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Abstract

Most types of materials and components use heating during the manufac-
turing process, with a large potential for cost and energy savings. Induction
heating is the most energy efficient industrial heating technology for many
applications, but so far technical limitations has delayed large scale introduc-
tion. The difficulties relate to heating of large flat and curved surfaces, and,
perhaps most important of all, the difficulties in achieving a uniform heat
distribution. The efficiency of existing industrial induction heating systems
on the market is often low, with clear demands for improvement.

The first part of this work aims to improve the efficiency and manu-
facturability of induction heaters. By combining a newly developed core
material, a silicon-iron powder composite, with litz wire for high frequency
applications, very high efficiency heaters can be manufactured. The powder
composite can be molded into any size and shape which allows building large,
complex structures with integrated cooling. The results from this work have
been commercialized and an increasing number of companies can benefit of
substantial economical and energy savings in the production.

The second part of the work concerns investigating a type of induction
heating based on several coils, in order to achieve uniform heating. The
method is called travelling wave and characterized by a fast propagating
electromagnetic field that moves along the workpiece. The challenges related
to multi-coil solutions are many, because of the interaction between the
currents in the coils. The work contains results of the system behavior
based on analytical models, simulation results of the heating pattern, and
above all, experimental validation of the models. The general accuracy of
the analysis of travelling wave systems has been greatly improved. Solutions
to the challenges limiting the practical use of travelling wave systems are
presented.

Combining the new materials and production methods developed for in-
duction heaters, with the technology of multi-coil heating has the potential
to greatly improve the output from industrial processes in terms of cycle
time, energy efficiency and product quality. For thermal cycling operations,
the thermal mass is a huge problem. Given a method to supply uniform
heating of thin workpieces provides entirely new conditions for many in-
dustrial processes; considerably reduced energy consumption, an increased
production rate and products with new and improved properties.
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1 Introduction

In the book Catching Fire: How Cooking Made Us Human [1], anthropolo-
gist Richard Wrangham presents a new theory of human evolution, starting
almost two million years ago with knowledge of how to control fire. Fire al-
lows the cooking of food, the single most important reason for the evolution
of modern humans, according to the author. Food preparation reduces the
time required for chewing and significantly improves food digestibility, ac-
cording to research carried out at Harvard University into the eating habits
of chimpanzees and humans. Though the theory that cooking accounts for
humanoid evolution is fairly well substantiated, it is far from generally ac-
cepted and requires additional support from clear archaeological evidence.
However, the importance of heating for the development of modern soci-
ety is generally accepted by researchers. The production of most materials,
from metals to ceramics and plastics, today relies on heating in one step or
another. In addition, the digital revolution requires fast and precise heating
to produce the semiconductors [2] [3] essential in all electronic equipment.
Fast and precise are watchwords in the present work, together with efficient
and environmentally friendly, words associated with sustainable production.

1.1 Background and aim

Industrial heating can be done in various ways, ranging from open flames,
still used in many applications, to furnaces, infrared (IR) furnaces, hot
gases or liquids, and induction or heat transfer in solids using, for exam-
ple, temperature-controlled tools. Induction heating supplies most of the
properties required for modern production, namely, low investment cost,
high flexibility, fast operation, immediate startup, and freedom from pollu-
tants. In addition, its potentially high efficiency and very wide application
area make the technology especially attractive, motivating the present work.
Although induction heating has been commercially used for about a hundred
years [4] [5] [6], its efficiency is often relatively low and its application areas
limited due to the non-uniform heating patterns produced, with parts of the
necessary components being produced in the same way and of the same ma-
terials as when the process was introduced. The image used on the cover of
the book History of Induction Heating and Melting (Figure [1)) gives a telling
impression not only of the history, but also of the present usual reality of
induction heating—a few turns of copper tubing, without any kind of flux
concentrator. The losses in the coil can easily be transferred away from the
critical region using water cooling, which calls for very robust construction



but suffers from low efficiency, imposes design limitations, and usually gives
rise to severe problems with stray magnetic fields. Efficient solutions exist,
but are generally sensitive to high temperatures and often require complex
and expensive manufacturing processes with geometrical limitations, and
therefore are not commonly used for real applications.

Figure 1: A common water-cooled induction coil made of copper tubing heating a steel
rod [5].

After an introductory section summarizing industrial heating today as
well as the basic theory of induction heating, this work treats two main
areas: 1) material technology related to heating inductors and 2) various
aspects of multi-coil heating, particularly as concerns travelling-wave induc-
tion heating, with a focus on methods to achieve uniform heating.

This work aims to describe induction heating solutions that can be im-
plemented in industry and offer large advantages over existing alternatives.
There are two ways to access an industrial market. The first is to come
up with a very cost-effective solution with many parameters, ranging from
the investment in the unit itself, through processing time, energy consump-
tion, and cooling and space requirements, to environmental aspects such as
noise, pollution, and electromagnetic compatibility, EMC issues. The sec-
ond way is to provide a solution with unique properties that allows for new
application areas. New applications can imply new products, often based on
new combinations of materials not previously available, but may also involve
a change in technology, for example, using heating where it has not been
used before. The thesis will present examples of new applications in which
the technology developed here has been used or successfully tested as well
as applications in which it has cost-effectively replaced existing technology.



The uniform heating results produced by the method have great potential to
boost the productivity of thermal-cycling processes by significantly reducing
the thermal mass and also entail huge energy savings. In the final analy-
sis, only two properties determine whether or not an industrial solution is
profitable: the cost and quality of the items produced.

1.2 Problem description

Developing an induction heating system with a uniform heating pattern is
a true challenge, both scientifically and technically. The problems related
to the inductor and its control can be summarized in five areas, all of which
must be considered in order to meet this challenge.

1. Efficiency: The total efficiency of an ideal induction heating process is
very high; the challenge is to achieve this in a multi-coil arrangement.

2. Manufacturability and geometric flexibility: The induction heating of
flat or curved surfaces calls for new ways to produce coils and flux
concentrators.

3. Stray magnetic fields: These should be minimized and therefore must
be considered when designing the inductor.

4. Solutions for uniform heating: This is the common problem in most
induction-heating setups, and very few solutions have been demon-
strated to work.

5. Controllability of spatial and absolute temperature: This problem is
connected to uniform heating, but full control of the temperature in
different zones would offer further advantages.

The three first problem areas are closely related to the selected materials
and their properties, while the last two are fairly dependent on the control
of the induction process. All the problem areas are linked and are related
to the design and shape of the inductor.

1.3 Objectives

Given the complex of problems, the scientific objectives of this thesis are
mainly related to the multi-coil concept and the control system. The overall
objective of the work is to develop, analyze, and demonstrate a working
laboratory-scale travelling-wave induction-heating (TWIH) unit; however,
within this overall objective, several more detailed objectives can be defined:



e Elaborate a TWIH simulation model and verify its results experimen-
tally.

e Develop methods to determine how current phase shift affects the heat-
ing results of multi-coil heating.

e Identify the working points of a TWIH setup and analyze their prop-
erties. This objective was added to the list after the first experimental
iteration.

e Analyze ways to handle the mutual coupling of multi-phase inductors.

e Develop an automatic measurement tool for analyzing the efficiency
and heating pattern of the developed setup.

e Identify the circumstances under which TWIH is a competitive heating
alternative.

e Analyze ways to adapt single-sided TWIH to industrial applications.

1.4 Delimitations

This work covers the complete chain of development, from material devel-
opment, simulation, and inductor design to manufacturing, testing, and ver-
ification. All these phases are interlinked and all must be understood to
achieve proper results. The work takes a clear approach to the develop-
ment of generic inductor design solutions and their electromagnetic control,
in order to produce the desired heating patterns. Close cooperation with
colleagues, focusing on material development and inductor manufacture, de-
limits the work significantly. Material aspects as well as electric and thermal
interactions between materials are important factors in the development of
induction units, though they are not treated here; the same applies to soft
switching and fast current control. Industrial partners that have handled
prototype testing in real applications and given feedback on testing results
have provided valuable help, limiting the work further. Figure [2]illustrates
the complete structure of the development process, the green-colored ele-
ments belonging to this work and the red ones being supplemental.

This work focuses on low-temperature applications, meaning processes
using a maximum temperature of a few hundred degrees Celsius, but the re-
sults can also be applied to high-temperature and high-power applications,
as explained later. Similarly, the work refers to the heating of flat surfaces,
but curved surfaces, shafts, billets, and small components that are normally
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Figure 2: Elements of the development of the high-performance induction heater, the
green boxes represent essential parts of this work, while the red ones were largely brought
into the project by others.

heated using surrounding coils can also benefit from the findings. The induc-
tors are exclusively based on one type of soft magnetic material, developed
at Lund University and demonstrated to provide good properties for proto-
type manufacturing and laboratory testing, but the results are valid for any
type of core material; to that end, a comparison of the properties of alterna-
tive materials is presented. As the industrial market can accept a fairly high
heater price providing the technology yields production savings, the effort
has concentrated on performance and manufacturability rather than cost
optimization. It should also be noted that material properties not directly
related to the electromagnetic and thermal design, for example, structural
properties, have been neglected.

1.5 Methodology

The work is based on a top—down approach, starting with the applications or
the expected demands placed on an induction heater and stepwise breaking
the heater system into subsystems with specific requirements. The method-
ology was developed in close cooperation with industrial partners, which
explains why functional prototypes were generally achieved. The industrial
focus was not always a scientific advantage, however, as it sometimes re-
sulted in complex design concepts difficult to analyze using simulations or
analytical expressions and only testable experimentally. In hindsight, a more
appropriate approach would have been to sometimes complement the com-
plicated applied designs with simple axisymmetric or planar models easy to
analyze in detail using computational tools. Later in the work, this lesson



was learnt and, for example, the examination of travelling-wave induction
heaters disregards the core material at the ends and instead focuses on pla-
nar properties.

The research was based on iterative cycling among simulations, analyt-
ical models, and experiments, as shown in Figure |3 The start state varies
depending on the complexity of the inductor. For heaters for which a 2D
axisymmetric or planar simulation model can be easily built, this is the pre-
ferred choice. For complex 3D problems, manufacturing a simplified or full
prototype followed by experimental testing is generally the fastest way to
understand the design, while analytical solutions may be the best place to
start if similar designs have been previously investigated.

Analytic
models

Simulation
models

Experimental
work

Figure 3: The iterative chain of inductor design.

The moldable soft magnetic material on which the present design work
relied allowed us not only to produce large structures, but also to rapidly
build prototypes, even those with complex shapes. Together with the au-
tomatic measurement tool developed in this work, this rapid prototyping
ability was one reason why experiments may have been the best approach
for investigating certain designs. For short-term experiments, the thermal
design was not particularly critical, which shortened the production time.

1.6 Scope

The first part of this work focuses on alternative materials and production
methods for heating inductors. Using a combination of materials with suit-
able properties allowing for effective production for each volume of the unit
is a challenge. Important considerations in this are the electromagnetic de-
sign, loss distribution, interaction between different materials to allow for
necessary cooling, heat transport within the inductor, and dielectric strength
between coils and the surroundings. The properties of the developed materi-
als must match the demands imposed by different applications. The goal is a



production method with a high degree of geometric flexibility that allows the
creation of high-efficiency components also able to meet the requirements of
industrial applications.

The second part continues the first, using the developed production
method to build inductors designed to generate uniform and spatially con-
trollable heating. This part focuses on multi-coil solutions, mainly for
travelling-wave induction heating. The interaction between coils, the in-
fluence of current amplitudes and phase shift on the heating pattern, and
the decoupling of the system are important aspects. The switching pattern
and current control in this kind of system are important factors in achieving
good results and relate to the combination of materials through saturation
effects. The selection of materials can allow for new inductor designs by
providing paths by which the electromagnetic fields can penetrate the wires
as well as being focused in critical regions, which affects the control of the
currents. The work also contains a section treating an alternative induc-
tor design that is one of the few single-phase solutions that can compete in
terms of uniform induction heating.

Instead of a deep focus on specific details, this work uses a higher ab-
straction level to encompass the complete chain ranging from analytical
expressions, simulation models, and experimental verification to industrial
implementation and analysis. This large scope links the academic work with
industrial needs in a way that is unusual, though important for both academy
and industry. It also highlights the differences between models and reality
and emphasizes the difficulties of realizing ideas in working prototypes. In
addition, the development of novel measurement and analytical tools has
been an important component of this work.






2 Industrial heating

Heating is fundamental to many processes, from melting, curing, drying,
and vaporization to heat treatment, joining, and many other applications.
Induction can be used for many of these applications, either for directly
heating the target material or for indirect heating, using some kind of tool.
This section discusses and cites examples of heating methods related to a
selection of processes in which it is possible to replace the current heating
method with induction. As a major focus of this work is on efficiency,
absolute and spatial control of temperature and cycle times, together with
features related to these areas, are considered when evaluating a range of
properties in a comparison of different heating methods. In addition, other
properties, such as the complexity of industrial implementation, startup
time, and cost, are briefly discussed. Since the properties of a certain method
can vary significantly depending on the process and the actual design, it is
difficult to provide exact numbers and to cite directly applicable references.
Instead, the aim is to provide a simple overview and the author encourages
the reader to create his or her own assessment based on unbiased sources.

2.1 Processes

Many processes are based on heating—chemical reactions and drying, shift-
ing the state of matter, temporarily modifying material properties, metallur-
gical processing, catalyzing or separating substances, joining materials, etc.
Most materials used today, whether metals, glass, plastics, semiconductors,
gasses, or liquids, have their origins in various raw materials, often bound
in ore, minerals, fossil materials, or biomaterials, and need to be extracted,
purified, and further processed based on heating. The same applies to the
recycling of materials. What can be defined as the production of components
thus starts with materials or substances that have already been subjected
to heating processes, usually in large-scale factories and often more than
once. This work focuses on, but is not limited to, the processes that treat
the elemental materials as input.

Processes that the author or cooperating companies have been involved
in include food processing, component preheating, in-tool heating for man-
ufacturing composites, thermal expansion, hardening, annealing, and melt-
ing. Other processes that use heating are hot rolling, beam straightening,
component joining, oil evaporation, and thermoset curing. Production can
comprise several steps and the output need not necessarily be the final prod-
uct.



One area that has resulted in significant weight savings and product
improvements in the vehicle industry is the production of high-strength
steel using controlled-temperature processing. An example is Domex® high-
strength steel, manufactured using thermomechanical rolling [7]. Another
area with great potential is hot forming. Aluminum and magnesium alloys
are difficult to form into bi-curved and other complex shapes at room tem-
perature, but there is a large market for electronic equipment covers and
larger components such as vehicles made of these materials. In addition,
high-strength steels benefit from hot forming, though the process is still
used only at a limited scale. Another large area with considerable potential
and that also involves heating is the production of carbon-fiber-reinforced
plastics (CFRP)—a field still in its infancy. All these combined heating and
forming operations need not only a supply of energy but a complete cycle
of heating and cooling.

2.2 Principles of industrial heating

There are many types of heating sources, ranging from nuclear power to
thermoelectric or magnetocaloric effects, each with a range of suitable ap-
plications. When it comes to heating in industrial manufacturing processes,
industrial demands significantly limit the most used heating sources. Some
common industrial heating methods are:

e Open flame (e.g. gas burning)

e Furnace

e IR radiation

e Induction

e Resistance (e.g. heating cartridge)
e Hot oil or water

e Laser

e Chemical reaction

Some of these methods can supply energy directly to the target object
while others require heat transfer using conduction, convection or radiation.
Except for exclusive solutions such as lasers or electron beams, induction is
the most power-dense heating source (Figure , and the one with the best

10



ability to create large thermal gradients. Induction heating, unlike most
other heating principles, supplies power not only to the surface but also a
well-defined distance into the material by adjusting the excitation frequency.

