAN

and
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Table 4.2. Temperature-dependent coefficients for below Curie’s point, Ty, < T.

Table 4.3. Temperature-dependent coefficients for above Curie’s point, Ty, > Tg.

1

Cl ikms'

Yo
LI (/rms) = { Z'

CL| i ref

|\//\
St S

/7\.
’7\.

I Cry,i Cuji

0 -0.0331 -7.6398 -10~1°
1| 5.1118-10~" 5.6922 -107°
2| -2.0662-107° | -2.3673 .10~
3| 4.6521-107° | 5.4237-10~™
4| -5.8262-10~* | -6.8645 -10~Y
5| 3.8162-10~* | 4.5309-10-%
6|-1.0197-10~*® | -1.2184-10~%°

T G o
0 1.1953 1.3487 -10~°
1 -0.0029 -3.0867-10°8
2 | 2.3028-10°° 2.4655 1011
3| -6.2056-1071° | -6.6043-10~ P

(4.11)

Table 4.4. Current-dependent coefficients for below Curie’s point, T, < Tg, for a reference current,

lret, 0f S00 A rms.

I Cr,j Cu,i

0 0.0585 1.1819.10°°
1]-7.3044-10—> | -1.4958 -10°
2| 4.9189-10°% | 1.2137-10°%°
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Figure 4.5. Comparison of simulated data and fitted curves: (a) equivalent resistance, and (b) equiv-
alentinductance.

Table 4.2 and Table 4.3 present the coefficients to fit the temperature-dependentimped-
ance below and above T, respectively. The order of the polynomials was determined by
assessing whether the fitting error was acceptable. Above the Curie temperature, the be-
havior of the workpiece is more straightforward, and itis not necessary to use a polynomial
of such a high order as is required for temperatures below the Curie temperature. On the
other hand, in Table 4.4, current-dependent coefficients are shown for temperatures be-
low T¢.

The polynomial curves obtained are depicted in Fig. 4.5a and Fig. 4.5b, along with their
corresponding curves obtained from COMSOL Multiphysics®. As can be seen, the factoriza-
tion of the equivalent resistance and inductance gives a pretty accurate representation
of an extended range of parameters.

Furthermore, as can be observed in Fig. 4.5a and Fig. 4.5b, both Req and Leq exhibit sharp
and non-monotonic variations during the steep decrease after the Curie temperature. The
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variations may be associated with instabilities in the model. To prevent convergence is-
sues in the subsequent electrical simulation, this transition needs a negative linear slope
for at least the following AT = 30 °C above the Curie temperature T¢ to ensure stability of
the system.

4.4 Reduced-0Order Dynamic Model’s Implementation

The reduced equation-based dynamic model in the previous section has been imple-
mented in the electrical simulation tool MATLAB®/Simulink, to simulate dynamically the
power conversion stages of the induction heating power converter.

The model simulated through MATLAB®/Simulink software is summarized in Fig. 4.6. The
simulation model starts from a DC voltage source of 650 V in the first DC-bus, Vg1, which
will replace the three-phase PFC rectifier just for simplicity.

DC-Link 1 H

DC-link2

N

Figure 4.8. Capture of the simulated power conversion stages in MATLAB®/Simulink.

The objective of this work is to simulate the whole induction heating process to ensure
that the working dynamics of the control loops are stable even if the Curie temperature is
reached, as beyond this point, the load presents a rapid electrical characteristics varia-
tion.

The simulation is carried out for a specific operation point, which will afterward be repli-
cated in the laboratory setup in Chapter 5. These working conditions are set to deliver a
controlled constant current of 500 A rms and 14.2 kHz through the load, slightly above the
self-resonant frequency of the output RLC tank. At this point, it is worth mentioning that
the resonance is given in part by the inductance value of the litz wires that connect the
voltage-fed inverter with the resonant tank. Therefore, the impedance of these wires is
added in the electrical simulation connecting in series an R-L pair, measured in Chapter 5,
to the IH load.

As captured in Fig. 4.6, ideal switch components represent the real SiC modules. How-
ever, the drain-source on-state resistance and package resistances are added, and the
stray inductance of the modules is also considered in the electrical simulation.

According to the DC-DC regulation strategy, the same control parameters described in
Chapter 3 are used. The values of the rest of the electrical components employed in the
electrical simulation are taken from Chapter 3.
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4.4.1 Temperature and Impedance Estimation from the Reduced Model

Fig. 4.7 shows the temperature evolution at the midpoint of the workpiece during the
application of 500 A rms over a 30-second cycle time, incorporating a soft start in the
first second. The graph indicates that the Curie temperature is reached after 5 seconds.
Following this point, the rate of temperature increase slows significantly as the magnetic
properties of the workpiece begin to disappear.
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Figure 4.7. Estimated temperature in the middle point of the billet’s surface, ATm, during a transient
of time extracted by electrical simulation.

In Fig. 4.8, it can be seen that between room temperature and the Curie temperature,
bothresistance and inductance increase due to the temperature dependence of the phys-
ical properties of the material. After 5 seconds, both values start to decrease because a
larger region of the material reaches the Curie temperature. This trend continues until
around 10 s, when the material becomes magnetically saturated in the area where power
dissipation occurs, as a result of exceeding the Curie temperature. Beyond 10 seconds,
the changesinboth components of the impedance are primarily influenced by the increase
in electrical conductivity as the temperature rises.

As can be observed in Fig. 4.8, the Curie temperature is reached at around t = S's, just
when the equivalentresistance, in Fig. 4.8a, and the inductance, Fig. 4.8b, start to decline.
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Figure 4.8. Equivalent impedance during a transient of time extracted by electrical simulation: (a)
resistance, and (b) inductance.

4.4.2 Electrical Simulation Results

From Fig. 4.9, the designed current control dynamics are considered fast enough to
maintain a stable current in the load during the initial transient and rapid impedance vari-
ation as the Curie temperature in the workpiece is exceeded. The simulated effective cur-
rent, Ims, correctly follows the 500 A rms set as a reference, Ins*, with a slight ripple.

In Fig. 4.10, the reference and simulated voltages on the second DC-bus are depicted,
respectively, Vg 2" and Vyc 2. Two transitions are clearly marked on the simulated voltage
buck’s output voltage, related to the same transitions resulting in the equivalent resis-
tance. Thisis due to the temperature-dependent expression of the equivalent resistance,
divided into three ranges. As detailed in the previous section, the resistance below Curie
temperature is modeled as a polynomial; then, there is a transition where a linear depen-
dence is assumed, and for higher temperatures, its descent slope is modeled as another
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Figure 4.9. Simulated effective current through the induction coil.

polynomial of lower order. In other words, this transient voltage shape is equal to the re-
sistance ones, because the current is maintained constant during the thirty seconds.
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Figure 4.10. Simulated second DC-bus voltage through the induction coil.
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Output currents through the DC-DC buck converter’s output two branches are plotted in
Fig. 4.11. In this figure, almost constant and equal OC currents are observed, which have
been used to control this intermediate DC-DC stage.
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Figure 4.11. Simulated current through the DC-DC buck output inductor, /..

The simulated inductor currents, /., adequately follow the reference created by the se-
lected control strategy, /.*. Moreover, the sum of those currents is multiplied by the volt-
age in Fig. 4.10 to compute the DC-DC converter’s output power, which, at the same time,
is the input power of the series resonant inverter.

Then, Fig. 4.12 represents active power balance on each power stage. Py in and Piny out
are, respectively, the input and output powers of the inverter, and the Pi,q is the induced
power, in other words, the active power delivered into the workpiece.
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Figure 4.12. Itemized simulated active power balance.

The power losses in the inverter and the resonant tank are drawn in Fig. 4.13. The former
isthe difference of the inverter'sinput and output powers, Pinv,in = Pinv,out- INStead, the latter
corresponds to the difference between the inverter’s output power and the induced active

133



CHAPTER 4. DYNAMIC MODELING OF THE INDUCTION HEATING PROCESS

power to the load, Pin out - Ping, Which corresponds to power losses in litz wire terminals,
[208], resonant capacitors, and the induction coil.
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Figure 4.13. Power losses computed by electrical simulation.

