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SYNOPSIS

The development of an automatic frequency control system for a miniature high

frequency induction furnace is described.

A background study into the fields of induction-heating, resonance, power electronic
resonant converters and phase locked-loops are performed with relevance to this
research. An analysis of the resonant load circuit 1s performed by means of a
combination of measurement and numerical simulations. The study of the load
behavior and power source is used as a :0ol to aid effective implementation of the
antomatic frequency control system. This simulation data 1s used to detenmine the

operating frequency range of the RLL system.

A background study is performed in which several frequency-control schemes for
power electronic converters are investigated. A brief summary, in which the basic
requirements for a frequency control systern with regards to this rescarch are

presented.

Two revisions of the Automatic Frequency Control system (RLL) were implemented,
on the induction furnace. Experimental results on both systems (Revl and Rev2),

illustrating the necessity for frequency control are also presented.

Future suggestions for optinizing the loop performance are presented. Further steps in
the developmental process of the miniature high frequency induction fumace are alse

discussed.
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CHAPTER 1

INTRODUCTION

Induction heating is an important enabling technology in the platinum and gold
jewellery manufacturing industry. This industry is the key to adding value to the
mineral extraction industry of South Africa. Platinum jewellery has fast become a
growing trend in South Africa, the United States and most of Europe'. The nature of
this metal with its high melting point and difficulty in working however does not
easily lend itself to usage by the average jeweller using oxy-gas torches and silica
investment casts. The first reason for using this i1s that the high melting point of
platinum alloys dissolves the usual refractory materials, causing contamination of the
melt, and results in poor finished products. The second reason is the special mixture
of oxy-gas and hydrogen required for melting platinum is ofien expensive and

requires skilled labour to operate”.

This research is aimed at the jewellery manufacturing industry. Local jewellers seek a
suitable alternative to the conventional blowtorch’. Induction-heating provides a faster
and cleaner melt than the conventional blowtorch, producing a high purity
homogenous alloy brought about by the inhcrent stirring action of the induced eddy
currents. Commercially available Jarge-scale induction furmnaces do exist for the
jewellery manufactuning industry most of which are imported from Germany, Italy
and the USA. Price ranges of such systems vary between R75 000 and R245 000 per
unit. The technology to work platinum has been limited to the few who have imported
expensive units allowing them to monopolise the industry with the aid of these

technological benefits.

The first aim of this research is therefore to provide the South Afnican jewellery
industry with a low cost induction furnace capable of melting and alloying small

quantities of precious metal such as gold, silver and platinum.

The second aim of this research is to provide a laboratory standard induction fumace

capable of electrically heating any metal for experimental purposes. This application
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would encourage research into the advancement of materials and metallurgical

research at tertiary institutions’.

The advent of solid state power sources for induction heating has enabled conversion
efficiencies of up to 93 % due to low switching losses and good high frequency
coupling®. Solid state power sources used to drive induction-heating loads are usually
very efficient, provided that the load is driven at its natural resonant frequency’. This
allows zero voltage (ZVS) and or zero current (ZCS) switching of the converter,
resulting in reduced power losses in the semiconductor switches™. Another advantage
of driving a load at resonance is to enable an input power factor close to unity
allowing minimal KVA consumption®. These parameters enable high conversion

o oy . 89
efficiencies due to reduced switching losses i the power source””.

The components of an induction fumace can be broken down into three main

categories namely:

1) Load circuit,
2) Power source and
3) Frequency control circuit

The basic load circuit and power source has already been developed in part during a
. R ;
previous research project . The current rescarch project however, focuses on the

development of a novel frequency control systern for the induction fumace.

The induction-heating load forms part of a resonant tank circuit with a Q, which
varies from 3 to 18. The power source is used to drive this tank circuit at its resonant
frequency. The metal which is to be heated (work-p:ce), i1s situated inside a
refractory crucible, which is placed inside the heating coii. When the coil is loaded a
resulting shift in the resonant frequency of the tank circuit occurs. This shift in
resonant frequency is directly related to the loading eftect, which depends on the
resistivity of the work-piece and the efficiency of coupling between the work-piece
and the coil''. This shift is compensated for by manually adjusting the driving
frequency of the power source to the new load resonant frequency. During a heating
cycle, an increase in work-piece temperature causes an increase work-piece
resistivity, which in turn also causes a shift in the resonant frequency of the tank

circuit. When melting metals by induction, it is predicted that a further shift in
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resonant frequency also occurs at the instant of melting. This phenomenon is
attributed to the fact that the resistivity of a liquid metal differs from that of a solid
metal. When dealing with magnetic metals, frequency shifts also occurs during a
heating cycle'™. When heating a ferromagnetic material (eg. steel), the relative
permeability of that metal decreases with an increase in temperature, which causes a
large shift in resonant frequency when the metal is heated through its Curie point.

All of the factors mentioned above should be considered when heating and melting

various metals by induction.

A problem therefore exists when different metals are placed in the heating coil,
because it would require the operator of the induction furnace to manually tune the
system for maximum power and efficiency throughout the process. This situation is
undesirable because human intervention is not always as accurate and reliable as
automatic control. An example of this situation occurs when heating a high melting
point metal such as platinum. This process requires continuous maximum power
transfer at all times. Incorrect manual tuning of the driving frequency could result in
the freezing of the precious metal at the instant of pouring, due to insufficient heating
above the metals melting point. The system also becomes less complicated to use,
once automnatic frequency control is implemented. The system proposed for this
research is one that would automatically scarch for and operate at the natural load
resonant frequency, and continuously track this resonant frequency during the heating
cycle. This system will be referred to as the Automatic Frequency Control system

(AFC) or the Resonant Locked Loop control circuit (RLL).

This thesis describes the actual implementation of a no el Automatic Frequency
Control circuit to the existing prototype induction furnace. A brief study of previous
frequency control systems are presenicd and used as design guidelines, The control
circuit implementation 1s tested on the prototype induction furnace and results are

presented to verify its stability under power conditions.
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CHAPTER 2

PREVIOUS WORK

2.1 PREVIOUS INDUCTION HEATING RESEARCH

This project was first undertaken at the University of Cape Town in 1995 by Dave
Dean, an engineer from the Materials Engineering Department. The project was
unsuccessful due to an inadequate inverter circuit. The design was reported to cause
continuous MOSFET destruction.'’ This was due to incorrect gating of the inverter
switches which caused cross-conduction (MOSFET’s switched on in the same
inverter leg) resulting in large short-circuit currents in the inverter. The DC bus
voltage for the inverter was then stepped down to about 40 volts resulting in far

higher required MOSFET current ratings.

A second attempt was undertaken as a BTech project in 1996 by Leon Bardenhorst."”
The gold work-piece could not be heated to more than 300°C due to device failure in
the inverter circuit. It was found that this was due to incorrect gating of the
MOSFET’s and poor inverter layout. Another major problem encountered was

matching transformer saturation due to incorrect design.

A third attempt was undertaken by Marcello Bartolini as a BTech project in 1997'" 1t
was reported that a melting time of 30seconds was achieved for a gold work-picce.
An input power of 4kW was used, and instability of the system during the heating
cycle was reported. This problem was mainly due to poor -esonant circuit design and

inadequate load matching.

The previous three attempts all followed the same approach, which utilized a Voltage-
Fed inverter driving a series resonant load. An extensive literature study was
performed into the contemporary topologies used for modem induction heating,
before a decision was made for this project. The Loughborough University Institute of
Technology have performed extensive research into high trequency induction heating

v 1013
3

power sources employing power MOSFET . It was clearly pointed out in this

publication that the Current-Fed topology driving a parallel resonant load circuit had
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proven to be far superior in performance and operation, than the three previous
attempts, utilizing the Voltage-Fed inverter. It was at this point that a decision was

made to employ a Current-Fed full-bridge load-resonant topology.

The fourth attempt was undertaken by the present author as a BTech project in 1998.
A working prototype system using a Current-Fed inverter was developed and
conclusive experimental results were presented’. It was found that the system
operated efficiently off a single-phase supply, drawing less than 900W of input power
to melt 30g of 24-karat gold in less than 26 seconds.

The development of the basic 1kW, 100 hHz switch-mode inverter {Current-Fed)
employing power MOSFET's was described i.. the resecarch dissertation. Some good
design guidelines for the construction of the switch-mode inverter, which are crucial
at elevated operating frequencies, were also presented*. The induction-heating load
formed part of a parallel resonant circuit and the development of this load circuit was
described. The achievement of these results, was mainly attributed to the sound
construction of the power source and caretul design of the induction-heating resonant

load circuit.

The results and conclusions to the research described above have motivated research
into further development of the miniature high frequency induction furmnace. The
initial systern operated in open loop frequency control, which required the user to
manually tune the operating frequency of the inverter to the natural resonant
frequency of the load by monitoring the wave shape of the driving voltage across the
load. The inverter switching frequency was manually tune.. to achieve zero voltage
transition (ZVT) switching in the power source. Failure to do so would result in a
mismatch between the driving frequency and the natural resonance of the load. This
would produce a fall off in inverter efficiency, and maximum power would not be
transferred to the load. A temporary solution was provided by adjustment of the load
circuit bandwidth to compensate for changes in load operating frequency. This proved
to be disadvantageous because the system efficiency was not constant over the entire
operating range. It was therefore apparent that closed loop frequency control was

needed in order for the system to operate at maximum possible efficiency at all times.
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The problem of frequency control is often encountered when driving loads of dynamic

resonant nature, such as resonant induction heating loads.

Investigations into the operation of several frequency control schemes were therefore
conducted as a basis for the current research. These various frequency control
techniques were studied in detail and discussions are presented to analyse each
system’s overall performance. A conclusive summary is also presented, in which the
fundamental requirements of a frequency control system are discussed as a basis for

the current research.
2.2 BACKGROUND STUDY

The work to be discussed concentrates on the frequency control of resonant loads for

various induction-heating applications as well as a high power ultrasound application.

2.2.1. Current Source Inverter using SIT’s for Induction Heatine Applications

Parallel Resonant
Load Crout

High Power
Cument Scurce

»
Induchan-He.
Inverter . aung

Load

Vi oAz > ADC »>
s3ss 52
ROM [ DAC
- LooR2 -
> ADC »
Cpumum
. - Phase
Contr D‘I Logic V.ocao Angle
-
Gate Dove L4
Circunts
PuL Conlrsi
Circut 4

g 21 Smphfizd tlock dagram showing the 12,001 of Te nduchon Bilat neater 8nd ds conse. crout

A control scheme was implemented for a 130 kHz, 7.5 kW full-bridge inverter for the
induction heating of iron billets by Akagi, er a/ *. The simplified block diagram of
the system is shown in figure 2.1. A current-fed topology was used to dnve the
induction-heating load, which formed part of a parallel resonant circuit. The

frequency control scheme employed essentially the switching of the SITs (static
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induction transistors) at zero voltage in order to maximize converter efficiency. This
control was realized by employing two digital phase-locked loops. Optimal firing
phase angle control values for the SITs which were a function of the average load
current and the RMS load voltage, were pre-calculated and stored in a 64 kbyte ROM
table. The average load output current and RMS output voltage were used as offset
addresses for the ROM table, which then gave the optimal phase angle to be used.
Loopl controlled the ON timing of the SIT switches in order to maintain a fixed
phase relationship between the load current and load voltage over the entire operating
frequency range. Loop2 provided zero voltage switching by locking the off timing of

the SIT switches to the load voltage.

2.2.2 Discussion

The system was reported to have performed well with an estimated inverter efficiency

of 95%. The response time of the system presented was limited by the following

factors:

« Converstons of the output voltage and current from an analogue quantity to a
digital value.

- Accessing data from the ROM table to produce the optimal phase angle value.

» Digital to analog conversion of the optimal phase angle value to be synthesised by

the PLL circuit,

All conversions (D — A and A — D) had a resolution of only eight bits which limited
the accuracy of the optimal phase angle control scheme. The EMI and induced noise
generated by the switching of the power source could have an adverse effect on the
operation of the frequency control scheme employed. The start-up sequence of this
system was achieved by first manually tuning the inverter switching frequency (by
adjusting the VCO) to the resonant frequency of the load. Once resonance was
achieved. the user would then switch to automatic operation. Thus no automatic start-

up was achieved.



Previous Work 8

233 High Power Ultrasound for Indusirial applications

| i
‘ ! ‘
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e | f
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E Phase delecior

Fig 2.2°- Smphfied Block diagram of ultraso we power supply and control system

The research involved the driving of an ultrasonic transducer (Tonpiltz} at a power of
approximately 1.5 kW by Veldhuizen'”. A simplified block diagram is shown in
figure 2.2. This project was aimed at ultrasonic cleaning applications. A half-bridge
voltage fed inverter was employed o supply the necessary RF power to the transducer
(load).

The transducer formed a complex high Q resonant circuit {predominantly serics
resonant} which required frequency control of the power source in order to lock to a
specific resonant mode in the transducer, hence delivering maximum power to the
load. This was achieved by locking the driving voltage and current to the load in
phase over the speafied operating frequency range of approximately 20 — 40 kHz.
The frequency control system employed the monolithic 4046 PLL IC. Operating
mode 2 of the PLL, which utilized the R-S latch phase detector, was employed.

