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Synopsis

“Design, Simulation & Implementation of
Embedded Controller For Induction Melting
machine employing optimal Resonant converter”

Guide: Research Scholar:
Prof. Satish K Shah Mr. Hiren M. Shah

All Induction Melting applied systems are developed using electromagnetic induction which
was first discovered by Michael Faraday. Electromagnetic induction refers to the phenomenon by
which electric current is generated in a closed circuit by the fluctuation of current in another circuit
placed next to it. The basic principle of induction heating, which is an applied form of Faraday’s
discovery, is the fact that AC current flowing through a circuit affects the magnetic movement of a
secondary circuit located near it. Heat loss, occurring in the process of electromagnetic induction,
could be turned into productive heat energy in an electric heating system by applying this law. Many
industries have benefited from this new breakthrough by implementing induction heating for

furnacing, quenching and welding.

In these applications, induction heating has made it easier to set the heating parameters without the
need of an additional external power source. This substantially reduces heat loss while maintaining a
more convenient working environment. Absence of any physical contact to heating devices precludes
unpleasant electrical accidents. High energy density is achieved by generating sufficient heat energy

within a relatively short period of time.

The demand for better quality, safe and less energy consuming products is rising. Such systems are
described in the literature but no commercial design is available. Theoretical aspects are well

understood but the practical utility and cost analysis are to be investigated.

The different types of electric heating/melting are Resistance heating, Conduction heating, Infrared
Radiation heating, Induction heating, Dielectric Hysteresis heating, Electric Arc heating, Plasma

heating, Electron Beam heating & Laser heating.
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Resistance heating is the most common type of electric process heating. It uses the relationship

between the voltage and current of resistance in Joule’s Law.

Conduction heating exploits the heat energy generated when an object is placed between two electric
poles, which is another application of Joule’s Law. In this case, however, a different relationship
exists between voltage and current, especially when the circuit current is high, because the object
itself contains both resistance and inductance features.

Induction heating refers to the generation of heat energy by the current and eddy current created on
the surface of a conductive object (according to Faraday’s Law and the skin effect) when it is placed

in the magnetic field, formed around a coil, where the AC current flows through (Ampere’s Law).

Generally, semiconductor switching devices operate in Hard Switch Mode in various types of PWM
DCDC converters and DC-AC inverter topology employed in a power system. In this mode, a specific
current is turned on or off at a specific level of voltage whenever switching occurs. This process
results in switching loss. The higher is the frequency the more are the switching loss, which obstructs
efforts to raise the frequency. Switching also causes an EMI problem, because a large amount of di/dt

and dv/dt is generated in the process.

By raising the switching frequency, you can reduce the size of a transformer and filter, which helps
build a smaller and lighter converter with high power density. But as presented earlier, switching loss
undermines the efficiency of the entire power system in converting energy, as more losses are
generated at a higher frequency. Higher energy conversion efficiency at high frequency switching can
be obtained by manipulating the voltage or current at the moment of switching to become zero. This is
called “Soft Switching”, which can be subcategorized into two methods: Zero-voltage switching and
Zero-current switching. Zero-voltage switching refers to eliminating the turn-on switching loss by
having the voltage of the switching circuit set to zero right before the circuit is turned on. Zero-current
switching [1] is to avoid the turn-off switching loss by allowing no current to flow through the circuit
right before turning it off. The voltage or current administered to the switching circuit can be made
zero by using the resonance created by an L-C resonant circuit. This topology is named a “resonant

converter.”[5]

As a resonant converter provides most of the energy conversion efficiency in a power system by
minimizing switching loss, it is widely used in a variety of industries. And this is also the reason why
the converter is adopted in the Induction Melting Power System Topology, which is the major area of

work for this thesis.
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The resonant converter can be further classified into two major types: a half-bridge series resonant
converter and a quasi-resonant converter. Due to single switch requirements the quasi-resonant

converter is chosen for the work.

Refractory material is required between the charge and the induction heating work coil[2]. This can be
either a rammed monolithic refractory or of a preformed-crucible construction. Conducting crucibles
are essentially reformed high temperature refractory pots made in different shapes and sizes, which
have relatively-low electrical resistivity ranging typically from 10 " 5 Qm to 6 x 10 ~4 Qm at room
temperature. Conducting crucibles made of carbon-bonded silicon carbide have resistivity from 10"5
Qm to 10~4 Qm, whereas the resistivity of clay-bonded graphite crucibles is up to 6 x 10 " 4 Qm at
room temperature. The flexibility of production associated with the melting of nonferrous metals in
portable crucibles or tilting furnaces with preformed crucible linings is well suited to foundries where
relatively small amounts (typically less than 200 kg) of different metals or alloys are required.

Project envisages the development of Embedded Controller to improve the performance of Induction
Melter. ldeas of the practical application of such a Melter for Gold & other metals with all next
generation facilities and cost benefit analysis have to be looked in to detail. The project provides
sufficient insight into these aspects. The technical report discusses technical and economical
competitiveness of the prototype. Commercialization of the technology is positive. For the proposed

work LPC2478 ARM controller was chosen for its following features.

NXP Semiconductors designed the LPC2478 microcontroller, powered by the 16-bit/32-bit
ARMT7TDMI-S core with real-time emulation, to be a highly integrated microcontroller for a wide
range of applications that require advanced communications and high quality graphic displays. The
LPC2478 microcontroller has 512 kB of on-chip high-speed flash memory. This flash memory
includes a special 128-bit wide memory interface and accelerator architecture that enables the CPU to
execute sequential instructions from flash memory at the maximum 72 MHz system clock rate. The
LPC2478, with real-time debug interfaces that include both JTAG and embedded trace, can execute
both 32-bit ARM and 16-bit Thumb instructions.[39,42]

The LPC2478 microcontroller incorporates a TFT controller, a 10/100 Ethernet Media Access
Controller (MAC), a USB full-speed Device/Host/OTG Controller with 4 kB of endpoint RAM, four
UARTSs, two Controller Area Network (CAN) channels, an SPI interface, two Synchronous Serial

Ports (SSP), three 12C interfaces, and an I12S interface. The very high speed execution & all modern
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peripheral support the need of next generation facilities and powerful controlling can be accomplished
using LPC2478 ARM controller.

The use of software development support tools [24] such as MATLAB, SIMULINK and Tool Boxes
[25,26] makes simulation study as well design of graphical user interface simpler.

The work described in the thesis includes:

1. Design and implementation of 3-ph power circuit based on a new-generation of power
semiconductor devices (IGBT’s) & driver cards.

2. Development of MMI & controller board around LPC2478 ARM processor.

3. Designing of Coil, Capacitor, power circuit & developing controller hardware.

4. Proposal and implementation of modification in quasi-resonant power circuit to eliminate
large amount of filter capacitors.