After itemizing those power losses, the efficiency of the induction system is computed
in Fig. 4.14. The system’s efficiency reaches 70 % of value at the maximum point just be-
fore the Curie temperature, and it varies with the induction load’s electrical characteristic
variation, decreasing its value below 50 % at the end of the heating.

100
80| .
=
40 .
20
U 1 ' ' 1
0 5 10 20 25 30

15
t(s)

Figure 4.14. Efficiency analysis extracted by electrical simulation.
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4.5 Comparison between Cases of Interest

In this section, two different cases of interest are studied with the dynamic model to
electrically simulate different heating processes. These two new simulations differ de-
pending on the current reference to be followed.

First, alower current reference is given as input. In this way, the superficial areas of the
billet last longer to reach the Curie temperature, while the heat is penetrating through the
inner areas. Thus, lower current amplitudes result in higher hardened layers. To lower the
current can be interesting for a through-hardening process.

Different heat treatments than hardening can be realized with different input recipes.
Forinstance, the annealing process needs to maintain the temperature constant at a cer-
tain level significantly below the Curie point. Therefore, an option, while using the power
converter topology analyzed in this dissertation, is to use a pulsed-current reference.

In both of them, the same simulation time of 30 seconds has been used. Those two
cases directly affect the heating process of the billet, which will obtain different mechan-
ical properties.

4.5.1 Different Constant Current Levels

In a first step, some constant current references are introduced in Fig. 4.15, but also
applying a soft start to protect the components of the inverter. Three different configura-
tions at current levels of 350 Arms, 450 Arms, and 500 A rms have been simulated in order
to give a comparison of the main parameters. As can be seen, the controlis able to provide
the desired current in all the cases.
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Figure 4.15. Current levels applied to the induction coil.
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As shownin Fig. 4.16, at all current levels, there is a rapid increase in temperature at the
midpoint up to the Curie temperature, above which the temperature increases slowly due
to a decrease in power transfer to the surface of the part. Obviously, the instant at which
this Curie temperature is reached depends largely on the level of current applied because
at higher current values, the phase transition occurs earlier, resulting in the loss of the
material’'s magnetic properties.
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Figure 4.16. Estimated temperature in the middle point of the billet’s surface, ?m, during a transient
of time extracted by electrical simulation.

In Fig. 4.17, it can be observed that, compared with its equivalent of 500 A rms refer-
ence, the phase transition is delayed in time because it depends on the power transferred
to the workpiece. This delay is due to slowing down the billet’s superficial mid-point tem-
perature evolution while delivering lesser power levels. In addition, it can be observed that
the impedance levels reached are higher because a lower power level is associated with
slower heating of the part, but with greater homogeneity in the temperature distribution.

The power transferred to the workpiece, as shown in Fig. 4.18, exhibits a smoother pro-
file as the applied current decreases. This suggests that if strong temperature gradients
are to be applied to the workpiece material, it is advisable to use higher current levels.
Moreover, the induction system'’s efficiency is plotted in Fig. 4.19 for different current lev-
els, which significantly reduces after reaching the Curie temperature. This Fig. 4.19 shows
that the efficiency depends on the temperature in the load. Lower currents through the in-
ductor deliver lower power to the load, so the heating is slower, and efficiency is maintaind
higher for more time.

136



4.5. COMPARISON BETWEEN CASES OF INTEREST

40 :
—350Arms
35t — 450 Armsi
——500 Arms
30 .
— 25
G
5@20
=15
10}
5 L
U 1 L L 1
0 5 10 15 20 25 30
t(s)
(a)
1 T
—350Arms
—450Arms
sl ——500 A rmsi|
=
~“ oyl
0.2}
0 1 I L 1
0 5 10 15 20 25 30
t(s)

(b)

Figure 4.17. Equivalent impedance during a transient of time extracted by electrical simulation: (a)
resistance, and (b) inductance.
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Figure 4.18. Power delivered to the induction load.
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Figure 4.19. Induction heating system’s efficiency.

4.5.2 Comparison of Pulsated Current Level and Constant Current

Then, the input reference is switched between 200 A rms and 50 A rms in a ten-second
period with a duty-cycle of 60 %, as shown in Fig. 4.20, where soft current transitions have
been defined to protect the converter. Moreover, the results are compared when applying a
constant current with an effective value of 158.11 Arms, which correspond to the constant
level of the current.
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Figure 4.20. Simulated effective current through the induction coil.

In Fig. 4.21, the reduced-order equations-based estimated temperature is depicted. It
can be observed that the temperature increases when power is applied to the workpiece,
but when the poweris pulse to a lower level, the temperature decreases because the tem-
perature of the workpiece becomes more uniform. In both configurations, a similar temper-
atureincrease is observed over time; however, in the case of pulsing the delivered current,
a smoother profile is observed.
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Figure 4.21. Estimated temperature in the middle point of the billet’s surface, ?m, during a transient
of time extracted by electrical simulation.

60

S
E
Q:CD
20+
10+ -
—Switched current
——Equivalent rms current
0 1 I 1 1 1
0 5 10 15 20 25 30
t(s)
(a)
1.2
1F [-—\ / .
\______._J
0.8 .
=
—_ 06
\‘(l)
0.4t
0.2+ -
—Switched current
——Equivalent rms current
0 1 L I 1
0 5 10 15 20 25 30
t(s)

(b)

Figure 4.22. Equivalent impedance during a transient of time extracted by electrical simulation: (a)
resistance, and (b) inductance.
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In Fig. 4.22, it is clearly observed how the impedance changes the resistive and induc-
tive values with the current level along the cycles. As it was expected, pulsating the cur-
rent implies a similar pattern in the resistive and inductive components of the equivalent
impedance. Note that constant current excitation implies similar equivalent impedances
to values at higher current in the pulsating strategy.

With regard to the power delivered to the workpiece, shown in Fig. 4.23, an increase is

observed throughout the cycle applied. This increase is associated with the behavior of
the resistance in the workpiece along time.
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Figure 4.23. Comparison of power delivered into the workpiece between applying pulsating current
and equivalent constant current.
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Chapter 5

Experimental Validation

Inthis chapter, the simulation results will be experimentally validated. First, the impedance
of the induction load will be measured in the small-signal regime with an LCR meter to
compare the finite-element electromagnetic simulation results with the measured values.
Then, to validate the coupled electromagnetic-thermal FEM simulation, an induction heat-
ing experiment under typical operational conditions is realized and recorded with a thermal
camera. Moreover, the electrical behavior will also be validated by measuring current and
voltage signals at different power conversion stages.






5.1. CONTEXT OF THE EXPERIMENTAL MEASUREMENTS VALIDATION

5.1 Context of the Experimental Measurements Validation

This chapter presents experimental measurements carried out in two distinct regimes.
On the one hand, we use the small-signal regime to determine the system’s impedance
across various frequency ranges, utilizing a high-precision LCR meter for this purpose.
This regime is used to characterize the induction system for the induction load working
with linear conditions. On the other hand, we establish a complete experimental setup
to evaluate the system’s performance in front of large signals. Different processes under
different excitation profiles can be tested in this test bench. This second regime yields a
variety of measurements, including currents and voltages at all power stages, as well as
the temperature cycle in the billet. Moreover, after treating the workpieces, they are also
mechanically tested to ensure that they obtain the desired properties. However, in this
work, only the electrical and thermal measurements are provided; the mechanical issue
covers other technological fields.

Therefore, the numerical models using the finite element method will be experimentally
validated. First, the electromagnetic simulation results in the frequency domain are com-
pared with LCR meter measurementsin small-signalregime. Then, under large-signal con-
ditions, the thermal camerarecords an induction heating process to somehow validate the
thermal model. Finally, as power conversion stages are monitored, these electrical mea-
surements validate the proposed dynamic model.