2.3.2 Discussion

The systemn was reperted to be unstable due to poor loop filter design. The system was
very susceptible 1o noise and EMI which cased the frequency controi loop to lose lock
at high power levels. Special noise shielding techniques were employed to ensure
operation. The driving current signal to the load was embedded in noise due the
measuring technique employed, and special filter circuitry was designed for signal
conditioning purposes (filter A and filter B). The susceptibility ot the loop to noise
and EM] is chanactenistic of edge-tiggered devices such as the R-S latch. The current

filtering circuitry employed matched 2™ order passive filters on both the output
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voltage (Vi oap) and output current (I 0ap) in order to minimize phase errors over the
operating frequency range of the frequency control system. The signal conditioning
circuitry proved to be a critical factor in the design of this frequency control circuit. It
was therefore concluded that a frequency control circuit should have a low
susceptibility to noise and EMI produced by the power source, if reliable operation

was to be guaranteed.

2.4.1 Half— Bridge Inverter for Induction Heating Applications

-
Serigs-Paraliel ‘

Manual

E Half-Bridge | Resonant | . Inverter
Inverter - “* IncuctionHeating Cveride
j : Load
; —_— i
L —
' ¥ .
53,54 | ’
i -Vioe . ——p» loopFiter - » VCOo
B -
— PLL System ‘ﬂ — i T
Fig. 2.3" Block diagram showing System layout Fig 2 4 Block diagram showang frequency contrad system

This research involved the development of a 6 kW, 50 — 150 kHz half - bnidge IGBT
inverter for the heating of carbon steel billets above Curie temperature (780°C) for
industrial heating applications by Kamli’. A simplified block diagram is shown in
figure 2.3. The frequency control circuit is shown in figure 2.4. The load circuit
formed a combined series parallel configuration, which was driven by the inverter. A
frequency control circuit was employed to track changes 1n the resonant load circuit.
This was realized by employing the monolithic 4046 PLL IC in operation mode 11
The control of the inverter was achieved by locking the control signals to the IGBT
switches, in phase with the zero crossing points of the load voltage. A simple PLL
control circuit was implemented to realize this control. A passive second order loop
filter was employed to provide the error voltage proportional to the phase difference
between the two input signals. The system was started up by manually adjusting the

VCO to resonance before switching over to automatic lock operation.
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2.4.2 Discussion

The system operated well over the entire operating range and experimental results
showing the tracking operation of the control circuit were presented. The passive
second order loop filter employed does not provide for effective tracking and capture

operation resulting in a finite static phase error due to its low loop gain'®.

2.5.1 PWM Inverter Control Circuitry for induction Heating

— - —_——— e
! [
: Series :
. Full-Bridge Resonant '
o Inverter 7 InductionHeating -
| Load
i ;
| | T ‘
| | F-VLOAD-—
| ‘
i PWM Controlier - —  PLL System | !
: i i
! | 4 ——loso — - |

L

Fig. 2.5: Simplified block diagram showing the power source
and frequency control circuit

The research involved the development of a frequency control circuit for a 4kW,
70kHz, full-bridge Voltage Source Inverter for induction heating applications by Ho".
The basic system is shown in figure 2.5. This system was used to heat carbon stecl
billets past their Curie temperature. A phase shifted PWM controller (UC 3825) was
also employed to generate the switching signals for inverter with the necessary dead
timings between transitions to prevent cross conduction of the power source. The
4046 PLL operating in mode Il was employed to achieve sero voltage switching of
the power source and ensure maximum power transfer to the load at all times.
Frequency control of the power source was achieved by locking the measured output
voltage and current to the load in phase, over the operating frequency range. The
phase error produced by the type 1l phase detector was filtered by a first order passive
low pass filter and provided the DC reference voltage for clocking the phase shitted
PWM controller. The system was started up manually by varyving the driving

frequency of the clocking circuit until lock in operation occurred.
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2.6 SUMMARY
[t can be concluded from the previous work discussed that the following problems

exist with frequency control circuits in resonant mode power sources:

« Signal Conditioning

All the types of frequency control methods studied thus far require some sort of
current and or voltage measurement technique in order to detect resonance. This
occurs when the load voltage and load current are in phase. A problem exists within
high frequency converters when measuring output currents. This i1s due high
frequency oscillations often being superimposed on the actual measured signal'’.
Special signal filtering techniques are often required to ““clean up” the signal, making
it compatible with standard analog and digital circuitry to be implemented for the
control stage. Passive filtering circuits have a finite frequency and phase response
over their operating range and often require a relatively narrow bandwidth to achieve
optimal filtering at the fundamental frequency. These practicalities often limit the

operating range of the system and produce phase shifts around its stable operating

point.

. Stability

High frequency power sources are generators of electromagnetic interference (EMI).
The intense magnetic field produced in the induction-heating coil is also a generator
of high frequency power radiation. These factors make operation of low-power
analogue control-circuitry difficult due to noise EMI produced by the high power
circuits. Special noise shielding techniques are usually required to make these low
power circuits immune to EMIL Digital circuits are refatively immune to EMI and
pose a feasible solution provided that the operating speed does not limit the

performance of the systern.

« Speed

The natural resonant frequency of the load circuit is altered when the inductance of
the heating-coil changes. This change occurs by virtue of the loading effect produced
by the work-piece due to factors such as difterent conductivities, ditterent coupling

distances from the surface of the work-piece to the inner coil surface, and the
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changing relative permeability of the work-piece’. These changes occur whenever a
different work-piece is inserted into the coil and so the resonance point can never be
exactly the same. Another factor which alters the inductance of the coil, is when a
ferromagnetic work-piece (such as steel) is heated through its Curie point. The Curie
transition (approximately 780°C for steel) causes the material to lose its magnetic
properties resulting in the relative permeability being reduced to unity from several
hundred at room temperature. This transition results in a rapid increase in the
penetration depth of the induced eddy currents. The work-piece is no longer a good
conductor of magnetic flux (due to Curie u, =1) and the amount of flux cutting the
work-piece changes, resulting in a dramatic decrease in the inductance of the coil.
This results in an increase in the natural resonant frequency of the tank circuit’.
Frequency changes in the load circuit can also occur when heating non-ferrous metals
past their melting points. A change in phase (from solid to liquid) in the metal results
in a change in the metal’s conductivity which influences the inductance of the coil by
virtue of the magnetic field produced in it. The rate of change of frequency in the load
is determined by the rate at which power 1s being delivered to the work-piece. Ideally
for efficient melting systems the 1dea 1s to deposit energy into the work-piece at a rate
faster than what can be dissipated by the work-picce by virtue of its thermal
conductivity'®. The control system to be implemented should therefore be able track

fast changes in the load resonant frequency, maintaining lock at all times.

s DProtection

When operating the high frequency power source, a loss of lock in the frequency
control system could produce catastrophic results. If the system loses lock and drives
the inverter to a frequency away from the natural resonance of the load, the power
losses in the semiconductor increase rapidly and semiconductor failure could result
due to excessive power dissipation. These power losses are brought about by the loss
of zero voltage transition switching and the conduction of the integral body-diodes in
the switching elements, at operation away from resonance. A subsystem is therefore
necessary io detect a loss of lock in the frequency control circuit. It should then
attempt to force the system back into lock operation as quickly as possible or provide
a trip signal to the DC bus or isolate the load from the inverter by shutting down the

gate-drive signals to the inverter-bridge in the event of a malfunction occurring.
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e |nitialization Procedure

All the induction heating frequency control systems studied thus far are started up
manually by tuning the VCO to the resonant frequency before switching to automatic
frequency control. This drawback is due to the limited capture range of the PLL
control system employed, which makes automatic frequency control from start up
problematic. The frequency control circuits studied thus far also all employ passive
low-pass filtering techniques. Passive loop filters are undesirable in some systems
because of the static phase error produced by low loop gain. Low loop gain also
results in poor tracking operation'®. Passijve filters also have a limited capture range
due to their large bandwidth. Two crucial parameters of first order loops viz.: loop-
gain and loop bandwidth, cannot be independently adjusted and therefore do not allow
for effective operation at all times'®. Active loop filters (e.g. 2™ order PI controller)
however provide much better tracking capability, capture range and minimal static
phase error compared to the passive type. These factors are essential for automatic
start up operation as well as good overall performance and will be investigated for this

research.
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CHAPTER 3

AN INTRODUCTION TO INDUCTION-HEATING AND PHASE
LOCKED-LOOPS

3.1 BACKGROUND

Eleciromagnetic induction, the basis of all induction heating, was first discovered by
the “father” of induction, Michael Faraday in 1832. With his induced emf theory he
proved that currents could be induced in a closed secondary circuit as a result of
varying the current in a neighboring primary circuit. The essential feature was a
change in the magnetic flux linkage with the clused secondary circuit, produced by an
alternating current in the primary. In 1927, alinost a century later, the first medium
frequency induction furnace was developed by the Electric Furnace Company (EFCO)

and since then, the number and size of heating installations have grown steadily'’.

3.2  BASICS OF INDUCTION HEATING

Induction heating utilizes three main effects: electromagnetic induction, skin eftfect
and heat transfer. The heating is caused by the Joule heating effect when an
electrically conductive object called the work-piece, 1s placed in an alternating
magnetic field'®. This alternating magnetic ficld is set up in the water-cooled
induction coil. The induction heating coil and work-piece can be visualized as a
transformer with primary tums (work-coil) and a short-circuited secondary turn
(work-piece)'’. When alternating current flows in the primary, voltages are induced in
the secondary which cause currents to flow in it and these carrents tend to cancel the
flux that produces them, according to Lenz’s law'®. The frequency of these induced
Eddy currents in the work-piece is determined by the frequency of *he power source.
These eddy currents are induced into a peripheral layer of the work-piece known as
the skin-depth (8) or penetration depth which is characteristic of current flow at high

frequency due to skin effect is given by:

5 = |- (3.1)
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Where:

8 = penetration depth

p = resistivity of work-piece

[ = frequency of eddy currents

p = permeability of work-piece which in this case is the same as free space, since the

work-piece is non-magnetic.

The skin depth is roughly where the current density has fallen to about one third its
surface value. The current density falls off from the surface to the center of the work-
piece and the rate of decrease is higher at higher frequencies'”. It is also dependent on
two properties of the material, 1.e., resistivity and relative permeability'®. Both the
penetration depth in the work-piece and the work-coil depend on the three parameters
shown in equation 3.1. The ideal situation 1s to maintain a good etficiency of coupling
between the coil and work-piece to ensure maximum power transfer. Coupling
efficiency is a measure of the amount of power transferred between the coil and work-
piece. The efficiency of coupling in this case 1s dependent on the resistivity of the coil

and that of the work-piece and 1s given by equation 3.2.

=
1

(3.2)

I

P
P H,

1+

Where:

n = coupling efficiency between the coil and work-piece;

p. = electrical resistivity of the heating coil (which is usually soft copper tubing)
p. = electrical resistivity of the work-piece

. = relative permeability of the work-piece
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When deviating from the idealized concept of equation 3.2, the concept of coupling
efficiency is related to the term known as the coupling factor in conventional
transformer theory. In both cases the idea 1s to keep the pnimary and the secondary
closely wound or closely coupled to reduce flux leakage between the primary and
secondary windings, hence improving the power transfer'’. In induction heating, the
heating coil is considered to be the primary, and the work-piece is considered to be a

short-circuited secondary winding of a transformer.

Practical factors atfecting coupling efficiency include:

e Geometry of work-piece, which improves for a tightly packed, solid work-piece
and decreases for a loosely packed work-piece due to leakage flux.

e Geometry of the heating coil, which improves for a closely wound coil around the
work-piece. Other factors also concerned with geometry are the length of the coil
and the number of coil turns.

o The material used for the heating coil. The higher the coil conductivity, the lower

the I’R losses in the coil, hence the more power transferred to the work-piece.

Another important factor to be considered is the fact that matenals such as gold,
copper and silver have relatively low resistivities at room temperature, which once
again results in a low coupling efficiency at startup. Examples of coupling efticiencies

at room temperature are:

Metal Resistivity(p°c) Efficiency (1)
Platinum 0.106 uQm 71.56 %

Gold 0.023 uQm 53.97 %
Copper 0.61873 uQm 50 %

Silver 0.016 uQdm 49.44 %

Table 3.1: The coupling etficiencies for several metais are shown. In accordance to equation 2 it is evident that
low resistivity metals result in poor coupling eftficiencics at room temperature,

Equation 3.2 is the idealised condition and should be treated with care, but it gives a
broad-brush idea of what controls the coupling efficiency. It for example, one

considers a material with high resistivity and permeability such as steel, an efficiency
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approaching 100% can be achieved, but copper with a low resistivity, where the root
term (equation 3.2) approaches unity, has an efficiency of about 50%. This formula
applies for simple coils and is not valid for multi-layer coils where the coil current 1s
not limited to the skin depthlg. The efficiency increases during the heating cycle due
to fact that the resistivity of the work-piece increases with temperature as shown in
equation 3.3. The resistivity of the coil is kept constant by passing cooling water

through it thereby also keeping the losses in the coil to a minimum.

The heating of ferro-magnetic materials poses a special problem because of the Curie
point. Above the Curie temperature the relative permeability of the materal reduces

to unity, which results in a large increase in sk.n depth.