5. Simulation study of the design setup including power circuit & control circuit.

6. Development of Controller software.

7. Developing algorithm for auto-tuning PID using Ziegler-Nichols Frequency Domain method.

8. Software development using Keil Real-View for LPC2478 ARM processor. [27,28]

9. To explore new concept to melt gold/silver.

The thesis is organized in the form of ten chapters as follows:
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Chapter: 1

Chapter: 2

Chapter:3

Chapter: 4

Chapter: 5

Chapter: 6

Chapter: 7

Overview: The chapter provides a preview and the context for the remainder of the
thesis.

Introduces the induction melting application and problem, which presents a brief state-
of-art survey of research work carried out in the area of induction melting. Various
power topologies are presented and the need for resonant converter is explained. The
various resonant topologies have been presented for switching devices. The latest
development on melting application and problem has been reviewed and lays down the

motivation behind the research work carried out.

A quasi-resonant converter has been proposed, to reduce total switching loss. The
design and implementations of a quasi-resonant converter for melting at a high

temperature has been carried out.

A modified quasi-resonant converter is proposed to eliminate large amount of filter
capacitors. Simulation study of control strategy using MATLAB/SIMULINK.
Discusses Design, Analysis and Simulation of power circuit for the proposed topology.
The chapter includes the implementation of Power circuit.

Describes the development of the control circuit for quasi-resonant converter. It also
contains the development and design of main generator card with new generation

SCALE-2 IGBT-driver circuits.

It discusses the software implementation for micro-controller board & ARM-7 board.

As well as development and design of MMI with TFT, touch screen and all modern
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facilities are presented.

Chapter: 8 It deals with the experimental verification of proposed induction Melter. The auto-

tuning algorithm, the temperature accuracy and efficiency is verified.

Chapter: 9 Final conclusions and future extension of the work and future scope in this field are
elaborated in this chapter.
Chapter:10 Thesis ends with Bibliography which includes the list of references used in each

chapter and list of publications and presentations done based on this work.
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ABSTRACT

In recent days the gold price is on a big hike which has lead to increase in recycling process. The
melting is the first stage of recycling. Thus a requirement is generated for development of optimized

Embedded controller for Induction Melting machine.

Electromagnetic induction refers to the phenomenon by which electric current is generated in a closed
circuit by the fluctuation of current in another circuit placed next to it. In the melting applications,
induction heating has made it easier to set the heating parameters without the need of an additional
external power source. This substantially reduces heat loss while maintaining a more convenient
working environment. Absence of any physical contact to heating devices precludes unpleasant
electrical accidents. High energy density is achieved by generating sufficient heat energy within a

relatively short period of time.

The demand for better quality, safe and less energy consuming products is rising. Such systems are
described in the literature but no commercial design is available. Theoretical aspects are well

understood but the practical utility and cost analysis are to be investigated.

As a resonant converter provides most of the energy conversion efficiency in a power system by
minimizing switching loss it is widely used in a variety of industries. And this is also the reason why
the converter is adopted in the Induction Melting Power System Topology, which is the major area of

work for this thesis.

The main objective of the research work is to propose and implement the modified quasi-resonant
converter. Project envisages the development of Embedded Controller to improve the performance of
Induction Melter. Proposed strategies employing soft computing are simulated using development
support tools such as: MATLAB/SIMULINK. Ideas of the practical application of such a Melter for
Gold & other metals with all next generation facilities and cost benefit analysis are looked into detail.
The project provides sufficient insight into these aspects. The technical report discusses technical and

economical competitiveness of the prototype. Commercialization of the technology is positive.

A prototype model is developed to evaluate the scheme and to generate experimental results.



Table of contents

List of Figures v
List of Tables VI
Introduction 1-5
1.1 General 1

1.2 State of The Art 2

1.3 Motivation 4

1.4 Thesis Organization 5

. Principle Of Induction Melting & Survey of Power

Topologies & Different Tuning Methods for PID 6-23
2.1 Introduction 6
2.2 Types of Electric Process Heating 7
2.3 Principle of Induction Melting 8
2.4 Electromagnetic Induction 9
2.5 Skin Effect 9
2.6 PWM Techniques 10
2.7 Resonant Topologies 12
2.7.1  Series or Parallel Loading 13
2.7.2  Fixed or Variable Frequency 13
2.7.3 Discontinuous Resonance 14
2.7.4  Zero Current Switch 14
2.7.5 Zero Voltage Switch 15
2.8 Survey of different tuning methods for PID 16
2.9 Summary 23

. Design & Implementation of A Quasi-Resonant Converter 24-37

3.1 Introduction 24
3.2 Resonant Converter 25
3.3 Power System of Induction Melter 27
3.4 Half-bridge Series Resonant Converter 28
3.4.1 Main Power Circuit 29
3.4.2  Operation Theory 30
3.5 Quasi-resonant Converter 32
3.5.1 Main power circuit 32

3.5.2  Operating Concept 32



3.6 Simulation of Quasi-resonant Converter 34

3.7 Summary 37
. Proposal & Implementation of Modified Quasi-Resonant

Converter 38-45
4.1 Introduction 38
4.2 Modified Quasi Resonant Converter 38
4.2.1  Main Power Circuit 39
4.2.2 Operation Theory 39
4.3 Simulation of Modified Quasi-resonant Converter 40
4.4 Summary 45

. Design And Implementation of Power Circuit 46-56
5.1 Introduction 46
5.2 Steps of Design of Tank Circuit 46
5.3 Summary 56

. Development And Design of The Control Circuit for Quasi-

Resonant Converter 57-74
6.1 Introduction 57
6.2 Control 57
6.3 Current Sensing Technology Overview 58
6.4 Micro-controller Board (AT89C51ED2) 61
6.5 Embedded controller (ARM-7) Board (LPC2478) 66
6.6 Coreless IGBT Gate Driver 67
6.7 New Generation Scale-2 IGBT-Driver Circuits 68
6.8 Summary 74

. Software Implementation 75-98
7.1 Introduction 75
7.2 Low-level software for Micro-controller Board 75
7.2.1 Main program 75
7.2.2 Timer-0 Interrupt at 1ms 78
7.2.3 Timer-1 Interrupt for maximum on-cycle time 80
7.2.4 Timer-2 Interrupt at 40ms 81

7.2.5 Interrupt on external falling edge (generated by Load Tuning
Circuit of Figure 6-7) 86
7.2.6 Serial port Interrupt 86



7.3 High-level software for Embedded controller (ARM-7) Board
7.3.1  Graphical User Interface
7.3.2  Main program (MAIN.C)
7.3.3 Interrupt Routines (IRQ1.C)
7.3.4  Serial Port Routines (UART.C)
7.4 Summary

8. Experimental Verification

8.1 Introduction

8.2 Experimental System

8.3 Protection Considerations
8.4 Experimental Results

8.5 Summary
9. Conclusion & Future Scope
9.1 General
9.2 Summary of Important Findings
9.3 Scope for Further Research
10.Bibliography
Appendix A: Using Development Tools
A.1 Programming AT89C51ED2
A.2 Keil Real View Project Creation
A.3 Eagle Schematic Design
A.3 Datasheet of IGBT

Appendix B: Photo Gallery

90
90
93
95
98
98
99-107
99
99
103
103
107

108-111
108
108
111

112-119

120-127
120
121
123
124

128-137



List of Figures

Figure Name of Figure

No.