Tvoe of heatin Power transmission

yp 9 (W/cm?)
Convection B
(Carrying heat, by molecular 5x10
movement)
Radiation (electric furnace,

8

box-type furnace)
Thermal conduction, touch 20
(hot plate, salt bath)
Infrared point emitters 2x102
Flame (burner) 108
Induction heating 104
Laser (CO2) 108
Electron jet 101

Figure 4: Maximum power transmission of different heating principles.

2.3 Challenges and bottlenecks

Many targets to be heated are freely moving: travelling on a conveyor belt,
transported through the air in the gripper of a robot, or continuously ro-
tating (e.g. a roller). Although there are ways to transfer gas or liquid
media as well as electricity into moving components, additional costs and
complexity are related to doing so. Furnaces, IR furnaces, flames, and induc-
tion heating have a completely wireless transfer of energy and are frequently
used in such applications. The emissivity of unpainted metal components
is generally low at IR wavelengths, making this type of heating inefficient.
For painted components and non-reflective materials IR heating works well
but, although several times better than traditional furnaces, it still requires
significant time to heat objects, which means huge space requirements for
large-scale manufacturing. The long startup time and idle-time power con-
sumption of furnaces are drawbacks as well. Flames and induction both
allow for fast heating, short startup times, and low idle power consumption.
However, flames can easily damage thermally sensitive materials and most of
the supplied energy is lost to the surroundings. Induction heating is limited
to metals and other electrically conductive materials and its efficiency in

11



industrial applications is generally only slightly better than that of flames.
Depending on the component geometry, overheating might be a problem
along edges in induction-heating setups. While gas burning can, depend-
ing on the type of gas, potentially pollute the air with carbon dioxide and
other compounds, the pollutants from induction heating are high-frequency
electromagnetic stray fields that can interfere with surrounding equipment—
though these can be nearly eliminated using a properly designed inductor.
For inefficient processing, cooling of the environment is sometimes a severe
problem that is rarely discussed in public.

Electrical cartridges or hot oil flowing in channel systems are common
methods for in tool heating. The widely-spaced distribution of these heaters
often provides a fairly non-uniform temperature profile that must be equal-
ized before reaching the tool surface. To distribute the temperature uni-
formly on the surface, an excessive amount of material is required, which
increases the thermal mass and slows down the dynamics. For temperature
cycling operations, this is fatal. A method for uniform heating of the tool
surface only, would significantly improve productivity and introduce new
application areas for the technology.

e

[ . . .
. More uniform heating/cooling Lower demands for thermal

i \\ equalizatioln
,/New application areas q ,/ Reduced mass for \
‘\\more complex products/ \ thermal cycling /

Lower production costs c/ . Lower energy consumption
— Shorter cycle times

Figure 5: Uniform heating leads to a positive development, where cycle times can be
reduced and new application areas can be exploited.

Harder requirements

The investment cost for induction heating is usually higher than open
flame, and resistive heating while in the same region for furnaces and hot
oil. For a multi kW-system the investment cost for induction heating is in
the order of 1 euro per net watt. Since induction heating is power dense,
the cost for the factory space occupied by the heating equipment should
also be considered in the grand total. Induction heating is not the most
generic of heating principles; if products with a large variation in material,
size and shape are to be heated with the same induction coil, the heating

12



result is bound to be non-uniform and the overall efficiency poor. On the
other hand, the result obtained will be very repetitive with small temper-
ature variations. With conservative dimensioning of the induction heating
system, maintenance can be kept to a minimum. For water cooled copper-
tube inductors, the water needs to be kept free from ions. If air/fluid heat
exchanger or coolers are used, fan filters must be changed on regular basis.
Also, thermal isolation material close to the heated object can sometimes
need to be changed due to wear. This is a drawback for induction heating
because in order to get good system efficiency, the coil should be kept close
to the heated object thus increasing the wear of the isolation material.
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3 Basic theory of induction heating

This section gives a brief overview of the theory of induction heating and
points out a few important matters that are crucial for understanding this
work. The technology is characterized by the non-contact supply of power
due to currents induced in a workpiece by an alternating magnetic field.
The resistive losses, proportional to the square of the current, according to
Equation [1} are generally the dominant power source, but for some mate-
rials magnetic hysteresis losses also provide a significant contribution. The
hysteresis losses are determined mainly by the coercivity, but also by the
remanence, and increase linearly with the frequency and the integral of the
enclosed area of the magnetic field, as shown in Figure[6] The total hystere-
sis losses are obtained by integrating the result over the entire volume; see
Equation [3]

P=I*R (1)
P;=J-FE (2)
P:f-//B-dH-dV 3)

-~

Figure 6: Magnetization curve, hysteresis.

The alternating electromagnetic field is usually generated by coils car-
rying a high-frequency current, although permanent magnet solutions do
exist [8] [9]. The coils can be grouped in several configurations, the most
common of which are shown in Figure [7| Longitudinal-field (LF) inductors
usually surround the workpiece and are commonly used to heat rods, tubes,
billets, etc. with good electromagnetic coupling. For flat or curved surfaces,
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the transverse-flux (TF) coil is probably the most frequently used, for ex-
ample, in cooktops and for heating sheets, strips, and large rolls. The face
inductors shown in Figure [7] and bifilar inductors are generally less efficient
than the other types but are used in applications that require a uniform
heating pattern.

induction coil
T— ~

Figure 7: Different types of coils [10].

Other heating topologies discussed in this thesis are zone-control induc-
tion heating (ZCIH) and travelling-wave induction heating (TWIH). ZCIH
typically refers to LF or TF heating with more than one coil (Figure, with
the aim of providing spatial control of the heating pattern. TWIH is defined
as a system of two or more coils the currents of which have different phase
shifts in such a way that a travelling magnetic field is generated (Figure .

——

colLl ColL2 COIL3
T

If 1‘1' I* 1* 1* I*

aey 0° 300° 240° 0° 300° 240°

zone 6

Figure 8: Heating topologies: Left: ZCIH with six coils [II]. Right: TWIH with three
coils [12].

One of the most important matters related to induction heating is the
skin effect. Equation [ describes how the current density, J, diminishes
from the surface current density, Jg, with increased distance, d, into a ma-
terial with the skin depth é. The skin depth is a frequency- and material-
dependent variable determined by Equation[f] The influence of the electrical
resistivity, p, and relative magnetic permeability, u,, on the efficiency due
to the skin effect, however, is rarely considered. Figure [9] shows four plots,
Pk and [9p were calculated analytically and [9k and [9d were using numerical
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tools. Figure [Oh illustrates the skin depth as a function of the frequency
for different materials: iron has by far the smallest values of the selected
materials due to its high permeability, followed by the best electrical con-
ductors. The AC resistance of an object much thicker than the skin depth
& corresponds to the DC resistance of a flat or hollow piece with the wall
thickness 6. By considering a TF coil lying above a thick plate and apply-
ing the law of resistance in uniform conductors (equation @, an equivalent
resistance can be calculated. The equivalent resistance for the different ma-
terials as a function of the frequency, proportional to the efficiency of an
ideal induction-heating system, is illustrated in Figure [9p.

J(d) = Jg-e™ 0 (4)

_ |2
0= 27 f b o )
R =pl/A (6)

The efficiency as a function of the electrical conductivity is presented
in figure O, also considering the frequency-dependent proximity and eddy
current losses in the litz coil. The exact values are obtained for one particular
case of a TF inductor with a strand diameter of 0.1 mm for the wire, but
the behavior and shape of the curve is valid for most inductor designs. The
results are computed for three cases: workpiece thicknesses and frequencies
of 1 mm and 20 kHz, 1 mm and 50 kHz, and 2 mm and 20 kHz to illustrate
the influence of different parameters. Figure [0d shows the efficiency as a
function of the frequency for a number of different materials. The setup is
the same as for figure Ok and the workpiece thickness is 1 mm. From the
plots it is clear that leakage due to a relatively large skin depth versus the
material thickness significantly lowers the efficiency.

Another important aspect of induction-heating systems is the need to
compensate for the reactive power by adding a capacitance, C, in series
or parallel to the inductor, L. If there is good electromagnetic coupling
between the currents in the coil and the workpiece, the excitation frequency
is not very critical. To avoid significantly reducing the active power, low
coupling requires that the system run close to resonance, f.s, determined
by Equation[7] For a certain setup, a small frequency change can reduce the
output power by more than one order of magnitude. A high coupling factor
is also important because of the relationship between the excitation voltage,
Vout, the quality factor, (), and the voltage across the inductor, Vr, in a
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Figure 9: Important properties related to the heating efficiency.

series resonance circuit, Equation
risk of an electrical breakdown.

fres =

Vi =

since a high peak voltage increases the

1

2rVIT Q

V;)ut : Q (8)

Proper impedance matching is important in order to use the full power of
the inverter, which is why transformers are commonly used. Since materials

have different equivalent resistances,

according to Figure [9] it is difficult to

effectively heat different materials using the same setup. Due to saturation
effects, the differences between materials with high magnetic permeability

and other materials are not as great
the output power.

as shown in the figure, but depend on

The heating from an inductor is generally highest near the coil, with

some exceptions. Since all current

paths must be closed, this allows for
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heating even at a certain distance from the coil, a capability that is used
in selected applications [I3]. By adding a core material, the reluctance can
be locally reduced with a significant improvement of the heating power due
to larger flux density at constant current. The core material also enables
the heating pattern to extend to areas not in the immediate neighborhood
of the coil, which is not easy to obtain efficiently otherwise the smaller the
distance between the inductors, the better the system’s efficiency, this also
depends greatly on the inductor design.
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4 Soft magnetic materials

In many electromagnetic components, soft magnetic materials (SMM) are
used to provide a path for the magnetic field, to control the flux and improve
the efficiency of the product. [14] [15] [16] [I7] For transformers and electric
machines, the most common material is laminated steel, while many high-
frequency applications, such as switched-mode power supplies, electrical fil-
ter components, high-frequency or pulse transformers, and ignition coils,
use soft ferrites. All types of SMM have different properties that make them
suitable for specific applications. In addition, within a group of materials,
the properties can vary depending on the exact geometry and composition.

SMMs are materials that can conduct magnetic flux i.e. have a rela-
tive permeabilityﬂ significantly greater than one and cannot be permanently
magnetized, unlike hard magnets. For alternating fields, it is important to
be able to guide not only the magnetic flux, but also to ensure high electrical
resistivity perpendicular to the flux direction. Induced currents in the flux
concentrator both counteract the functionality and create undesired losses,
similar to losses that create heat in the workpiece of an IH system. In the
same way as hysteresis losses need to be considered when calculating the
total heating power of permeable workpieces in IH, the hysteresis loop must
be small for SMMs used to conduct magnetic flux, both from the efficiency
perspective and, most of all, from the thermal design perspective.

The most important technical properties of a SMM are magnetic per-
meability, anisotropy, and losses. The permeability is highly dependent on
the magnetic flux density due to saturation effects, which need to be con-
sidered when designing the flux concentrator. In addition, anisotropy plays
an important role in the equivalent permeability, since electrical barriers are
often used to prevent resistive losses, and significantly reduces the value in
a certain direction. The losses, W, are largely dependent on two properties,
magnetic flux density, B, and frequency, f, and a common way to compare
different materials and to calculate the losses under given working conditions
is to define three variables, ko, o, and 8, in a Steinmetz model, Equation [9}
In addition, the temperature affects the properties of the SMM, primarily
the permeability, which attains a relative value of one when the tempera-
ture reaches the Curie point. In this work, the influence of temperature on
the flux-concentrating material is disregarded, but its effect on the magnetic
properties of the workpiece must be considered, being of major importance

'The term relative permeability refers to the value relative to vacuum
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in many induction heating applications.

W =ko- f*- B° (9)

In this section, the properties of the most common groups of SMMs
are summarized and compared from an induction-heating perspective, de-
lineating their advantages and limitations for different heating applications.
Properties of interest are:

e Losses i.e. hysteresis and resistive losses at high frequency
e Permeability

e Saturation

e Isotropy

e Thermal conductivity

e Temperature resistance (e.g. deterioration and Curie point)
e Manufacturability, machinability

e Cooling potential

o Cost

Figure [I0] summarizes the properties of several SMM groups regarding
permeability and saturation, while Figure illustrates the properties of
several magnetic materials regarding coercivity and remanence, showing the
properties of hard magnets as a reference.

4.1 Laminated steel

The most common core material used in electromagnetic components is
laminated steel, which is used in most electrical machines, transformers,
and other low-frequency applications. The material was also commonly
used in induction-heating applications when grid frequency was the natural
choice, but has since been replaced with alternative materials when fre-
quencies above approximately 10 kHz are required. Laminated steel, often
referred to as electrical steel, is an alloy of iron and silicon, sometimes with
small amounts of added aluminum, manganese, etc. and with a low carbon
content[20]. The intention is to provide high magnetic permeability, low
hysteresis losses, and high resistivity. The insulating layers, usually made
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Figure 10: Properties of several soft magnetic material groups regarding relative perme-
ability and saturation [I8].

of resin or varnish, are applied in-plane with the magnetic fields to prevent
eddy currents from being induced. These currents degrade the performance
of the material and create resistive losses in the form of heat. Thinner
laminates are required for higher frequencies. In addition, different kinds of
non-organic insulation materials and oxides can be used [2I]. The insulation
material is often the limiting factor with regard to temperature. The Curie
temperature of the material is much higher than the service temperature of
any used varnish.

Silicon is added to reduce the losses in the iron, increase the magnetic
permeability, and lower the magnetostriction, the latter being a major source
of vibration and noise. From an electromagnetic point of view, the optimal
silicon content is 6.5%, at which point the magnetostriction is completely
eliminated and the losses and permeability reach local minima in a positive
way (Figure . The drawback of this alloy is its mechanical properties, as
the high silicon content makes the material brittle and non-ductile, making
it very difficult to produce in the desired shapes. In 1993, the Japanese com-
pany JFE Steel Corporation introduced a chemical vapor deposition (CVD)
process for manufacturing uniform JNEX and later also JNHF, a gradient
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Figure 11: Properties of several magnetic material groups regarding coercive force and
remanence [19].

high-silicon iron [23]. Using lamination thicknesses of 50-200 pum of this
material, the losses can be kept small enough even at the frequencies of
up to 50 kHz [22] typical in induction-heating applications. The lamina-
tions feature high permeability, exceeding 20,000 along the laminations [23],
high saturation, high temperature resistance, and good mechanical prop-
erties compared with alternative core materials. On the other hand, cost,
anisotropy, and manufacturability could be regarded as the weak points of
this type of material.

Different alloys can have different properties, and the rolling direction,
grain orientation, and heat treatment are also important. Annealing can be
used to change the microstructure and thereby the electromagnetic proper-
ties of alloys, as well as for decarburization, loss reduction, and magnetic
aging prevention [19].

4.2 Amorphous and nanocrystalline alloys

By means of the extreme rapid solidification of the melted material, in the
order of 10% °C/s, into thin structures or ribbons, an amorphous structure
can be obtained. The non-crystallographic structure so obtained, sometimes
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Figure 12: Variation in the magnetic properties of silicon steel by Si content [23].

referred to as metallic glass, exhibits extraordinary properties; by using an
appropriate selection of alloys, with a base of iron, nickel, or cobalt, many
useful soft magnetic materials can be produced. Their properties are highly
dependent on the material composition and a range of qualities is available.
One property that can be controlled is the magnetoelasticity, which make
this type of material very useful in sensor applications [24]. Other benefits
are low hysteresis losses, very high permeabilities, and relatively high satu-
ration and resistivity, all of which are useful in core materials. If the amor-
phous alloy is exposed to high temperatures, its structure is reorganized into
that of a crystal metal and its properties change. The recrystallization tem-
perature depends on the alloy composition, but is typically approximately
400-500°C [19] [25].