P =pi[l+a3”(8 _01)] (3.3)

Where:
Py = The resistivity at any temperature 6,
0y = the temperature coefficient of resistance at a temperature of 20°C,

pi = the resistivity at temperature 6,
33 HYSTERESIS AND EDDY-CURRENT LOSS

In conventional induction heating of magnetic materials such as steel, the heating is
caused by eddy-current losses that produce I’R heating and hysteresis losses.
Hysteresis loss is defined as the friction between molecules when the matenal is
magnetized first in one direction and then in the other. [he molecules may be
regarded as small magnets, which tumn around with cach reversal of direction of the
magnetic field®™. Therefore in ferro-magnetic materials hysteresis loss improves the
irgluction heating efficiency. It is therefore concluded that for a material such as gold,
the heat generated in the work-piece can only be due to eddy-current loss since these

materials are non-magnetic.
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34 POWERSOURCE

Induction heating power supplies are frequency changers that convert utility line
frequency (50Hz) power to the desired single-phase power at the frequency required
by the induction heating process’. The rectifier portion of the power supply converts
the single-phase line frequency input to DC, and the inverter portion changes the DC

to single-phase high frequency (100kHz) AC. This is illustrated in figure 3.3:

AC : RECTIFIER INVERTER HEATING

50 Hz AC-DC DC-AC LOAD

|

Figure 3.3: Layout of the high frequency power source showing the converter, inverter and heating

Inverter circuits use solid switching devices such as thyristors (SCRs) and transistors.
For high power and lower frequencies, large thyristors are commonly used. For low
power or frequencies above 25kHz, transistors are used because of their ability to be
turned on and off very fast with low switching losses”. Vacuum tube oscillators have
been used extensively for many years at frequencies above 300kHz. However, tube
oscillators have a low conversion efficiency of 55 to 60% compared to 85 to 93% for
inverters using transistors. Power vacuum tubes have a limited life of typically 2000
to 4000 hours and are thereforc a costly maintenance item’. The high voltage (over
10000 volts) required for tube operation 1s more dangerous than the 1000 volts or less
present in typical transistorized inverters. These negative features of tube oscillators
have brought about a dramatic move toward usc of transis.rized power supplies in
heat treating applications that require a frequency of less than iMHz’. Induction
heating power supplies utilize various techniques to produce the high frequency

alternating current. Various topologics are:



Initial Investigations 19

s Half-bridge voltage-fed inverter topology (Figure 3.4)
« Full-bridge voltage-fed inverter topology (Figure 3.5)
s Current-fed full-bridge inverter topology (Figure 3.6)

« Cycloconverter or AC — AC converter (Figure 3.7)

e Current-fed chopper or quarter bridge (Figure 3.8}

DC ;11._\ cf

Supply ‘f_;i: .

Supply

Lr RL
Figure 3.4: Half-bridge voltage-fed Figure 3.5: Full-bridge voliage-fed inverter
inverter topology topology
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1 r :
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Figure 3.6: Current-fod full-bridge inserter Figure 3.7: Cycloconverter or AC - AC conserter
topology
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Figure 3.8: Current-ted
chopper or quanter bridge
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3.5 CHOICE OF FREQUENCY

Frequency is a very important parameter in induction heating because it is the primary
control over the depth of current penetration and therefore the depth of heating’.
Frequency is also important in the design of induction heating power supplies because
the power components must be rated to operate at the specified frequency. Due to
reduced switching losses at elevated switching frequencies (up to I1MHz),
enhancement-mode power MOSFETs have become an important component in high
frequency power sources for induction heating". For effective induction heating, the
frequency of the alternating magnetic ficld in the work-coil is of paramount

importance and is given by:

6.45 p (3.4)

fe= WE

Where:

J- = critical frequency
p = the electrical resistivity of the work-piece (uQdm)
d = the diameter of the work-piece {m)

11 = the permeability of the work-picce (Hm™).

Equation 3.4 is defined as the critical frequency below which, a loss of heating would
occur due to field cancellation in the work-piece. The critical frequency is calculated
at a ratio of work-piece diameter to penetration depth (d/8) > 4.5. Where a free choice

of frequency exists, it should be chosen greater than or equal o 1
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Equation 3.5 shows the power loss per unit area in the work-piece written in terms of
current density (Js°). Equation 3.6 shows the power loss per unit area in terms of the
applied field Hs? at the surface of the work-piece'®. From equation 3.7 the relationship
between the power density (P) and the penetration depth can be seen. Equation 3.8
shows the relationship between the penetration depth and the applied frequency,
which is derived from equation 3.1. Equating equations 3.7 and 3.8 yields equation
3.9 which illustrates the relationship between the power density in the work-piece and
the applied frequency. It is therefore concluded that for a given work-piece and a free

choice of frequency, it is always advantageous to increase the frequency'™,

P:ES J (3.5) p= P (3.6)
g) Q)
P 3.7
5 (3.7)
> PeT (3:9)
1
O a = 3.8
77 (3.8)

The gold work-piece has the following parameters:

Diameter 0.0l m
Length 0.013m
Resistivity { pa’c) 0.024 uQm
Resistivity ( piges c) melting point N 0.127 uQdm
Permeability (po) ' ' AMx10” Hm'

Table 3.2: Dimensions of the gold work-piece to be melted 1n the induction furnace



Initial Investigations 22

0.35
0.33
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6.27
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[8] Penetration depth (mm)
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/] Applied frequency (kHz)

Figure 3.9: The variation in penetration depth in a gold work-picee over 2
frequency range of 100kHz.

In an induction heating application, the penetration depth (8) of the induced current in
the work-piece is inversely proportional to the applied frequency (equation 3.1 and
figure 3.9). It is common practice in most induction heating applications to make the
penetration depth (8), much smaller than the diameter (d) of the work-piece'™ "2
The gold work-piece diameter is determined by the inner diameter of the crucible,
which in this application was chosen to be 10mm (table 3.2). The pencetration depths

in the gold work-ptece at room temperaturc over a range of frequencies (50kHe-

150kHz) are shown in figure 3.9.

3.6 EDDY CURRENT STIRRING

A unique feature in induction heating is the automatic stirring of the molten metal.
This movement is tile result of the interaction of the magnet . fields of the currents in
the coil and work-piece™. This effect is:

e Proportional to the square of the apphied ficld (ampere-turns):

¢ Inversely proportional to the density of the molten meal;

o Inversely proportional to the applied frequency of the magnetic field;

s Important in the production of high-grade alloys'™ AR
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3.7 RESONANCE
Resonance is the study of the frequency response of a particular circuit. The resonant
circuit is a combination of R, L and C elements having a frequency response

characteristic similar to figure 3.10%.

Figure 3.10: Responsc curve of a resonant circuit

It is evident that at a certain frequency f, the response of the circuit in figure 3.10 is a
maximum. This behavior 1s classified as resonance. Resonance can be defined as the
point at which maximum response occurs in a circuit. The response can be in terms of
voltage (V) or current (1) depending on what type of resonance circuit is being
analysed. The frequency f; at which maximum response occurs is defined as the point
at which the reactive components in the resonant circuit are equal and opposite (X1 =
XCy***. £ can be defined in terms of the circuit elements such as inductance and
capacitance (L and () and is given in equation 3.10. This project deals with

characteristic response and basic analysis of a parallel resonant (tank) circuit.

= (3.10)

Where:
J,-=resonant frequency in Hz
. = inductance in Henrles

C = capacitance in Farads.
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3.7.1 Parallel Resonance

— > - . L

oo T "_l T 1 L I =Qur le=Quly
T ﬁ Xe 3 A :> T Rp=Q'Ry. X=X :F Xc
R
Lrp T 4% ' i

Figure 3.11a: General representation Figure 3.11b: Equivalent representation as seen by the source

The following analysis is based on the assumption that the quality factor (Q) > 10.
Figure 3.11a shows the gencral representation of the parallel resonant circuit. The
circuit is modeled with an ideal current source (/) and the source impedance is
assumed to be infinite. Zyp is defined as the input impedance to the tank circuit. Xc is
defined as the capacitive reactance of the tank circuit and X; is detined as the
inductive reactance of the coil. K, is defined as the resistance of the coil. In induction
heating the work-coil and work-piece are modelled as a series R, L circuit as shown in
figure 3.11a. The quality factor (Q) which exists in all resonance circuits, is defined as
the ratio between the reactive power and real power present in the circuit. The Q is

determined by the coil and is given by” :

(3.11)

Where:
Qv = Quality factor of the coil
X p= inductive reactance of coil

R, = resistance of the coil

Figure 3.11b shows the equivalent representation of the tank circuit as seen by the
source. X, p is defined as the total inductive reactance of the coil at resonance. Xc is
defined as the capacitive reactance of the tank circuit at resonance. At resonance the
inductive and capacitive reactances cancel and the resistance of the cotl is transtormed
from R, to Rp by the ratio, Q.°R, as shown in figure 3.11b"". Rp 1s the mmpedance
which the source sees at resonance. Assuming the tank cireuit has a Q ot 10 it can be

seen that Rp 1s of the order of 100R .
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It is therefore evident that the Q acts as an impedance transformer and explains why
parallel resonant circuits have maximum impedance at resonance, with an impedance
response curve similar to that of figure 3.10. Since impedance transformation occurs
in parallel resonance it follows that current transformation occurs in the reactive
branches of the tank circuit. It can be seen from figure 3.11b that if Iy is the total

current entering the tank circuit, the current in the reactive branches X, and Xc are

given by”:

1, =0,1, (3.12a) I.=0,1, (3.12b)

Where

I, = current in the inductor

ic = current in the capacitor

It = total current into the resonant circuit
QQu = quality factor of the resonant circuit

The bandwidth of the tank circuit is given by™:

By = L (3.13)
2,

Where
BV = bandwidth of the tank circuit in Hz;
f» = the resonant frequency, at which maximum impedance occurs in Hz;

Qp = The quality factor of the tank circuit (Qp = Q)
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3.7.2 Frequency characteristic of a parallel resonant circuit

A 8 =0v-0i

+90° |-———.

Inductive

0 ; - 0%

-90° ¢ o

Figure 3.12: Frequency characteristic of a parallel resonant circuit.
At frequencies below resonance (m,} the inductive reactance of the
circuit shunts the circulating current, making the load inductive in
nature. Likewise at frequencies above o, the Joad becontes
capacitively reactive,

Figure 3.12 shows the frequency characteristic of a parallel resonant circuit. 0 in
figure 3.12 shows the phase relation between the voltage and current as a function of
frequency. The voltage leads the current at frequencies below resonance (m,), where
the inductor impedance is lower than the capacitor impedance, and hence the inductor
current dominates”. At frequencies above resonance, the capacilor impedance 1s
lower and the voltage lags the current, with the voltage phase angle approaching ~90".
It is therefore cvident that a parallel resonant circuit has a lagging power factor at
frequencies below rcsonance and a leading power factor at frequencies above
resonance. At the resonant frequency (,), both the voltage and current arc in phase
and the input power factor to the tank circuit is thercfore unity. Most resonant
converters in induction heating applications operate by driving the load circuit at its

©39 00 This has the advantage of providing reduced switching

resonant frequency”‘
losses (due to zero voltage and or zero current switching) and thereby, a high
operating efficiency in the power-source. The advent of sohd state converters have
therefore led to increasing interest in the development of RF power sources for
induction heating. Unlike RF valves solid state switches cannot tolerate mismatched

load circuits too well at high frequency making these supplies unstable and

inefficient. Driving a mismatched load brings about the conduction of the integral
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body diode within the MOSFET. This results in a conduction power loss as well as
reverse recovery loss when the load current is commutated from one half-cycle to the
next. Phase locked-loop circuits applied to solid state power sources ensures efficient
switching by holding the load at resonance. This concept applied to induction heating
has only recently been discovered. The earliest publication of PLL control for solid
state power sources are dated back to [985. Since then there have becn only a few
publications on this topic over the past one and a half decades making research into

this field challenging and every contribution significant.

The implementation of the PLL control system was viewed from a power clectronics
perspective. A basic understanding of the opcration of phase locked-loops from the
telecommunications perspective are presented a..d the concepts then adapted for the

power electronics discipline.

3.8 PHASE LOCKED-LOOPS

A phase locked loop is a circuit, which synchronizes the signal from an oscillator with
a second input signal, called the reference so that they operate at the same frequency
with a fixed phase relationship between the two'®. Phase-locked loops are often used
because they provide filtering to the phase or frequency of a signal that is similar to

what is provided to voltage or current waveforms by ordinary clectronic filters'®.
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Phase locked-loops find wide application in the areas such as communications,
wireless systems, digital circuit’s etc. The first description of phase locked loops was
published by de Bellescize in 1932 on work invelving the synchronous reception of

radio signals.

o P ()
s : . g.(s
Ll Loop Filter yCo )
A _
N
Fig 3 13:Schematic bloch diagram of b .s1¢c PLL configuration

White the concept of phase locking has been in use for more than half a century,
monolithic implementation of PLL’s have become possible only in the last twenty

years and popular in the last ten.