2-la  Equivalent circuit of a transformer

2-1b  Secondary short

2-1c  Basics of Induction Melting

2-2 Waveform of a Switching Device

2-3 Basic Resonant Converter

2-4 Zero-current switch - topology and waveforms

2-5 Zero-voltage switch - topology and waveforms

2-6 A SIMULINK setup for Example 1

2-7 Oscillation captured from scope

2-8 Step response from PID values given by ZNFD method
2-9 How a point on Nyquist curve is moved with PID control
3-1 Operating Principle

3-2a  Series Resonant

3-2b  Parallel Resonant

3-3 Frequency Curve

3-4 Power System Using Half-bridge Series Resonant Converter
3-5 Main Power Circuit

3-6 Equivalent Circuit

3-7 Equivalent of Main Power Circuit

3-8 Waveforms of Main Power Circuit

3-9 Power Circuit of Quasi-resonant Converter

3-10  Equivalent Circuit

3-11  Waveforms of Main Power Circuit

3-12  Simulation of Quasi-resonant converter

3-13  Simulation Result of Inductor Current

4-1 Power Circuit of Modified Quasi-resonant Converter

Page
No.

11
13
15
15
21
21
22
23
24
25
25
27
28
29
29
30
31
32
33
33
35
36
38



4-2

4-4
4-5
4-6
4-7
5-1
5-2
5-3

5-5
5-6

5-8
5-9
5-11
6-1
6-2
6-3
6-4

6-6
6-7

6-9
6-10
6-11
6-12a
6-12b
6-13
6-14

Equivalent Circuit

Waveforms of Main Power Circuit
Simulink Block of Quasi-resonant converter
Simulation Result of Inductor Current
Simulation Result of IGBT Current
Simulation Result of voltage across IGBT
Tank Capacitor Bank

Modified Tank Capacitor Bank

Tank Inductor

L-C Tank Circuit

Three phase transformer

Three Phase Bridge Rectifier

Filter Choke

Set of Output Characteristics for two IGBT’s with different Saturation Voltages

The TC of the Set of Output Characteristic Curves

RCD Snubber

Control Scheme

Variable Load

Representation of the Hall effect and its electrical parameters
Basic Topology of Open Loop Hall Effect Current Sensor
Basic Topology of Close Loop Hall Effect Current Sensor
Hall Effect Current Sensor Panel Mounting Type HT300M
Load Tuning and Over Current Protection Circuit
Waveform of Load Tuning Circuit

Micro-controller Circuit

Measurement of DC-Link Voltage & Current
Measurement of Crucible Temperature

ARM-7 control board (top part)

ARM-7 control board (bottom part)

Block diagram of the coreless gate drive system

Basic Schematic of the gate drive board with 2SC0435T driver

39
39
41
42
43
44
47
48
49
50
51
52
52

55
56
57
58
59
59
60
61
62
63
64
65
65
66
67
67
68



6-15  Turn-on characteristic of an IGBT 69

6-16  Typical characteristic at IGBT turn-off 69
6-17  Principle of an IGBT driver with Active Clamping 70
6-18  Principle of an IGBT driver with Advanced Active Clamping 71
6-19  Principle of a central driver 71
6-20  Principle of driving parallel connected IGBTs with individual drivers 71
6-21  Electrical characteristics of 25SC0435T 72
6-22  Final Schematic of the gate drive board with 2SC0435T driver 73
7-1 Monitor Page of GUI 90
7.2 Setup Page of GUI 91
7-3 Snapshot of Melter Project in Keil Real View 92
7-4 Closed Loop System with PID controller 95
7.5 PID controller schematic 95
8-1 Micro-controller (AT89C51ED2) Board 99
8-2 Gate firing section of Micro-controller Board 100
8-3 IGBT driver board placed near IGBT assy. 100
8-4 Comparator section of Micro-controller Board 101
8-5 CS5460(ADC) section of Micro-controller Board 101
8-6 ARM-7 controller Board 102
8-7 Gate drive board with 2SC0435T driver 102
8-8 Copper work pieces kept into crucible 103
8-9 Gate Pulse v/s Tank current 104
8-10  Gate Pulse v/s DC-Link current 105
8-11  Gate Pulse v/s DC-Link voltage 105
8-12  DC-Link Current 106
8-13  Power Factor Reading 0.999 106
8-14  Melted work pieces 107
A-1  Crystal Programmer 120
A-2  Programming window 121
A-3 New Project wizard 121

A-4  Configuration wizard 122



A-5

A-7
B-1
B-2
B-3
B-4
B-5
B-6
B-7
B-8
B-9
B-10
B-11
B-12
B-13
B-14
B-15
B-16
B-17
B-18
B-19

Project Creation with Different groups

Schematic Design in Eagle 5.4

Datasheet of FZ600R12KE4 IGBT

LPC2478 OEM Board

Thermocouple Mounting

Meters & DSO

LCD display of Mirco-controller Board (POWER-OFF)

LCD display of Mirco-controller Board (POWER-ON)

Title Screen of Embedded Controller

Monitor Screen of Embedded Controller

Screen of Embedded Controller showing START of Melter Power
Screen of Embedded Controller for going into Parameter Menu
Parameter Screen of Embedded Controller

Snapshot of D.S.0. showing Tank Current

Whole setup for metering

Prototype Model of Induction Melter

Testing of Induction Melter in Progress-1

Testing of Induction Melter in Progress-2

Work Pieces of Copper

Work Pieces in Crucible

Insertion of long copper piece to show effect of load inductance changes

Melted work pieces

122
123
124
128
129
129
130
130
131
131
132
132
133
133
134
134
135
135
136
136
137
137

Vil



Table
No.

2.1
2.2
2.3
7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10
7.11
7.12
8.1

List of Tables

Name of Table

Effect of PID parameter on closed loop system
Parameters for ZN (OL)

Parameters for ZN (CL)

Main program listing (Micro-controller board)
Timer-0 Interrupt service subroutine listing
Timer-1 Interrupt service subroutine listing
Timer-2 Interrupt service subroutine listing
External Interrupt service subroutine listing
Serial Port Interrupt service subroutine listing
MAIN.C Part-1 listing

MAIN.C Part-2 listing

MAIN.C Part-3 listing

C code for PID algorithm

C code for computing a & Tu for Autotuning.
UART.C subroutines listing

Experimental Verification Summaries

Page
No.