By starting with the amorphous alloy and, in a very controlled way,
letting parts of the structure transform themselves into a nanocrystalline
structure in which the crystals are not allowed to grow more than in the order
of 10 nm, the good properties of amorphous structures can be retained and

25



new positive effects be created. This nanocrystalline material can achieve
very small hysteresis losses, very high permeability, high saturation, and zero
magnetostriction [I8] [19] [26]. Because of the very fast quenching needed to
produce the amorphous structure, the thickness of these materials is limited
to approximately 5-30 pym. When core components are built, each layer
is typically covered by a thin layer of oxide or other insulating material to
reduce the interlaminar conductivity, creating a material with extraordinary
high-frequency properties. The Curie temperature depends on the exact
composition, but can be well above 500°C [19] [26].

Thin ribbons of nanocrystalline material allow for bending without break-
ing at room temperature, in contrast to high-silicon electrical steel. This
makes it possible to build components that require high permeability in
all three directions, though in only two dimensions at a time, thus defined
as 2.5D. This property makes it very suitable for high-performance high-
frequency transformer cores, for example, as used in induction-heating ap-
pliances [27].

4.3 Soft ferrites

Most ferromagnetic materials also conduct electricity fairly well, which re-
quires lamination or inter-particle insulation barriers at the microscale to
prevent the material from being heated by circulating currents induced by
the high-frequency electromagnetic fields. Among the ferromagnetic materi-
als, which behave like ferromagnets when affected by a magnetic field, several
oxides are found. Some of these materials, such as magnetite Fe3Oy4, have
semiconductor properties with an electrical resistivity many orders higher
than that of most SMMs. By adding for example manganese and zinc oxides,
materials called soft ferrites with very low losses even at high frequencies,
can be produced by sintering to a ceramic compound [19].

Soft ferrites can display a wide range of properties and can serve as core
materials at up to hundreds of GHz [25]. The losses at high frequencies are
low and soft ferrites are commonly used to concentrate the electromagnetic
field, for example in induction cooktops. Soft ferrites can provide high per-
meability, exceeding 1000, but suffer from low saturation, rarely above 0.5
T and sometimes only half of that. In addition, the Curie temperature is
generally lower than for other SMMs, defining the useful temperature limit,
although variation within the group is large [19]. The thermal conductivity
of soft ferrites is relatively low, in the order of a few Wm~='K~! [28§].

Soft ferrites are produced using powder metallurgy methods by means of
compaction and sintering. Their ceramic properties make machining prac-
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tically impossible, so production is limited in size and to net shapes only.
Even so, a large range of geometries and sizes are available on the market,
as shown in Figure

S=r!
LOPPYE)

Figure 13: Soft ferrites of various sizes and shapes [29].

4.4 Soft magnetic composites

Soft magnetic composites (SMC), sometimes known as magnetodielectric
materials (MDM), are a group of flux concentrator materials with 3D prop-
erties suited for high-frequency applications. Such materials are made from
soft magnetic particles usually covered with a thin electrically insulating
layer (Figure and held together using an organic or inorganic binder.
The components are generally formed at high pressure to achieve high per-
meability and good thermal conductivity [30]. Some SMCs are semi-sintered
to obtain the desired properties.

Figure 14: SMC particles: Left: Scanning electron microscope image of water-atomized
powder [31]. Right: Image of pressed powder structure including insulating layer [31].

The particles, often produced as atomized powder or flakes, vary in shape
and size. Like other SMMs, the particular alloy of the powder greatly deter-
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mines the final properties of the SMC. As small insulated particles cannot
induce significant eddy currents independent of the field direction, the losses
can be small; however, the insulation significantly limits the permeability of
the material. Thick insulation layers, preferred at high frequencies, are ad-
vantageous not only for the losses, but also for the dielectric strength of the
material, as they prevent short circuiting. Generally, the lower the losses
at high frequency, the lower the permeability of the material (Figure .
Depending on particle size, insulation, composition, etc. the complete fre-
quency range from DC up to many MHz can be competitively covered [0].
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Figure 15: Comparison of different SMC materials from Fluxtrol Inc. [6].

Normally, but not necessarily, the particles are ductile and are deformed
during pressing, which increases their permeability and thermal conductiv-
ity. The particular binder used is important for the mechanical properties
of SMCs. Materials containing organic binders are generally machinable,
while inorganic binders generate a more ceramic-like structure able to han-
dle higher temperatures but with limited machinability. Due to the pressing,
SMCs usually have anisotropic properties, dependent on the pressure, ge-
ometry, particle shape, etc. yet they are nearly isotropic compared with
laminated structures. As for the soft ferrites, the pressure required during
pressing limits the maximum size of individual components [30].

In polymer-based SMCs, the binder is the weakest point from a thermal
perspective, limiting the use of such materials to a maximum of 150-250°C,
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far below the Curie temperature. Depending on the application, thermal
insulation, cooling, etc., the service temperature is often enough for IH pur-
poses [30]. As the thermal conductivity of most SMCs is relatively high,
often 20 or more [30] [32], efficient cooling is possible.

4.5 Soft magnetic moldable composites

To produce high-efficiency induction heaters for large-scale applications,
such as band heating, in-tool heating, and the general heating of large struc-
tures, the development of a new core material was initiated. Early inductor
designs using litz coils surrounded by soft ferrites or SMC material meant
high material costs, significant manufacturing costs, as hundreds of small,
standard-sized components had to be assembled to form individual units,
and highly complex cooling solutions. In addition, the fact that most indus-
trial induction heaters are unique in design makes it difficult to develop or
use standard components for optimal results. Given this background, it was
desirable to have a material without size or geometric restrictions, with rea-
sonable losses at induction-heating frequencies, and with sufficient isotropic
permeability for IH applications. The production aspects of this material
have been the main focus. This material has been developed over many
years at Lund University, Industrial Production, together with industrial
partners.

SMCs, though accepted and well known for decades, are limited in terms
of the produced size and are difficult to produce with integrated components,
due to the high pressing forces required during manufacturing. The devel-
oped moldable material was a breakthrough, and to distinguish this SMC
from others and to emphasize its key feature, i.e., moldability, a new name
was suggested, soft magnetic moldable composite SM?C. The SM?C mate-
rial has been developed parallel to the development of the induction-heating
technology. The material’s properties and manufacturing processes have
been gradually improved, along with new requirements for heater design
and manufacturing.

The basic SM2C is a mixture of 6.5% silicon-iron powder and a binder,
typically low-viscosity epoxy (Figure . The powder is produced using gas
atomization, which generates spherical shapes but allows only moderate con-
trol of the particle size distribution. To achieve a maximum packing density,
an optimal combination of different particle size fractions can be calculated.
In practice, different particle sizes are obtained using sieving; this allows the
separation of particle fractions by using gradually finer meshes, the smaller
the steps, the narrower and more uniform the distribution. Rejecting cer-
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tain size fractions increases the production cost but allows for better packing
density. Some of the fractions can be coated to provide electrical insulation,
and the powder can also be annealed to reduce losses. Ideally, the different
fractions should be uniformly mixed before molding, but in practice this is
almost impossible to achieve. Given the range of variables, it is difficult to
find the best combinations in terms of permeability, hysteresis losses, and
resistive losses. Binder amount and type, curing temperature, and molding
principles as well as the parameters within each of these factors affect the
result, making the production process even more complex.

/
Mag = 800x HV = 15.00kV

. I ; )
40um ~ EHT = 20.00kV
[ WD =225mm  —=20um WD = 5.7 mm

Figure 16: Gas-atomized silicon—iron powder. Left: Free particles. Right: Bonded with
epoxy to form an SM2C component [33].

Methods that have been tested for packing the binder—powder particle
mixture are pure gravitation, vibration, pressing, use of magnetic fields, and
rotation at different g-forces [34], the latter having resulted in a material
and processing patent [35]. The different methods produce different results
and which is best in a particular application depends on various aspects,
such as the geometry of the die.

The silicon—iron particles are non-ductile and cannot be deformed during
molding, which makes the packing density fairly low and limits the thermal
conductivity to approximately 3.5 Wm™'K~!. The bridges between the
particles also limit the permeability to less than 20 [33].

As a very small cross-sectional area links the flux through the structure
in the most advantageous way, given the existence of areas where the coated
particles more or less touch each other, a small saturation effect is present
even at low flux densities where these areas locally reach high flux densities,
which virtually increases the gap between the particles (Figure .

As the small powder particles 50400 pym in diameter cannot conduct
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currents in any direction, the frequency-dependent losses are caused mainly
by hysteresis effects as long as the frequency is not too high (Figure. The
frequency limit is highly dependent on the particle size and distribution, so
inappropriate particle size selection can increase the losses substantially.
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Figure 17: SM2C material properties. Left: Permeability as a function of flux density.
Right: Losses at different frequencies and flux densities [33].

Compared with other SMMs, he SM2C material has some major ad-
vantages; primarily that it can be moulded into practically any size and
shape. In addition, the material is machinable and easy to combine with al-
ternative SMM inserts that can increase both the thermal conductivity and
permeability in critical regions[35]. The effect on the thermal conductivity of
inserting other SMCs into the mold has been investigated by Strindberg [36],
who obtained attractive cooling power effects that can also be obtained by
embedding laminated steel or wires.

A master’s thesis [37] has evaluated different binding systems for SM2C
and established epoxy to be the mechanically best solution. The work also
identified ceramic alternatives that can handle very high temperatures, pro-
viding more or less the same electromagnetic properties but at the expense
of mechanical strength. The ceramic SM?C material features good compres-
sive strength and has been successfully tested in an induction-heating setup,
but cannot handle large tensile stresses without support; however, it still
is a good alternative in many high-temperature applications. In addition,
porous structures made using ceramic binder can be used to transport gas
for cooling purposes [37].
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4.6 Comparison of soft magnetic materials

It is obvious that all currently available materials have important techni-
cal limitations regarding permeability, small losses at high frequencies, high
saturation or isotropy. Three of these properties can be obtained, which en-
ables most induction-heating applications to be realized, the best choice of
material depending on the particular application, desired cost, and complex-
ity. Table [I] summarizes some important properties of the different SMM
groups from a general perspective, where 5 is excellent and 1 is merely ad-
equate. Note that the properties might vary significantly within a group.
The ranking is based on IH applications at 20 kHz, and for anisotropic ma-
terials the properties refer to the preferred direction. Cost is excluded from
consideration, since comparing the bulk price gives no information about
the cost of the finished component, for which the electromagnetic and man-
ufacturing properties must be considered, both of which are dependent on
the particular application.

Type \ Property

Permeability
Saturation
Isotropy
Losses
Size limitation
Machinability

Laminated steel
Nanocrystalline alloys
Soft Ferrites

SMC

SM2C

w| w| | | or{Temperature resistance

po| | po| w~| n| Thermal conductivity
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Table 1: Summary of SMM properties, assuming an IH application at 20 kHz.

As can be seen from Table [l the SM2C material is not the best from an
electromagnetic perspective, but has considerable advantages for large and
complex structures and small series production due to its manufacturing
principle. In applications requiring high permeability, for example very-
high-power-density equipment such as handheld heaters, the properties are
inadequate. One major advantage of SM2C is its easy integration with com-
ponents made of other materials, making it suitable as the base material of a
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compound structure. Combined SMMs probably constitute the best solution
for many applications in terms of cost and performance, as the most suitable
material can be positioned where it is most useful, providing unique proper-
ties. As the cost of an inductor is often related more to the manufacturing
cost than to the costs of the constituent components, the cost information in
Table [T] does not give a completely balanced comparison. In addition, both
the production and material properties are continuously improving, and the
SMCs have especially improved over the last decade [30] [33]. Figure
illustrates the losses at a particular flux density and frequency, the working
point being selected based on available data.
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Figure 18: Comparison of the losses experienced by various SMMs at a particular fre-
quency and magnetic flux density.
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5 The GreenHeat concept

Most industrial implementations of induction heating use fairly low-efficiency
inductor designs, in which a significant amount of power is transformed into
heat in the electrical conductor rather than inside the workpiece. The many
technical, economic, and historical reasons for this constitute a great chal-
lenge. In view of the huge energy saving potential and great opportunities
for companies interested in replacing alternative heating and production pro-
cesses with induction heating, Mistra and SSF invested in the GreenHeat
project. The project sought to develop a concept for producing heating
inductors featuring very high efficiency in a flexible, scalable and feasible
way using a moldable flux-concentrating material, later determined to be
SMZ2C. The conductor, traditionally built with water-cooled copper tubing,
was to be replaced with high-efficiency litz wire, and the cooling was to be
integrated in the SM2C. The idea of replacing a naked copper tube with litz
wire surrounded by a flux concentrator is not new, but many aspects of the
required production process and related opportunities are not described in
the existing literature.

5.1 Litz wire

To reduce the skin effect and proximity losses in the coil, a special high-
frequency wire called litz wire can be used. The name originates from the
German term ”litzendraht,” meaning braided or stranded wire, which accu-
rately describes the product. Litz wire comprises numerous thin strands,
each individually electrically insulated from the rest and braided together in
such a way that each strand stays the same distance in the center as on the
outer boundary, relatively (Figure . The result is a wire in which all the
strands have the same high-frequency resistivity, which forces the current to
be equally distributed throughout the wire, giving it a much larger active
cross-sectional area than that of a solid conductor or normal stranded wire.
The insulating layer, typically made of solderable varnish, allows the strands
to be joined together at the wire ends by immersion in liquid solder, welding,
or using a special hot crimping tool; in contrast, non-solderable insulation
usually requires stripping or cleaning before joining [38] [39].

Litz wires are generally made by twisting or braiding bundles of thin
strands to achieve the desired cross-sectional area. For higher frequen-
cies, thinner strand diameters are required. The optimal dimensions depend
on many considerations and usually represent a tradeoff between cost and
losses [41], but the particular application also plays an important role. Since
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Figure 19: Different types of litz wire [40].

each strand is electrically insulated, the insulation layer consumes propor-
tionally more space as the wire diameter decreases, which reduces the fill
factor. Another property that affects the fill factor is the twisting, which also
consumes space (see Figure and makes the effective length of each strand
longer. The shorter the pitch (i.e. the harder the twisting), the larger the
DC resistance but the easier it is to obtain desirable high-frequency prop-
erties [42]. The recommended strand diameter is a function of frequency
and relates to the relative values of the AC and DC resistance, for example,
yielding the results shown in Figure [43]. A rule of thumb is to use the
strand diameter that, at the actual frequency used, results in a multi-turn
litz coil with a peak phase angle of ¢, i.e. the point at which the wire
resistance increases linearly with the frequency.

The insulating layer on each strand can be made of polyvinyl, acetal,
phenolic resin, polyurethane, nylon, polyester, polyamide, polyimide, poly-
tetrafluoroethylene, ethylene tetrafluoroethylene, epoxy and combinations
thereof, depending on the temperature class, dielectric requirements, chemi-
cal environment, and shape [44]. The first layer is sometimes complemented
with a bondable plastic or thermoset resin to facilitate the production of the
finished coils. The bondable alternatives allow for good mechanical prop-
erties and fast curing without adding an extra component. Outside the
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Figure 20: Litz wire. Left: Optimal strand diameter. Right: Illustration of effect of
twisting on the cross-section [42].

litz wire, an extra insulating layer can be used comprising fluorinated ethy-
lene propylene, polyvinyl chloride, polyethylene terephthalate, polyimide or
kapton, as well as mineral or fiber additives such as mica tape, glass fiber,
Dacron or Nomex [44].