3.8.1 Loop Fundamentals

The basic loop consists of a phase detector (P.D), a loop filter and a voltage-
controlled oscillator (VCQO). With the input signal to the loop having a phase of 0,(t)

and an output of 8,(t), the following assumptions are made:

« The loop 15 locked

» The phase detector has a linear characteristic

3.8.2 Phase Detector

The ideal phase detector output voltage is proportional to the phase difterence

between its inputs, i.€.:

Vd = Kd (b, - 9,) (3.14)

where Kd 1s the phase detector gain tfactor with dimensions of volts per radian

(V,rad).
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Many different types of phase detectors exist, all performing essentially the function
of multiplication in a typical PLL system. For the purposes of this project only the

following three types will be discussed:

3.8.2.1 4-Quadrant Multiplier

A multiplier acts as a phase detector (P.D) through the trigonometric identity:

sin 4 cos B :%[sin(A — B)+sin{A+ B)) (3.15)

The term **4-Quadrant” refers to the ability o.” the multiplier to handle both positive
and negative values at both of its inputs”.

If the inputs to the multiplier are:

vo=1 sin{w,t+¢ ) (3.16)
v, =V sinf{o,r+¢,) (3.17)

The P.D output is:
vy =K, (3.18)

where K,,, = multiplier constant resulting in:

v, =¢l)~KmV,I’O [sin(o, —¢,)+sin(2w,r -4, +¢,)] (3.19)
and

d)o _¢i =A¢)

vielding

v, :hi K 11 [sinAg +sin(2m r - ad)] (3.20)

Equation 3.19 shows the two sinusoidal components ot the phase detector output. For
a constant Ad the output of the P.D should be constant according to equation 3.20.

The second term however varies with a frequency 2ei as shown in equation 3.20.
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Because the second term is removed by the loop-filter, the average dc¢ equivalent of

the output is given by:

Fa’ = —% klnl/iVoA(b (3.21)
where £, 1s a constant associated with the multiplier. For small values of Ag, sin A¢ =~

A and the P.D gain is given by:

k, = %: kY, (3.22)
It is therefore evident that the P.D gain (k) 1s a function of the input signal level.
Therefore if the input signal amplitude vanies, k; and all loop parameters dependant on
loop gain will also vary'®. As A¢ increases with time, the average component of Vy

varies sinusoidally, resulting in the P.D characteristic shown in fig (3.14).

Vda
Vidin I

5 S 1 S i P

Fig.3.14 Sinusoidal characteristic of analog phase
detector (4-Quadrant multiplicr).

3.8.2.2 Switch type phase-detectors
Also a common type of P.D consisting of a switch. The switch could be anything

from a transistor to a diode-quad or even an analog switch.
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Common types of switch-type phase detectors are:

» Gilbert Multiplier
« Double-Balanced Multiplier

« Half and full-wave transistor multiplier

These phase detectors also have a sinusoidal characteristic as shown in fig (3.14). The
switch is driven synchronously with the input signal and on alternate half-cycles it
allows the input either to pass or not to pass as shown in figure 3.16. Assuming the
input signal to be Es cos (wt +J ) and the switch changes at the zero crossings of sin
wt, the output will be Es cos (wr +& ) for 0 < wt < 7 and zero for © < wt < 2x. The

average d-c output of the P.D 1s:

E =
E, = s'[ cos{wr + & ydwt (3.23)
2'."[ 0
= £, sin¢
T

Figure 3.16 illustrates the operation of a half-wave detector., A full-wave dctector can
also be used and the d-c output will be doubled, as well as the nipple frequency. This
1s an advantage in wide-band loops as it climinates problems caused by low phase

detector ripple getting to the VCO and causing phase jitter.
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3.8.2.3 Tnangular phase detectors

Unlike sinusotdal characteristic phase detectors, linearity in triangular P.D’s are near
perfect for phase angles as large as 90°. Figure 3.17 and 3.18 show a comparison
between sinusoidal and triangular P.D characteristics. A triangular characteristic is
realized by driving the inputs to the multiplier with square waves. This operation

gives the P.D an exclusive-OR characteristic®’.
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Fig.3.17: Sinusoidal charactedstic of analog phase R 3 18 Tramda phse doeca dorcteristic dusng e
detector showing its limited linear operating region edarda linar oporating rnge

Digital phase detectors are realized when using an XOR gate or an edge-tnggered R-S
flip-flop. These form part of the trangular family of P.D’s but have a slightly

difterent output characteristic as shown in fig (3.19) below:

A Al
vdd 2 -oo- - VgD e
- P e : : »
oo 2 1
Fig.3.19: XOR phase detector Fig.3.20: R-S fatch phase detecror
characteristic showing optimum operatisg characteristic show ing optimum operaung

point a1 90° point at 180’
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3.8.2.4 XOR Phase Detector

Operation from a single supply and a close examination of the XOR truth table yields
the digital P.D charactenistic. It should be observed that preferred operation of this
device would be when the two input signals are phasc shifted by 90°. This puts the

P.D in the center of its linear region and ensures accurate lock operation over the

range 0 < $ <m

The XOR gate being a digital device is relatively immune to switching and input
signal noise. The trade-off however, is that the input signal range is limited to a 50 %

duty cycle in order to ensure correct operation of (his device.
3.8.2.5R-S LATCH

The extended operating range of (0 < ¢ < 2r) for the R-S latch makes it an attractive
option for a P.D. This device is not duty-cycle limited like the XOR but has its
disadvantages. Being an edge-tniggered device makes it susceptible to noise eftects
and therefore the two input signals must be of a quality that will trigger the flip-flop
reliably'®. Also the input signal-to-noise ratio must be high and is of no value if a

signal must be recovered from a larger noise.

Other types of Triangular P.D’s are:
« 2and 3 state P.D

+ charge-pump P.D

« sample and hold P.D

3.8.3 Loop filter

The output of the phase detector ts filtered by the loop filter, which provides a phase
error voltage to drive the VCO keeping the loop in lock. Since the P.D and the VCO
designs are usually inflexible, the design ot the loop filter provides more flexibility in

controlling the PLL characteristics™ >~ **. The desired PLL response will determine
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the loop-order. The loop-order required therefore dictates the loop filter type. Loop

filters are generally of 2-types namely, passive and active.

3.8.3.1 Passive loop filter

Passive loop filters are of the low pass type or of the phase-lead-lag type. For simple
phase-locked applications requiring low loop gain, marginal phase-accuracy and

transient loop stability, passive loop filters provide a quick and easy solution.

3.8.3.2 Active loop filter

For a passive loop filter the maximum dc ga.n achievable 1s 1. An active loop filter
provides dc loop gains that are essentially .nfinite and provide better tracking
performance. Many types of active loop filter configurations (such as the integrator,

16, 26, 28

integrator and lead, lead-lag filter) are available in references . The final loop

filter configuration used for this research will be discussed briefly.

3.83.2.1 Integrator and lead filter
=¥ C1
S —— — ~—d ‘L —
T Rp N
— — s —— ‘
R1 ! -Ga ,\
f\fv’{ : T !

L
Fig.3.21: Simplified representation
of an active Integrator and Lead
looo filter

The integrator plus lead filter forms a basic PJ controller as : aown in figure 3.21. The
prime purpose of introducing an integral term into the controller is to remove anv
steady state phase error. At high frequency the ac gain (proportional term Kp) is
formed by R2/RI. The ac amplifier is actually used as an attenuator to the high
frequency nipple, providing a jitter free signal to the VCO. The dc gain of the filter is
usually infinite as mentioned before. In many applications however, involving high
order loops it is always desirable to control the dc loop gain to prevent instability.
Rp/R1 controls the dc gain component of the loop tilter and therefore also indirectly

controls the entire loop gain.
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Design of a PLL requires the ability to be able to control the natural loop frequency
(w,), damping factor (C) and dc loop gain (K). Passive loop filters such as the single-
pole low-pass and the two-pole low pass filter, do not allow for the control of w,,
and K independently. The control of K ensures good tracking as mentioned before but
a high gain loop (large K) also comes with a wide bandwidth. Therefore narrow
bandwidth and good tracking are usually incompatible in first order loops. If it is
necessary to have large gain and small bandwidth, the loop will be badly under-
damped (low ) and transient response will be poor (low 1w,}. The active integrator-
plus lead filter having two independent time constants (1l and 12), draws on the
concept of tachometer feedback which allows for the independent control of natural
frequency (transient response), damping factor (overshoot) as well as the dc gain

(good tracking).

3.8.4 Voltage Controlled Oscillator (VCO)

The voltage-controlled oscillator provides an output frequency, which is controiled by
the filtered error voltage it receives from the loop filter. Since trequency is the
derivative of phase, the VCO operation may be described as:

% =KV, (3.24)
dt

where K =VCO gain
V., =VCO input voltage

1

db, = VCO output phase

It is therefore apparent that the phase of the VCO output will be proportional to the
integral of the input voltage Vin. The VO should be operated within 1ts linear range
to ensure a constant loop-gain parameter (Kvco). For the nurposes o1 this research, a
linear relationship between input control voltage and output frequency is assumed and

is given by equation 3.25

P (3.25)
1= AI"U
The VCO’s employed in the PLL system for this research were derived trom two

4046 PLL integrated circuits,
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CHAPTER 4

IMPLEMENTATION OF AUTOMATIC FREQUENCY CONTROL

4.1 SYSTEM DESCRIPTION AND OPERATION
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Figure 4.1: Schematic layout of the induction furnace and all its components

The induction furnace comprises the following components, with reference to figure

4.1:

A vanable DC power source that is derived from rectified mains voltage. This
feeds a rectifier bridge from a variac. The isolation transforiner between the variac
and the mains voltage (50Hz), serves to provide isolation for test purposes. By
varying the DC bus voltage, the input power to the inverter is controlled thereby
controlling the input power to the load;

A filtering inductor or iron core reactor, which is situated in the positive DC bus
rail. The iron core reactor serves to feed a constant current to the inverting stage.
The iron core reactor also provides inherent short circuit protection because it
restricts the rate of rise of current o the event of a short circuit occurring in the
induction-heating coil. Because of the slow rate of rise of current under fault
conditions in the iron core reactor, this 1opology 1s advantageous since it now
gives the necessary protection circultry some time to sense and operate under tault
conditions. The result is that protection circuitry can be casily implemented to the

it
system .
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s A 100kHz full-bridge load-resonant MOSFET inverter which operates at
approximately [kW. The inverter switches are operated in altemate patrs to
generate the high frequency alternating current needed to produce strong eddy
currents in the heating coil. The inverter operates at the resonant frequency of the
load circuit thereby allowing zero voltage switching, hence no external high speed
diodes are needed across the MOSFET switches to carry reactive freewheeling
current. '® The result being that the total switching losses in the inverter is greatly
reduced, thereby increasing the inverter efficiency;

e The gating and gate drive circuitry which are used to convey the switching signals
to the inverter switches;

e The load which consists of a water cooled i..duction heating work-coil in which
the crucible and work-piece are situated;

e A water-cooled high frequency matching transformer which is used to step up the
current in the work-coil to a high value, which is necessary for good induction
heating and also serves to provide electrical isolation;

e A capacitor bank which is used to resonate with the reflected inductance of the
load and matching transformer at a frequency of approximately 100kHz.

o To enable maximum power transfer to the load at all times the automatic
frequency control system is included which forms the basis for the current

research. This is given by the AFC block in figure 4.1.

42  LOADING EFFECT

The placing of metal in the heating coil tends to change the frequency characteristic of
the load circuit. This facilitates the need for frequency conirol to ensure maximum
power transfer. Table 4.1 shows the resonant frequencies of the same load circuit with

different metals placed inside the coil.

Metal DIAMETER MASSIFREQUENCY
{mm) {g) (kHz)
Copper 12.5 27.8 1855
Goid 10 20 160.4
Steel 12 18.5 126.1
Nickel g 10.5 1345 B
Lead 10 12 156 .4
Brass 12 24.3 183.3
Table. 4.§; Resonant frequencies for various metals at room

temperature, when placed in the prototype induction tumace
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The resonant frequencies for different metals at room temperature were measured at
low power levels using a function generator and oscilloscope to determine the
frequencies at which zero phase shift between the driving voltage and current were
observed in the load circuit.

The inner diameter of the heating coil was approximately 14mm. The natural resonant
frequency of the tank circuit with the coil not loaded was [48kHz. It was observed
that when a high conductivity, closely coupled metal (copper) is inserted into the coil,
it causes the inductance of the tank circuit to decrease. This results in a shift in
resonance, which means that the tank circuit must now be resonated at a higher
frequency. When a steel work-piece is inscrted into the coil its magnetic properties
(permeability) tends to increase the inductanc : of the tank circuit, causing its resonant

frequency to decrease.

This dynamic behavior of the load circuit (induction-heating load) is of major interest
for the implementation ot automatic frequency control. In a basic sense, automatic
frequency control is implemented to compensate for changes, which oceur in the load
during the heating cycle. A basic understanding of the load behavior under various

conditions is essential for the effective implementation of the RLL circuit.
4.3 LOAD CIRCUIT
The induction-heating load forms part of a parallel resonant circuit, which is

continuously driven at its natural resonant frequency by the inverter. The idealised

equivalent circuit model for the induction-heating load is shown in figure 4.2.

Fig.4.2: ldealized equivalent circuit for induction heating load

The expression for the complex impedance of the paraliel tuned circuit in figure 4.2 at

any frequency (f) is given by equation 4.1 -

Zify=— - Rp_ : {4.1)
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where:

Rp = Equivalent resistance of the tank circuit as seen by the source,

Op = Quality factor of the tank circuit and is given by Op = Rp / XLp,

fo = Natural resonant frequency of the tank circuit.

