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ABSTRACT

This work describes the design, implementation and application of a full-bridge IGBT resonant converter used to
obtain glass melting. The design procedure is discussed and complete converter schematics are provided,
including drivers and control circuits. A brief review of the glass properties is given, and some coupling
parameters of the induction furnace are also described. A very special provision is made to the coupling charge
transformer and the heat induced to the glass itself, first by conduction, followed by direct electromagnetic
induction when the glass becomes a conductor. A brief analysis of electromagnetic fields, current density and
power induced in the material is given. A very simple method is presented to calculate the power absorbed by
the load and therefore the efficiency of the heating process. Several tests are carried out to verify the
effectiveness of this method. Finally, this paper describes the design and construction of a 5kW, 50 kHz Full-
Bridge Resonant Converter (FBRC), based on IGBT transistors and a transformer-capacitor coupled to a
thermal load composed of a metal-glass cylinder. For glass makers, the benefits obtained by implementing the
melting system with an IGBT-based FRBC resides on the relative simplicity of its design, the low-cost of the
components, the energy transfer efficiency, and the robustness of its operation. With a proper scaling, this
melting system can be used, for instance, to vitrify hazardous industrial wastes, nuclear waste, and fume ashes
from melting plants or combustion systems.

Keywords: Resonant converter, glass melting, electromagnetic induction, IGBT transistor, induction-heating
load, depth penetration.
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Coil length (cm)
Resistivity of the workpiece (Q. • cm̂ t
Operating frequency (kHz)
Resonant frequency (kHz)
Electric field intensity (V/m)
Magnetic permeability (Hy/m)

Depth penetration (mm)
Radius of metallic cylinder (cm)
Radial resistivity of the glass
Axial resistivity of the glass
Metal cylinder resistivity
Refractory resistivity

1.- INTRODUCTION

Long before any experimentation, the
formation of glass was obtained naturally from
common elements in Earth's crust. Obsidian is
a naturally occurring combination of oxides
melted by intense volcanic heat and vitrified by
rapid air cooling. The first technique used to
heat and melt glass [1] was by electrical
resistance ovens, in which, by conduction and
radiation, the heat was conveyed to the glass
[2]. However, this technique presented many
interaction problems between the glass and
refractors. To overcome these problems, a
very promising technique came to the scene:
the dielectric heating of glass. Still, new
problems appeared, mainly dielectric losses in
the crucible, complexity of the electronic
generator, and low energy conversion
efficiency.



The actual generation of glass heating
techniques is based on electromagnetic
induction (EMI) of heat within the glass [3, 4].
This method requires a preheating of the batch
to a temperature high enough to transform the
glass into a sufficiently good conductor to
accept power from the EMI field. In pioneer
systems developed at CEA in France [5], the
glass pre-heating stage, up to approximately
600°C, is carried out by different expedients
such as meltable salts, etc.

The principles of induction heating are well
known and it should be sufficient to say that in
order to heat a workpiece, an alternating
current must be induced within it, by means of
a pulsating EMI field. In recent years, the
advances in solid state technology have
brought with success the replacement of valve
oscillators. Leader groups such as CEA in
France and SIA Radon in Russia have
developed large scale systems [6] for the
melting of glass using electromagnetic fields at
high frequencies and inductive and electric arc
plasmas to vitrify nuclear wastes [7].

This paper is concerned with the design of a
Full-Bridge Resonant Converter (FBRC)
implemented by Isolated Gate Bipolar
Transistors (IGBT), feeding a series resonant
induction heating load, composed by a metal-
glass cylinder. Likewise, the glass preheating
in the prototype melter is obtained by thermal
conduction through a metallic cylinder. This
cylinder is inductively heated by the same
system (the IGBT-FBRC) that melts the glass,
by electromagnetic induction, after its
preheating stage.

2.- GLASS PROPERTIES

Generally, a glass has a high electrical
resistivity, a high resistance to dielectric
breakdown, a low power factor and a low
dielectric loss. Glass is an excellent electric
insulator at ambient temperature, but it
becomes a conductor at high temperatures,

such that an electric current can flow through a
mass of glass in liquid state.

In glass, the electric current flow is not due to
the electron mobility, but to the ion mobility;
therefore, to prevent an undesirable
electrolysis, alternate current flow is
preferable. Glass is an amorphous substance,
often consisting of silicates. When cold, it is a
hard and brittle material, but when hot it
becomes plastic and, finally, very fluid. Glass
generally possesses high resistivity and
dielectric strength at ordinary temperatures. A
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typical range of resistivity is 10 -10 Qcm at
room temperature; at higher temperatures,
glass becomes more conductive and eventually,
when melted, presents very high conductivity
[8].
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Figure I. Resistivity and temperature profiles
for two types of glass.