In applications in which the production cost is paramount, for example in
many domestic induction heaters, the strands in the wire may be twisted in a
way that is suboptimal from a performance perspective, in what is sometimes
referred to as "fake litz.” Nevertheless, this type of wire is frequently used
for induction coils and still offers a huge improvement over solid conductors.
Investigations of the high-frequency properties of traditional, non-insulating
multi-strand wire indicate slightly reduced losses compared with the cor-
responding solid wire, though it is still not suitable for induction-heating
applications.

Unlike solid conductors or tubing, litz wires allow the permeation of the
electromagnetic fields, which offers new opportunities but must be consid-
ered in the design. An accurate bulk model of the litz wire can be obtained
using a complex permeability value, in which the proximity and skin effect
losses are grouped together as a function of the magnetic flux density. In
addition, the resistive part can be determined, all values based on the prop-
erties of the litz wire, namely, strand diameter, fill factor, and equivalent
electrical conductivity [45] [46] [47]. Using a bulk model saves both mem-
ory and computational time in finite-element simulations and allows for 2D
models incorporating wire twisting or braiding.

The important properties of the (litz) wire can be summarized in eight
major categories:

e Losses (resistive, proximity, and eddy current losses) at high frequency
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e Cooling potential

e Temperature resistance and deterioration

e Dielectric properties and electrical insulation
e Perpendicular thermal conductivity

e Electromagnetic field permeability

e Manufacturability

o Cost

The losses and cooling possibilities must be matched to avoid overheat-
ing, which is defined by the temperature resistance of the wire. The maxi-
mum temperature is often limited by the electrical insulation, which defines
the coil’s dielectric properties. Thick insulation prevents voltage breakdown,
but creates thermal barriers that complicate cooling and create thermal hot-
spots in the coil. The field penetration will increase for smaller strand di-
ameters and for lower fill factors of the coil. The finer the strands and the
smaller the cross-sectional area of the wire, the easier it is to form the wire
into the desired shape. For most applications, however, one must also con-
sider cooling, which is the greatest challenge with the use of litz wire instead
of tubing.

5.2 Thermal design and cooling

Probably the most performance limiting factor in technical equipment is
temperature. Assuming a continuous process, this limiting factor depends
on the efficiency and cooling, and on the maximum temperature and pos-
sibly the surrounding conditions. Using water cooled copper tubing as the
conductor causes severe losses, but the tube can resist high temperature,
limited only by the melting point of copper (exceeding 1000° C), and can
be efficiently cooled using flowing water. The specific heat capacity of water
is 4.18 kJ/kg-K and the heat of vaporization is 2.26 MJ/kg, which means
that water could potentially cool a system exceeding 400 kW at a flow rate
of 0.6 m3/h (typical of ordinary tap water) if all the volume is converted
into 100°C steam. This enormous cooling potential has made this design the
dominant one, especially in applications dealing with large power densities
and high workpiece temperatures. In high-temperature applications, the ra-
diative power increases by a factor of four with the temperature according
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to Stefan Boltzmann’s law (equation [10)), is an important consideration in
terms of the shielding or extra cooling of the coil (o is Stefan Boltzmann’s
constant, 5.670x 1078 W/m?-K*#). This effect is sometimes used to indirectly
heat non-conductive materials using induction [2].

P =o0AT! (10)

Another important property of ferritic materials is the Curie tempera-
ture, at which all magnetic properties disappear, thereby significantly chang-
ing the impedance of the system. [48] Lower workpiece resistance caused by
the increase in skin depth means lower efficiency and thus larger losses at
constant output power. The resistivity, however, increases with rising tem-
perature, somewhat improving the efficiency as long as the skin depth is
significantly less than the workpiece thickness. In addition, copper has a
positive temperature coefficient of resistivity, approximately doubling the
losses with a 250°C increase in temperature, emphasizing the importance of
proper coil cooling.

The applications in focus in this work have mainly involved low tem-
perature heating, i.e. up to a few hundred degrees C, which is why the
temperature-resistance of the inductor materials and the thermal radiation
from the workpiece have been of secondary importance. Instead, perfor-
mance in terms of efficiency and heating pattern has been the main ob-
jective, as well as manufacturability, component size, and aspects related
to particular applications; nevertheless, the thermal design has been crucial,
because even small power losses can cause high temperatures if the cooling is
insufficient. In the research group, considerable effort has been spent on the
thermal design, thermal conductivity of the various materials, and, most of
all, the heat transfer between these materials. In addition, it has been chal-
lenging to integrate the cooling while maximizing the power density without
degrading the materials after substantial operation time.

As the basis for this work, commercially available litz wire with a trans-
verse thermal conductivity of 0.5 W/m-K was used. The SM2C material
used has a thermal conductivity of approximately 3.5 W/m-K. These two
components defined the framework of this study, and were then combined
in many different ways with complementary structures and cooling solu-
tions. Parallel to this, new materials were developed at Lund University,
based on desired properties obtained from simulations of induction-heating
equipment or from unprejudiced research. As different properties are some-
times conflicting, work progress entailed ranking the properties in order of
importance and finding thresholds rather than an unconditional optimum,
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resulting in ongoing iteration between design and material science. The
type of induction heater depends greatly on the material properties; a large,
fairly-low-power-density heater emphasizing uniformity has completely dif-
ferent requirements from a small handheld heater or from a tube heater used
for surface hardening or quenching with a very high power density.

The physical designs are of two types: water cooled and air cooled. Air-
cooled units are used mainly for low-power-density applications, up to a few
thousands kVA /m?2, and may be cooled solely by natural convection, fans,
or other forced-air designs. Water-cooled heaters use a channel system for
tap water or a closed setup; in the latter case, low-viscous oil or a mixture
of water and alcohol, or the like, is used. These heaters can be used with
a power density of up to approximately 10 MVA per m? without becoming
overheated; with an improved cooling capacity, the thermal density can be
significantly improved.

Fan cooling is a simple and very cost-effective method used in much elec-
tronic equipment to control the temperature, but the low volumetric ¢, of
air limits the cooling capacity even at fairly high flow rates. By using litz
wire in combination with SM2C, the losses in the coil are reduced from ap-
proximately 50 % to only a few percent or less in most applications, making
it possible to cool with air. To maximize the efficiency and minimize the
stray magnetic fields, it is crucial to use the regions nearest the workpiece
for electromagnetic purposes. With good thermal coupling between the litz
wire and the SM?C (Figure, the cooling can instead be performed on the
back of the inductor [49]. Depending on the voltage levels and the electrical
insulation of the wire, there might be a risk of dielectric problems; this issue
is investigated in [50].

Figure 21: Coil surrounded by a molded flux concentrator made of SM?C material [50].
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By exploiting the manufacturing benefits of SM2C, complex shapes can
easily be created according to the preferred design. Figure [22]shows a CAD
model as well as photographs of a manufactured prototype inductor with
cooling flanges. The molding was performed in a silicone die and a number
of replicas were later produced and assembled into a prototype machine for
evaporating forming lubricants [49).

Figure 22: GreenHeat inductor: Left: Naked coil. Center: Finished inductor. Right:
CAD model [49].

The inductor was successfully tested and evaluated according to the ex-
pected loads of the application machine (Figure [23)). Due to high losses in
the power electronics and the subcritical dimensions of the transformer, the
overall efficiency of the system is not extraordinary, though it still repre-
sents a marked improvement over copper tubing coils. When comparing the
data with those obtained using a naked coil, the importance of the SM?C
is obvious, almost doubling the output power at about constant losses. The
experiments were performed using natural cooling only; at increased power,
the losses increase faster for the naked than the molded coil, due to the
temperature difference between them that favor the encapsulated coil.

Though the heater was never pushed to the limit of power density, the
difference in working temperature between natural convection and forced-air
cooling proves the functionality of the molded flanges (Figure 24). A lower
wire temperature means reduced losses and thus increased efficiency.

It is sometimes advantageous to have a compact heating unit or a unit
in which one can conveniently connect the inductor to an existing liquid
cooling system rather than using fans. To achieve the same efficiency and
output power as in air-cooled units, the liquid cooling channel system must,
like the flanges, be located on the back of the inductor. In the frequency
range primarily used in the applications considered here, most of the losses
are generated inside the coil rather than in the core material. In addition,
the losses that actually occur in the SM2C are generally highest near the
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Figure 23: Comparison between a naked coil and a coil molded in SM2C. Left: Heating
power and losses. Right: Efficiency [51].
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Figure 24: The steady-state temperature of the cooling flanges on the back at the nominal
heating current. Left: No forced cooling applied, just natural convection. Right: Cooling
with forced air [49].

coil, where the magnetic flux density reaches the highest values. To increase
the cooling power, the channel system is preferably located in close contact
with the wire, between the coil and the SM2C on the back of the unit, only
marginally reducing the efficiency.

Regarding water cooling, a master’s thesis by Strindberg [36] investigated
the importance of the material surrounding the channels by comparing the
cooling power of plastic tubing with that of stainless steel tubes, both molded
into a block of SM2C. The results were compared with those channels made
of wax, which was eventually melted and completely removed from the cured
composite. The cooling effect is about double with the use of stainless steel
rather than plastic tubing at constant water flow. The test objects with
channel walls made of SM?C, i.e. those made using wax cores, produced the
best cooling results, a few percent better than with stainless steel. None
of the three materials excels in all respects, however. The molded channels
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are the most complicated to produce and to connect to the cooling system
without risk of leakage; in addition, there is potential for corrosion if the
silicon—iron particles come into contact with water. Integrating a stainless
steel tube involves two problems: the first is losses due to induced currents
in the electrically conductive material, which degrade the performance; the
second is that of handling the high voltage potential that, depending on the
design, can be induced across the tube ends. The plastic tubes are easy to
shape and integrate into the construction, though they result in a significant
reduction in cooling power compared with the other two approaches; even
so, this has so far been the preferred solution for use in inductors.

To maximize the cooling where it is needed the most, a litz wire with
a thin channel in the center, like a copper tube, would be desirable for
producers of IH equipment. One such solution is presented by Paya et al.
[52]; however, the selected design with a stainless steel tube in the center
(Figure significantly increases the losses when the frequency increases,
limiting the frequency range, and counteracting the reason for using litz
wire.

Stainless

Water steel tube

Elementary copper
conductor

Figure 25: Example of water cooled litz-like or multi-strand wire [52].

5.3 High-temperature applications

Today, heating steel above the Curie temperature is exclusively done using
induction coils made of water-cooled tubing or the like. The consensus
among producers of induction-heating systems is that litz wire cannot handle
these conditions due to a combination of radiative heat and significant losses
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in the coil. With a complex and expensive setup it is certainly possible,
using thermal shields, to build a litz-based system that can heat workpieces
above the Curie temperature—at least for selected geometries. This change
in technology for high-temperature applications cannot be justified until
competitive alternatives exist that are easy to build and guaranteed to work.
The same challenges also apply to high-power-density heating applications.

The required solution is to produce a litz wire with improved cooling
capabilities. As discussed earlier, integrated cooling channels are one op-
tion, but it is also important to increase the thermal conductivity trans-
verse to the wire, i.e. between the strands. Today, the insulating layer on
each strand, usually made of a material with a thermal conductivity below
1 W/mK, is thicker than actually needed. Even with the thermal conductiv-
ity of copper, i.e. approximately 400 W/mK, the transverse values cannot
exceed 0.5 W/mK with a reasonable packing density. There is generally a
correlation between the dielectric strength of the strands and their thermal
conductivity; however, the voltage difference between the strands is very
small and occasional short circuits are not disastrous as long as there are
not too many. The optimal layer thickness depends on several factors and
must be thoroughly investigated, but can doubtless be significantly reduced
from current values. One factor that affects the required thickness of the
insulation layer is the packing density, which is also closely related to the
transverse thermal conductivity. Even minimal pockets of air greatly de-
grade the heat transport. The steps needed to advance from the existing
litz standard to a product with completely new capabilities are illustrated in
Figure starting with the original cross-section, first the insulation thick-
ness is reduced, then the thinly insulated strands are compacted to form a
solid wire, and finally a cooling channel is integrated in the center of the
compacted wire.

Another way to improve the system performance is to increase the service
temperature, which requires materials that can resist much higher temper-
atures. One candidate for this is wire made of aluminum with insulation
made of aluminum oxide, a material combination with significantly better
thermal properties than those of varnish-coated copper. This makes coils
that can theoretically resist temperatures up to at least 600°C without be-
coming damaged. The oxide layer can be created effectively and with good
control of thickness, evenly distributed around the wire. A thin layer still
provides relatively high dielectric strength and allows for higher thermal con-
ductivity, a better fill factorﬂ and therefore higher currents. The dielectric

2Refers to the ratio between the electrically conductive area and the total cross sectional

44



Figure 26: Cross-sections of litz structures showing the steps needed to advance from the
current design to high-performance solutions.

strength of the anodized layers varies depending, for example, on the type of
anodizing, frequency, and layer thickness, and values of 10-35 kV/mm are
found [53]. These values have been confirmed by experiments. A selection
of results focusing on anodization time is presented in Figure 27 showing a
process for rapidly depositing thin insulation layers that would be usable in
litz applications. In addition, a cross-section of the oxide layer is shown, in
this case, almost 15 pm thick.

Drawing out thin aluminum wires is not as easy as for copper due to its
mechanical properties, though it is still possible, and aluminum wires with
diameters as small as 0.1 mm are commercially available [54]. The cost of
aluminum is significantly lower than that of copper, resulting in a cost reduc-
tion of approximately 50% for the finished magnet wire per kg, including the
production cost of a wire more than three times as long. Since aluminum has
approximately 60% higher resistivity than does copper, an increased cross-
sectional area is required to keep the DC resistance constant. A larger skin
depth for the aluminum, however, allows for a 25% larger diameter with the
same high-frequency properties, resulting in the same number of strands in-
dependent of the material selection. As aluminum wire is about one quarter

area of the coil.
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Figure 27: Left: Dielectric strength of some anodized aluminum samples [55]. Right:
SEM image of a typical oxide layer.

the cost of copper wire per unit length for the same resistance, aluminum or
copper-clad aluminum (CCA) wire is today commonly used as the conductor
material in electrical equipment, though the insulating layer is exclusively
made of traditional coatings such as enamel or varnish. There are also alu-
minum wires with an oxide layer covered by varnish, the oxide serving several
purposes, for example, as a primer for adhesion. The main reason for not
using aluminum oxide for insulation purposes is its brittleness. Aluminum
oxide features high hardness and wear resistance, but thermal expansion of
the wire or deformation from bending, etc. creates cracks that expose the
conductor to any liquid present and severely reduces the dielectric strength
in moist air. Figure shows a number of scanning electron micrographs
of anodized aluminum wires, illustrating different types of cracks as well as
the transitions between wires after being deformed towards each other. The
wire is 0.4 mm in diameter and the oxide layer is approximately 3.5 pum
thick, both values being greater than is optimal for litz wire applications.
By using only thin oxide layers, crimping off the wire ends will allow for
good electrical contact through all the strands without cleaning, given that
the outer coating layer of the wire confers solderable properties. Resolving
a few challenges related to aluminum litz wire would make it economically
competitive, not only for particular applications but in most areas of IH due
to its properties and affordability.

For the core material, there are alternatives that can withstand tempera-
tures up to the Curie point of approximately 700°C. Using a thermal barrier
or, in extreme cases, a water-cooled screen between the inductor and the
workpiece allows heating to very high temperatures with enhanced cooling
of the coil and possibly also of the core material. The thermal coupling
between coil and core material significantly affects the cooling design.
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Figure 28: Aluminum wire with aluminum oxide coating.