5.2 Small-Signal Regime

LCR meters are small signal-measuring instruments that measure impedance, Z, from
the current circulating through the measurement target and the voltage on its terminals.
The resulting impedance is a complex vector, so the LCR meters measure current and volt-
age values and the phase shift between them. LCR meters have three measurement signal
modes depending on which parameter is set: open-voltage mode, constant-voltage mode,
and constant-current mode, [209].

Figure 5.1. Agilent 4284A LCR meter.
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In this thesis, small-signal measurements are performed with a high-precision Agilent
4284A LCR meter, captured in Fig. 5.1, to analyze the system’s impedance, [210]. This in-
strument can excite frequencies from 20 Hz to 1 MHz, with a large amount of intermediate
selectable frequencies at the current level.

5.2.1 Small-Signal Measurements

Different impedances are measured with the LCR, and frequency ranges from 20 Hz to
100 kHz are analyzed. In this case, as the measuring elements may exhibit current de-
pendence, the LCR meter is set to operate at constant-current mode, setting its value at
10 mA. The integration time has been set to long format in order to achieve high accuracy
in the measurement values, slightly increasing the measuring time.

In Table 5.1, the measuring configurations are summarized. The excitation current am-
plitude and frequency ranges are exposed for each case study. In that table, the configu-
rations named 'ZTD" and ‘LSRS are mentioned, which are related to the information format
given by the LCR meter. The former means that the measured impedance is expressed with
its absolute value and phase angle in degrees. Instead, the latter provides the impedance
as an equivalent series resistor-inductor pair.

Table 5.1. Small-signal measuring parameters.

Measuring element Excitation current | Frequency range | Configuration
Coilin air 10 mA 20 Hz+100 kHz LSRS
IH load 10 mA 20 Hz+100 kHz LSRS
Resonant tank with coil in air 10 mA 20 Hz+-100 kHz /1D
Resonant tank with |H load 10 mA 20 Hz+100 kHz 1D

The first two measurements in Table 5.1, coil in air and IH load, are used to validate the
electromagnetic finite-element simulations in Chapter 2. First, the coil's impedance is
measured without the workpiece, i.e., coil in air; then, the steel billet is introduced in the
center of such coil. At that point, the series equivalent circuit is configured to obtain the
series inductance and resistance values. The 'LSRS’ configuration mode is selected be-
cause the focus is on the induction load from an electromagnetic point of view, so the
electrical equivalence of the IH load is measured.

However, the "ZTD" configuration is employed to measure the impedance module and
phase of the complete resonant tank, which is composed of the mentioned induction load,
resonant capacitor bank, and litz terminals. This measurement will give the impedance of
the whole resonant tank from the point of view of the electronics. Here again, the coil in
airand the coil-billet pair are measured separately. The aim of these latter measurements
is to find the exact resonance point of the system seen from the inverter’s output.

144



5.2. SMALL-SIGNAL REGIME

5.2.2 \Validation of the Electromagnetic Simulations

In a first place, the focus is on the induction load, whose geometrical characteristics
are detailed in Chapter 2. The coil is constructed with 6 tubular copper turns, as a water-
cooling system is necessary to limit the maximum working temperature of this component.
The tube has a cross-section consisting of an outer circle with a diameter of 6 mm and
a hollow section with an inner diameter of 4 mm. Actually, the coil is a spiral, but the
simulation model is approximated to six equal rings with an inner radius of 15 mm, and
equally separated by 9 mm along a common rotational axis. The workpiece is a cylindrical
billet with a radius of 10 mm and a length of 75 mm. Figure 5.2 shows two screenshots
of the COMSOL Multiphysics® interface with the simulated current density at 100 kHz in
a revolved geometry; in Fig. 5.2a, the six-turn coil in air is captured, and in Fig. 5.2b, the
cylindrical steel billet is centered inside the coil.

(a) (b)

Figure 5.2. COMSOL®-based simulated current density for the induction load’s revolved geometry:
(a) coilin air, and (b] including workpiece.

The LCR meter is configured to obtain the series L-R parameters of such load. Again,
the measurements are performed, positioning the billet inside and outside the coil. These
measurements are afterward compared in Fig. 5.3 and Fig. 5.4 with the results obtained
from finite-element simulation models.

Small-signal electromagnetic modeling is performed in the frequency domain to com-
pute the electromagnetic field and induced power density in the billet. These models aim
to validate the system’s geometry by verifying with LCR meter measurements.

First, the billet is dismissed, and the focus is on the coil. In Fig. 5.3, the coil’s equiv-
alent resistance and inductance values are depicted in the frequency spectrum. As can
be seen, the agreement between experimental measurements and simulation datais quite
good, validating the geometrical modeling of the coil. There is a slight errorin Lgq of around
0.1 uH, possibly because the spiral geometry is not precisely represented with the axi-
symmetric domain.
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Figure 5.3. Comparison of simulation and small-signal measured equivalent impedance, Zgq, 0f the

heating coil: (a) equivalent resistance, Req, and (b) equivalent inductance, Leg.

In Chapter 2, the DC resistance value of the copper coil is computed to be 0.75 mS.
Figure 5.3a shows the resistance value of the induction coil depending on excitation fre-
quency. The value at low frequencies should be close to Ry value of such coil.

Regarding Fig. 5.3b, it can be seen that the L¢q values around 100 Hz and below are not
represented; for lower frequencies, the precision results are inadequate. LCR meters lack
on accuracy at low frequencies when measuring small inductance values (< 1 pH), [208].
These points have been neglected because they are not representative due to the device’s

accuracy with so small inductance values.
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5.2. SMALL-SIGNAL REGIME

When the steel bar is placed in the center of the coil, the equivalent resistance and in-
ductance values rise significantly. Resistance Req and inductance Lgq dependencies with
frequency are shown in Fig. 5.4a and Fig. 5.4b, respectively. The material properties are
supposed to be linear because the coil is excited with a small amplitude current. Exactly,
the model with linear conductivity o = 1 MS/m and permeability p, = 100 is the one that
best approaches the measured impedance, resulting in a o/, ratio of 104 S/m.
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Figure 5.4. Comparison of simulation and small-signal measured equivalent impedance, Zgq, 0f the
induction load: (a) equivalent resistance, Req, and (b) equivalent inductance, Leg.

The low-frequency equivalent resistance value should match the DC resistance, Ry,
value of the coil, which comes to be the DC resistance of the induction load, as thereisno
power induced to the billet in DC condition, i.e., low frequencies.
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CHAPTER 5. EXPERIMENTAL VALIDATION

5.2.3 Measurement of the Resonant Tank

Then, the full RLC series-resonant tank is measured. As previously mentioned, the re-
sistive and inductive components are given by the induction load and litz-wire terminals
connecting the converter with this IH load. Instead, the capacitive component is config-
ured by the resonant capacitors bank; in this case, it is composed of four capacitors of
6.3 uF and eight of 1.4 uF, obtaining, in total, 36.4 uF of capacitance in the resonant tank.

In Fig. 5.5 and Fig. 5.8, the series-resonant tank’s impedance module and argument are
depicted. Respectively, two measurements are realized and compared: on the one hand,
the induction coilin airis measured, and on the other hand, the resonant tank is measured,
centering the cylindrical steel billet inside such coil, i.e., the loaded coil is measured.
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Figure 5.5. Measured impedance (a) module and (b) argument of the whole resonant tank: resonant
capacitors bank, litz terminals, and IH load with the coil in air.

A slight difference can be observed in Fig. 5.5a and Fig. 5.6a. When the steel billet is in-
troduced, the impedance of the resonant tank increases. However, both impedances have
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Figure 5.6. Measured impedance (a) module and (b) argument of the whole resonant tank: resonant
capacitors bank, litz terminals, and IH load including the steel workpiece.

no large difference because of the impact of the litz terminals, whose inductive compo-
nent prevails in front of the induction load. Exactly, for the system with the coil in air, the
resonance condition is reached switching at 14.12 kHz, while when the steel billet is in-
troduced, the resonant frequency drops to 13.89 kHz. Indeed, these litz terminals have
around 8 mQ of resistance and 3 pH inductance.
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5.3 Large-Signal Regime

In this section, the 42CrMo4 steel billet is heated by electromagnetic induction for hard-
ening purposes; the process is captured in Fig. 5.7. First, the billet is heated while it cen-
tered inside the coil. The billet needs to be heated up relatively quickly, exceeding the
Curie temperature, T¢, which is around 800 °C. Therefore, large-signal alternating current
is needed. Then, after reaching the austenizing temperature of the material, around 50 °C
above T¢, the heated workpiece is immediately cooled down to be properly quenched.