17
18
20
78
80
81
86
86
89
93
94
94
96
97
98
104

VI



Chapter 1
INTRODUCTION

1.1 General

All Induction Melting applied systems are developed using electromagnetic induction which was first
discovered by Michael Faraday. Electromagnetic induction refers to the phenomenon by which
electric current is generated in a closed circuit by the fluctuation of current in another circuit placed
next to it. The basic principle of induction heating, which is an applied form of Faraday’s discovery, is
the fact that AC current flowing through a circuit affects the magnetic movement of a secondary
circuit located near it. Heat loss, occurring in the process of electromagnetic induction, could be
turned into productive heat energy in an electric heating system by applying this law. Many industries
have benefited from this new breakthrough by implementing induction heating for furnacing,
guenching and welding.

In these applications, induction heating has made it easier to set the heating parameters without the
need of an additional external power source. This substantially reduces heat loss while maintaining a
more convenient working environment. Absence of any physical contact to heating devices precludes
unpleasant electrical accidents. High energy density is achieved by generating sufficient heat energy

within a relatively short period of time.

The demand for better quality, safe and less energy consuming products is rising. Such systems are
described in the literature but no commercial design is available. Theoretical aspects are well

understood but the practical utility and cost analysis are to be investigated.

The different types of electric heating/melting are Resistance heating, Conduction heating, Infrared
Radiation heating, Induction heating, Dielectric Hysteresis heating, Electric Arc heating, Plasma
heating, Electron Beam heating & Laser heating.

Resistance heating is the most common type of electric process heating. It uses the relationship

between the voltage and current of resistance in Joule’s Law.

Conduction heating exploits the heat energy generated when an object is placed between two electric
poles, which is another application of Joule’s Law. In this case, however, a different relationship
exists between voltage and current, especially when the circuit current is high, because the object

itself contains both resistance and inductance features.
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Induction heating refers to the generation of heat energy by the current and eddy current created on
the surface of a conductive object (according to Faraday’s Law and the skin effect) when it is placed

in the magnetic field, formed around a coil, where the AC current flows through (Ampere’s Law).

Generally, semiconductor switching devices operate in Hard Switch Mode in various types of PWM
DCDC converters and DC-AC inverter topology employed in a power system. In this mode, a specific
current is turned on or off at a specific level of voltage whenever switching occurs. This process
results in switching loss. The higher the frequency the more the switching loss, which obstructs efforts
to raise the frequency. Switching also causes an EMI problem, because a large amount of di/dt and
dv/dt is generated in the process.

By raising the switching frequency, the size of a transformer and filter can be reduced, which helps
build a smaller and lighter converter with high power density. But as presented earlier, switching loss
undermines the efficiency of the entire power system in converting energy, as more losses are
generated at a higher frequency. Higher energy conversion efficiency at high frequency switching can
be obtained by manipulating the voltage or current at the moment of switching to become zero. which
can be subcategorized into two methods: Zero-voltage switching and Zero-current switching. Zero-
voltage switching refers to eliminating the turn-on switching loss by having the voltage of the
switching circuit set to zero right before the circuit is turned on. Zero-current switching is to avoid the
turn-off switching loss by allowing no current to flow through the circuit right before turning it off
which was presented by K.H.Liu and F.C.Lee at IEEE INTELEC Conference & IEEE Power

Electronics Specialists Conference [1],[2].

1.2 State of The Art

This section provides a comprehensive review of the literature pertaining to the different resonant
topologies for induction heating, melting applications. Emphasis is given to both historical papers of

classical importance, as well as to the current state of the art.

The voltage or current administered to the switching circuit can be made zero by using the resonance
created by an L-C resonant circuit. As a resonant converter provides most of the energy conversion
efficiency in a power system by minimizing switching loss, it is widely used in a variety of industries.
And this is also the reason why the converter is adopted in the Induction Melting Power System

Topology.
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The resonant converter can be further classified into two major types: a half-bridge series resonant
converter and a quasi-resonant converter. K.H.Liu, R.Oruganti and F.C.Lee proposed Resonant

topologies & characteristic in IEEE Power Electronics Specialists Conference [3].

H.Ogiwara , A.Okuno and M.Nakaoka presented the paper which was mainly concerned with a
resonant capacitor voltage-clamped type half-bridge topology of new instantaneous resonant current
vector-regulated high-frequency inverter with phase-shifting control, which efficiently operates at
zero-current soft-switched quasi-resonant and load resonant tank circuit sub-resonant hybrid soft-
switching schemes. Its analytical results and performance evaluations were described through
computer-aided simulating methods [4].

The efficient single ended type high-frequency induction-heating quasi resonant inverter circuit using
a single advanced 2™ generation IGBT for soft-switching and its specially designed driver IC, which
operates at a zero-voltage soft switching(ZVS)mode under PFM-based power regulation strategy was
presented by lzuo Hirota, Hideki Omori, Kundu Arun Chandra and Mutsuo Nakaoka. The generic
voltage-fed and current-fed circuit versions of single-ended resonant inverters for home power
electronics appliances were systematically proposed and classified on the basis of the soft-switched
PFM mode inverter family. These new technologies are especially developed for quasi-resonant ZVS
high frequency inverter with working coil-linked induction - heating loads. This high-efficient high -
frequency quasi-resonant inverter system with high-power factor correction and sine wave line current
shaping functions is practically demonstrated including a high-frequency IGBT with reduced
saturation voltage characteristics, and discussed on the basis of high-power density home-power

electronic appliances in the next generation[5].

A New IGBT half-bridge inverter topology with active auxiliary resonant circuit (A’RC) was
proposed by Ryoung-Kuk Lee, Jin-Woo Jung, Bum-Seok Suh and Dong-Seck Syun. The A’RC
permits the large lossless turn-off snubber capacitor to be successfully used. Therefore, it makes IGBT
be used efficiently in high power and high frequency induction heating system. The operation

principle and the design procedures of the proposed A’RC are described in detail [6].

Wang, S.; lzaki, K.; Hirota, I.; Yamashita, H.; Omori, H.; Nakaoka, M. presented a new prototype of a
voltage-fed quasi-load resonant inverter with a constant-frequency variable-power (CFVP) regulation
scheme, which is developed for the next-generation high frequency high power induction
heated appliances. This application specific high frequency single ended push pull inverter using new
generation specially designed insulated gate bipolar transistors (IGBTs) can efficiently operate under

a principle of zero-voltage switching pulse width modulation (ZVS-PWM) strategy [7].
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1.2.1 Half-bridge Series Resonant Converter

The merits of a half-bridge series resonant converter are: stable switching, low cost, and a streamlined
design. As the voltage of the circuit is limited to the level of the input voltage, the switching circuit
can have low internal pressure, which helps reduce the cost. The design of the switching control
component, inside a circuit, can be streamlined. There are also some demerits. As the half-bridge
method requires two switching circuits, the overall working process becomes more complicated and
the size of the heat sink and PCB should also be larger. In addition, the gate operating circuits must be

insulated.
1.2.2 Quasi-resonant Converter

One of the merits of a quasi-resonant converter is that it needs only one switching circuit inside. This
enables a relatively smaller design for the heat sink and PCB, making the working process far simpler.
Another strong point is the fact that the system ground can be shared. A quasi-resonant converter is
not free from defects. Most of all, switching is relatively unstable. And high internal pressure of the
switching circuit, caused by the resonant voltage administered to both sides of the circuit, pushes the
cost of the circuit higher. Besides, the design for the controlling component is more complicated. But
as mentioned earlier, technological improvements in high frequency semiconductor switching devices

has lead to innovation in terms of low price, high performance, and reliability.