47



48



6 Control system and power electronics

The control and power electronic system used in most of this work and ex-
clusively in the multi-coil experiments is described in detail by Frogner et
al. [56]. The system was developed based on a need for accurate control of the
switching pulses, full availability of current and voltage measurements, and
great versatility. The system is built around two identical variable-frequency
drives (VFD), each based on full-bridge MOSFET architecture and ready for
the expansion of independent channels in the future. A personal computer is
used for monitoring and to coordinate all parts of the system; it uses several
data-acquisition cards and a compact RIO (cRIO) from National Instru-
ments to interface with sensors and control signals. The temporal accuracy
of the switching pulses has been limited to 20 MHz in the present work,
which is sufficient for the evaluated setups and in the explored frequency
interval. The system accuracy is not limited to 20 MHz, however, and also
features excellent real-time control using the field-programmable gate array
(FPGA) built into the cRIO, if required. One of the most important tools
for evaluating the experiments is an IR camera, also connected to the sys-
tem. The data acquisition and the processing of the data from the sensors
is described in more detail in chapter [7] All experiments were carried out
using a ferrite pot-core transformer for galvanic insulation and adaption of
the impedance and using phase-advancing capacitors connected on the sec-
ondary side, in series with the inductor. A block diagram of the system is
presented in Figure 29 and an image of the setup in Figure [30}
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Figure 29: A simplified block diagram of the experimental setup.

The shape of the voltage from the system is crucial for the modeling and
results. The transistors allow for large voltage derivatives and the voltage
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Figure 30: The developed power control system.

shape can be approximated as the theoretical square wave generated by the
digital control signals. Figure [31] visualizes the shapes of the voltages and
illustrates the definition of voltage phase shift. The duty cycle is defined as
the on time of the transistors divided by the period time. The short rise
times may cause electromagnetic compatibility issues, so the cables must
be properly shielded. For the experiments, hard switching was used, which
creates unnecessarily large losses and transistor loading, but allows for any
type of investigation of the system dynamics.
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7 Measurement tools

In processes involving induction heating, several properties are of interest,
many of which are difficult to measure and even more complicated to observe
in real time. In this work, only the most basic properties are considered, i.e.
voltages and currents throughout the system and the temperature pattern
and absorbed power of the workpiece. This section explains the complexity
and challenges of obtaining accurate results regarding these properties and
describes the development of an automatic measurement tool capable of
performing real-time analysis of the heating results. This work is a key
to the investigation and to the future optimization of multi-coil heaters, in
order to feed back the results of the advanced current control. Integrated
temperature sensors and flow switches, for example, are used for system
monitoring and to protect individual components, but not particularly for
investigative purposes.

7.1 Current and voltages

The voltage is of great interest when monitoring what happens in the system
and, together with the current, is used to calculate the active and reactive
powers (equations and . Using a differential probe, the voltage can
easily be measured with a bandwidth of 25 MHz or more using a data acqui-
sition system. To measure the current, a closed-loop current transducer is
a convenient tool that has been used during this work. This type of sensor
(e.g. the LEM LA55-P) has a bandwidth of up to 200 kHz and can represent
currents up to 40 kHz well, including harmonics. However, the experiments
revealed a significant disadvantage of this setup, the unstable behavior due
to a small but obvious and unpredictable phase shifts of fast signals. The
position of the wire as well as its surroundings may cause a phase shift of a
few degrees, and a shift of one degree can change the power by several per-
cent. This small change could, for example, represent the difference between
a realistic efficiency of 98% and a measured value exceeding 100%. Much
effort has gone into this, without finding a universal solution other than
changing the measurement principle. Ultra-low-inductance shunt resistors
are now being implemented, a migration motivated by independent stud-
ies [57][58]. The measured active and reactive powers are defined according
to Equations [11] and [12] respectively.

t+T
p— ;/t+v(2wft)-i(2wft) dt (11)
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7.2 Heating pattern and output power

The heating pattern answers the fundamental questions when it comes to
uniform heating and allows for easy comparison with simulations. The other
important property is the efficiency of the system, often measured using en-
ergy balance in one way or another. A common method involves a water
cooled workpiece and when the setup reaches steady state, the absorbed
power is calculated as the flow rate times the difference in water tempera-
ture. The problems with these type of measurements are a time consum-
ing transient phase, often tailor made workpieces for each inductor design,
unknown power leakages affecting the accuracy and also the fact that the
heating pattern and efficiency can not be measured at the same time. Cal-
culating the absorbed power of a thin workpiece based on thermographic
data allows for very fast measurements, also to be used for dynamic analysis
of the process.

The thermographic method of measuring the absorbed power faces a
number of challenges in order to be reliable, some of them related to accu-
rate temperature measurement of every infinitesimal area of the workpiece
surface, other related to the temperature distribution inside of the work-
piece in relation to the surface temperature. The emissivity is probably the
largest source of error, more or less requiring metal surfaces to be painted
or specially tuned cameras to be used. There is primarily one problem that
complicated accurate thermographic acquisition of metal surface; the low
emissivity at useful wavelengths, Figure The high reflectance means
that the radiation from other warm object risk to interfere with the real
temperature but also a variation of the emissivity can be a problem. The
value is sensitive to the temperature according to Figure [32] but also oxide
layers etc.

Based on the approach that heating of workpieces that are relatively thin
in comparison to a combination of skin depth and thermal conductivity can
be approximated by the surface temperature through the complete thickness,
dynamic measurements of absorbed power can be performed with reliable
results. [59] To allow for an IR-camera position not perfectly above the
center of the workpiece the work has resulted in automatic corner detection
followed by a projective transformation to make all pixles the same size.
Using the Prewitt edge detection method followed by a Hough transform
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Figure 32: Variations of emissivity. Left: Different wavelengths. Right: Different tem-
peratures.

for line detection, the corners of the workpiece can be found by solving a
linear equation system for straight lines intersection, shown in Figure In
Figure [34] an example of the projective transformation is shown.

Figure 33: Left: Detection of edges and lines of a recorded thermography. Right: Iden-
tified frame using automatic detection.

To investigate the heating pattern and output power, the induction
heater is turned on for a short amount of time while recording the tem-
perature, examplified in Figure

The actual energy in the workpiece and thereby the applied power can
then be determined by integrating the temperature over the entire workpiece
and scaled with the thermal mass according to Equation [I6 and [I5} For the
experiment if Figure the corresponding result is presented in Figure

t
AE = / P(t)dt = m-c,- AT (13)
0

P(t):Z'p-cp/X/YCZﬂ(:L‘,y)d:L‘dy (14)
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Figure 34: Left: Raw data picture from industrial heater. Right: Same picture after
projective transformation [59].
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Figure 35: The energy of the workpiece during and after heated by induction, adjusted
to start at zero energy [59].

PO = Zpcy [ [ ) dedy (15)

t
AE = / P(t)dt = m-c, AT (16)
0
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Figure 36: Recorded temperature of the workpiece at different times, x- and y-axis being
in millimeters and z-axis in degrees Celsius [59)].
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8 Travelling-wave induction heating: theory and
practical issues

The GreenHeat technology offers new possibilities for inductor design and
thereby spatial controllability and heating pattern. Combining the new ma-
terials with concepts for uniform induction heating yields interesting results
and outlines ways to develop increasingly efficient methods of production.
This section focuses on travelling-wave induction heating as one of these
methods.

8.1 History and Background

In the 1970s, single-coil solutions for induction heating experienced problems
supplying enough power for certain applications. Today, the power electronic
drive distributes the loading of the different phases from the grid, which was
not the case in the 1970s, when problems arose due to highly unbalanced
loads [4] [60]. A solution to this challenge was to use three-phase heating
inductors, working with a travelling electromagnetic field in a way similar
to a linear motor. A main application of this kind of system was in heating
of billets, and the original patent for travelling-wave induction heating was
approved in the mid-1970s [61]. The patented solution has parallel wires
with an integrated flux concentrator of laminated steel (Figure, a design
that has been the model for most research in the field [62]. Even at that
time, temperature uniformity was an important consideration and double-
sided heating was suggested for the best results, arranged in such a way that
the main current loops would be represented by circumferential circulation
rather than in-plane currents [61] [60] [63].

When modern power electronic frequency inverters entered the market,
single-coil solutions became popular again and TWIH was almost forgotten.
Nevertheless, TWIH still has qualities in terms of temperature uniformity
superior to those of TFIH, and interest in it has been reborn in recent
years [64] [65][66]. Most research into TWIH has been limited to analytical
analyses or simulations [67] [68] [69] [70] [71], often disregarding significant
parts of the complexity and presenting optimal solutions based on simplified
models that are clearly unrealistic and impractical. In addition, very inter-
esting aspects of TWIH have been described, as have new findings about
other multi-coil induction-heating methods; the present work continues in
this path, contributing one piece of the puzzle of induction heating. Two
earlier studies, one theoretical and one practical, are of particular interest.
The first one, conducted by Ali et al. [72], compares the power density of
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Figure 37: Original design for a travelling-wave inductor [6I].

a cross-section of the inductor obtained using analytical calculations with
those obtained from FEM simulations. The work clearly illustrates the char-
acteristic asymmetry of TWIH systems (Figure7 a finding that has been
verified several times but not demonstrated in high-quality experiments until
the present work. The other work, performed by Sekine et al. [73] [74] and
Tomita et al. [75], is one of very few studies presenting experimental results
regarding single-sided TWIH heating. The experimental platform used in
that study could be improved, as could the heating results (Figure ; nev-
ertheless, it presents some informative findings somewhat similar to those
presented in this thesis.

C
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mm 40
0 200 400 600 800 1000 Steel

Figure 38: Left: Simulated power density of a three-phase travelling wave configuration.
Right: Thermographic image of travelling wave heating.
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8.2 Principle

The idea of TWIH is to generate an alternating magnetic field that moves
like a wave along the inductor using two or more coils carrying currents
with well-defined phase shifts. Instead of creating areas where the resulting
electromagnetic field becomes zero due to cancellation, the heating pattern
becomes significantly more uniform, to some extent similar to the relative
movement between the inductor and the workpiece [76]. The wavelength, A,
or pole pitch is one parameter that affects the heating pattern, and it must
be long enough relative to the air gap not to lose efficiency. The speed of the
travelling magnetic field is proportional to the product of the wavelength and
the frequency. TWIH is sometimes divided into short-pitch and full-pitch
types [75] (Figure[39)), depending on the coil configuration. The short-pitch
type uses separated windings and has shown itself to be a good alternative,
for example, when the gap is large [73]. The full-pitch configuration has
interlaced windings and is the type considered here.
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e

< >

] I T |

v

Figure 39: Examples of short-pitch and full-pitch TWIH coil confugurations [73].

Generally, more phases allow for a more uniform heating pattern [72],
but many phases also mean increased manufacturing and control complexity,
and likely more expensive power electronics. In addition, several conceptual
designs have been presented with the same aim: to produce more uniform
heating [77] [79] [78]. Two examples of such designs are illustrated in Fig-
ure a vernier inductor [80] and slot wedges [81], both of which aim to
split the power-density peaks into many smaller peaks located near each
other. In the figure, 1 indicate the core material, 2 are the coils and 3 is the
workpiece. Due to the thermal conductivity of the workpiece, power peaks
in close vicinity will float together giving a uniform temperature pattern.
The concepts are interesting but lack experimental validation and rely only
on simplified models, for example, ignoring saturation effects. Also the air
gap becomes very critical for these type of designs.
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Figure 40: Vernier inductor [80] and slot wedges [81].

8.3 Inductor design

The design of the first travelling-wave inductor was based on two identical
TF coils with the same geometry as previously used in this project. The
two coils were interwoven into one unit (Figure and later equipped with
a surrounding SM?C core. The same geometry was used to allow for direct
comparisons between the different inductor types. Unlike solid conductors,
the litz wire allows the electromagnetic field to penetrate the compact struc-
ture, which is crucial to this kind of design, referred to as slotless [82].

i

Figure 41: Left: Single phase TF coil. Right: Two phase TW coil.

Parallel to the production of the slotless inductor, a design with SM2C
teeth was realized, also based on the advantages of convenient comparison
between different models rather than on optimization. Slots of the same
width as the wire were inserted in the center of each pole of the design, and
the straight parts of the coils were covered with the core material (Figure.
Leaving the coil ends surrounded by air instead of SM?C minimizes the
inductance and allows for planar modeling. The particular selection of one
slot in each pole and no slots between the poles might be unique, but many
similar designs have previously been evaluated.

Figure 42: TW coil with SM2C teeth.

62



Travelling wave inductors made with litz wire are extremely rare, but not
unknown, and at least one other research group has tested such an inductor
for the uniform heating of long structures [73]. However, as far as is known,
what is unique in the present work is a TWIH setup based on only two coils—
since the principle originates from using a three-phase grid signal, this was
the natural choice of phases. Existing research demonstrates that the use
of even more phases could provide even more uniform heating [72], but no
study of two-phase systems has been found. The reason for investigating
a two-phase system, known to provide less uniform heating and to require
more complex power electronics than a three-phase system, is its simplicity.
Given the selected design, only the two-phase system can achieve perfect
symmetry between the phases, while the center winding of a three-phase
inductor exhibits dynamics differing from those of the other two. In addition,
when it comes to the number of adjustable parameters, phase shift control,
and compensation for mutual inductance, etc., the two-phase inductor is
simpler. To fully understand a system, the best approach is often to start
simply and increase the complexity in stepwise fashion, as was done here
with the selected number of phases.

While the two initial inductors were being tested and before realizing
the full complexity of the system, a three-phase version was also built (Fig-
ure , though it remains untested. It was found to be crucial that the
inductance of each coil should be the same, so as not to cause undesired
behavior, so a second generation of two-phase slotted inductors was devel-
oped. Two identical inductors were built, with one end of each coil lying on
top of the other in each inductor, respectively, unlike in the first generation.
The new inductors (Figure were made without an outer border of core
material to allow the units to be assembled into a single larger, modular
inductor. The reason for building two identical units was also related to an
experiment with current decoupling, described in section

Figure 43: Left: New version of two phase TW coil. Right: Three phase TW coil.
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8.4 Coupling effect

An increasing proportion of induction heaters being developed uses more
than one coil. There are two main reasons for doing this: a larger demand
for generic heaters and an increased requirement for uniform and controlled
heating. In domestic appliances, for example, customers demand products
in which each cooking zone can efficiently handle several sizes of vessels
and not be too sensitive to exact vessel positioning [76]; the same principle
applies to industrial applications. With a well-distributed heating pattern,
product quality can be improved and processing time reduced. There are
many reasons for using multi-coil solutions, but they exact a cost in terms of
increased complexity due to mutual coupling. Independent of the inductor
type and control principle, the same problems occur in all designs. The
commonly used measure to define the interaction is mutual inductance, M,
defined as the geometric average of the inductances, L;, of all the coils times
the coupling factor, k (equation [17)).

M=+Li Ly-k (17)

Much effort has gone into this area in recent years, with a focus on
analytical modeling [83] [84] [85] and identifying system parameters [86] [87].
One common way of describing the interaction between the currents of the
coils is based on the impedance matrix representation, Equation

Impedance matrix

Vi Zn 212 - Zln Zl
Va Zor Zoy ... Zoy I

= ) . . (18)
Vn 7n1 77’L2 o Znn Tn

Due to the resonant behavior of IH systems, the impedance matrix fea-
tures a huge frequency dependency. TW inductors have a mutual inductance
of approximately 1/5 of the inductance of each coil, i.e., a coupling factor of
approximately 0.2 within the selected frequency range of 10-40 kHz when
measured unconnected (Figure . The coupling factor increases to approx-
imately 0.5 at resonance when connected to the system, as illustrated in the
same figure. From the plots it is obvious that the resonance and thus the
coupling are dependent on the output power and also that the phase shift of
the induced current is significantly dependent on the excitation frequency.
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Figure 44: Top: Inductance and mutual inductance. Center: Coupling factor. Bottom:
Phase shift of induced current.