The equivalent circuit parameters were measured at low power with sinusoidal

excitation from a signal generator. These tests were conducted in order to determine

the load circuit parameters and calculations were performed where necessary. The

load circuit was then simulated on ORCAD 9.1 using the measured and calculated

values determined in the experiment. Thz simulated load circuit parameters

transformed to the terminals of the source are ¢’scussed for three discrete conditions

namely:

4.3.1 Unloaded heating coil

L1

4 759uH
i1
@ = i1
243n
R1
Q2458

L

-0
Fig. 4.3: Equivalent load ecircuit
parameters of induction heating load
measured with an unloaded heating
coil

Impedance Characterigtic
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Fig 4.4: Impedance characteristic of unlpaded induction-
heating coii. The circuit has » natural resonant frequency
of {48 kHz and a Q of (8. The load circuit has a

maximum impedance of 79 0.

The frequency response of the unloaded induction-heating coil is shown in figure 4.4.

The resonant impedance is higher (79 Q} for unloaded conditions, which improves the

systems no load performance30 because of minimal current drawn from the supply

(higher impedance at no-load). When the coil is loaded the load impedance is reduced

and more current is drawn trom the DC supply. The resonant frequency is

approximately 148kHz with a Q of 18,
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4.3.2  Copper work-piece

Impedance Characteristic
L2 “
2.733uH = 35
12 £ 30 L
r
@ —=c2 225
243n Q o :
R2 s
0.335 3 S N
51 -~ N
c
E s T "o
e
60 80 100 120 140 160 180 200 220 240 260
‘fb FrequencykHz)
Fig. 4.5: Equivalent load circuit Fig 4.6; Impedance characteristic of induction-
parameters of induction heating Joad heating load with a copper work-piece placed in the
measured with a copper work-picce heaticz coil. The circuit has a natural resonant
placed in the heating coil frequency of 195 kHz and a Q of 10. The load

circuit has a maximum impedance of 33 ).
The frequency response of the loaded induction-heating coil is shown in figure 4.6.

The copper work-piece has the parameters as shown in table 4.1. The resonant
impedance is lower (33 Q) for the loaded condition and more current is therefore
drawn from the supply. The inductance of the coil (L2) is decreased duc to the
insertion of the copper work-piece resulting in an increasc in the resonant frequency
of the load circuit to approximately 195 kHz with a loaded Q of 10. The increase in
resonant frequency results in a reduction in skin depth thereby increasing the

equivalent resistance (R2} of the load circuit.

4.3.3  Steel work-piece

Impedance Characteristic
L3 %
6.555uH —_ N
ur s .
13 £ 15 /
@ c3 = " .
2430 2 10 / N
g R3 £ / T
1528 £ ~
I g 5 \Hk_ﬁ____
i =
g
[ 60 BO 107 120 140 163 180 200 220 240 20
= Frequency(kHzj
-0
Fig. 4.7. Equivalent load circun Fig 4.8: Impedance charactenstic of induction-
parameters of induction heating load heatung load with a sweel work-piece placed in the
measured with a sweel work-plece heanny coil. The circult has a natural resonant

nlaced 1n the heating coil frequency of 126 kHz and a Q of 3.5, The load
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The frequency response of the loaded induction-heating coil is shown in figure 4.8,
The steel work-piece has the parameters as shown in table 4.1. The resonant
impedance is the lowest (18 €2} for this loaded condition and more current is drawn
from the supply. The inductance of the coil is increased due to the insertion of the
steel work-piece resulting in a decrease in the resonant frequency of the load circuit to

approximately 126 kHz with a loaded Q of 3.5.

The Q acts as an impedance transformer in a parallel resonant circuit'. The lowering
of the circuit Q as a result of inserting a steel work-piece, results in the reduction of
the load circuit impedance. The steel work-piece is a better conductor of the magnetic
flux in the coil than air is, which tends to increase the inductance of the coil {(L3) as
can be seen in figure 4.7. The equivalent resistar.ce of the work-piecc 1s also increased
(R3} hence the power loss in the work-piece increases. This relationship is given by

equation 4.2 for a relative permeability of several hundred in steel at room

temperaturel 5,

4.2 CONCEPT OF RESONANCE LOCKING

Phase Characteris tic

160

(%))
o

W
@ \
s Steel  \ Unloaded - Copper
E‘ 0 -~
E 60 80 100 120 140 160 180 200 220 240 260
@ ~. \ -
£ 50 T
T Ui
-100

Frequency{kHz)

Fig. 4.9: Phase relationship between driving voltage and driving current to tank circuit
as a function of frequency. The characteristic illustrates the response for the three
conditions discussed above. The respective resenant frequencies occur «t the poines of
zero-nhase disolacement.

The analysis of the induction-heating foad has shown that different resonant
characteristics exist for different loading ot the heating coil. It is clearly apparent that
different loading changes all the parameters of the load circuit such as the natural
resonant frequency, resonant impedance and inductance of the coil as well as the Q. It
is evident that at a trequency / = fo, the impedance of the tank circuit is a maximum.

At this frequency the phase displacement between the driving voltage and current to
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the tank circuit is equal to zero. Figure 4.9 shows calculated phase characteristics for

the three load conditions presented.
For a load circuit Q of greater than 10, this implies that maximum real power transfer
is taking place at resonance as given by figure 4.9. This maximum operating point is

where the induction fumace should operate at all times.

Figure 4.10 shows the combined complex impedance magnitude versus frequency

plots for three conditions namely:

1. Coil unloaded (no work-piece)

2. Copper work-piece in coil
3. Steel work-piece in coil
50 T T T T T T T —r
— unloaded
70— heating-col —
50— i 1
so [
401 —
L ]
Y sepper
steel w osk -paece - w th - pleve
29 | - —
|
(% _’)7,_// ) S —
| I R
Ps¢ s N ¥ T2 i T a

Operating  Frequency

Fig. 4.10: Frequency response for the induction heating tank eircuit. The unloaded coil has a refatively high Q
{approximately 18). When the coil is loaded the Q tends to decrease (83,23 for copper and 2.36 for steely. The
resonance locked loop tracks the operating points /. f; and £ for different load conditions and therefore maintains
maximum real power fransfer to the load throughous the heating cycle,

Figure 4.10 shows the resonant frequencies, f, for an unloaded coil, f; for a copper
work-piece and £, for a sieel work-picce placed in the coil. The unloaded coil

resonates at approximately 148kHz, and has a Q ot approximately 18,

When a steel work-piece is mnserted into the coil. the inductance of the coil increases.

changing the Q of the tank circuit as well as its resonant trequency. It the induction
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furnace were to run in open loop, at frequency f; with a steel work-piece, the system
would be operating at point A on the steel work-piece curve. Operation at point A
results in a reduction of power transfer to the load since point A is relatively close to
the 3dB (1/2 power) point on this curve. When a copper work-piece is inserted into
coil, the system operates at point B on the copper work-piece curve. With no
frequency-tuning present, operation at point B would result in very little power
transfer to the copper work-piece. Another drawback of operating at points A (steel)
and B (copper) is that significant switching losses develop in the power source when

driving a load off resonance™™®. The resonance locked loop therefore tracks the

optimum operating points f;, f1 and f; for different loading in the coil.

4.3 RESONANCE LOCKING METHODOLOGY

The implementation of the resonance locked loop required the control of two distinct
variables whose phase relationship was a function of the applied frequency of the

power source. A simplified schematic of the current fed inverter (power source) is

shown in figure 4.11.
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Fig. 4.11: Basic cuwrent-fed inverter Fig. 4.12: ldeal waveforms of the driving
configuration employing power MOSFET's. voltage and current 10 the load circuit. It 15
Gate driver circuits have been omutted for apparent that the gate control signal

{(VGATE) 13 an  approximate phase

The induction-heating load can be characterised by the equivalent circuit shown in
figure 4.1. The load circuit 1s current supportive and 1s modeled with an ideal current

source which warrants the use if the iron-core reactor in the inverter DC bus. The
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switching elements in the inverter drive the load at a frequency determined by the
switching rate of the control signals fed to the gate of the power MOSFETSs. Switches
S1, S2 and S3, S4 operate altematively each to produce one half cycle of the RF
power presented to the load terminals. Simulation results of the equivalent load circuit
driven at resonance are shown in figure 4.12. V4 is the driving voltage across the
tank circuit and [ q,q 15 the driving current through the load produced by the closure of

switches S1, S2 and S3, S84 respectively.

Due to the principal of forced commutation’’ it is evident in figure 4.12 that the

control voltage to the power MOSFET Vg, is an actual phasc representative of the

drving current through the load. This concept is treated in the ideal sense and omits

the propagation delay time taken to drive the MOSFET into the saturation mode of

operation. This delay time is typically in the order of 200 - 300ns and 1s affected by

the following factors:

+ Rise and fall times of gate drive signal

. Value of gate resistor chosen for damping

. Input capacitance of the power MOSFET

. Stray inductance in the gate drive loop

. Characteristics of the load being switched by the power MOSFET (resistive or
reactive)

This propagation delay results in a small offset phase error within the resonance

locked loop. This phase error is encouraged as it has the effect of producing a nonzero

output from the phase detector, which 1s required to maintain the control voltage at

the VCO input, holding the system in lock'®.

4.3.1 Sienal Measurement

In summary the contro! strategy employed utilized the following concepts:

. The inverter output voltage {Viwa) Was transtormed to logic levels (900Vp-p to
25Vp-p) The voltage transtormer was wound on an ETD29 ferrite core with a
turns ratio of 40:1. This transformer is given by T4 in schematic 1 of Appendix B.

. Gate controt signal fed to power MOSFET is used as a phase representative of the
driving current. This factor eliminates the need fur current measurement and
simplifies the layout of the inverter, making it compact, and provides for stable

operation.
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« Control of the inverter is achieved by continuously locking the gating control

signal (Vg ) to the inverter outpuf voltage (Vi..g) Over its entire operating range.

4.4 CONTROL CIRCUIT IMPLEMENTATION

Research into the development of an Automatic Frequency Control system resulted in
two final implementations. The implementation of the gate voltage locking method
has eliminated the need for current measurement. Both systems were tested on the
prototype induction furnace at full power where various work-pieces were heated. The
systems (Rev} and Rev2) proved to be stable over the entire operating range at both
low and full power. A comparative discussion will be presented to summarize the

individual system’s performarces.

4.4.1 RLL revision |

Automatic frequency control of the inverter was achicved by means of resonant mode
locking. The control system, which is called a resonant locked loop (RLL) employed
essentially two second-order phase locked loops. The basic system is shown below in

figure 4.13.

Fig. 4.13: Simplified schematic represc.iation of the resonance locked-loop comprising two

phase locked-loops (Loop | and Loop 2). Loop 1 comprises an active filter which and is used to

generate a 90° phase-shift in w aveform B. Loop 2 camprisos arother active flter and is used

generate a 907 phase-shift in wavefornm A. The AGC 15 used to supply a fixed amplitude signal

to PD 2.
Phase detector | (PD1) is a type [, exclustve-OR phase detector derived from the
MC14046 PLL chip. Loop 1 operated as an active filter and was used to gencrate a
90" phase-shift in the current sample (waveforrn B). The 90° phase-shifi is
characteristic of the XOR gate PLL and was used to hold the phase detector in the

center of its linear range (chapter 3). The phase-shifted current-sample wavetorm was
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multiplied by the tank-circuit voltage (waveform A) in phase detector 2 (PDD2). Phase
detector 2 incorporated the AD734 4-quadrant analog multiplier. The analogue
multiplier was used so that the transformed sinusoidal tank circuit voltage (waveform
A) could be fed directly into the phase detector. PD 2 operated by locking the phase-
shifted current sample 90° out of phase with the voltage waveform A. The 90° phase
shift method was employed in order to ensure operation in the phase detector’s (PD |
and PD 2) linear region’’. This operation locked waveforms A and C 180° out of
phase. The result was a relative zero phase shift (anti-phase) between waveforms A
and C. Inverting one of the waveforms initially resulted in a near zero phase shifi
when in locked operation. VCO I and VCO 2 were derived from two MC14046 PLL

integrated circuit.

The automatic gain control stage (AGC) was used to convey a fixed amplitude signal
to PD 2. It operates by amplifying or attenuating an incoming signal in order to
maintain a fixed amplitude output signal. Under different load conditions the Q of the
tank circuit changed, resulting in an amplitude change at a specific resonani frequency
as shown in figure 4.10. Another reason for employing an AGC was to allow the
induction furnace to operate at reduced power levels. It was found that by changing
the amplitude of waveform A, an offset phase error was produced in phase detector 2
(analog multiplier) due to signal amplitude being below the minimum input offset
voltage, which caused the loop to lock incorrectly. The AGC which incorporated the
VCAG6I0 was used to hold the amplitude of wavetform A constant over the operating

range of the induction furnace, hence produced no otfset phase error in the multiplier.