1.3 Motivation

As a resonant converter provides most of the energy conversion efficiency in a power system by
minimizing switching loss, it is widely used in a variety of industries. And this is also the reason why
the converter is adopted in the Induction Melting Power System Topology, which is the major area of

work for this thesis.

Project envisages the development of Embedded Controller to improve the performance of Induction
Melter. ldeas of the practical application of such a Melter for Gold & other metals with all next
generation facilities and cost benefit analysis have to be looked into detail. The project provides
sufficient insight into these aspects. The technical report discusses technical and economical

competitiveness of the prototype. Commercialization of the technology is positive.

Hence the motivation behind the research work reported in this thesis was
1. To design and implement 3-ph power circuit based on a new-generation of power
semiconductor devices (IGBT’s) & driver cards.
2. Development of MMI & Embedded controller board around LPC2478 ARM processor.

3. Designing of Coil, Capacitor, power circuit & developing controller hardware.
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4. Proposal and implementation of modification in quasi-resonant power circuit to eliminate
large amount of filter capacitors.

Simulation study of the design setup including power circuit & control circuit.

Development of Controller software.

Developing algorithm for auto-tuning PID using Ziegler-Nichols Frequency Domain method.

Software development using Keil Real-View for LPC2478 ARM processor.

© o N o O

To explore new concept to melt gold/silver.

1.4 Thesis Organization

The chapter 1 provides a preview and the context for the remainder of the thesis.

In chapter 2 the introduction is given on the induction melting application and problem, which
presents a brief state-of-art survey of research work carried out in the area of induction melting.
Various power topologies are presented and the need for resonant converter is explained. The various
resonant topologies have been presented for switching devices. The latest development on melting
application and problem has been reviewed and lays down the motivation behind the research work
carried out.

In chapter 3 a quasi-resonant converter has been proposed, to reduce total switching loss. The design
and implementations of a quasi-resonant converter for melting at a high temperature has been carried
out.

In chapter 4 a modified quasi-resonant converter is proposed to eliminate large amount of filter
capacitors. It also includes the simulation study of control strategy using MATLAB/SIMULINK.
Chapter 5 discusses Design, Analysis and Simulation of power circuit for the proposed topology. The
chapter includes the implementation of Power circuit.

Chapter 6 describes the development of the control circuit for quasi-resonant converter. It also
contains the development and design of main generator card with new generation SCALE-2 IGBT-
driver circuits.

Chapter 7 discusses the software implementation for micro-controller board & Embedded controller
(ARM-7) board. As well as development and design of MMI with TFT, touch screen and all modern
facilities are presented. Chapter 8 deals with the experimental verification of proposed induction
Melter. The auto-tuning algorithm, the temperature accuracy and efficiency is verified.

In chapter 9 final conclusions and future extension of the work and future scope in this field are

elaborated.



Chapter 2
PRINCIPLE OF INDUCTION MELTING &

SURVEY OF POWER TOPOLOGIES &
DIFFERENT TUNING METHODS FOR PID

2.1 Introduction

In this chapter the introduction is given on the induction melting application and problem, which
presents a brief state-of-art survey of research work carried out in the area of induction melting.
Various power topologies are presented and the need for resonant converter is explained. The various
resonant topologies have been presented for switching devices. The latest development on melting
application and problem has been reviewed and lays down the motivation behind the research work

carried out.

Electromagnetic induction refers to the phenomenon that electric current is generated in a closed
circuit by the fluctuation of current in another circuit placed next to it. The basic understanding of
induction heating, which is an applied form of Faraday’s discovery, starts from the fact that the AC
current flowing through a circuit affects the magnetic movement of a secondary located near to it. The
fluctuation of current inside the primary was found to be the answer to the mysterious current
generated in the neighboring secondary. The Faraday’s discovery has served as a main starting point
in developing electric motors, generators, transformers, wireless communications devices, etc. Its
applications, however, have not been necessarily flawless. Heat loss that occurs during the induction
heating process was a major headache undermining the overall function of a system. Researchers
sought to minimize heat loss by laminating the magnetic frames placed inside a motor or transformer.
The Faraday’s Law was followed by a series of more advanced discoveries such as the Lentz’s Law
which explains the fact that inductive current flows in inverse to the direction of changes in induction
magnetic movement.

Heat loss occurring in the process of electromagnetic induction could be turned into productive heat
energy in an electric heating system by applying this law. Many different industries have benefited
from this new breakthrough by implementing induction heating to furnacing, quenching, welding, etc.
In these applications, induction heating has made it easier to set the heating parameters with no need
of additional external power source. This substantially reduces heat loss while maintaining more

convenient working environment. Absence of any physical contact to heating devices precludes
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unpleasant electrical accidents, and high energy density is achieved by generating sufficient heat
energy within a relatively short period of time.

As the demand for a better-quality and less energy-consuming product is getting higher, the electronic
appliances have more advanced in terms of quality, safety, and energy consumption. Safety in use and

efficient and fast heating/melting make them more attractive.

2.2 Types of Electric Process Heating

Before entering the description of induction heating, some types of electric process heating are
provided below.

* Resistance Heating

* Conduction Heating

* Infrared Radiation Heating

* Induction Heating

* Dielectric Hysteresis Heating
* Electric Arc Heating

* Plasma Heating

* Electron Beam Heating

* Laser Heating

Resistance heating is the most common type of electric process heating, which applies the relationship
between the voltage and current of resistance in the Joule’s Law.

Conduction heating exploits the heat energy generated when an object is placed between two electric
poles, which is another application of the Joule’s Law. In this case, however, a different relationship
exists between voltage and current, especially when the circuit current is high, because the object
itself contains both resistance and inductance features.

The main topic of this document is induction heating/melting, which is a combination of
electromagnetic induction, the skin effect, and the principle of heat transfer. In short, induction
heating refers to the generation of heat energy by the current and Eddy current created on the surface
of a conductive object (according to the Faraday’s Law and the skin effect) when it is placed in the
magnetic field formed around a coil where the AC current flows through (Ampere’s Law). Detailed

descriptions of induction heating are presented in the following sections of the document.



Chapter 2 PRINCIPLE OF INDUCTION MELTING & SURVEY ......... TUNING METHODS FOR PID

2.3 Principle of Induction Melting

Induction melting is comprised of three basics: electromagnetic induction, the skin effect, and heat
transfer. The fundamental theory is similar to that of a transformer. In this section, electromagnetic
induction and the skin effect are demonstrated. Figure 2-1 illustrates a very basic system consisting of
inductive melting coils and current to explain electromagnetic induction and the skin effect.