8.5 Simulations

The power distribution of two-phase TW inductors was thoroughly inves-
tigated using electromagnetic simulations based on finite-element analysis
(FEA). The coil ends were neglected and 2D planar models were developed.
The freeware program Finite Element Method Magnetics (FEMM) was used
in this study due to its simplicity, accurate results, and useful interface with
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Matlab (OctaveFEMM [88]), but most of all because of its well-developed
bulk model representation of litz wires [89] [47]. By building on or modify-
ing the FEM model from Matlab, a fully automated parameter study could
be performed, sweeping the current amplitudes and phase angle for each
inductor type. The simulations were performed with linear and nonlinear
workpiece materials to investigate the effect of saturation. Since nonlinear
models typically require 10-100 times more computational time to converge
than do linear models, their benefits must be considerable to justify their
use. Due to the low magnetic flux densities involved in such applications,
the results are the same independent of the complexity of the SM?C mate-
rial, so a linear representation is preferred. For highly permeable workpiece
materials, on the other hand, the field concentration near the surface jus-
tifies the use of nonlinear representation—at least at higher power levels.
The mesh size for the workpiece is particularly important for achieving re-
liable results, and a clear breakpoint was found at two triangles per skin
depth. By using a fine mesh around the line segment defining the workpiece
surface, the most critical regions can be very accurately computed without
increasing the number of nodes more than necessary. Since a 2D represen-
tation can be used in this case, memory requirements are not an issue with
a workstation computer, which allows for some margins in the meshing. A
simple and common method to investigate the current or power density in
the workpiece is to extract the magnetic flux density or surface current den-
sity along a line at the boundary of the workpiece; however, this method
is very sensitive and requires a fine mesh to work. Instead, the workpiece
was divided into a number of pieces, typically 0.5 mm wide, over which the
total current or power can be accurately integrated. Figure shows the
post-processed model of the first-generation TW inductor and the resulting
power density in cross-section when linear and nonlinear workpiece materials
are used at current densities of 4 and 10A /mm?, respectively. The currents
are the same in size and have a phase shift of 90°. The selected workpiece
material is steel 1010, found in the materials library of FEMM.

By using the Matlab support for parallel computing, i.e., matlabpool
and parfor loops, many instances of FEMM can be opened and running
in parallel on different cores. With automatic pre- and post-processing of
the models available, a library of Matlab functions was developed that can
update the geometry or other parameters, such as frequency or material
properties, based on previous results. These functions were useful tools for
investigating the influence of various parameters, and can easily be used
together with built-in functions, such as nlinfit, for optimization purposes;
these built-in functions were only briefly tested.
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Figure 45: Bottom: Simulation model of first generation of inductor design with magnetic

field lines. Top: Power density using linear and nonlinear workpiece material at different
current densities in the winding.

Figure [46] shows the power density of the two slotted inductors for phase
shifts of 0-180 degrees. Removing the SM2C from the outside of the coils as
well clearly decreases the power along the edges. It is also obvious that the
power generation dips locally at the slots, i.e., in the regions where there are
no coils. These power dips are also present when running only one of the
phases.
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Figure 46: The power density of the two studied slotted inductors.

The corresponding power density as a function of the phase shift for
the slotless inductor is shown in Figure [47] In this case as well, there are
two nodes where the output power density is almost independent of the
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phase shift. The nodes correlate well with the position of the slots of the
other inductors. Another interesting result is obtained by adding the power
density to the mirror pattern, to create a symmetric result. In the linear
case, this means that the resulting power pattern is the same independent
of the phase shift and is the same as when running one coil at a time.
In Figure [47] the graph represents this symmetric heating pattern for the
second generation slotted inductor.
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Figure 47: The power density of the slotless inductors.

By using a nonlinear representation of the workpiece material, more
realistic results can be obtained, as shown in Figure The graph shows
a fairly uniform heating pattern, representing the first-generation slotted
inductor.

Figure [I9] explains how the heating pattern depends on the number of
wave lengths of the inductor, this is important information e.g. when build-
ing large systems. The result is a peak in one of the ends, but otherwise
small periodic waves.

The planar simulation models could provide all the information about
the electromagnetic behavior required for the selected inductor geometries.
For problems requiring 3D simulations, there are several tricks to reduce the
memory usage, though they reduce the reliability of the solutions. When
analyzing the thermal effects, on the other hand, all expected properties lie
in the same order of magnitude. The mesh size needed in order to accurately
resolve the temperature pattern, can appear as in Figure So as not to
neglect the electromagnetic analyses, the thermal aspects were left to co-
researchers to analyze.
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Figure 48: Heating pattern of the slotted inductor.

8.6 Analytical work

Analytical models play an important role in fully understanding the reasons
for or underlying theories of a certain behavior. Analytical models can be
empirical, physical, or combinations thereof. Empirical models have their
origin in data of any kind and need not be related to physical laws or known
relationships. Due to the complex behavior of real dynamic systems, the
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Figure 49: Simulated power density along the workpiece for three different sizes of the
inductors.

development of physical models is challenging and often requires substantial
simplifications. During the thesis work, analytical models were developed
to link the currents in the coils to the voltages from the power electronics.
The TWIH system was approximated by a simplified LCR scheme with two
parameters according to Figure [90]. The component values were fitted to
experimental data obtained from frequency sweeps of the 10-40 kHz range
using a Hameg HM8118 LCR meter.

The simplified model can be described using a set of five differential
equations, relating the currents to the voltages according to Equation

ug = Ria,,,-i01(t);
digo(t
uo = Li2,,," Z(zlgt( )7
t. .
i1 (t)dt diq(t )
ug = ’U,p(t)— IO 1C§1) —L1 (lii ) — Rl-Zl(t); (19)
Jo da(t)dt dia(t) .
— Usg - —L - : 5
ug = us(t) Cy 2 Ra-ia(t)
101 (t) + 202 (t) = il(t) + iz(t).

Solving the equations yields the results presented in Figure however,
the time-dependent signals were not the primary interest, but rather the
indirect information derived from them. Those results are presented in sec-
tions [8.8] and The solutions are sensitive to resonances but, overall,
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Figure 50: Simulation model for thermal analysis.
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Figure 51: RLC circuit model of currents in coils [90].

coincide well with the experimental results.

8.7 Experimental work

Based on the experimental platform described in section [6] and using the
developed measurement tools described in section [7, TWIH setups were ex-
tensively tested and measured. By running the system at different duty
cycles, voltage phase shifts, and frequencies, the dynamic behavior was in-
vestigated. Most of the experiments were performed using a water-cooled
workpiece and recording the currents and voltages obtained for each set-
ting. The most important signals were the inductor currents (i.e., on the
secondary side of the transformers) and the voltage across the inductor. The
sensor signals were sampled simultaneously at 1 MSamp/s and, for most fre-
quencies, further resolved by assuming the repetition of each period. Using
this method, one period with a high equivalent sample rate was obtained
and saved for further processing for each set of parameters.

In order to investigate the heating pattern, the water-cooled workpiece
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Figure 52: Time dependencies of input voltages, u,(t) and us(t), and calculated currents,
i1(t) and i2(t), in the inductor coils at various frequencies, f, and voltage phase shifts, 1.
(a) 10 kHz, de1 = 0.2, dea = 0.2, ¢ = 0; (b) 20 kHz, de1 = 0.2, dea = 0.4, ¢ = 0°; (c) 40
kHz, dc1 = 0.3, dc2 = 0.5, ¢ = 0°%; (d) 10 kHz, dc1 = 0.2, de2 = 0.2, ¢ = 90°; (e) 20 kHz,
dei = 0.2, dea = 0.4, ¢ = 180°; and (f) 40 kHz, deq = 0.3, dez = 0.5, ¢ = 270° [90].

was replaced by a 1.5-mm-thick, black-painted sheet of similar material.
With the dynamics already known, proper settings of the power electronics
could be assigned and the heating pattern and output power investigated
using thermography [51]. At equally sized currents and a phase shift of 90°,
a fairly uniform heating pattern could be produced within an area of the
same size as the inductor, shown in Figure
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Figure 53: Heating pattern at equal current amplitudes and 90° phase shift.

To investigate the influence of the phase shift on the heating pattern, a
series of measurements was performed in steps of 10°. The heating pattern
was defined as the power generation in the workpiece along a line in the
center of the inductor, perpendicular to the coil. Running the system for a
short time only and with a fairly small change in temperature minimized the
influence of the thermal conductivity on the heating pattern. The output
power pattern was then determined from the temperature difference at each
position. To reduce the influence of noise and other uncertainties, the results
are calculated as the average over 20 lines, all near the center of the work-
piece. The result of the power distribution as a function of the phase shift
is shown in Figure As indicated, the phase shift adds an extra degree of
freedom for the temperature control, also shown by Pham et al. [91].

8.8 Working points and optimal control

TWIH uses well-defined current amplitudes and phase shifts to create the
expected power generation. In a non-circular finite wavelength heater, there
is mutual inductance between the coils, as described earlier. This interaction
between signals complicates the generation of currents at a given amplitude
and phase shift, meaning that finding the desired working points is not
straightforward. The working points for the two-phase heaters are defined
as two equally sized currents with a phase shift of 90 degrees.

During the present work, large parameter studies were performed us-
ing a huge number of data generated both by the analytical model and
experimentally. Using functions for automatically interpolating data in sev-
eral dimensions, parameter values corresponding to certain conditions can
be identified with high accuracy. The sought-after parameters are the fre-
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Figure 54: Measured power density along the workpiece for equally sized currents at
different phase shift.

quencies, voltage duty cycles, and phase shifts that can be controlled in the
system. The first condition is currents that are equally sized in terms of
RMS value, limited to a selected frequency range and a given combination
of duty cycles. In the study, only frequencies of 10-40 kHz were of interest.
Based on experimental data, an example of the amplitude working point,
indicated with black dots, is shown in Figure Similarly, results could be
extracted from the analytical model shown in Figure

The second property to identify was the current phase shift of +90°.
The phase shift is easy to define for a sinusoidal signal, but as soon as the
signals contain harmonics it is no longer obvious. A current phase shift
equal to zero was defined as settings at which the correlation between sig-
nals is the highest, i.e., equation N is the length of the signal and
| o | denotes the distance between two sets of points with the coordinates
maz]abs((I; * I2)[n])] and N. The results using experimental and analytical
data, respectively, are presented in Figure

e 2.7r-|mam[abs(§\1]1 « I))[n])], N| 20)

To find what controllable settings correspond to both the identified am-
plitude and current phase shift, the results were projected onto the frequency—
voltage phase shift plane shown in Figure[58] Only the intersections between
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Figure 55: Current 1 and 2 for different settings. The intersection is marked with black

dots [90].

the curves meet the requirement of being working points. Each properly
selected combination of duty cycles generates two working points, each pro-
ducing its own current amplitude value.

By plotting the projected results for different combinations of duty cycles
in a single diagram, the desired results appear as two curved lines in the 3D
space, one at a 90° and the other at a 270° current phase shift, according
to Figure assuming one of the voltages to be constant. These results are
obtained from the measured data, but the same procedure can also validly
be used with the analytical results, though the uncertainties of the two-
parameter model make its results too approximate to be practically useful
for the purposes of this research.

The bigger the differences in the applied voltage duty cycles, the larger
the currents generated, according to Figure[60] Starting with equal duty cy-
cles and reducing one of the voltages means an increased current, indicating
a negative system impedance. This behavior results from mutual coupling
combined with a step towards the resonance frequency.

The working points are closely related to the system dynamics and even
a small change, for example, because of increased workpiece temperature,
can alter the generated heating pattern. Based on known system behavior,
combined with proper starting points, automatic current control can be
implemented. With a poorly selected starting point combined with a generic
control algorithm, there is the risk of positive feedback, as investigated in
similar systems by Fujita et al. [92].
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Figure 56: Current amplitudes as function of frequency and voltage phase shift at duty
cycles dc1=0.2 and dco=0.5 respectively [90].

Phase measurement, Voltage 1 = 0.2, Voltage 2 = 0.4
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Figure 57: Current phase shifts, £90° marked with black lines. Left: Experimental data.
Right: Data from analytical model [90].

8.9 Reduction of mutual coupling

Based on experimental data or theoretical models, it is possible to find
proper working points for TWIH systems. Due to variations in relative po-
sition between inductor and workpiece, actual temperature, etc., the dynam-
ics might change, producing a different heating pattern from that expected.
Different setups and working points have different sensitivities to variations
in properties and the currents can be kept stable using automatic control,
though this increases the complexity and the mutual coupling may reduce
system efficiency [11]. Considerable effort has been spent on reducing the
cross terms of the impedance matrix [87], and one way of doing this is to use
decoupling transformers [I1] [93]. These transformers increase the cost but,
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Working points, Voltage 1 = 0.2, Voltage 2 = 0.4
350- 1

w
o
5.

Voltage phase shift [deg]
- N N
(9] o ()]
e <9 9

—

o

o
I

o
2

qo 15 20 25 30 35 40
Frequency [kHz]

Figure 58: Projected settings generating equally sized currents, blue and a current phase
shift of £90°, red. The intersections of the curves illustrate the desired working points [90].

more importantly, reduce the power factor and cannot perfectly follow the
dynamic coupling affected, for example, by saturation effects and tempera-
ture. For systems that can be based on two identical and independent TW
inductors, on the other hand, the currents can be decoupled without a need
for external components. The dynamic behavior is the same independent
of current amplitude, temperature, frequency, etc., as long as the inductors
serve similar processes [94]. The effects of connecting coils of two more or
less identical inductors in series and parallel, respectively, on the mutual
coupling were investigated (Figure .

The relationship between the voltages, V, and currents, I, within a single
inductor, 4, can be formulated as in equation 21} where k represents the com-
plex coupling factors between two coils, j. Each section of the coil is divided
into positive and negative parts depending on the direction of the current,
indicated with a sign index (see equation . Z is the impedance imposed
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Figure 59: Working points for different combinations of duty cycles [90].
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Figure 60: Current amplitude and corresponding frequency at the working points for
different combinations of voltage duty cycles.

by each part of the coil in the inductor, which is considered symmetric.
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Figure 61: Connection of the coils to the variable-frequency drives. Left: Original setup.
Right: Setup for a series or parallel connection [94].

Ly =1-=1; (22)

For serial connection of the two inductors, the resulting voltage sums
accordingly (equation [23)):

Vi Vi Vo1
= + 23
Eight series and eight parallel connections were identified according to
Figure and experimentally tested. Defining the positive end of one the
VFDs as the reference phase, 0°, and the positive end of the other VFD
as 90°, the negative ends automatically correspond to 180° and 270°, re-

spectively. The phase shifts of each configuration and thereby the wave
directions can be defined as shown in Table 2l

It
L

Quoun
oo

!
[

Table 2: The phase shifts of each configuration and the corresponding wave direction of
each inductor.