The following derivation has proven the necessity for an AGC implementation in
conjunction with an analog phase detector (PD2) in the system implemented.
Assuming two uniformly time varying signals multiplied such that the multiplier
output M 1s:

M= Acoslor+¢, )xBcoslor +6, ) (4.3)

A , AB
:—;ECOS(Q; —¢3)+Tcos(2mr +9, +0,)

After low pass filtering Leaves -

A8
= 3—(:05(&1)) where:cos(Ad ) = cos(o, ~b, ) (+.4)
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From the final expression of the output it can be seen that output phase of the
multiplier (cos A¢)} is dependant on the amplitude of the input signals (AB/2). It is
therefore apparent that a fixed amplitude signal has to be fed to the multiplier in order
to eliminate the problem of phase errors being produced over the operating range of

the RLL. The actual circuit implementation of revision | is shown in appendix B2.

4472 RLL revision 2

The cost and complexity of RLL revision | has led to the development of a simpler,
cheaper and more effective means of phase locking. Revision 2 introduced a simiiar
system to the previously presented model, except for a few changes as shown in

figure 4.13.
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Fig. 4.14: Block dizgran representation of the frequency control system The

. 1 - . . v
system comprises two cascaded 2% order PLL circuits, which lock at 907 phase-
shift relative to its input. PD 1 and PD2 comprive XOR digital phase-detectors.

The frequency control system also comprises two 2™ order phase locked loops as

shown in figure 4.14 but does not employ an AGC or an analog phase detector.

The two loops operate as 90° phase shifters maintaining lock over the entire operating
range. Operation is also realised by coiuparison of the phase difterence between the
load voltage (Vioap) and the switch gate voltage (Vigare). This phase difference is
processed by loop 2 and a frequency change proportional to the phase difference is
generated by VCO 2. This frequency difterence is the clock signal. which is used 1o
either drive the inverter to the new load resonant frequency, or hold it at the current

resonant frequency.
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The automatic frequency control system employed Type I ExclusiveTOr phase
detectors in both loops. Active 2" order PI controllers where employed as the loop
filters in LPE 1 and LPF 2. The use of active loop filters provided the necessary high
gain to the loop and ensured good tracking performance with minimal static phase
error. The total loop can be modelled as a 4™ order PLL system and was found to be
stable over the entire operating range. The actual circuit implementation is shown in

appendix B3.

4.4.3 Discussion

The following aspects were observed to be critical aspects in the design of the two

RLL circuit implementations:

. Loop stability was greatly influenced by the bandwidth of the op-amps used in
the phase shifter Joop®?’. Op-amps with high gain bandwidth products were
used.

+ A second order Pi controller was employed as part of the loop filter. Op-amps
with very low input bias currents were used to avoid the integrator from
charging in the wrong dircction as well as drifting during normal operation®".

« Loop time constants were a crtical factor in the design of a stable RLL
system. Stable operation of the loop was achieved by making the time constant
of LPF1 much faster than that of LPF2 {at teast 10 times).

« No extra filtering circuitry was employed to condition signals before being fed
to the RLL system. This factor simplifies the design and allows effective
operation over a wide frequency range.

« The implementation of the zero-crossing detector i revision 2 was a major
contributing factor to the simplicity of the second design.

« Slew-rate limiting in the analcg multiplier resulted 1n a phase error offset at
the loop output.

. Employing active loop filters was a necessity because the low DC gain of
passive loop filters did not enable lock in operation when the system was
started up.

»  Limiting the RLL lock range gives the system the propertics of a highly
selective filter. This feature gave the system extremely good noise rejection

capability, which assisted in automatic start-up operation.
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4.4.4 Anti-Lock protection circuitry

An electronic protection circuit was incorporated to monitor the RLL operation during

a heating cycle. The basic system is shown in figure 4.14.
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Fig. 4.15: Block diagram representation of the frequency conrod system showing the anti-lock
protection circuit. Operation of loopl is monitored by a window comparitor circuit. In the event of o
loss of lock, the triggered timer deactivates the inverter PWM and operates the analog switch cireuit,
which simuitancously resets both loops, pulfing the system back into lock operation.

The anti-lock or loss of lock protection circuit was developed as part of the electronic
protection circuitry for to the induction furnace. The protection circuit section on
figure 4.14 monitors loop! status checking for an invalid operation. The mnput voltage
to VCO | is fed to a window comparator circuit, which monitors the operating range
of the VCO 1. If loss of lock occurs, the VCO driving voltage goes out of range and
triggers the window comparator circuit. This circuit then triggers a CMOS timer
configured as a monostable. Activation of thc monostable deactivates the PWM
signals to the inverter section and also activates analog switching circuit. The analog
switch circuit simultaneously resets the loop-filters LPF1 and LPF2 by shorting out
the integrating filter capacitor. This reset action pulls the RLL circuit to its center
frequency, which is designed to be close to unloaded resonant frequency of the
induction furnace. When the monostable has timed out the loop 1s reactivated and

returns to normal lock operation.

The complete implementation of the anti-lock protection circuit 1s shown in appendix

B3.
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CHAPTER 5

EXPERIMENTAL RESULTS

Two final circuit implementations resulted from the research into automatic frequency
control of the induction fumace. Both systems were individually tested on the

induction furnace at full power and at low power levels.

The AFC system was tested on the induction furmace where 50g slugs of steel and
copper were heated respectively. The load circuit comprised a multi-turn induction-
heating coil, which formed part of a high Q parallel resonant circuit. The systemn was
driven in open loop and the frequency was adjusted to the natural resonance of the
unloaded tank circuit. When a steel work-piece is placed inside the coil the inductance
of the tank circuit increase. This eftect makes the tank circuit capacitively reactive as

shown in figure 6.
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Fig. 5.1: Capacitively reactive tank circuit being drnven by the invenia, Trace 1 shows the
switching contro} signal fed to the MOSFET gate. Trace 2 shows the loss of zero solage
switching across the MOSFET's. Over voluize tum-on and tum-off spikes are also present.
which could lead to the destruction of the switches at higher power levels.
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The control-switching signal (VGATE) fed to the power MOSFET is shown in trace |
of figure 5.1. Trace 2 shows the drain-source voltage {(VDS) being switched by a
MOSFET in the current-fed inverter. It is evident that the mismatch between the
natural resonance and the current driving frequency has resulted in a loss of zero
voltage switching as shown by trace 2. The loss of ZVS has also brought rise to over-
voltage transients at both tum-on and tum-off of the switch. These transients increase
dramatically in amplitude as the power is increased. This often results in the necessity
to use special snubber circuttry to prevent MOSFET destruction. Driving the load off
resonance also results in a reduction of load circuit impedance {as shown in figure

4.9) which resulting in excessive current being drawn from the DC supply.

5.1 REVISION 1

The AGC circuit employed in revision 1 performed well over the entire operating
range with no noticeable phase shift incurred by its operation. A high-speed {15Mhz)
4-quadrant analog multiplier (AD734) employed in PD2 was used to provide minimal
phase error introduced by the multiplier at the operating frequency range in question
{(80kHz — 220kHz). A low speed (5Mhz) 4-quadrant multiplier (AD633) was initially
incorporated as PD2 but slew rate limiting in the multiplier core produced oftset

phase errors in LOOP2,
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Fig. 5.2: Gate voltage (trace 1} and trznstormed inverier midpoint volage (trace 2}
waveforms locked 907 out of phase by foop |,
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Figure 5.2 shows the loop in lock at an operating frequency of approximately 150kHz
with a gold work-piece placed inside the crucible. The 90° phase shifted gate voltage
(trace 1) and the transformed sinusoidal midpoint voltage (trace 2} are both fed to
PD2 which locks the two incoming signals by phase displacing them a further 90°.
The output of PD2 is shown in trace 2 of figure 5.3 with a copper work-piece placed
inside the coil. Switching noise fed from the midpoint of the inverter to the RLL
circuit causes the noise on the rising slope of the multiplier output (trace 2). The fast
falling edge in the output of PD2 is the main factor which dictates the necessity for a
high-speed (15 MHz) analog multiplier. Trace 1 shows the zero-voltage switching
drain-source voltage {150Vpeak) across a power MOSFET in the inverter-bridge and

is free of over-voliage transients.
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Fig. 5.3: The inverter operating with RLL revision 1 in phase-tock. Trace 1 shows
the zero-voltage switching drain-source voltage acress a MOSFET in the bridge.
The 90° phase shifted gate voliage and the transformed sinusoidal tank cireust
voltage is multiplied together by the high-speed analog phase detector (AD734)
PD2. The output of PD2 is shown in trace 2. The tust falling ed-es in the output
waveform is the factor which dictates the use of a high slowrate Caalog muhiplier

Figure 5.4 shows the system in lock with the coil unloaded. Trace 1 is the transformed
signal waveform A (figure 4.12) of a 400Vp-p voltage applied to the tank circuit at
resonance. Trace 2 represents the 90" phase shifted current sample of loop 1, which 1s
180° out of phase with waveform A (figure 4.12) at 159kHz. When difterent loading
occurs in the coil, the resonance locked-loop will change the driving frequency of the
power source to maintain lock between the current sample (waveform A) and the tank
circuit voltage waveform B (figure 4.12) over its full operating range (80kHz-

220kHz).
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Fig. 5.4: Gate voltage (trace 2} and transfonned inverter midpoint voltage (trace 1)
waveforms locked 180° out of phase to hold the tank circuir at resonance when
operating the prototype induction furnace.

5.2 REVISION 2

The following results are were taken from revision 2 of the automatic frequency
control system implemented. This system was found to be the most feasible and cost

effective solution of the two investigated for this research.

The resonance locked loop was tested on the prototype induction fumace, which was
used to melt 30g of copper and 30g of gold at 1kW of DC input power with closed
loop frequency control using revision 2. It was found that the svstem held the load at
resonance throughout the heating eycle with no frequency drift or instability occurning

over the operating frequency range (85k -220kHz).

The PLL system employed acts as a highly selective filtc:. This feature gives the
system extremely good noise rejection capability. which assists in automatic start-up.
With little power applied to the inverter, the zero-crossing detector generates random
oscillations on its output. This acts as a noise input to the loop as shown in trace I of
figure 5.5. This noise injected into loop occurs at a frequency, which is outside of the
bandwidth of the AFC loop. The frequency control svstern theretore locks to the
closest multiple of this noise within its bandwidth thereby holding the systeny in lock
at start-up. Trace 2 of figure 5.5 shows onc¢ halt cycle of the inverter output phase-

locked to the 43" harmonic of the noise injected into the loop.
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Fig. 5.5: Trace 1 illustrates the zero crossing detector output as the automatic frequency
control system acquires lock when the power is applied. The circuit acts as a selective filter
extracting only the tundamental load resonant frequency component and rejects the high
trequency noise injected into the loop. The drain- source voltage across a lower MOSFET
in the bridge is given by trace 2.

Figure 5.6 shows the implementation of automatic frequency control to the induction
fuace. It is evident that the ZVS is occurring in every cycle and no over-voltage
transients are present as shown in trace 2. With the AFC system in operation the gate
control signal (trace 1) is always phasec-locked to the zero-crossing points of the tank

circuit voltage (trace 2).
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Fig. 5.6: Tank circuit diven at its natural resonuant frequency by the power source The
AFC system is conrrolling the inverter switching frequency. thereby holding the load cireuit
in resonance at all times. ZV'S can be obsenved in trace 2 with no ovenvoltage transients
across the MOSFET switch.



Experimental Results 55

Figure 5.7 shows the heating cycle of a steel work-piece. At room temperature the
tank circuit resonates at 126kHz. As the work-piece is heated, its relative permeability
decreases and approaches unity. This causes a decrease in the resonant frequency of
the tank circuit. At the curie transition (=710 °C to =780°C) in figure 5.7, the relative
permeability of the work-piece has fallen to unity and the steel loses its magnetic
properties {4]. This results in a decrease in inductance of the tank circuit, resulting in
a major shift in the resonant frequency (from 125k —175k) of the tank circuit. The
work-piece was heated to 1180°C. After the transition through curie temperature, the
resonant frequency increases slightly due to the change in resistivity of the steel work-
piece. The temperature of the work-piece was measured by means of a radiation

pyrometer, which was immune to the magnetic fields produced in the heating coil.
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Fig. 5.7: Heating cycle of a steel work-piece in the prototype induction fumace, showing
the frequency change as the metal is heated through its curie point.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

6.1 CONCLUSIONS

The automatic frequency control systemn has been successfully implemented by virtue
of “gate-voltage locking” and the induction-furnace has been tested on a number of
different metals. The rapid frequency changes that occurred when heating stecl
through curie temperature {{igure 5.7) has proven that the resonance locked-loop can
track changes and maintain lock at the natural resonant frequency of the tank circuit,
The implementation of the resonance locked-loop eliminates the need for manual
tuning and provides for a more accurate and effective means of closed loop frequency

control, providing maximum power transfer to the load at all times.

The system proved to have the following advantages:

1. The implementation of the actual circuit utilized fewer and less expensive
componerts than revision 1 and therefore provided a relatively cost ettective

approach for frequency control.

2. The implementation of AFC eliminates the need for manual open loop frequency

control and has optimized the inverter performance.

3. The continuous ZVS achieved has eliminated the need for snubber circuitry and
also allows the MOSFET switches to be driven closer to their maximum voltage

ratings.

4. No current measuring circuitry was needed for the approximation of the load
current phase displacement. This technique of phase locking 1s simpler and only
uttlizes the measurement of the load voltage and gate control voltage to the

inverter.
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5.