Glasses present a very special variation of their
resistivity (Fig. 1) as a function of temperature,
and give a decreasing curve (this imposes a
baling problem of the melter) [9].

An ordinary glass is formed by a ternary
system SiC>2 -Na2O -CaO. The percentage
variation of these elements gives a wide variety
of glasses. Normally, a Joule effect induced
current, flowing through the glass-metal load,
produces the fusion of glass. The electrodes
used in this process are generally made of
molybdenum or graphite.



3.- POWER INDUCED IN A GLASS-
METAL CYLINDER

Induction heating is now wide spread in
industry because of its capacity to complete,
rapidly, the transfer of electrical energy into
thermal energy. This characteristic is obtained
under the absence of a physical connection
between the energy source and the object
subject to heating.

The system can be analyzed by modeling the
workpiece as a transformer with the secondary
side short-circuited (Fig. 2). The primary side
is directly connected to a Full-Bridge Resonant
Converter (FBRC). The load is composed of a
cylindrical tube of soft iron (Li), and a
cylindrical piece of glass (L2) to be melted.
Both the metallic tube and the glass are
contained in a refractory ceramic crucible. At
temperatures lower than the Curie point, L2 is
negligible compared to Li. When the
temperature goes above this point, heat is
transmitted to L2, first by conduction and then
by EMI; this latter, precisely when the
electrical conductivity of glass attains a value
that allows the mobility of the glass' ions.

Figure 2.- Work coil and Glass-metal load;
Electrical model.

Using a simple electromagnetic induction
model and applying Maxwell laws and Bessel
equations, the optimal transference of energy to
the workpiece can be obtained.

Exact analytical modeling of the electrical
features of induction heating have been carried
out for loads having simple geometrical shapes,

such as solid circular cylinder, tubes and
rectangular slabs [10]. For the calculus of the
induced voltage and the power converted into
heat, a sinusoidal magnetic intensity is
assumed.

Consider a long cylinder conductor surrounded
by a current carrier coil. The coil's alternate
current induces current in the workpiece,
whose temperature is increased by an amount
I2R, which is in turn lost in the cylinder load.

It can be assumed, due to the cylindrical
symmetry, that H varies only with radius r.
Thus, the Maxwell equation describing the
behavior of the electromagnetic field is:

(1)
dt

where H is the sinusoidal magnetic intensity,
j is the current density and D is the
displacement current. The electric field lines E
are parallel to the OZ axis and the magnetic
field lines are concentric circles around the z-
axis. Then, assuming a unidimensional field
and ignoring displacement current, the
differential equation to solve is:

1 dH,r)

dr2 ,(2)

The solution to Eqn. 2 is the very well known
Bessel function of order zero:

(3)

where g- ^JL_ is known as the depth

penetration. (4)

The thickness of the heated layer depends on
the resistivity, permeability and, when the
temperature exceeds the Curie point, the
relative permeability drops to unity.

Applying boundary conditions, the integration

constant A can be evaluated. Since / / ( r ) must



have the same value just outside and just inside
the cylinder, then, at r - a:

M ( ; ) ] (5)

which can be expressed in adimensional values
as:

H(r) Lr{j2^jbei(/2
H(a) \ber{j2f)+jbei(.2

Figure 3 shows the distribution of the
electromagnetic energy (in adimensional
values) induced into the cylindrical workpiece.
When the operating frequency increases, the
energy is concentrated near the surface (Sir
values near unity).
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Figure 3.- Distribution of magnetic field intensity as
a function of radius r.

From Maxwell laws:

dH

dr
= crE

Then, the effective value of E is:

E = ^ (7)

Since power dissipation is the parameter of
interest, then:

(8)

aS

[ber(-. 2 :))(ber [;/2 J))+ (j>ei(-/2J)

When ^ 5, Eqn. 8 simplifies to:
8

pJ*H: a
a S

This equation shows that the total power
dissipated in the workpiece is inversely
proportional to the product of the resistivity
times the depth penetration.

4.- CONVERTER DETAILS

The behavior of the FBRC (see Fig. 4) changes
from a voltage source, when the operating
frequency is lower than the resonant frequency,

/„ (fr,
 t o a c u r r e n t source, when f0) fr.

This is a particular characteristic [11] of the
FBRC, and is very suitable in this application.
The change of the operating frequency is
obtained by means of an oscillator controlled
by a voltage ramp.

f
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Figure 4.- Full Bridge Resonant Converter
(FBRC) topology.