Figure 2-1-a shows the simplest form of a transformer, where the Secondary current is in direct
proportion to the primary current according to the turn ratio. The primary and secondary losses are by
Resistance of Windings and the Link coefficient between the two circuits is 1. Magnetic current
leakage is ignored here.

When the coil of the secondary is turned only once and short-circuited, there would be a substantial
heat loss due to the increased load current (secondary current). This is demonstrated in Figure 2-1-b.
Figure 2-1-c shows a system where the energy supplied from the source is of the same amount as the
combined loss of the Primary and secondary. In the figure, the inductive coil of the primary has many
turns while the secondary is turned only once and short-circuited. The inductive heating coil and the
load are insulated from each other by a small aperture.

As the primary purpose of induction heating is to maximize the heat energy generated in the
secondary, the aperture of the inductive heating coil is designed to be as small as possible and the
secondary is made with a substance featuring low resistance and high Permeability. Nonferrous metals

will undermine energy efficiency because of their properties of high resistance and low Permeability.
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Figure 2-1c Basics of Induction Melting
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2.4 Electromagnetic Induction

As shown in Figure 2-1, when the AC current enters a coil, a magnetic field is formed around the

coil according to the Ampere’s Law.

An object put into the magnetic field causes a change in the velocity of the magnetic movement.

The density of the magnetic field wanes getting closer to the center from the surface. According to the
Faraday’s Law, the current generated on the surface of a conductive object has an inverse relationship
with the current on the inducting circuit as described in Formula 2-1. The current on the surface of the
object generates Eddy Current.

E=NZZ (Equation 2-1)

As a result, the electric energy caused by the induced current and Eddy Current is converted to heat
energy as in Formula 2-2.

P=E2/R=1i2R (Equation 2-2)

Here, resistance is determined by the resistivity (p) and permeability (i) of the conductive object.
Current is determined by the intensity of magnetic field. Heat energy is in inverse relationship with
Skin Depth.

2.5 Skin Effect

To reach the melting temperature of Gold/Silver (around 1064°C) in a short time the frequency of ac
supply must be kept of the order of medium frequency.

The higher the frequency of the current administered to the coil, the more intensive becomes the
induced current flowing around the surface of the load. The density of the induced current diminishes
when flowing closer to the center as shown in Equation 2-3 and 2-4 below. This is called Skin Effect
or Kelvin Effect. From this effect, one can easily infer that the heat energy converted from electric
energy would be concentrated on the skin depth (surface of the object).

iy = i0e™% (Equation 2-3)

Here, iy distance from the skin (surface) of the object, current density at x.
io: current density on skin depth (x=0)
do: a constant determined by the frequency (current penetration depth or skin depth)

— |2 .
do= M—Z (Equation 2-4)
Here, p: resistivity
w: permeability of the object
: Frequency of the current flowing through the object
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2.6 PWM Techniques

It is generally recognized that PWM inverters offer a number of advantages over rival convertor
techniques. These advantages are usually gained at the expense of more complex control & power-ckt
configuration. The cost & complexity of PWM inverter systems will significantly reduce with
continuing developments in LSI technology, fast switching thyristors & power transistors, GTOs &
FETs. Combining the computing power of the up with the fast switching characteristics of the new
power electronic devices provides the possibility of realizing the full potential & versatility of power
electronic control techniques. Because of advances in solid state power devices and microprocessors
[x1], [x1], [x1], [x1], switching power converters are used in more & more modern three phase
induction load to convert and deliver the required energy to the objet. The energy that a switching
power converter delivers to an induction load is controlled by modulation techniques.

The fundamental of the modulation techniques have been well established.[x2], [x2], [x2], [x2], [X2].
Pulse Width Modulated (PWM) signals are applied to the gates of the power devices. PWM signals
are pulse trains with fixed frequency and magnitude and variable pulse width. There is one pulse of
fixed magnitude in every PWM period. However, the width of the pulses changes from pulse to pulse
according to a modulating signal. When a PWM signal is applied to the gate of power devices, it
causes the turn-on and turn-off intervals of the power devices to change from one PWM period to
another PWM period according to the same modulating signal. The frequency of a PWM signal must
be much higher than that of the modulating signal, the fundamental frequency, such that energy

delivered to the load depends mostly on the modulating signal[x3].

The basic PWM techniques are:

1. Single Pulse Width Modulation

2. Multi Pulse Width Modulation

3. Sinusoidal Pulse Width Modulation
But when the technology progresses some advanced modulation techniques are also proposed by the
different researcher like:

1. Trapezoidal Modulation

2. Staircase Modulation
Stepped Modulation
Harmonic Injection Modulation
Delta Modulation
Space vector Modulation
Random PWM

N o g~ w

10
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Generally, semiconductor switching devices operate in Hard Switch Mode in various types of PWM
DCDC converters and DC-AC inverter topology employed in a power system. In this mode, a specific
current is turned on or off at a specific level of voltage whenever switching occurs, as shown in Figure
2-2. This process results in switching loss. The higher the frequency the more the switching loss,
which obstructs efforts to raise the frequency. Switching loss can be calculated in a simple way as
shown in Equation 2-5 below. Switching also causes an EMI problem, because a large amount of di/dt

and dv/dt is generated in the process.
Psw = %szlswfs (ton + toff) (Equation 2-5)

where, Psw: switching loss [W]
Vsw: switching voltage [V]
Isw: switching current [A]
fs: switching frequency [kHz]
ton: switch turn-on time [s]

toff: switch turn-off time [s]

Swieh Tum-on | : . Turn-off | : Turn-on :
control : : . .
VA Vaw
sw © /) A
conduction voltage : / - » x\i
\, leakage |
Y o
. b lon

A A

0

conduction loss Pgy o leakage loss  Pgyyon)

Figure 2-2 Waveform of a Switching Device

By raising the switching frequency, the size of a transformer and filter can be reduced, which helps
build a smaller and lighter converter with high power density. But as presented earlier, switching loss
undermines the efficiency of the entire power system in converting energy, as more losses are

generated at a higher frequency. Higher energy conversion efficiency at high frequency switching can

11
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be obtained by manipulating the voltage or current at the moment of switching to become zero which
can be subcategorized into two methods: Zero-voltage switching and Zero-current switching. Zero-
voltage switching refers to eliminating the turn-on switching loss by having the voltage of the
switching circuit set to zero right before the circuit is turned on. Zero-current switching is to avoid the
turn-off switching loss by allowing no current to flow through the circuit right before turning it off
which was presented by K.H.Liu and F.C.Lee at IEEE INTELEC Conference & IEEE Power
Electronics Specialists Conference [1],[2].

The voltage or current administered to the switching circuit can be made zero by using the resonance

created by an L-C resonant circuit. This topology is named a “resonant converter”.