10.

No special matched filtering circuitry was needed to filter the signals to be phase-
locked. The AFC system performed an inherent filtering function as mentioned in

chapter 5.

The high gain active loop filters employed, provided optimum tracking

performance with reduced steady-state phase error.

Automatic start-up operation was achieved by virtue of the implementation of
active loop filters. At startup, the smallest phase error signal fed to the loops from
the phase detectors (PD1 and PD2) are integrated to zero. This feature holds the
system in lock from the start, hence allowing automatic start-up operation of the

induction fumace.

The use of the XOR PD’s provided good circutt immunity to the radiated EMI
radiated by the magnetic field inside the coil and power source during a typical

heating cycle

The system response to a step change in phase when a work-picce was inserted
into the coil proved to be satisfactory. Tracking the curie-point transition of a steel
work-piece during a typical heating cycle simulated the system response to a

velocity change in phase, which also provides satisfactory results.

The basic electronic loss of lock protection was provided for the AFC system. It
monitored the status of the control system and detected a loss of lock. The system
then performed a corrective action by simultaneously r:setting both loops and

providing a trip signal for future auxiliary protection.

The resonance locked-loop was therefore found to be suitable for the application of

autornatic frequency control of the prototype miniature induction furnace. The

successful implementation of AFC on this system has encouraged investigation into

the application of this control strategy to other resonant-mode power electronic

converters for induction heating. The concept of “gate-voltage locking™ has provided

a breakthrough tor this research with regards to frequency control and possibilities of

other forms of frequency control using this technique can be investigated.
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6.2 RECOMMENDATIONS FOR FUTURE WORK

Current research 1s underway to melt platinum slugs (20g), which would test the
system’s stability at higher output power levels (2kW). Further tests to investigate the
effect of the phase transformation of a solid work-piece to its molten liquid state are
to be conducted. These results will provide valuable information regarding the
detection of the melting point of a metal by virtue of a frequency shift during the
heating cycle. This method could save major costs invested in radiation pyrometers

for temperature measurement.

A mathematical model of the load and frequer cy control circuit will aid the designing
of effective frequency control systems. The two working systems (Revision 1 and
Revision 2) will provided the foundation on which the numerical model will be based.
The aim of this study will be to provide a working model which can be applied to the

designing any frequency control systemn for power electronic converters.

The following improvements could be implemented to the existing frequency control

system:

« High bandwidth optical isolation between the AFC system and the inverter drivers
could be implemented. This procedure would separate the control circuit ground
from the inverter power ground thus providing better noise immunity to the

system.

» PCB prototyping of Revision 2 is currently underway in preparation for the
melting of platinum. The current nrototypes (Revision 1 and Revision 2) were

constructed on veraboard for testing.

e A theoretical model of the working systems (Revision | and Revision 2) will
provide valuable information for the design procedure of tuture AFC systems at

any operating trequency range for various induction heating applications.
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« A frequency control system incorporating the use of the type II phase detector (in
place of the XOR) and active loop filters could be investigated for future research.
The noise immunity of the edge triggered PD (RS latch) in the new PLL system
would have to be investigated further. Special noise shielding techniques could be

employed to allow stable operation in this mode.

e« A simpler lock-detection circuit incorporating an R-S latch could also be
investigated. This system would eliminate the use of the window comparator

circuit thereby simplifying the overall design.

« Application of “gate-voltage locking™ to other resonant-mode power electronic
converters for induction heating. A voltage-fed inverter is to be developed for
induction heating and the control strategy employed in this research is to be

implemented on the inverter, as a means of automatic frequency control.

e A self-oscillating resonant inverter incorporating “gate-voltage locking™ is to be
investigated. It is believed that the zero crossing points across the load circuit
voltage in a present cycle of operation could be used to generate the switching
transition signals for the next cycle of operation. This system could be

implemented, but requires some thought with regards to start-up operation.

Future projects on the development of the induction-furnace include:

« Temperature control

The temperature of the work-piece has to be monitored throaighout the heating cycle
to ensure that the work-piece temperature never exceeds the maximum temperature of
the crucible. The work-piece 1s hected to its molten form, hence no contact
measurement can be allowed as contamination of precious metal quickly occurs. A
radiation pyrometer could be employed to monitor the temperature of the work-picce
throughout the heating cycle. The output signal from a pyrometer can be used to feed
a translator circuit, which would either advance or delay the firing angle of the
controlled rectifier bridge. and accurate power control to the work-piece can be
achieved. The implementation of temperature control would be advantageous because

it would extend the applications of the induction fumace. The system could then be
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used for special laboratory applications, which require precision heating of small
quantities of metal. Examples of applications are silicon crystal growing, tungsten
refining and special high-purity alloying with metals like titanium, ruthenium and

platinum.

» Protection ctreuitry

Overload and short circult protection needs to be 1mmplemented to the system. This
kind of protection could involve inserting a circuit breaker into the DC bus, which
would operate when a fault was being sensed. Due to the presence of the iron core
reactor in the DC bus, the protection circuitry will be given adequate time to respond

to a fault condition.

. Cooling water monitoring

The most common type of failure present in induction furnaces is cooling water
failure. Dangerous consequences could result if no monitoring of the flow rate and
temperaturc of cooling water was present. A temperature sensor such as the LM35
could be employed to monitor the temperature of the water. When the set point
temperature of the water 1s reached, a signal could be fed to the cooling water pumps
to increase the flow rate of the water, hence lowering the temperature of the cooling
water. Differential pressure sensors could be employed to monitor the flow rate of the
water. When an undesirable condition is reached, a signal could be ted to the

protection circuitry to operate and trip the svstem.

. Front end power factor correction

Investigations need to be conducted to determine what kin'™ of harmonics the system
could be injecting back into the line frequency power source. If the nced arises a
front-end power factor correction system could be implemented. which would
incorporate a DC-DC converter in place of the controlled rectitier. If the system is to
be sold to foreign markets (e.g. Europe) it would have to comply with ccrtain

harmonic standards.
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« Microprocessor implementation
An embedded micro-controller could be implemented as the main unit which would

monitor and contro! all of the above mentioned processes. A simple PIC or DSP could

be employed for this application.
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APPENDICES

APPENDIX A: LOOP DESIGN EQUATIONS

9:’(3) o : ' :
» - Ko Ky +> ' K¢ Kir - >
_|_ o :

A § A

An

Fig.1: Block diagram model of frequency control systemn.

The equivalent model for the frequency coatrol circuit of revision 2 is given by figure
1. The system consists of two cascaded 2™ o: der phase-locked loops which operate by

tracking changes in the resonant frequency of the load circuit.
LOOP COMPONENTS

Phase detector
The type 1 Phase detector (XOR) has a lincar opcrating range of 180 degrees as

shown in figure 3.19. The phase detector gain is therefore:

K¢ = Vdd/r (Virad)

Loop filter

An active loop filter was used to provide optimum tracking and minimal static phase
error. The loop filter consists of an integrator plus lead fil'er and its configuration is

shown in figure 2

=¥ C1
Rp
—_—

R1

Fig.?: simplitied representation of
an active Lead-Lag loop filter
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The loop transfer function K is represented in the frequency domain by:

Alr,s +1)

Fs)= (t,s + l)

1]

where:

A =Rp/RI,

71 = (R2+Rp).C and
1, =R2.C

« VCO
The transfer function of the VCO in the frequency domain 1s given by:

Ko =Kv/s (rad/s/V)
where

Kv = 2x (fmax — fmin)/Vdd-3.6V (rad/s/'V)
Feedback

The feedback loop usually contains a gain, Kn which represents a counter module of

value 1/N where N is the didviding ratio of the counter.

TRANSFER FUNCTION
The open loop transfer function of a second order loop is given by:

~ K(t.s+1)

2
slt,s+1) o

GH(s)

where: K = A. K¢.Kv.Kn
The open loop transfer function yields a type I. second order system which should

produce zero steady state phase error for a step phase input.

The characteristic equation for the loop is given by:
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This allows for the formulation of the expressions for oy, and & ;

U)Jl = £ [4]
T !
and
CCRY 5]
2m,1T,

This allows for the design of a desired loop response. It is evidant that o, can be
controlled by adjusting the value of t;. It is also evident that the damping factor  can

be controlled by adjusting .



APPENDIX B: SCHEMATICS
1. SCHEMATIC LAYOUT OF INDUCTION FURNACE
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3. AUTOMATIC FREQUENCY CONTROL SYSTEM REVISION 2
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APPENDIX C: TECHNICAL DATA

IRFF460 ENHANCEMENT-MODE POWER MOSFET

IR2113 HIGH AND LOW SIDE MOSFET DRIVER

AD734 HIGH-SPEED ANALOG MULTIPLIER

VCA 610 AUTOMATIC GAIN CONTROL IC

CD4046 CMOS PLL IC

DG301 ANALOG SWITCH
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Intermational
Rectifier IRFP460

HEXFET® Power MOSFET

¢ Dynamic dv/dt Rating

® Repetitive Avalanche Rated o

® [solated Central Mounting Hole VDSS =500V

* Fast Switching

* Ease of Paralleling o Rpsgion) = 0-2702
* Simple Drive Requirements

s Ip = 20A

Description

Third Generation HEXFETs from Internatonal Rectifier provide the designer
with the best combination of fast switching, ruggedzed device design, low
on-resistance and cost-effectiveness.

The TO-247 package is preferred for commerciabndustial apphcations
where higher power leveis preciude the use of TO-220 devices. The TO-247
is similar but superior to the earier TO-218 package because of its isclated
mounting hole. it also provides greater creepage distance between pins to
meet the requirements of most safety specifications

TO-247AC
Absolute Maximum Ratings
‘ Parameter Max - :m:. :
@ To = 25°C \ Conlinuous Drain Current, Vo, @ 10V _ 20 |
lHp@Te=1 00°G | Continuous Drain Current, Vo, & 10V {_ 13 B oA |
o B j Pulsed Drain Currerit & - 8 _7H o
F'D @ Tc=25°C || lPower Dissipation *:___—‘ B 280 . ' __ W "l
s Linear Deraiﬂ;fac.:jor_- S ! 22 v
1 Vas FGate to-Source Voltage 20 _'_{V
;Eﬂ___ _ Smgle Pulse Avalanche Energy 2 ) . _ s : m.j_— !
AR | AvalanchiCu'rent & B i
i Ean Repetitive Avalanche Energy =
Mdt o i Peak Diode Recovery dvdt 2 o :
Ty i Operating Junction and ‘ T 55104150 ;
Tsie Storage Temperature Range D Gy
! Sowering Temperature, for 1C seconds _ 3toiibrnidiomcase) ; S
__Mounting Torque, §-32 or M3 screw i _totten (1 Ny oo

Thermal Resistance

o __L_l . Pa'ar*wn'__ o _Mn_ . e | Max *_.J_dr_m&
‘Rt,,-c_" Juncton-te-Case I —_ ! G4 i
[Racs. _ CasetoSink, Fla._ Greasec Suface o~ 24— oUW I
Rem  Sunchon-to-Ambient . L

1025



Data Sheet No. PD60147]

IR2110/IR2113

HIGH AND LOW SIDE DRIVER

International
TGR Rectifier

Features Product Summary

® Floating channel designed for bootstrap operation
Fully operational to +500V or +600V VOFFSET (|R21 10) 500V max.
Tolerant to negative transient voltage (IR2113) 600V max.
dV/dt immune

® Gate drive supply range from 10 to 20V lot/- 2A 1 2A

* Undervoltage lockout for both channels

® Separate logic supply range from & to 20V Vout 10 - 20V
Logic and power ground *5V offset t 1

*® CMOS Schmitt-triggered inputs with pull-down tonvoft (typ.) 20 & 94 ns

® Cycle by cycle edge-iriggered shutdown logic Delay Matching 10 ns

® Matched propagation delay for both channels
& Qutputs in phase with inputs

Description

The IR2110/IR2113 are high voltage, high speed
power MOSFET and IGBT drivers with independent
high and low side referenced output channels. Pro-
prietary HVIC and latch immune CMOS technologies
enable ruggedized monolithic construction. Logic
inputs are compatible with standard CMOS or LSTTL
output. The output drivers feature a high pulse
current bufier stage designed for minimum driver
crass-conduction, Propagation delays are malched
to simplify use in high frequency applications. The
floating channel can be used to drive an N-channe!
power MOSFET or IGBT in the high side configura-
tion which cperates up to 500 or 600 volts,

Typical Connection

Packages

!n'

il
!
14 Lead POIP
IR2110/RZ112

/
ﬁ\,ﬂ’l'l
il

16 Lead PDIP
wioleads 4 & 5
IR2110-2/R2113-2

» l}
i L' 12 Lead POIP
vioblead 4

H2110-1/1R2313- 1

7
L

16 Lead SOIC
IR21108/IR21138

up tn 500Y or 600

=
N =
Ve @ R Y !
HIN T —.——— .
LIN &—————— A \
Vss% : :;
Vo el




ANALOG
DEVICES

10 MHz, 4-Quadrant
Multiplier/Divider

AD734

FEATURES
High Accuracy

0.1% Typical Error
High Speed

10 MHz Full-Power Bandwidth

450 V/us Slew Rate

200 ns Settling t0 0.1% at Full Power
Low Distortion

-80 dBc fram Any Input

Third-Order IMD Typically -75 dBc at 10 MHz
{ow Noise

94 dB SNR, 10 Hz to 20 kHz

70 dB SNR, 10 Hz to 10 MH:z
Direct Division Mode

2MHz BW at Gain of 100

APPLICATIONS

High Performance Replacement for AD534

Multiply, Bivide, Square, Square Root

Modulator, Demodulatar

Wideband Gain Control, RMS-DC Conversion
Voltage-Caontrolled Amplifiers, Oscillators, and Filters
Demodulator with 40 MHz Input Bandwidth

PRODUCT DESCRIPTION

The AD734 is an accurate high speed, four-quadrant analog
multiplier that is pin-compatible with the mdustry-standardé
AD534 and provides the transfer function W = XY/U. The
AD734 provides a low-impedance voltage output with a full-
power (20 V pk-pk) bandwidth of 10 MHz. Toral static error
(scaling, offsets, and nonlinearmies combimed) 1s 0.1% of full

scale. Distortion 1s typically less than -80 dBc and guaranteed.
The low capacitance X, Y and Z inputs are fully differentia’. In

most applications, no externzl components are reguired to
define the function.