(al ‘ (d)

Figure 5.7. Captured images while hardening a cylindrical 42CrMo4 steel billet by induction heating:
(a) heating the billet, (b) at austenizing temperature, (c) going down after reaching the desired
temperature, and (d) quenching process.

The experimental setup in the laboratory for induction heating processes is presented
in Fig. 5.8. The induction heating test bench is captured at the top, which includes all the
power converters described in Chapter 3.

On the one hand, there is the input AC-DC power converter fed with a 3-phase AC mains
of 50 Hz, with EMC and LCL filters on its entrance. It includes all the power conversion
stages, rectifier, buck, and inverter, composed of SiC half-bridge modules, as detailed in
Chapter 3. The control board is also integrated in the electronics, with the sbRio which
communicates the general control of the test bench through CAN protocol.

On the other hand, there is the steel billet to be heated and the heat source coil, forming
the induction load; the resonant capacitors, which willcompose the series-resonant tank,
are placed in another box. Both the resonant capacitor bank and the IH load are connected
to the power converter utilizing 35 mm? Litz wires. These wires play a very important role
when it comes to analyzing the resonance of the system, as the system'’s self-resonant
frequency is mainly determined by theirimpedance. Therefore, itis crucial to measure this
impedance before launching any heating.
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Figure 5.8. Experimental setup.
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5.3.1 Sensing System

The entire system was controlled using a digital system implemented in a National In-
struments sbRio 9607 embedded controller, [211], which is inserted in the power converter
captured on the bottom of Fig. 5.8. The trigger signals for the 3-phase rectifier were gen-
erated from the measurements of the current and voltage signals of each phase and the
output voltage Vgc1. We used a 200 A rms LEM LF 210-S current transformer, [212], for
the current measurements and a LEM DVL 250 voltage transducer, [213], for the voltage
measurements of each phase of the mains, respectively. The voltage at the output of the
3-phase rectifier was monitored with a LEM DVL 750-Ul voltage transducer, [214].

To generate the regulated DC-bus, V4.2, through the DC-DC buck, different control vari-
ables can be applied: the voltage in the second DC-bus or the current delivered to the load,
i, was used as the control variable. The voltage or current setpoint, Vg 2* and lins™, is pro-
vided through a CAN-bus communication in an open-loop system, allowing flexibility in the
cycle to be applied depending on the type of workpiece under treatment. Additionally, the
current supplied by each branch of the DC-DC buck stage is monitored by two 200 A rms
LEM LF 210-S current transformers. The DC-bus voltage Vy.» was provided by a LEM DVL
750-Ul voltage transducer. The current delivered to the load was determined by measur-
ing the peak current of each of the two modules using a 300 Arms LEM LF 306-S Hall current
probe, [215]; two Peak Detector Circuit (PDCJs are inserted in the hardware. In paralleled
half-bridge mode, the current through the load is the sum of the two measurements, while
for the full-bridge configuration, the current is obtained by averaging them. The trigger
signals were generated by two PWMs of the same frequency as the 3-phase rectifier and
out of phase by 180° to reduce the interference generated by the system when applying
interleaving of the two branches.

Finally, the symmetric gating signals of the inverter’s two modules are generated with a
fixed duty cycle of 50% and frequency, fiz, which is high enough to ensure the ZVS condi-
tions at the interest heating treatments despite the existing slight inductance variations.

Table 5.2 defines the specifications of the analog inputs that receive the monitorized
information.

Table 5.2. Specifications of the analog inputs.

Variable Number | Unit | Nominalrange | Maximum range
Phase voltage, Vqc 3 V -325:325 -356:356
Phase current, iy 3 A -102.5:102.5 -120:120
DC-bus voltage, Ve 2 ) 0:650 0:650
Buck current, /4c 2 A 0:150 0:175
Inverter’'s output current, /i 2 V -375:375 -400:400

The specific definition of the power cycle to be applied will be defined in the future for
each of the workpieces to be treated, ensuring the repeatability of the process. The pro-
posed control includes overcurrent and phase-shift protections so that the modulation in
the inverter is suppressed when a malfunction is detected.
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5.3.2 \Validation of the Electromagnetic-Thermal Simulation

This section compares the finite-element electromagnetic-thermal model with an ex-
perimentrealized on the induction hardening test bench. The heating process was record-
ed with a FLUKE RSE300 thermal camera, [2186], to compare the simulated and real temper-
ature distributions during the heating process. The experimental setup to thermally record
the induction heating process is captured in Fig. 5.9.

Both the FEM simulation and thermal test are carried out under 500 A rms and 14.2 kHz
coil’s current excitation. The configured capacitance value is 36.4 uF, resulting in a reso-
nance of around 14 kHz. With those working conditions, the steel billet should be heated
for 30 seconds to reach the desired temperature in the central areas of the billet’s surface.
The temperature distribution of the system for the captured instants is shown in Fig. 5.10.

The information recorded in the thermal camera is processed with SmartView® software
from FLUKE. The software gives the graph captured in Fig. 5.11, which depicts the temper-
ature values captured by the thermal camera in a longitudinal path that covers the whole
billet for the instant t = 10 s.

(a) | (b) h (c)

Figure 5.9. Experimental arrangement to record temperature of the IH process: (a) general view of
the thermal measurement setup, (b) thermal camera, and (c) frame captured by the thermal camera.

While heating the steel probe with a spiral coil that surrounds it, the magnetic field den-
sity is longitudinal, leading to the strongest fields in the central area, in the z axis, of the
coil. Therefore, the hottest areas are also those near the mid-surface point of the metallic
piece. Then, as the temperature distribution is not homogeneous, the magnetic, elec-
trical, and thermal properties are not equal throughout the piece, resulting in different
power densities applied to different workpiece areas; this effect is clearly observed in this
Fig. 5.11. However, the captured maximum temperature at the central point of the billet at
t = 10 s differs from the value it should take, i.e., around 800 °C, due to the constant emis-
sivity factor applied to the recording. The emissivity is a key parameter to obtain accurate
measurements but it is difficult to calibrate.
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Figure 5.10. Temperature distribution through the billet with 500 A rms and 14.2 kHz coil’s current
att=1,5,10, 15, and 20 s, respectively: (a) COMSOL®-based thermal simulation, and (b) thermal
camera captures during the experimental heating process.

The temperature distribution on the surface of the workpiece, as illustrated in both
Fig. 5.10a and Fig. 5.10b, is notably innomogeneous. However, it exhibits a clear pattern
where the maximum temperature is found in the central zone of the billet. Temperatures
significantly above the Curie temperature are not observed, primarily due to magnetic sat-
uration, which implies lower power transference, and, to a lesser extent, the increased
heat capacity. In capturing images with the thermal camera, a behavior that performs as a
gray body of the workpiece is assumed, with properties that remain consistent throughout
the process. This means that the emissivity is considered independent of the wavelength
and remains constant with temperature.

As shown in Fig. 5.10, there is a considerable correlation between the simulation and
experimental results, indicating that the electromagnetic-thermal simulation has been
validated. The same temperature scale is employed to compare both the simulation and
experimental temperature distributions. The emissivity of the workpiece changes as its
color varies at around 600 °C, but while capturing the temperature images, we use a con-
stant emissivity. That is why the thermal camera does not capture temperatures above
650 °C, and it is already known that the heated material can reach temperatures beyond
it.
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Figure 5.11. Temperature distribution through a billet’s vertical path captured with the thermal
camera with 500 A rms and 14.2 kHz coil’s current at instant t = 10 s.