In Zero-current switching, the existing inductance is absorbed into the resonant circuit, eliminating the
surge in voltage in a turn-off situation. A voltage surge resulting from an electric discharge of junction
capacitance, which occurs upon turning on the switching circuit, cannot be avoided. This method has
a defect of causing switching loss (0.5CV?f). Zero-voltage switching, however, is free from such a
defect by making both the existing inductance and capacitance to be absorbed by the resonant circuit.
This eliminates any chance of causing a surge in current both at turn-off (caused by inductance) or
turn-on (by capacitance) conditions. Zero-voltage switching enables switching with less loss while
substantially reducing the problem of EMI at high frequency. This difference in features makes Zero-
voltage switching more desirable than Zero-current switching.

As a resonant converter provides most of the energy conversion efficiency in a power system by
minimizing switching loss, it is widely used in a variety of industries. And this is also the reason why

the converter is adopted in the Induction Melting Power System Topology.

2.7 Resonant Topologies

First let us define a resonant converter as a power conditioning system which utilizes a resonant L-C
circuit as a part of the power conversion process. All resonant converters operate in essentially the
same way: a square pulse of voltage or current is generated by the power switches and this is applied
to a resonant circuit. Energy circulates in the resonant circuit and some or all of it is then tapped off to
supply the output. While basically simple, this principle can be applied in a wide variety of ways,

creating a bewildering array of possible circuits and operating modes.

12
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Figure 2-3 Basic Resonant Converter

A resonant switch consists of a switching device (a transistor with a steering diode, for example) in
combination with a two-element resonant circuit. This resonant switch may be configured in several
different ways, but they always perform the same function as the conventional switch in a square
wave converter. It is a useful concept as most resonant mode circuit topologies can be visualized as a

conventional PWM circuit with the power switch replaced with a resonant switch.

2.7.1 Series or Parallel Loading:

Since resonant converters operate by putting energy into a resonant circuit and then transferring some
or all of it into the load, there are two ways this may be accomplished. If the load is in series with the
resonant circuit elements, we call it a series loaded converter and the operating characteristics tend
toward a current source with a high impedance output.

Parallel loading is the opposite, with a low impedance voltage source output.

Both modes have application to power systems with high voltage outputs usually using series loaded

current source drive and low voltage supplies using parallel loading.

2.7.2 Fixed or Variable Frequency:

Resonant converters may be configured for either constant or variable frequency operation, but these
choices infer significant differences in their operation. Fixed frequency control systems use
conventional pulse width modulation to change the output in response to a control input. This forces a
fixed-frequency system to have at least one non-zero switching transition and possibly two, thereby
voiding one of the more significant reasons for choosing to use a resonant mode topology. This would
usually preclude its use unless system considerations required a synchronized frequency operation.
Variable frequency operation, however, needs to be subdivided by the third classification: whether the
resonant circuit current is continuous or discontinuous. A circuit operating in the continuous resonant

mode uses the slope of the resonant circuit impedance curve to control the output. The circuit can

13
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operate either above or below resonance but the principle is the same: that the control circuit changes
the frequency to move either toward or away from resonance, and thereby controls the amount of
energy which is transferred into the resonant circuit and therefore to the load.
While many practical systems have used continuous conduction, variable frequency operation, there
are several disadvantages:

1. The non-zero switching adds stress to the transistors.

2. As the frequency approaches resonance, peak currents or voltages can get very high, adding

stress to the resonant components.

3. The control transfer function is very nonlinear following the resonant impedance curve.

The major advantage of the continuous mode of operation is that the frequency varies over a much

smaller range than with the discontinuous mode.

2.7.3 Discontinuous Resonance:

The discontinuous operating mode works by supplying constant packets of energy to the load with the
rate, i.e. frequency, determined by load power demand.

Perhaps the most popular and important class of resonant converters with variable frequency and
discontinuous current is often called Quasi-Resonance. Within the Quasi- Resonant converter
category there are still many variations in circuit operation.

Quasi-resonant circuit waveforms are not sinusoidal, but have two essentially linear portions
interspersed with two sinusoidal portions.

A quasi-resonant converter control loop is usually configured with a pulse generator driving the
resonant circuit at a repetition rate defined by the control circuit. The pulse generator may be set for
constant pulse width defined by the resonant circuit -or set to sense zero crossing of either current or
voltage. With maximum loading and low line voltage, a quasi-resonant converter can approach
continuous resonance as a limit when the individual pulses run together.

Within the variable frequency, discontinuous mode of operation there are two remaining decisions a
designer must make which will have significant effect on the characteristics of his power supply:

Zero current or Zero voltage switching.

2.7.4 ZERO CURRENT SWITCH
A typical Zero Current Switch consists of a switch S, in series with the resonant inductor Lges and the
resonant capacitor Cres connected in parallel. Energy is supplied by a current source. The circuit and

waveforms are shown in figure 2-4.
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VSWITCH ISWITCH

' " Diode fwd voltage

IDIODE

VS\M’CII

Figure 2-4 Zero-current switch - topology and waveforms
When the switch S is off, the resonant capacitor is charged up with a more or less constant current,
and so the voltage across it rises linearly.
When the switch is turned on, the energy stored in the capacitor is transferred to the inductor, causing
a sinusoidal current to flow in the switch. During the negative half wave, the current flows through the
anti-paralleled diode, and so in this period there is no current through or voltage across the switch; and

it can be turned off without losses.

2.7.5 ZERO VOLTAGE SWITCH

A typical Zero Voltage Switch consists of a switch in series with a diode. The resonant capacitor is
connected in parallel, and the resonant inductor is connected in series with this configuration. A
voltage source connected in parallel injects the energy into this system. The circuit and waveforms are
shown in figure 2-5.

When the switch is turned on, a linear current will flow through the inductor. When the switch turns
off, the energy that is stored in the inductor flows into the resonant capacitor. The resulting voltage
across the capacitor and the switch is sinusoidal. The negative half-wave of the voltage is blocked by
the diode. During this negative half wave, the current and voltage in the switch are zero, and so it can

be turned on without losses.

VSWITCH

lSWITCH

/

loione /

Figure 2-5 Zero-voltage switch - topology and waveforms
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2.8 Survey of different tuning methods for PID

Proportional-Integral-Derivative (PID) control is still widely used in industries because of its
simplicity. No need for a plant model. No design to be performed. The user just installs a controller

and adjusts 3 gains to get the best achievable performance. Most PID controllers nowadays are digital.

Different forms of PID
A standard equation of PID controller is

u(t) =K {e(t) +—fy e(®)dt +Td dZ—(t”} (Equation 2-6)
where the error e(t), the difference between command and plant output, is the controller input, and the
control variable u(t) is the controller output. The 3 parameters are K (the proportional gain), Ti

(integral time), and Td (derivative time).
Proportional:

The proportional term, also called gain, must have a value greater than zero for the control loop to
operate. The value of the proportional term is multiplied by the error (e) to generate the proportional

contribution to the output.