The internal scaling {denominator; voltage U is 10V, derived
from a buried-Zener voltage reference. A new fearure provides
the opticn of substtuiing an externa: denominator voliage,

allowing the use of the AD734 25 a two-quadrant divider with a
1000:1 denominator range and a signa’ bandwidth that remains

10 MHz 1o a2 gain of 20 dB, 2 MHz at a gam of 40 dB 2nd
200 kHz at 2 gain of 60 &B, for 3 gain-bendéwidth product of
200 MHz.

The advanced periormance of the AD734 1s achizved by =
combination of new circuit technigues, the use of a high speed
complemeniary bipolar process and a novel approach to laser-
trimming based on ac s:ignals rather than the customary de¢
methods The wide bandwidth {>40 MHz, of the AD734%
input stages and the 200 MHz gamn-bandwidth prod.or of the

muluplier core ailow the ADT34 1o be veed as a low dntortion

REV.C

Informat.on furmished by Analog Devices 1s believed to D2 3ZCurate an1
reliabie However, no responsioility 55 assumed by Anaiog Davices for ity
use, nor for any infringements of patents or atner nghts af I rd parl 25
which may resuil from its use No hicense s granted Oy impicaton or

otherwise under any patent or patent righis of Analog Devices

CONNECTION DIAGRAM

14-Lead DD
(Q Package and N Package)
R -
xt1 [4
XINPUT. [
x[f]

VUOE ADTI4 EWO_UTPUT

(4] VP POSITIVE SUPPLY
[17] DD CENOWINATOR DISAELE

DETS?;::IE? st ] resview zt
(Mal to Scalr} LINPUT
_vz[35] o] 72 1
F o1 [s] [3] ca meFERENCE vOLTAGE

¥ INPUT
va 7] (8] vu NEGATIVE SUPPLY

demodulator with input freguencies as high as 40 M Hyz as lone
as the desired outpuat frequency 15 jessthan 10 MHy

The AD734AQ and AD734BQ arc speaified for the industnia;
temperature range of -40°C 10 #83 Cand camein a | ¥-lead
ceramic DIP. The AD7345Q 383B, availzble processed tu
MIL-STD-883B for the muntary range of 5570 10 1250, 1n
available in a 1d-lead ceramuc P

PRODUCT HIGHLIGHTS

The AD734 embodies mere than twe decades ef expenience 1n

the design and manufsciure of analog mulupiters, o provide:

1. A new output emphfier design with mere than twenty times
the siew-rate of the ADS34 73450 Vs versus 20 Vips, for 2
ful, power 120V pk-px bandwicth of 10 MHg

[£5]

. Very low distornion, even at full power. through the use of
circuit and trmming techmigues that virtually eliminate al) of
the spurious nonineanues found in earier designs.

3. Directcentrol of the denommatoer. resulung in highe:
muiipheraceu Loy and a gain-bandadth product at smal;
denemrater valves ther s tvprcally 200 times greater than

thz: ofthe AL 334 1o dntier modes

ponse. athieved through the use of 3

19
-
~
-4
I3
a3
£
1
I
[\
S
D
e}
—
lal
~
1
1

~iwide-band eaiput amphiier,
writen remains 0w even a1 high

ol Inpul E
which 2'so ~nsus
frecuzniies
Supernior nowse performance by careful chorze of davice
canzitions. which provide a
moringen g 20 kHy bandwidih

(]

geomeatiigs anl @

guarznleed 5% 3B of dana

One Technology Way, P O Box 9106, Narwood. MA 02062-9106, U.S A
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VCA610

WIDEBAND
VOLTAGE CONTROLLED AMPLIFIER

FEATURES

@ WIDE GAIN CONTROL RANGE: 80dB
® SMALL PACKAGE: 8-pin SOIC or DIP
@ WIDE BANDWIDTH: 30MHz

® LOW VOLTAGE NOISE: 2.2nV/VHz

® FAST GAIN SLEW RATE: 300dB/us

® EASY TO USE

DESCRIPTION

The VCA610 is a wideband, continuously variable,
voltage controlled gain amplifier. It provides lincar-
dB gain control with high impedance inputs. It 15
designed to be vsed as a flexible gain controf clement
in & variety of electronic systems.

The VCAG10 has a gain control range of 80dB (—40dB
to +40dB) providing both gain and attenuation for
maximum flexibility in a small §-lead SO-8 or plastic
dual-in-line package. The broad attenuation range can
be used for gradual or controlied channel turn-on and
turn-off for applications in which abrupt gain changes
can create artifacts or other errors. In addition. the
output can be disabled to providz -80dB of attenua-
tion. Group delay variation with gain 1s typically less
than #2ns across a bandwidih of 1 to 13MHz

The VCA610 has a noise figure of 3.5dB (with an R
of 200Q) including the effects of hoth current and
voltage noise. Instantaneous output dynpamic range is
70dB for gains of 0dB 1o -403dB with IMHz nosse
bandwidth. The output is capable of drniving 160C}
The high spead, 300dB ps. gan control signal 15 4
unipolar (0 to -2V voltage that varies the wain hin-
carly in dB3 V',

APPLICATIONS

® OPTICAL DISTANCE MEASUREMENT
® AGC AMPLIFIER

® ULTRASOUND

® SONAR

® ACTIVE FILTERS

® LOG AMPLIFIER

® IF CIRCUITS

® CCD CAMERAS

The VOAGIO s designed with a very fast overload
recovery tune of only 200ns This allows a larpe
signal transient to overdoad the output at haeh j:'ll;tl,
without obscurning low-level signals following closely
behind  The excelient overload recovery fime anl!
distortion specifications optunize this device for fow -
level doppler measureinents

+5v -5/
! T
61 7' 21 —
: g
—in -
£
s - T+
!
3 .
A 2 !
Gan
Contre
VCABt0

Internabonal Awport Industnal Pars - Mukng Address PO Box 13400 Tucson AZ 85734 - Street Address €305 TucsonBivd, Tucson, AZ 857us - Tei (520) 748-1111 « Twx 910-952-1111
Intermnet hitp iwww burz-brown coms « FAXLine {800} S43-6133 (iS:Canada Onryt « Catle BERCORP « Teiex 066-6431 « FAX (520} 883-1510 * imr.echate Praduct info (800; S48-6132

45192 B Brown Corpazation

PUN 1140

Ponted i 0% 4 fanuany [vus
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SEMICONDUCTOR T

CD4046BC
Micropower Phase-Locked Loop

General Description TFhe INHIBIT nput, when high  disables the VCO and
. source follower to minimize standby power consumphan

The CD4046BC micropower phase-locked loop (PLL) con- The zener diode 15 provided for power supply regulation, f

sists of a low power, linear, voltage-controlled oscillator necessary

(VCQ), a source follower, a zener diode, and two phase

comparators. The two phase comparatofs have a common

signal input and a comman comparator input. The signal Features

input can be directly coupled for a large voitage signal, or B Wde supply voltage range: 3 0V o 18V

capacilively coupled !o the self-biasing amplifier at the sig- W Low dynamic power consumption: 70 uW (typ ) atf, -

nal input for a small voilage signal. “0 kHz. Vgg = 5V

Phase comparator 1, an exclusive OR gate, provides a digi- .

tal error signai (phase comp | Out} and mamnlans 90° ® VCO frequency  1.3MHz {yp ) at Vg, = 10V

phase shifts at the VCO center frequency Between signal N Low lrequency dnft 0 06%/°C at Vg - 10V with tem.

input and comparator input (both at 50% duly cycle), it may perature

lock onta the sigral input frequencies thal are close to har- @ High VCO lineanty 1% (1yp )

monics of the VCO center frequency.

Phase comparator 1l is an edge-controlied digital memory App"caﬁons

network. It provides a digital error signal (phase comp. 1l

Out) and lock-in signal {phase pulses) to indicate a locked

condrion and maintans a 0 phase shift between signal » Frequenzy synthesis and multiphication

nput and comparater nput + Frequensy discrrmination

The linear voltage-controlied cscilator (VCO} produces an Data synchranization and condiioning

output signal (VCO Qut) whose frequency 1s determined by - Voltage-to frequency conversion

the voltage at the VCOy, input, and the capacitor and resis

tors connected to pm C1,, C1g. R1and R?2

= FM demodulator and modulator

= Tone decoding

- FSK modulation
The source failower output of the VCO,,; (demodulator Out)

« Klatar speed contro!
15 used with an external resistor of 10 kil or more pe

Ordering Code:

Order Number | Package Number Package Description
CC4046BCHM MICA 16-Lead Small Cuthne integrated Cireunt {SOIC), JEDEC M3-012, 0 155" Narrow Eady
CD4046BCN NiBE 16-Lead Fiasic Dual In-Line Packaqge (POIP). JEDEC M3-001, 0 3007 Ve

Devices als0 avadatia r Tag2 ard Reer Sl  bpatperadrgite su e beter "a7 0 e nidane] ool

Connection Diagram

Pin Assignments for SOIC and DIP

H
U '
1 tu M
FHalE UL e —] — ey
? 15 .
PeAsSE[G47 : OLT - — stnea :
! . i
LONAZALTOR 1y —d — fiimiy 14 i
[ ‘3
WL CLT —4 b—— PRLf CCMP I QU l
4 I
gl [ —y — R |
3 - |
ey S
, . !
o1y~ = sewiiuiacac.t |
L : )
- t— v21m
'
Top View :
i

By Fanchild Semieonductor Coperdieon [rsemid e ot Ao L tuldssn conn

doo payooT-aseyd Jamodoldy 2g9voran
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TTL-Compatible, CMOS Analog Switches

The DG300A through DG303A family of monolithic CMOS
switches are truly compatible second source of the originai
manufacturer. The switches are latch-proof and are
designed to block signals up to 30Vp_p when OFF. Featuring
low leakage and low power consumption, these switches are
ideatly suited for precision application in instrumentation,
communication, data acguisition and battery powered
applications. Other key features include Break-Before-Make
switching, TTL and CMOS compatibiity, and low ON
resistance. Single supply operation (for positive switch
voftages) 1s possible by connecting V-to OV.

DG300A, DG301A, DG303A

Features

+ Low Power Consumption

» Break-Before-Make Switching

File Number 3119.2

- loN - ....150ns
- tofFF 130ns
« TTL, CMQS Compatible
« Lowrpgiony (Max).. . .. o 5002
= Singte Supply Operation
+ True Second Source
Ordering Information
[ " TEmP. o PKG. |
PART NUMBER | RANGE (°C}| PACKAGE NO. !
DG300AEK | 251085 14LaCERDIP  F1a3 |
DGIVIAC | 01070 |14 LoPDIP éﬁ?j
DG303AAK 5510 125 _?1:1 La CERDIP Fla3 |
!DG3DSABK -2510 85 “im Ld CETD\P F14 3 o
[DG303A% 070 téiePo  E1as
lDGa3acy Um0 teiesnc M

Functional Diagrams and Pinouts (swches snown for alog e ™17 mpy

DG300A DG300A TRUTH TABLE
{SPST) ‘
LOGIC ! SWITCH
0 QFF

Sto o o4 o Dy

DG300A {CERDIP}

TOP Iz

p

ne ]

-

1
| 1 on Dy E E D,
! - I LR A £y
IN1o__4D—D_J Logic 0" < 0BY Lojc™l 240V NCE ENC
51 E E S2
N _l )_l >_
2 0 . o [ =
1
S2 oo o Dy Ny [6] [5] w2
Gno 7] v
DGI01A DG301A (PDIP
(SPOT) DG301A TRUTH TABLE e V(Ew }
LOGIC  SWITCHT  SWITCH 2 e
0 OFF | o we ] a} v
S5 o T
' e b , 1 oH OFF 2 @ i) o,
! bogc 0°<08Y Lago™l =220V ne (3] 2] ne
1
S20 ﬂ]@ © Oy s¢ [] [57) s,
I NC S e N
1 L—_ :I c
§
oA D> g
Gnp 7] &) v-
4-1 CAUTION Trese g2vies ale Senul @ 10 @naInsialc € siharge hica Jraper IG Hangung Procecurss

na e tersl com ar 397727 921} L Copyhght
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