Furthermore, the temperature of a superficial point of the billet has been measured in
several experiments by means of K-type thermocouples. In Fig. 5.12, three temperature
measurements are compared with FEM simulation results during a transient of 30 seconds
feeding the coil with 500 A rms constant current.
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Figure 5.12. Comparison of COMSOL® simulation results and experimentally measured temperatures

at the boundary middle point of the billet, Ty, during three induction heating tests of 30 seconds
exciting the coil with a current of 500 A rms and 14.2 kHz.

The measured temperature appears to differ from the simulated results. Itis worth men-
tioning that it is not easy to have accurate temperature measurements in this kind of pro-
cess as very high temperatures are reached. This can be clearly observed in Fig. 5.12,
where the three measurements show different temperature responses, even the Curie
temperature - the point where the tendency is changed - seems to vary, which cannot
be real.
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First, the thermocouples are welded to the billet’s surface so the measurement can be
distorted due to the non-magnetic welding material. Moreover, a slight offset in the posi-
tion modifies the time dependence of the temperature at the supposed measured point;
in this case, it is intended to measure the temperature on the middle point of the billet’s
surface, Ty,. Furthermore, since thermocouples exhibit a degree of inertia, they may intro-
duce atime laginrapidly changing temperature situations, which happensinthe induction
heating process under study.

5.4 Validation of the Dynamic Model

Experimental validation of the dynamic model’s results has been performed using the
setup shown in Fig. 5.8. The abovementioned conditions - 500 A rms at 14.2 kHz - were
applied to obtain the results shown in this section.

Allthe experimental results displayed in this section are sensed as specified in Table 5.2
and monitored by LabVIEW®, [217].
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Figure 5.13. LabVIEW®interface capture to monitor real-time currents and voltages during the in-
duction heating process.

As depicted in Fig. 5.14, the current control dynamics are fast enough to maintain a sta-
ble high current through the load during the initial transient and rapid impedance variation
as the Curie temperature in the workpiece is exceeded. The simulated current follows the
500 A rms set as reference correctly with a slight ripple, which cannot be captured on the
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Figure 5.14. Effective current through the induction coil: dynamic simulation results vs experimen-
tal measurements.

measured signal due to the bandwidth of the current sensors and sample ratio. A cur-
rent overshoot is observed at around 5 seconds, just when the middle point of the billet
reachesthe Curie temperature, the error on the peakis 3.4 %; and after it, the current drops
slightly until it reaches a negative error of 2.8 % at the end of the process. These inaccu-
racies are within the acceptable tolerance range for this industrial process. We see that
after 30 seconds, the current would continue dropping, but at this point, the workpiece
has already reached the desired temperature, and the process will always be stopped be-
fore the current decreases significantly. That is why we have considered it an acceptable
level of accuracy.

On the other hand, in Fig. 5.15, aripple is also observed in the measured voltage signal,
which can be due to the noise effects of such small amplitudes. Comparing the evolution
of the DC-bus voltage with simulation results, it is concluded that it is reasonably well-
regulated, considering the simplifications of the reduced model. The simulated equivalent
induction load is divided into three parts through three analytical equations, which is why
the transition at around t = 10 s is sharper than in experiments; the load’s dynamics are
smoother. Therefore, it is assumed that the simulated general variable behavior of the
load is correctly modeled, considering all its inconsistencies.

Furthermore, these parameters are measured in the experimental test, and it is con-
cluded that the tendency of the simulations is reasonably followed. Half-bridge inverter’s
input power is also measured in the same experiment, see Fig. 5.16, reaching around 12 kW
at the maximum value of Ve ».

Previous power conversion stages measurements are also monitored by LabView® and
displayed in Appendix C.

157



CHAPTER 5. EXPERIMENTAL VALIDATION

70 T
——Reference

80 F — Simulated i
——Measured

0 5 10 15 20 25 30
t(s)

Figure 5.15. Regulated voltage in the second DC-bus, Vqc 2: dynamic simulation results vs experi-
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Figure 5.16. Input power of the inverter, Py, in: dynamic simulation results vs experimental mea-
surements.

5.4.1 Oscilloscope Measurements

Finally, some oscilloscope measurements are captured to further validate the induction
heating process. MD03054 model from Tektronix, [218], was used to capture the voltage
and current on the output of the series resonant inverter. A differential voltage probe is
used to measure the switched voltage, and a Rogowski coil is used for the current. In
Fig. 5.17, the measurement setup is presented.

Figure 5.18 shows the voltage in the resonant tank, v,, as well as the output through
the induction load, iy, waveforms just before reaching the Curie point and at the end of
the process, verifying the proper operational conditions of the power converter. The Zero
Voltage Switching (ZVS) condition is ensured in both process instants.
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Figure 5.17. Voltage and current waveforms measurement setup with Tektronix MDO3054 oscillo-
scope.
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Figure 5.18. Measured waveforms of the voltage in the resonant tank, vy, and the load current, iy,
atfow = 14.2kHz: (a)t =5sand (b) t =25s.
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Figure 5.19. Simulated waveforms of the voltage in the resonant tank, v,, and the load current, iy,
atfow = 14.2kHz: (a)t =5sand (b) t = 25s.

In Fig. 5.18a, the square waveform of v, and the sinusoidal of iy are captured for the
instant t = 5's. The v, voltage takes 0 and V> values, and comparing it with Fig. 5.15
at that specific instant, both of them are slightly higher than 50 V. However, in Fig. 5.18b,
the Vyc 2 value captured at the instant t = 25 s is around 25 V, which also matches with
the voltage value measured and processed via LabVIEW®in Fig. 5.15. The same waveforms
are plotted in Fig. 5.19 obtained from the simulated dynamic model in Chapter 4; in order
to maintain a comparable scale in Fig. 5.18, the output voltage has been multiplied by 5.

Moreover, it is confirmed that the current amplitude remains constant at both instants,
barely higher than the 500 Arms set as areference, but always inside the tolerance range.

160



Chapter 6

Conclusions and Future Lines

The final chapter aims to summarize the various research activities conducted in this the-
Sis, highlighting the main findings, contributions, and discussing the results while also
identifying the study’s limitations and opportunities for future work.

This chapter is structured as follows. First, it summarizes the different research activities
undertaken in this thesis. It evaluates the extent to which the objectives and hypotheses
Stated in the introduction have been achieved. Next, the key contributions of the thesis
are presented, and the results obtained throughout the various chapters are discussed.
Finally, the main limitations of the research are identified, and some suggestions for future
work are proposed.






6.1. SUMMARY

6.1 Summary

Thisthesis analyzesthe behavior of the electromagnetic-thermalinduction heating pro-
cess applied to a workpiece undergoing metallurgical treatment. The aimis to capture the
behavior under different operating conditions in order to obtain the electrical equivalent
of the inductor-workpiece system for use in time simulation, with the ultimate goal of ob-
taining an electrical simulation model of the inductor-workpiece system acting as a load
on the power stage that feeds it. In this way, it will be possible to capture the dynamic
behavior of the system over time in order to optimize the different types of industrial pro-
cesses that can be applied by induction heating.

The work carried out has focused on the use of a power converter that can be used to
power light inductive loads, whose impedance varies significantly throughout the applied
power cycle. The variations in the impedance of the induction load are associated with
the dependence of the physical parameters of the workpiece under treatment, which are
linked to both the significant temperature variation and the different excitation levels ap-
plied, given that it exhibits strong non-linear behavior.

6.2 Contributions

The main findings from the research conducted during this thesis are summarized below:
+ Electromagnetic-thermal simulation of the inductor-workpiece system.

This thesis employs finite element simulations to accurately describe the behavior
of an inductive-type load, which consists of an inductor system and a workpiece.
The study emphasizes the strong nonlinear behavior of the load, primarily due to its
significant dependence on magnetic properties under varying temperature condi-
tions and levels of excitation. A key contribution of this work is the successful mod-
eling of the electromagnetic behavior of the workpiece using a nonlinear boundary
impedance condition, which provides reliable results at areasonable computational
cost.