Analyzing the impedance vector, Z, for the different configurations ac-
cording to equations eliminates the cross terms for configurations 2,
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Configuration 1 series Configuration 1 parallel
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Configuration 2 series Configuration 2 parallel

W EEEN GEEE NRES BE 66 EEEH HENE NADE R ‘! -E ll-' 3;—- -I Il-: Illl; HEEE HE
Configuration 3 series Configuration 3 parallel
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Configuration 4 series Configuration 4 parallel
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Configuration 5 series Configuration 5 parallel
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Configuration 6 series Configuration 6 parallel

i EEGH GIEE NAEH BE 6N WEGS HEEN NAEE BE 50 g BE W GNE ERNN NAEH
Configuration 7 series Configuration 7 parallel
Configuration 8 series Configuration 8 parallel

R R, SRR

Figure 62: Connection schematics of the eight series and eight parallel unique configura-
tions of two, two-phase travelling-wave inductors, shown in cross-section.

3, 6, and 7, independent of whether the connection is series or parallel, as-
suming that the inductors are perfectly equal. Equations [24] and [25 show
the results of the configuration 2 series. The resulting impedance is doubled
for each phase according to basic circuit theory; in the case of a parallel
connection, it accordingly becomes half the original value. The changed in-
ductance affects the resonance frequency if not compensated for by the value
of the resonant capacitor.

Z1 Zl 2Zl
| k1221 + ka3 Zo k1221 —kosZo | | 0O
Z = 7, + 7, =2z, (24)
k1421 — k1225 —k14Z1 + k1225 0
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Due to uncertainties in inductor manufacturing and possibly due to stray
inductances in the cables, the compensation for the coupling varies between
the various configurations theoretically doing the same job. These differ-
ences are illustrated by the mutual inductances presented in Figure also

showing the results of the configurations where the cross terms are not can-
celled.
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Figure 63: Mutual inductance of the different configurations. Left: Series. Right: Paral-
lel.

For the best configuration, the coupling factor is reduced by approxi-
mately 95%. Figure |64] compares the currents between configurations 1 and
2, only one coil being excited.

Decoupling the currents significantly simplifies the control, since the cur-
rent in each coil can be adjusted using the corresponding voltage without
affecting the current in the other coil. The interference between the elec-
trical properties from using one and two inductors in series according to
configurations 1 and 2, respectively, is shown in Figure

Some concluding remarks about the decoupling are as follows:

e This type of decoupling can eliminate the interference between cur-
rents, independent of surrounding conditions, if designed properly.

e Series or parallel connections work equally well; the best choice de-
pends on the desired system impedance.
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Figure 64: Current in active and passive coils of two inductors connected in anti-series.
Left: Configuration 1. Right: Configuration 2.
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Figure 65: Currents measured in each phase at constant voltage amplitude but at different
frequencies and with different phase shifts. The black line indicates that the currents are
equal in amplitude; the green and blue curves indicate a phase shift of +90°.

The relative accuracy of the inductor properties is more important
than the absolute accuracy.

Coils with few turns have a relatively greater inductance uncertainty
stemming from production variations and cabling than do coils with
many turns.

The heating patterns of the two inductors are similar only for a current
phase shift of £90°; an increased phase shift in one inductor reduces

the value correspondingly in the other.

A simple way to reduce the coupling is to make inductors with many
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poles or wavelengths. Since the mutual coupling is due to the asymmetry
caused by the outer poles, solutions with many poles have relatively less
mutual coupling.

8.10 Results and comparison

Generally, there are good correlations between the modeled and experimen-
tal results; to simplify comparison, selected plots from each section were
moved here. Figure compares the power density distribution along a
cross-section through the center of the inductor, perpendicular to the coils,
as a function of different current phase shifts; the results are obtained from
FEM simulations and measurements, respectively. To improve the quality
of the images, the data were linearly interpolated before being plotted.
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Figure 66: Left: Simulated power density distribution. Right: Measured power density
distribution.

By extracting the power density distribution of the settings related to
TWIH, i.e., 90° and 270°, the results are as shown in Figure [67] The very
good correlation between the simulated and measured results is an impor-
tant finding of this work. The results are normalized so that the peak value
equals one for each curve. A more appropriate adjustment would likely be
to normalize the results according to equal area, though the interference
between the graphs would made the figure less ordered. These results ex-
perimentally and qualitatively verify the asymmetry related to TWIH and
confirm that model works as expected. Compared with the simulated results,
the experimental results indicate some averaging effects, not considered in
the model, caused by the thermal conductivity of the workpiece.

The output power as a function of the phase shift is shown in Figure [70]
which also indicates a good correlation between modeled and real-world re-
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Figure 67: Simulated and measured power density distribution. Left: Phase shift of 90°.
Right: Phase shift of 270°.

sults. By reducing the measurement uncertainty, an even better correlation
could likely be obtained.
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Figure 68: Simulated and measured output power at constant current amplitude but
different phase angles.

Decoupling the currents using an anti-series or anti-parallel connection
significantly simplifies the control, since the current in each coil can then
be adjusted using the corresponding voltage without affecting the current
in the other coil. The behavior of the decoupled system resembles that of
a single-coil system. The decoupling works well independent of the setting,
though from a practical point of view, only the £90° current phase shift
can feasibly be used, as seen in Figure Any other phase shift produces
different heating patterns from the two inductors.

Combining currents with an alternating +90° phase shift always pro-

84



o
@
S
=
5]
s

1500,

1000 1000

@
S
S

Power density [W/dmz]
@
3
3

Power density [W/dmz]

Power density [Wldmz]

-100 100 -100 100 —foo0

-50 0 50
Distance from center [mm]

(a) 0° (b) 90° (c) 180°

-50 0 50 50 0 50
Distance from center [mm] Distance from center [mm]

Figure 69: Thermographic images of induction heating using 0°, 90°, and 180° phase
excitation and configuration.

duces symmetric results in the decoupled system. The heating pattern as
a function of the current phase shift from 0 to 180°, given that the same
negative phase shift is used half of the time, produces the results shown in
Figure[70} As concluded in section [8.5] when disregarding saturation effects
in the workpiece the results are the same, independent of the phase shifts;
for saturation, the modeled results are somewhat similar to the experimental
results.

By plotting the currents versus eachother for different frequencies and
voltage phase shift yields the results in Figure[71] showing clear similarities of
the behavior between the analytical and experimental results. The resonance
frequency is marked with black circles, showing a maximized interference.
The red/magent and blue/cyan markers indicate a frequency well below the
resonance and well above resonance respectively.

8.11 Alternative geometries

This work has proven that TWIH can provide a fairly uniform heating pat-
tern over a certain area in accordance with simulation models. The TWIH
inductors used for verification serve as a simple lab platform but suffer from
large inactive areas that are not practically useful due to coil ends and end
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Figure 70: The heating pattern as a function of the current phase shift from 0 — 180°.
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Figure 71: Left: Analytical solution. Right: Results.

effects. One way to extend the useful area relative to the boundaries is to
build larger units or to combine several inductors to form one larger induc-
tor. Increasing the number of wavelengths reduces the interaction between
the currents, making the inductor more suitable for large surfaces. Figure[72]
shows the principle of building modular units. The larger heating pattern in
the figure is obtained by multiplying the heating pattern generated by one
inductor, as shown, and rebuilding it as it corresponds to three wavelengths.
By itself, the combined heating pattern provides no scientific information,
though simulations yield similar results.
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Figure 72: Left: Heating pattern generated by one inductor. Right: Heating pattern
from several modular units.

The temperature pattern shown in Figure [72] can certainly be improved
according to Figure but the spatial controllability is limited to one
direction, i.e., the wave direction. By exploiting the permeability of the litz
wire to electromagnetic fields, more flexible 2D inductor design solutions can
be developed (Figure . Though in their infancy, 2D inductors based on
litz wires with a strand diameter of 0.2 mm have been experimentally tested
with successful results.

Figure 73: 2D inductor design based on litz wire.

The coil ends are an important to eliminate for three reasons: they
contribute inductance, reducing system efficiency; they cause undesired edge
effects [95]; and they consume space. A solution that solves the problem
is the labyrinth inductor shown in Figure [T4 It can be constructed in a
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rectangular or round shape for any number of phases, in slotless or toothed
forms, as illustrated. The sharp corners are complicated to produce from
finished wires but can easily be made using multilayer printed circuit board
(PCB) coils [96] [97] [98]. The flexibility of PCB coils in terms of their
locally adjustable wire area and width allows for compensation for the power
density, which is usually reduced at corners, for example. In the center
of the inductor, travelling wave "collision behavior” arises, as described in
section [8.5] not to be confused with cancellation. The labyrinth inductors,
though yet to be scientifically tested and constituting future work, still serve
a purpose: they justify simulation work related to wave collision and justify
industrial interest in TWIH for built-in applications as well, such as in-tool
heating.

il
@

Figure 74: Different conceptual coil designs in order to eliminate coil ends.
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9 Surface heating using longitudinal field induc-
tors

One of the most common coil configurations for induction heating is the
longitudinal field configuration due to its high electromagnetic coupling and
good ability to distribute power uniformly. These properties are related to
geometries in which the coil can completely surround workpieces, such as
shafts, gears, and wings, and in which workpieces, such as tubes and valves,
can completely surround the coil. Little published work treats the heating
of flat or curved surfaces where the coil does not surround the workpiece as
illustrated in Figure This configuration is still used to some extent by
industry. This section investigates the heating pattern obtained using this
technology and under what circumstances it can work properly.

Figure 75: Illustration of LF-coil above a workpiece.

9.1 Electromagnetic simulations

According to Kirchoff’s law, the sum of currents flowing into each point
must be zero, which means that all current loops must be closed. To nu-
merically investigate what happens to the current paths in the workpiece at
the ends of the coil and at the edges of the workpiece, 3D simulations are
necessary. While simulation models always simplify the real world, 2D simu-
lations can often represent the problem accurately with reasonable memory
useage without applying numerical tricks. For 3D problems, the memory
requirements are a huge problem when working with problems concerning
physical phenomena involving large differences in size. A parametric simu-
lation model of the LFIH system was built in COMSOL Multiphysics using
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two major simplifications. An impedance boundary condition was applied
to the workpiece (equation approximating all currents induced to flow on
the surface, suitable for small skin depths. This means that the workpiece,
which otherwise would have required a mesh size of less than 10 pm along
the surfaces, must not be meshed at all for the electromagnetic simulation.
7 denotes a unit normal vector, H the magnetic field strength, w the angu-
lar frequency, o the electric conductivity, e the permittivity, and j is /—1.
The distribution of the dissipated power, P,, is insted calculated based on
the surface current density, Jg, using Equation where E* represents the
complex conjugate of the electrical field.

ﬁxﬁﬂ/wﬁx(ﬁxﬁ):o (26)
I

1. -
Fy=3Js E* (27)

The other critical part of the model is the wire, which was approximated
using line currents. Two versions of the model were made, one in which the
coil was surrounded by air and one with a core of SM2C, each with a 4-mm
gap between coil and workpiece. These models are shown in Figure By
using the symmetries, the memory requirement could have been reduced by

VI [”Ul!lll!l! l/
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|

Figure 76: 3D simulation models of LFIH setups for outside heating. Left: Without core
material. Right: With SM2C core material.

For each of the two models, simulations were performed using workpiece
dimensions ranging from 200 x 96 mm to 300 x 360 mm, corresponding to
100-150% of the coil length and 80-300% of the coil width. The different
dimensions were selected based on realistic applications, to investigate how
size influences the return paths of the currents. It is particularly interesting
to observe the relative dimensions that force the currents to cross to the
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opposite side of the workpiece and how this affects the heating pattern.
Carbon steel EN 235JRG2 was selected as the workpiece, as it has a very
small skin depth relative to the workpiece material at the frequency used, i.e.,
20 kHz. After post-processing of the simulation results, the surface current
density and paths can be shown for each side of the workpiece dimensions.
Figure [77|shows the current densities using the inductor with SM2C core for
the workpiece 1.25 x 1.5 times the coil size.

Figure 77: Current density and directions on the top and bottom surfaces, respectively,
when using a SM2C core; the workpiece is 250 x 180 mm.

9.2 Thermal analysis using time stepping

COMSOL Multiphysics was developed to handle coupled simulations by
solving problems iteratively. In the present case, this means that the cur-
rent creates power losses that heat the workpiece, which in turn affects the
temperature-dependent resistivity that determines the heating power. The
plan was initially to use the opportunities afforded by the software, but due
to the small changes in temperature that were actually of interest in this
case, the simplifications had a much larger impact than did the tempera-
ture. The significantly increased memory needed for coupled and transient
simulations, combined with already large memory usage for steady-state so-
lutions, could not justify use of a more complex model. In addition to the
memory usage, the impedance boundary condition also further complicated
the processing. Instead, the current densities and power losses on all six
surfaces of the workpiece were exported for further computation in Matlab.

From earlier study [51] it is known that the temperature in a thin work-
piece is fairly uniform throughout the thickness. Approximating the power
generation in 2D using projection, in which the short ends are therefore as-
sumed to generate power only along the boundaries, allows the temperature
to be calculated at each point of the workpiece using time stepping. All
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exterior cooling effects were neglected, meaning that the generated energy
stayed inside the workpiece, which is a good approximation if the time is
short and the temperature change small. The equilibrium is defined by the
standard equation for energy conservation [28

Figure 78: Power density along the top and bottom surfaces and the total projected
power density in MW /m?; the workpiece is 200 x 240 mm and the arrows indicate current
directions.

The power generation was interpolated to a uniform square grid on which
the temperature was calculated. In each time step, the updated tempera-
ture matrix was based on the previous temperature plus the supplied power
converted into temperature by scaling with the thermal mass. The thermal
conductivity of the plate was considered by calculating the thermal gradients
based on the eight surrounding mesh points using distances of one unit and
the square root of two units, respectively. The results of the computations
were presented and compared with the measurement results in (9.3

pcp%—f —V-kVT =Q(T, A) (28)

9.3 Experimental results and comparison

Two LF inductors of a design similar to those modeled in the simulation
environment were manufactured. The testing was performed using several
workpieces of different dimensions in accordance with the models. To limit
the effect of thermal conductivity in the workpiece material, the experiments
were performed by applying a high power for a short time while recording the
development of the temperature pattern using thermography. The heating
reveals the regions where the induced currents are concentrated and the
regions where the resulting current approaches zero. Figure[79compares the
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simulated and measured results of the heating for workpieces of the same
length as the coil but 80, 120, 200, and 300% of the coil width, respectively.
These results correspond to the inductor without core material.

| LB

Figure 79: Simulated and measured temperature pattern for different workpiece dimen-
sions obtained by outside LFIH.

By extracting the temperature profile along lines crossing the center of
the workpiece perpendicular to the coil (Figure , one can conclude that
the temperature pattern is significantly more uniform than with transversal
flux heaters, though still far from uniform, and that the heating pattern is
greatly dependent on the workpiece dimensions with a peak power density
along the center and, for selected dimensions, along the edges as well. In the
figure, solid lines represent workpiece lengths of 200 mm and dotted lines
300 mm, the larger workpiece, the higher the total output power generated.
A drawback of this design is that areas of the inductor not covered by the
workpiece or similar material add inductance that limits the power factor
and degrades system performance. A solution would be to shield the open
areas using a cooled copper mantle, for example, which would also reduce
stray magnetic fields coming from these regions of the coil.

Good agreement between simulations and measurements are also ob-
tained using the SM2C core inductor. Due to the fairly low permeability of
the core material, i.e., approximately 15, the differences in heating pattern
with and without the core are not extreme, but clearly noticeable for cer-
tain workpiece dimensions (Figure . In the Figure, a workpiece of 2 x 3
times the active coil size was used and the return paths of the current are
apparent.
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Figure 80: Left: Power density across the center, perpendicular to the coil, of workpieces
of different sizes. Right: Total power induced in workpieces of different sizes. Solid and
dotted lines represent workpieces with lengths of 200 mm and 300 mm, respectively [99].