The insulated gate bipolar transistor (IGBT)
was chosen because of its improved reduction
in conduction losses and gate driver
requirements [12]. In quasi-resonant modes of



operation, this device may operate up to the
150kHz [13]. In our case, all the experiments
were carried out at a frequency of 50 kHz.

To select the FBRC operating frequency, it is
convenient to have in mind that an increase in
the ratio fr t fQ results in both a reduction of
the RMS output voltage and an increase in the
distortion to the point where the output no
longer resembles a sinusoid.

Reducing / r / / 0 causes an increase in the
magnitude of the output and the approach of
the waveshape to a true sinusoid. At some

critical fr I f0, the output waveform will have
minimum distortion. In the limiting case of

Zi = ] , at resonant operation, the voltage
A

across C nullifies the voltage across the stray
inductance of T\. Under this condition, the
only remaining voltage corresponds to the
ohmic component of the load, thus getting the
optimal transfer of energy to the workpiece.

The resulting line current shows an almost pure
sinusoidal waveform. Likewise, the power
factor obtained is very close to unity.

The system described above, combined with a
PC acquisition system, has been used to obtain
the experimental temperature-resistivity
profiles and to melt glass, by EMI, in a metal-
glass container. Several laboratory tests were
carried out to demonstrate the decreasing
resistivity against temperature.

In the experimental tests carried out with the
glass melter prototype, after the pre-heating
stage by conduction, the metal cylinder is
withdrawn, thus leaving only the ceramic
crucible. This action ensures that the further
heating and melting of the glass piece is due to
the electromagnetic field exclusively.

Figure 5 shows the temperature-resistivity
profile when a piece of glass was melted into
the metal cylinder. A Fluke 105B Scopemeter,

and an HP3467A Logging Multimeter with K
thermocouple were used to measure the
resistivity. Around 700°C, the Curie Point of
the metal cylinder is manifested. For
temperatures above 800°C, the glass becomes
conductor. The resistivity variation at the Curie
point (around the 700°C) of the metallic piece
can be noticed..

In Fig. 6, on the other hand, the resistivity <jm is
no longer present and the graph only shows the
glass resistivity, where the refractory resistivity
remains constant to temperature changes.
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Figure 5.- Temperature-resistivity profile;
glass melted in the metal cylinder.
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Figure 6.- Temperature-resistivity profile; glass
melted in the ceramic cylinder.

By replacing the metal cylinder with a
refractory crucible to contain the melted glass,
the same effect of a resistivity decrease against
temperature is obtained, but in this case the
Curie point is not manifested, because the
metal cylinder is not present.



The crucible, the heating coil, the metal
cylinder, and the melted glass are shown in
Fig. 7.

Figure 7.- Melted glass in the refractory
crucible.

The effective parameters of the equivalent
induction heating load vary throughout the
heating cycle. It is then necessary to vary the
operating frequency of the inverter to maintain
the resonant condition. This need asks for an
electronic tracking system to measure the
variation of the resonant frequency and to
adapt itself to the new operating frequency.

5.- CONCLUSIONS

The appropriate power density in terms of rate
of heat input per unit surface area of the load
depends on the geometric characteristics and
physical properties of the load. The capacity
and limits of the glass heating by EMI have
been discussed.

A starting method to melt glass was shown and
the feasibility of this method was confirmed
experimentally. To obtain an analytical
understanding of the process, a Maxwell
equations based analysis has been carried out.

The results obtained confirm the effectiveness
of this glass melting method. To optimize the
power transfer it is necessary to adjust the
operating frequency according to temperature
changes.

The absence of electrodes in the induction
glass meiter allows the treatment of aggressive
media by assuring the glass composition, that
is, a contamination free interaction is obtained.

In switching or commuting converters, the
maximum frequency of operation is
determined, to a large extent, by magnetic
considerations. Since these converters operate
with square waveforms, they have to handle
not only the fundamental frequency component
but also the harmonics. These operating
conditions require the use of large bandwidth
transformers to prevent unacceptable losses
and distortion. On the other hand, when a
resonant converter is employed, the
transformer only sees a fundamental frequency
sine wave, characteristic that allows the
operation at high frequencies without
sacrificing cost, efficiency or electromagnetic
compatibility.

The frequency of operation must be selected
such that the skin effect does not shrink too
much. It is desirable to maintain the ratio
a I 5 between 5 and 7, according to Eqn. 9
and Fig. 3.

As further development of this technology, we
are proposing at ININ (the Mexican National
Institute for Nuclear Research) to scale this
melting system and to test it on vitrification of
hazardous industrial wastes, nuclear waste, and
fume ashes from melting plants or combustion
systems.

Finally, this system is robust, and compared to
systems based on RF tube generators, is
simpler and more economical.
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