+ Dynamic model of the electronic converter and non-linear inductive-type light load.

A reduced-order model has been developed in this thesis to capture the dynamics
of the IH load. This model facilitates the extraction of valuable insights from the
system, which includes the electronic power stage and the inductor-workpiece as-
sembly. The aim is to optimize various industrial processing techniques applied to
metal components.

+ Experimental validation of the dynamic model.

The primary numerical outcomes from the proposed dynamic model have been vali-
dated through experimental measurements. These measurements encompass both
electrical tests, conducted in the small-signal regime where the induction load be-
haves linearly under manageable conditions, and in the large-signal regime, where
the proposed power converter effectively supplies power to the inductor-workpiece
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system. Additionally, temperature measurements were taken throughout the power
cycle delivered to the workpiece. Despite challenges in obtaining these measure-
ments, they essentially validated the computational results obtained earlier.

6.3 Future Work

Firstly, among the potential tasks to be undertaken, it can be considered applying the
proposed methodology to obtain simulation results for metallurgical processes under vari-
ous conditions, including materials with different properties than those previously consid-
ered. Itisimportant to previously conduct an experimental characterization of the physical
properties of the workpiece material.

In order to validate the reduced-order model more comprehensively, it would be ben-
eficial to compare the results obtained from this model under different conditions with
co-simulation results. This would involve integrating a finite element simulation tool with
the MATLAB®/Simulink electrical simulator. While the co-simulation would incur a high
computational cost, leading to longer simulation times, it would allow for an assessment
of the accuracy achieved with the reduced-order models.

Additionally, it is proposed to investigate improvements to the converter for light in-
ductive loads, which is the focus of this thesis. This could be accomplished by using an
adaptation transformer between the power stage output and the inductor-load system. A
fully functional prototype of a power transformer that meets the required specifications is
available at this moment.
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Chapter 7

Conclusiones y Lineas Futuras

El capitulo final pretende resumir las diversas actividades de investigacion realizadas en
esta tesis, destacando las principales conclusiones, contribuciones y debatiendo los re-
sultados, al tiempo que se identifican las limitaciones del estudio y las oportunidades de
trabajo futuro.

Este capitulo esta estructurado de la siguiente manera. En primer lugar, se resumen las
distintas actividades de investigacion realizadas en esta tesis. Se evalua en qué me-
dida se han alcanzado los objetivos e hipotesis enunciados en la introduccion. A con-
tinuacion, se presentan las principales aportaciones de la tesis y se discuten los resulta-
dos obtenidos a lo largo de los distintos capitulos. Por ultimo, se senalan las principales
limitaciones de la investigacion y se proponen algunas sugerencias para futuros trabajos.






7.1. RESUMEN

7.1 Resumen

En esta tesis se analiza el comportamiento del proceso de calentamiento por induc-
cion electromagnético-térmico aplicado a una pieza sometida a tratamiento metalurgico.
El objetivo es capturar el comportamiento bajo diferentes condiciones de operacion para
obtener el equivalente eléctrico del sistema inductor-pieza para su uso en simulacion
temporal, con el fin ultimo de obtener un modelo de simulacion eléctrica del sistema in-
ductor-pieza actuando como carga sobre la etapa de potencia que lo alimenta. De esta
forma, seré posible captar el comportamiento dinamico del sistema a lo largo del tiempo
con el fin de optimizar los diferentes tipos de procesos industriales que pueden aplicarse
mediante calentamiento por induccion.

El trabajo realizado se ha centrado en la utilizacién de un convertidor de potencia que
permite alimentar cargas inductivas ligeras, cuya impedancia varia significativamente a lo
largo delciclo de potencia aplicado. Las variaciones en laimpedancia de la carga inductiva
estan asociadas a la dependencia de los parametros fisicos de la pieza a tratar, que estan
ligados tanto a la importante variacion de temperatura como a los diferentes niveles de
excitacion aplicados, dado que presenta un fuerte comportamiento no lineal.

7.2 Contribuciones

Las principales conclusiones de la investigacion realizada durante esta tesis se re-
sumen a continuacién:

- Simulacion electromagnética-térmica del sistema inductor-pieza.

Esta tesis emplea simulaciones de elementos finitos para describir con precision el
comportamiento de una carga inductiva, que consiste en un sistema inductor y una
pieza de trabajo. El estudio enfatiza el fuerte comportamiento no lineal de la carga,
principalmente debido a su significativa dependencia de las propiedades magneéti-
cas bajo condiciones variables de temperatura y niveles de excitacion. Una con-
tribucion clave de este trabajo es la modelizacion satisfactoria del comportamiento
electromagneético de la pieza de trabajo utilizando una condicion de impedancia de
frontera no lineal, que proporciona resultados fiables a un coste computacional ra-
zonable.

+ Modelo dindmico del convertidor electrénico y ligera carga inductiva no lineal.

En esta tesis se ha desarrollado un modelo de orden reducido para capturar la di-
namica de la carga de induccion. Este modelo facilita la extraccion de informacion
valiosa del sistema, que incluye la etapa de electrénica de potencia y el conjunto
inductor-pieza. El objetivo es optimizar diversas técnicas de procesamiento indus-
trial aplicadas a componentes metalicos.

+ Validacion experimental del modelo dindamico.

Los principales resultados numéricos del modelo dinamico propuesto se han vali-
dado mediante mediciones experimentales. Estas mediciones abarcan tanto prue-
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bas eléctricas, realizadas en el regimen de pequena senal, en el que la carga de
induccion se comporta linealmente en condiciones manejables, como en el regimen
de gran senal, en el que el convertidor de potencia propuesto suministra potencia
eficazmente al sistema inductor-pieza. Ademas, se realizaron mediciones de tem-
peratura durante todo el ciclo de potencia suministrada a la pieza de trabajo. A pesar
de las dificultades para obtener estas mediciones, esencialmente validaron los re-
sultados computacionales obtenidos anteriormente.

7.3 Trabajos Futuros

En primer lugar, entre las posibles tareas a realizar, se puede considerar la aplicacion
de la metodologia propuesta para obtener resultados de simulacion de procesos metaldr-
gicos en diversas condiciones, incluyendo materiales con propiedades diferentes a las
consideradas anteriormente. Es importante realizar previamente una caracterizacion ex-
perimental de las propiedades fisicas del material de la pieza.

Para validar el modelo de orden reducido de forma méas exhaustiva, seria beneficioso
comparar los resultados obtenidos a partir de este modelo en diferentes condiciones con
los resultados de la co-simulacion. Para ello habria que integrar una herramienta de si-
mulacion de elementos finitos con el simulador eléctrico MATLAB® /Simulink. Aungue la
co-simulacién supondria un elevado coste computacional, con el consiguiente aumento
del tiempo de simulacion, permitiria evaluar la precision alcanzada con los modelos de
orden reducido.

Ademés, se propone investigar mejoras del convertidor para cargas inductivas ligeras,
que son el foco de esta tesis. Esto podria lograrse utilizando un transformador de adapta-
cion entre la salida de la etapa de potenciay el sistema inductor-pieza. En este momento
se dispone de un prototipo totalmente funcional de un transformador de potencia que
cumple las especificaciones requeridas.
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Appendix A

Model Comparison of Material's
Nonlinear Magnetic
Characteristic

When modeling induction heating systems, anhysteretic BH-curves are employed for sake
of simplicity. However, the complexity comes from the saturation of the material’s mag-
netic characteristic, which cannot be ignored, according to field levels and temperature.
In this appendix, different equations proposed to model the nonlinear BH-curves in liter-
ature will be compared. To adjust the models and verify their accuracy, the measurement
data of 42CrMo4 steel studied in this thesis are employed in the fitting.






A.1. MATERIAL'S BH-CURVE MODELS COMPARISON

A.1 Material’s BH-Curve Models Comparison

In this first section, the anhysteretic BH-curve of a 42CrMo4 steel probe will be modeled
at ambient temperature. Several equations have been proposed in the literature to reflect
the relation between the magnetic flux density and the magnetic field. Going from the
simplest to the more complex ones, Table A.1 summarizes the models that are compared
afterward.