Figure 81: Heating pattern generated by a longitudinal field inductor. Left: Without core
material. Right: with SM2C core material. Coils are 200 x 120 mm and the workpieces
are 300 x 360 mm.
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10 Results and discussion

Induction heating involves many fields of knowledge, not all of which are cov-
ered here. However, by taking a significantly broader approach than does
most research, cross-disciplinary challenges have been overcome and the de-
veloped solutions have been applied in narrower research fields. Though
linking theoretical models to real measurements is a key component of re-
search, most studies of induction heating omit the verification step, sig-
nificantly reducing the value of the results. The present work treats the
complete development chain, ranging from problem identification and def-
inition, through model and simulation tool development, to experimental
verification and full-scale demonstrators.

A parametric 2D simulation model of two-phase TWIH was developed
and experimentally verified, and its results agree very well with measure-
ments. The program enables the modeling of litz wire with a complex per-
meability bulk property that has been demonstrated to represent the real
system with high accuracy. By sweeping the relative current amplitudes and
phase shifts in the model, the power distribution, total power, and efficiency
can be determined. The influence of the phase shift on the heating pattern
and total output power was compared to experimental results. As expected,
comparing the modeled power density with the temperature pattern of the
real workpiece highlights some averaging effects due to thermal conductivity
in the real case, though very good correlation is still obtained.

A challenge when working with mutually coupled systems is handling the
current interference, which complicates the current control. The exact set-
tings of the currents are critical in order to obtain the expected output power
pattern. Based on a parameter study, various relationships were mapped:
between the controllable parameters; between the voltage duty cycles, fre-
quencies, and the properties sought; and between the current amplitudes
and phase shifts. From these relationships, proper working points in terms
of equally sized currents with a phase shift of £90° could be extracted and
successfully tested. Based on these results, a solution for automatic current
control can be implemented without the risk of positive feedback—generally
a problem in such systems. In addition, a method for decoupling the cur-
rents was found, using the anti-series or anti-parallel connection of two equal
inductor setups. Using the decoupled system significantly simplified the con-
trol and contributed to some of the more important results obtained here.

To automatically investigate the efficiency and temperature distribution
of any induction-heating system for flat surfaces, and of TWIH setups in par-
ticular, a thermographic tool was developed. By positioning an IR camera to
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monitor the workpiece temperature, the system can record a stream of tem-
perature matrices and automatically convert it to useful information. The
necessary steps involve automatically identifying the corners of the workpiece
and using projective transformation to compensate for the camera position
by converting it so that all pixels cover the same given area. The result is
the heating pattern of the complete workpiece, which can automatically be
converted into supplied energy or power, based on the workpiece properties.

The results of the TWIH study clearly indicate that this principle can
provide a nearly uniform heating pattern useful for industrial implementa-
tion, especially for heating large workpieces. Unlike most other types of
induction heaters, TWIH setups can be built in modules, simplifying the
production of very large units. It is useful to apply the method in parallel
processes to compensate for mutual coupling, allowing very high efficiency to
be obtained with inductors made from litz wire and a suitable core material.
In this study, the coil ends consume unnecessary amounts of space; however,
other designs, better adapted for various applications, can be developed and
some examples are presented in the thesis.

From a scientific point of view, the work has produced a number of unique
results, mainly related to travelling-wave induction heating. One of the more
important results is the qualitative experimental verification of the heating
pattern obtained from simulations. The characteristic asymmetry of TWIH
systems was demonstrated analytically and numerically a long time ago [72]
but is experimentally verified here for the first time. Two main aspects of
the work independently made the verification possible: the work focused
on finding working points (i.e., settings that produce a given amplitude
and phase shift of the currents) and on decoupling the currents to facilitate
generation of the desired currents. Another important part of the work is
the development of the automatic measurement system [51], by itself not
the most important scientific contribution, but crucial for evaluating TWIH
systems.

A comprehensive study of a two-phase TWIH system has, as far as is
known , not previously been undertaken. While traditional three-phase sys-
tems feature many parameters and very great complexity, the two-phase
platform allows for detailed analyses of properties in a way never before
presented in published research. The influence of current phase shifts and
relative amplitudes on the induced power density distribution is one com-
pletely new finding, and the output current as a function of voltage duty
cycle and frequency is another. Investigation of the heating results as a
function of saturation effects in the workpiece is yet another novel result,
saturation effects usually being disregarded without even a comment.
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The asymmetric results obtained in TWIH are due to the direction of
the travelling wave [72]; this is because of the interaction between the cur-
rents, which is not treated here. However, the effects on the heating pattern
of multi-wavelength solutions have been analyzed as depending on the di-
rections of the various waves. The results provide a good basis for further
investigation of more complex travelling-wave inductor designs, as exempli-
fied in the thesis.

The industrial benefits of the present work are obvious, and this is partic-
ularly emphasized by the commercialization of GreenHeat technology. With
a significant number of heaters of this type already installed in industrial
processes, the usefulness of combining litz wire with SM2C and integrated
cooling has already been verified. Several inductors on the market are based
on bifilar winding because of the demands for uniform heating, which demon-
strates the need for alternative inductor types, for example the travelling-
wave inductor. As demonstrated in the work, multi-coil heaters entail certain
complexities, but the heating pattern results can definitely justify their de-
ployment and cost. With a high-efficiency heating solution that can fairly
uniformly heat a surface within reach, offering large savings in cycle time
and quality, the market is sure to increase.
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11 Summary of appended publications

This section summarizes the content of each appended publication and
points out the most important findings or contributions to the overall thesis
research. In addition, the rationale for each publication is presented in order
to situate the work in a larger context. The work presented here took a top—
down approach, starting with the applications and then stepwise exploring
a few important key features to meet the demands of the applications.

11.1 Paper 1—Industrial heating using energy-efficient in-
duction technology [49]

This paper presents the principles and advantages of building induction
heaters based on litz wire and molded flux concentrators. The goal is a high-
efficiency, air-cooled unit that can be easily integrated into any machine or
directly integrated into a process. The inductor design is a transverse-flux
type, common for heating flat surfaces and simple to produce. The advan-
tages of not only producing the flux concentrator in one piece, but of using
the opportunity to mold it with cooling flanges to facilitate fan cooling, are
demonstrated. The elegant solution of building inductors for low-power ap-
plications is successfully tested in an evaporator for removing pressing oil
from sheet metal components. The same elegant design also disallows or
severely complicates a deeper scientific analysis of the involved materials
as well as the construction principle. Thermally coupled 3D electromag-
netic simulations of such complex designs without significant simplifications
are very demanding and require considerable computer capacity. A bet-
ter design from an analytical perspective would have been an axisymmetric
system, though this would not be as suitable from an industrial perspective.

11.2 Paper 2—Soft magnetic moldable composites: proper-
ties and applications [33]

The SM?C material is a key component of the induction heaters studied and
give them some unique properties. This paper presents the manufacturing,
composition, and properties of the developed SM2C material versus other
SMMs. The structure of the material is investigated using scanning elec-
tron microscopy, which reveals the wetting of the binder and the particle
size distribution in a selected region. The measurement principles used to
investigate the magnetic permeability and losses, saturation effects, dielec-
tric strength, thermal conductivity, and mechanical properties are explained.
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The Steinmetz coefficients are calculated to quantify the influence of the fre-
quency on the losses, which is important in high-frequency applications. A
section on applications cites example of products in which the SM2C mate-
rial and its properties are suitable, and also cites cases in which the material
has been tested but its properties have proven to be inappropriate—at least
using existing designs.

11.3 Paper 3—A method for fast characterization of power
efficiency in induction-heating processes [59]

Accurately measuring the efficiency of an induction-heating setup may ap-
pear simple, but it is actually quite complicated, especially if it is to be
performed quickly using a generic tool not adapted to each particular setup
in terms of workpiece material, geometry, power level, etc. To allow for
the automatic measurement and analysis of both the heating pattern and
efficiency, which is required for smooth progress with multiple-coil heaters,
a thermography-based tool had to be developed. This paper describes the
measurement difficulties and the steps required to advance from raw IR data,
via emissivity estimation, projective transformation, and integration of the
absorbed energy of the workpiece of a transient operation, to final estimates
of the useful power. The input power is calculated by integrating the prod-
uct of measured current and voltage, which is not always as simple as in this
work. Simulations demonstrate the influence of skin depth on the response
time of the measurement, which can also handle dynamic effects in a contin-
uous process. The scientific depth of this article may be considered limited
as all the steps are already known; nevertheless, it answers some important
questions related to the IH process and provides an essential tool for fur-
ther work, particularly after being complemented by automatic workpiece
localization as described in the thesis.

11.4 Paper 4—Analysis of current paths in induction heat-
ing of flat sheets using single-sided longitudinal-field
inductors [99]

It is commonly known to be nearly impossible to achieve uniform induction
heating of an unmoving flat surface, and considerable research has examined
this subject by exploring multi-coil solutions based on the transverse-flux de-
sign. On the other hand, for heating shafts using longitudinal-field inductors,
achieving a uniform pattern is a simple task and is done in many industrial
applications. Since all current paths must be closed, 3D simulation is needed
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to investigate what really happens to the current paths when reaching the
end of the coil or the edge of the workpiece. This paper presents a 3D FEM
model created in COMSOL Multiphysics, using approximations such as line
currents and the small-skin-depth boundary condition and assuming all cur-
rents to be surface currents. The simplifications made it possible to perform
the simulations on a high-performance workstation computer. Two inductor
designs were simulated, one with an SM?C core and one without core mate-
rial for a parametric-sized workpiece. The results were successfully verified
in experiments demonstrating that the heating pattern can be nearly uni-
form, but that the pattern greatly depends on the size and position of the
inductor in relation to the workpiece. In addition, the core material exerts
an important influence on the results.

11.5 Paper 5—Induction heating using a two-phase travelling-
wave setup [56]

To take the step from pure inductor design to optimizing the switching, facili-
tating convenient current and voltage measurements, and, most importantly,
implementing fast control loops and accurately generating synchronized sig-
nals, developing a competent power electronic lab platform was necessary.
This paper presents the details of the power electronic system and related
components, including interfaces with other equipment coordinated using
a personal computer. The article also summarizes the research published
in the TWIH field around the world and the current status of this work.
The paper mostly comprises theoretical analyses, and few practical inves-
tigations are described. The published experimental work suffers from the
use of primitive analytical equipment, emphasizing the importance of the
present work.

The initial results concerning two-phase TWIH obtained at Lund Univer-
sity are presented, including simulated and measured values of the heating
pattern in a workpiece cross-section. There is good correlation between
the simulated and experimental results, and the characteristic asymmetric
behavior of TWIH systems is clearly illustrated. The results are compared
with those obtained by running one coil at a time and the problem of mutual
coupling is addressed.
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11.6 Paper 6—Decoupling of currents in travelling-wave in-
duction heating [94]

Multi-coil solutions for uniform induction heating have been a research area
for the last few years and much effort has been dedicated to the coupling
problem. Several solutions have been presented, including running the coils
at different, optimally selected frequencies [100] and automatically control-
ling the phase angle between the currents to be zero. Solutions using de-
coupling transformers have been used to reduce, but not eliminate, the in-
terference. This work presents another solution, also based on decoupling
transformation but from the ideal case, in which saturation effects and the
frequency selection do not affect the result. The paper evaluates a number
of series and parallel connections using two nearly identical two-phase in-
ductors and demonstrates a reduction in the mutual coupling of more than
one order of magnitude. More precise manufacturing will improve this even
more. This means that the high-efficiency TWIH solution is feasible in in-
dustrial applications in which electrical interference is no longer an issue.
The paper also illustrates how the current phase angle affects the output
power and compares the experimental results with simulations, finding good
agreement.

11.7 Paper 7—An experimental parameter study of two-
phase travelling-wave induction heating [90]

In understanding and controlling TWIH systems, the dynamics are of great
importance. This paper characterizes a two-phase TWIH system in an ex-
tensive experimental parameter study, by sweeping the frequency, duty cy-
cles of each coil, and voltage phase shift. The relationships between these
control parameters and the currents, amplitudes, and phase shift are pre-
sented. The work focuses on the so-called desired working points, referred
to as two equally sized currents with a phase shift of £90°. The paper also
presents a theoretical model based on analytical expressions obtained from
LCR circuits, including transformer models representing mutual coupling
and the relationship between coils and workpiece, also taking the losses into
account. The model is fitted to measured values of the resistance and induc-
tance of the coils of the real inductor as a function of frequency between 10
and 40 kHz, and is well correlated with the real system. The model uses a
Fourier transform with ten harmonics to represent the square-wave voltage
from the power electronics.

102



12 Awuthor’s contributions to the papers

This section identifies what the author contributed to the various papers
and what parts were produced by others.

12.1 Paper 1—Industrial heating using energy-efficient in-
duction technology [49]

The author performed the theoretical work and simulations by himself and
wrote most of the text. The author was also involved in designing and
manufacturing the induction heater and in parts of the testing. Parts of the
testing of the finished prototype were performed by cooperating companies.

12.2 Paper 2—Soft magnetic moldable composites: proper-
ties and applications [33]

Most of the writing and work related to this paper were conducted by the
coauthors. The author contributed mainly by analyzing the measurements
and presenting the corresponding results, including regression analysis of the
data to find the Steinmetz coefficients of various materials.

12.3 Paper 3—A method for fast characterization of power
efficiency in induction-heating processes [59]

The author produced this paper by himself except for proofreading by his
coauthors. The work included manufacturing and arranging the test plat-
form, developing a transient coupled electromagnetic-to-thermal simulation
model, conducting experiments, and analyzing results. Most of the work
concerned developing software for running the heater, collecting data from
the various sensors in a synchronized way, and image processing. Calibration
was another key task needed in order to achieve reliable results.

12.4 Paper 4—Analysis of current paths in induction heat-
ing of flat sheets using single-sided longitudinal-field
inductors [99]

The work related to this paper was performed exclusively by the author,
except for proofreading and some minor help from lab personnel when man-
ufacturing the test inductors. The major part of the work was developing
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and using a parametric 3D longitudinal-field simulation model. In addi-
tion, the simulation results were analyzed and experimental validation was
conducted.

12.5 Paper 5—Induction heating using a two-phase travelling-
wave setup [56]

The paper was written by the author except for proofreading and minor re-
visions by the coauthors. The power cabinet was assembled by a cooperating
company to a basic standard, and then refined by the author with the instal-
lation of transformers, reconfigurable capacitors, sensors, data-acquisition
tools, etc. The author tested and analyzed the system and, together with
the coauthors and workshop personnel, was involved in designing and man-
ufacturing the inductor. Much of the work done by the author entailed
reviewing previous work in the field, illustrated by a number of cited fig-
ures.

12.6 Paper 6—Decoupling of currents in travelling-wave in-
duction heating [94]

The paper was written by the author, who also performed the theoretical
investigation and simulations. In addition, the experiments were conducted
by the author, but later refined by his colleagues and complemented with
the experimental validation of the output power as a function of the current
phase angle. In addition, a significant part of the inductor manufacturing
was conducted by others.

12.7 Paper 7—An experimental parameter study of two-
phase travelling-wave induction heating [90]

This paper can be divided into two parts, one analytical and one experi-
mental. The author performed the tasks related to the experimental work,
which entailed developing an automatic control and measurement system
and analyzing the measured data, and wrote the description of these tasks.
Considerable effort was spent identifying working points using methods that
produce reliable results independent of the current waveform and harmonic
content. The analytical section of the paper was written by one of the
coauthors, who also performed the analytical work, which was iteratively
developed and refined based on measurements.
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