Table A.1. BH-curve models overview.

Model name Equation References
Potential (A.1] [158]
Inverse tangent (A.2] [158]
Inverse tangent &
potential (A.3) [219]
Fréhlich-Kenelly (A.4) [126], [158]-[160], [191]
Langevin function (A.5] [161]
Analytic saturation curve (A.8]) [153]-[155], [162], [163]
Analytic saturation with (A.9) [163], [164]

knee adjustment

A.1.1 Simple Potential Model

The simplest BH-curve model found in literature is the simple potential model, which
does not consider the saturation of the material but include a nonlinear dependence:

B(H) = at". (A1)

A.1.2 Inverse Tangent Model

The inverse tangent model takes into account the saturation:

B (H) = a; arctan (a-H) . (A.2)

A.1.3 Inverse Tangent and Potential Model

A kind of combination of the above two models, the inverse tangent of the potential
function, is proposed in [219], in order to catch properly the saturation on middle field
dependence:

B (H) = a; arctan (a,H") . (A.3)
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A.1.4 Frohlich-Kenelly Model

Other works emphasize Frohlich-Kenelly model’s accuracy and simplicity:

B(H) = H. (A.4)

A.1.5 Langevin Model

The Langevin function is used to determine anhysteretic magnetization in the Jiles-
Atherton model:

B (H) = poMan (H) + poH, (A.5)
where
Man (H) = Ms <coth <g> — %) (A.6)
and
m =B (A.7)
Ho

A.1.6 Analytic Saturation Curve Model

More complex approximations than the Frohlich-Kenelly model are proposed in [163].
The first one is the Analytic Saturation Curve [ASC), which was first used by [162]. This
model is also employed by [153]-[155]. It is a combination of a straight line and an arct-
angent curve:

o 2Bs 7T iftoH
B(H,T) = poH + — arctan ( 58, ) : (A.8)

A.1.7 Analytic Saturation Curve Model with Knee Adjustment

The second proposal of [163] is the ASC with knee adjustment. It is the same straight
line and the arctangent curve as in (A.8), but with a coefficient, a, adjusting the shape of
the curve knee for a better approximation:

Ho+ 1=/ (Hs + 1) — ity (1 — )

B(H):MOH+BS 2(1—8> )

(A.9)

where

Hy— ot (A.10)
Bs
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A.1.8 Fitting BH-Curve Models

In Fig. A.1, the measured BH-curve for 42CrMo4 steel, [153], is used as a reference to fit
all the following equations, with the aim of comparing them.

1.5

BI(T)

o Measured
——Potential
051 ——Inverse tangent
Inverse tangent of potential
——Frohlich-Kenelly
Langevin
---------- Analytic saturation
---------- Analytic saturation with knee fitting

0 1000 2000 3000 4000 5000
H(A/m)

Figure A.1. BH-curve models fitted to measurements at ambient temperature.

The first two models are the simplest ones. The potential model does not saturate at
all, and it will continue increasing for higher H values; the inverse tangent model follows
the measured data properly. The third one, indeed, is a combination of the previous two
models, and it also agrees with the measured BH-curve. The Frohlich-Kenelly and Langevin
models behave similarly as both saturate at an exact value. Regarding the last two models,
which are based on analytic saturation curves, they approach satisfactorily the reference
measured BH-curve. Moreover, they do consider the magnetic properties as model param-
eters.

To conclude, all the analyzed models except the simple potential one are adequate to
capture the nonlinear magnetic behavior of the material.

A.2 Temperature Dependence of Magnetization Characteris-
tic

The two most employed functions in previous and recent literature are the power and
exponential functions of temperature, respectively:

7’ Y
() =1- (_> (A1)
I
and
f(T)=1-—el"TI/E (A.12)
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where T is the current temperature of the billet at a point, and T¢ is the Curie point of the
material. In (A.11), the power coefficient, v, is the temperature sensitivity parameter which
depends on the material. On the second function, there is a temperature constant, C,
which determines the inflection point of the two exponentials defined by (A.12). For T< T¢
values, when f(T) ranges from 1 to 0.1, the exponential has a negative curvature; how-
ever, for temperatures near Curie point, or f(7) is between 0.1 and 0, the curvature will be
positive.

The potential function is employed in [126], [164], while the exponential expression is
used by [153]-[155]. Each BH-curve model can be multiplied by each of the two functions
to reflect the temperature dependence.

A.3 Selected Model

One of the most used functions in literature to model nonlinear inductive loads BH-
curves is the product of equations (A.8) and (A.12), as it is given as follows, [127], [134],
[154], [155]:

B(H,T) = poH + B arctan (%) (1— ey, (A.13)
m s

The result is shown in Fig. A.2, compared to experimentally measured data:
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Figure A.2. Nonlinear temperature-dependent BH-curve model compared to experimental mea-
surements.
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Appendix B

Switching Losses Estimation
Considering Device Parasitics in

SiC-Based Industrial Induction
Heaters

This appendix proposes a method to compute switching off energy losses of SiC MOSFETs
in ZVS conditions. Switching power losses estimated in this way are lower and more pre-
cise than traditional methods, and consequently, a more realistic total power loss analysis
is carried out. The determined switching energies are employed in calculating the power
losses of a series-resonant inverter designed for industrial induction heating applications
assuming ZVS operation. This work was presented in PCIM Europe 2023; International Ex-
hibition and Conference for Power Electronics, Intelligent Motion, Renewable Energy and
Energy Management in Nuremberg, Germany, and is published in the conference proceed-
ings in IEEEXplore, [203].






B.1. INTRODUCTION TO SWITCHING LOSSES ESTIMATION

B.1 Introduction to Switching Losses Estimation

Inthe design process of such power converters, an accurate estimation of power losses
is required in view of the proper sizing of the cooling system. Considering that IH inverters
usually operate at Zero Voltage Switching (ZVS), energy dissipated during the switching-off
of semiconductors is indispensable to estimate the whole system’s power losses.

SiC devices, compared to their Si-based peers, stand to benefit when working in higher
frequency ranges, making this technology very attractive for high-frequency IH inverters
[65]. Therefore, the estimation of switching losses is more critical than ever. However, this
estimation processis not as simple as in Si-based ones, due to the parasitic components,
operation modes, and other parameters that change the input transfer characteristic.

In [220], factors that most influence this transfer characteristic are studied. Moreover,
in [221] the capacitive current of parasitic capacitance is reconstructed to estimate the
real current in the MOSFET channel. Furthermore, turn-off losses in SiC devices are more
realistically estimatedin [222], considering the displacement current through the parasitic
capacitors and voltage drop in the internal stray inductance of the package.

B.2 Accurate Estimation of the SiC Switching-0ff Energy Loss-
es

Switching-off energy losses are typically obtained either from the datasheet or exper-
imentally. In the second case, it is required to measure the drain current, /5, and drain-
source voltage, vps, in double-pulse tests, and integrating their product energy dissipated
is calculated. However, as mentioned in the introduction, two parasitic components in
Fig. B.1 affect the energy loss estimation of the SiC MOSFETs. On the one hand, part of /p
flows through the output parasitic capacitance, Coss), causing the channel current, iy, to
be smaller and consequently reducing the energy losses since this channel current is the
primary source of the switching energies. On the other hand, the package’s stray induc-
tance, Lsiray, applies a negative voltage drop - that is, a voltage growth in the device - due
to the negative derivative of the switched current so that losses could be increased.

o
l_ _llCOSS

iCH

g /N == Cuee
J o Z& Vps
VLT % Lstray

Figure B.1. SiC MOSFET scheme with parasitic components.
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Ja Jﬁjs
Voo C) /Dll N
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Figure B.2. Circuit used for energy loss characterization.

An H-Bridge inverter in Fig. B.2 with a highly inductive load, L = 330 uH, has been used to
study the switching-off energy losses of CAB425M12XM3 SiC modules, [201]. The switches
are controlled to generate arectangular voltage in the inductor from - Vg to + Vg with a duty
cycle of 50 %, and the current is almost a pure triangular waveform obtained at different
switching frequencies according to (B.1). In this way, the turn-off currents range from 25
Ato 275 A with a fixed dc voltage V4. of 600 V. This control ensures ZVS in the device under
test.

Vd c

ILsw = m (B.1)

In Fig. B.3, the measured switching-off drain currents and drain-source voltages are
displayed, followed by their product, which is afterward integrated to compute the energy
dissipated during the switching process. Figure B.4 shows the effect of the parasitic ele-
ments previously presented. First, icy is obtained from the subtraction of iy and igess With
(B.2], the latter one being calculated by (B.3), and Cyss 0btained from the datasheet char-
acteristic [201] in function of vps. In addition, the stray inductance voltage v, has been
determined from (B.4), also considering the stray inductance value indicated in the same
datasheet. The result is a negative and low voltage drop due to the negative derivative
of the module’s current and small stray inductance, respectively. This negative voltage
needs to be added to the voltage measured from the outside of the module as in (B.5).

lon = Ip — icoss (B.2)
fcoss = Coss - % (B.3)
VL = Lstray - % (B.4)
Vps,. = Vos + i (B.5)
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Figure B.3.
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Figure B.4. Itemized jgoss and v for 1.82 kHz.

Consequently, the energy dissipated in the SiC MOSFET has been estimated consider-
ing the cited components and the results are compared with the overestimated ones in
Fig. B.5. As recent literature and previous experiments have shown, energy losses mea-
sured in the real setup vary from the ones provided by the manufacturer in the datasheet
because the layout employed is different. In this section, the semiconductor’s energy dis-
sipation is characterized by employing the same layout as in the final application, bringing
them as close to reality as possible.

35l * EOFF
: + Proposed EOFF *
3 Datasheet EOFF *
= 25
IS
= 2
o
W5t
1F
0.5 .
0 * 1 1 1 1 1
0 50 100 150 200 250 300

in (A)

Figure B.5. Switching-off energy losses estimation for vps = 600 V.

B.3 Experimental Results

Chapter 3 describes the power converter under study. This specific study is focused on
the last inverter stage for its half-bridge (HB) configuration.
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This analysis was realized before inserting the converter into its final box, and the res-
onance condition was then slightly modified. Different operating points of the ZVS HB in-
verter have been studied to compare the power losses in the turn-off process of the SiC
MOSFETs computed using both Eqrr and the proposedEggs calculation method. Aninductive
load with variable impedance, whose resistance and inductance values for ambient tem-
perature are, respectively, in the order of 10 mQ and slightly smaller than 5 ¢H, has been
employed in the tests. A resonant capacitor bank of 36.4 uF has been placed in series,
resulting in a resonant frequency of 11.9 kHz as measured in Fig. B.6.

The high-frequency inverter is controlled with three different switching frequencies, all
of them higher than the resonant frequency, to ensure ZVS in the power devices. Different
currents have been conducted through the heating coil to further analyze the inverter’s
performance. All the tests carried out for this analysis are displayed in Fig. B.7, Fig. B.8,
and Fig. B.9; current and voltage waveforms of the series resonant tank are displayed in
each figure. Realize that the current is equally paralleled in both half-bridge branches,
each carrying half of the load’s current.

1

"F12kAz

0.8F

{ 12.5kHz
0.6F i

>

I H |

0.4r

0.2 i

U Lol
10° 108 10" 10°
f (Hz)

Figure B.B. Voltage gain of the IH load measured by an LCR meter.

Switching-off power losses have been computed for all these operating points; energy
loss for each current has been obtained from Fig. B.S and extrapolated to the voltage ap-
plied in the input dc bus; then, power losses are computed by multiplying these energies
by the switching frequency. On the other hand, conduction losses have been analyzed for
the same cases, obtaining the total power losses of the whole inverter in Fig. B.10.

Various observations can be conducted from this last figure. On the one hand, a drop
is noticed in the estimated switching-off losses when using the proposed Egrr calcula-
tion method; the error decreases with the coil’s current increase. However, this is not
very meaningful at switching frequencies close to the circuit’s resonant frequency, as the
conduction losses exceed the sum of the total power losses. This occurs due to high cur-
rent amplitudes and low voltages, which is the basis of the resonant circuits. Indeed, as
the switching frequency increases, distancing from the resonant frequency, the switching
losses get higher, and the proposed method will result in a more accurate estimation.
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Figure B.7. iy current and v, voltage waveforms in the resonant tank at ambient temperature for
different inductor’s current effective values and switching frequency of 12 kHz: (a] 200 A rms, (b)
300 Arms, and (c) 400 A rms.
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Figure B.8. iy current and v, voltage waveforms in the resonant tank at ambient temperature for
different inductor’s current effective values and switching frequency of 12.5 kHz: (a) 200 A rms, (b)
300 Arms, and (c) 400 A rms.
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Figure B.9. iy current and v, voltage waveforms in the resonant tank at ambient temperature for

different inductor’s current effective values and switching frequency of 14 kHz: (a) 200 A rms, (b)
300 Arms, and (c) 400 A rms.
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Figure B.10. Comparison of switching-off and conduction power losses for the full inverter — 4
semiconductors — with different coil’s current values (200, 300, and 400 A rms) and frequencies: a)
12 kHz, b) 12.5 kHz, and c) 14 kHz.
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Appendix C

Experimental Measurements in
the Power Converter

In this Appendix, some other parameters recorded and processed via LabVIEW® during the
experimental induction heating test are displayed and commented.






C.1. EXPERIMENTAL MEASUREMENTS OF PREVIOUS POWER CONVERSION STAGES

C.1 Experimental Measurements of Previous Power Conver-
sion Stages

First, Fig. C.1 shows the measured grid currents and voltages in dg components, ob-
tained by applying the Park transformation to the three-phase grid currents and voltages.
This dg reference frame is the one employed for the vector control of the three-phase
boost rectifier.

-10 1 L 1 I
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=400t
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Figure C.1. Experimentally measured three-phase rectifier grid-side dq currents and voltages, dur-

ing the induction heating test of 30 seconds exciting the coil with a current of 500 A rms and
14.2 kHz.

Regarding Fig. C.1a, atfirstglance, the grid currents iqg and igg may seem unsteady. How-
ever, further analyzing them, it is observed that the g component of the current oscillates
around 0, which has been imposed to ensure the unity power factor. The d component,
however, takes a similar transient behavior as the dynamics of the load. This means that
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almost null reactive power is absorbed from the mains grid.

Simulated currents through the DC-DC buck converter’s output are plotted in Fig. C.2.
From Fig. C.2a and Fig. C.2b, it is assumed that the output DC current is equally distributed
between both branches.
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Figure C.2. Experimentally measured DC-DC buck output currents, /1 and /o, during the induction
heating test of 30 seconds exciting the coil with a current of 500 A rms and 14.2 kHz.

Constant d and q voltages are depicted in Fig. C.1b. As the grid voltage vector, vg, is
aligned with the d axis, the g component of the voltage is null. Instead, the d componentis
the amplitude of the mains phase voltage. Additionally, the V4. voltage is also measured,
and it is observed that constant 650 volts are regulated adequately in this first DC-bus,
i.e., the desired DC voltage is rectified in the first stage.

Moreover, Fig. C.3 shows the phase shift between the inverter’s output switched volt-
age and current during the same induction heating test. This phase shift is measured by
implementing a zero-crossing detector to the current waveform.
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Figure C.3. Experimentally measured phase shift, ®gn5t, between inverter’s output switched volt-

age, Vo, and current, iy, during the induction heating test of 30 seconds, exciting the coil with a

current of 500 Arms and 14.2 kHz.

Here again, the inductive operation mode is ensured as the current is delayed according
to the voltage. The phase-shift trend is directly linked to the variation of the equivalent
inductance with temperature, as the resonant capacitance value is maintained constant.
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