If proportional is acting alone, with no integral, there must always be an error or the output will go to
zero. A great deal must be known about the load, sensor, and controller to compute a proportional
constant Kp. Most often, the proportional setting is determined by trial and error. The proportional
setting is part of the overall control loop gain, as well as the heater range and cooling power. The

proportional setting will need to change if either of these changes.
Integral:

In the control loop, the integral term, also called reset, looks at error over time to build the integral

contribution to the output.

By adding integral to the proportional contribution, the error that is necessary in a proportional-only
system can be eliminated. When the error is at zero, controlling at the set point, the output is held
constant by the integral contribution. The integral setting (I) is more predictable than the proportional
setting. It is related to the dominant time constant of the load. Measuring this time constant allows a

reasonable calculation of the integral setting.
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Derivative:

The derivative term, also called rate, acts on the change in error with time to make its contribution to

the output.

By reacting to a fast changing error signal, the derivative can work to boost the output when the set
point changes quickly; reducing the time it takes for temperature to reach the set point. It can also see
the error decreasing rapidly when the temperature nears the set point and reduce the output for less
overshoot. The derivative term can be useful in fast changing systems, but it is often turned off during
steady state control because it reacts too strongly to small disturbances or noise. The derivative setting

(D) is related to the dominant time constant of the load.

The proportional controller (KP) will have the effect of reducing the rise time and will reduce, but
never eliminate, the steady state error. An integral controller (KI) will have the effect of eliminating
the steady state error, but it may make the transient response worse. A derivative control (KD) will
have the effect of increasing the stability of the system, reducing the overshoot and improving the

transient response.

Closed loop o S -

Rise time Overshoot Settling time | Steady state error | Stability
response
Increasing Kp Decrease Increase Small increase Decrease Degrade
) ) Small

Increasing Ki Increase Increase Large decrease Degrade
decrease

Increasing Kd | Small decrease | Decrease Decrease Minor change Improve

Table-2.1 Effect of PID parameter on closed loop system

Controller Tuning

The selection of a controller type (P, PI, PID) and its parameters (K, Ti, Td) is intimately related to
the model of the process to be controlled. The adjustment of the controller parameters to achieve
satisfactory control is called tuning.

In the process-control field, it is quite common to first install a PID controller on a process with little
analytical study being done beforehand, and then set the controller parameters by experiment. This

‘experimental design' of controller settings is known as controller tuning.
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Auto-tuning PID controllers

The ability of a controller to select and adjust the control parameters automatically via an algorithm is
called "Auto-tuning" or "Self-tuning”. So, self-tuning controllers are capable of automatically

readjusting the controller tuning settings. They are often referred to as auto-tuning controllers.

Numbers of the industrial processes are controlled by PID-proportional integral derivative controllers.
The various settings of the controller have profound effect on loop performance. Proper tuning of a
controller is not only essential to its correct operation but also improves product quality, reduces
scrap, shortens downtime and saves money. Procedures for tuning conventional PID controllers are
well established and simple to perform. Any time a controller is replaced; the new instrument must be
re-tuned, which can be difficult under certain running conditions. Hence the need arises for a

controller with auto tuning feature.

As previously said, it is important for the controller to be tuned when it is installed first. It also
becomes a necessity when it is controlling a critical process. Proper tuning of parameters helps in
controlling the process quickly and efficiently which requires trial and error. So, the main advantage
of using auto-tuner is that it simplifies tuning drastically and thus contributes to improved control

quality.

Different Tuning Method

= Ziegler & Nichols with Step Identification [ZN(OL)]
= Internal Model Control [IMC]
= Ziegler & Nichols with Relay Identification [ZN(CL)]

= [terative feedback tuning

Ziegler & Nichols with Step Identification [ZN (OL)]:
The first Ziegler and Nichols method tunes the parameter of the PID according to the following table,
on the basis of the parameters identified for a First Order PID with Delay Time model.

K Ti Td
P T/mL 0 0
Pl 0.9T/mL | 3L 0
PID | 1.2T/mL | 2L 0.5L

Table-2.2 Parameters for ZN (OL)
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In the original version of method, the tuning formulas are given with respect to some characteristic of
the process identified in terms of the points where the tangent to the step response in the point of
maximum slope intersects the step response. However here the modified version has been used since

it is more robust with respect to noise.

Internal Model Control [IMC]:

The principle of this method is explained in Astrom and Hagglund, 1995. The system is approximated

by a model of the form,
G(s) =Kp/ (1 +sT)e™ (Equation 2-7)

If the actual system is unknown, the static gain Kp, the apparent time constant T and the apparent
dead time L are determined from an open loop step response, from which an IMC controller is then
computed. The controller given by the IMC method can be interpreted as a PID controller with the

following choices:

K=2T+L/(2Kp(Tf+L)) (Equation 2-8)

Ti=T+L/2 (Equation 2-9)

Td=TL/2T+L (Equation 2-10)

Here the design parameter Tf corresponds to the desired closed-loop time constant. In each of our four
simulations, we have optimized over this design parameter to achieve an IMC controller with

minimum settling time. This optimization was performed by trial and error.

Ziegler & Nichols with Relay Identification [ZN (CL)]:

The Ziegler-Nichols tuning rules are based on what is called the ultimate sensitivity method" (Astrom
and Witten mark, 1997). It consists of determining the point where the Nyquist plot of the open loop
system intersects the negative real axis. This point is obtained by connecting a purely proportional to
the system, and by increasing the controller gain until the closed-loop system reaches the stability
limit, at which oscillations occur. The oscillation period is denoted Tc and the corresponding critical

gain by Kc. The Ziegler-Nichols choice for the three PID parameters is then
K =Kc/17

Ti=Tc/2
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Td=Tc/8

The second Ziegler and Nichols method tunes the parameter of the PID according to the following
table, on the basis of a point of the frequency response identified by a relay experiment. The period of

oscillation is denoted as T,, while the gain margin is Ku = 4As/pi*A.

K Ti Td
P 0.5K, 0 0
Pl 0.4K, 0.8T, 0
PID | 0.6K, 0.5T, 0.125T,

Table-2.3 Parameters for ZN (CL)

In the original version of method, the identification of the point requires to apply proportional control
and increase the controller gain until the process output reaches a sustained oscillation. However it is a

dangerous practice since it leads the model near the stability limit.
The Iterative Feedback Tuning (IFT) method:

For the simulations presented in the next section, the IFT method with mask was applied, with a mask
of length t0. Unless otherwise specified, no weighting was applied to the control input in the criterion.

Thus, the following criterion was minimized:

J(p) = E{i (yt[,p) - yf)Q}-

t=tg

The initial values of the PID parameters were chosen in such a way as to give an initial response that
was very slow, and with no overshoot. The length t0 of the mask was initially chosen to correspond
with the settling time of this very slow response. This length was then successively reduced until

oscillations appeared in the closed loop step response.

Tuning by Ziegler-Nichols Frequency Domain (ZNFD) method

There are some variants of autotunig methods suggested in the literature. Here we have used one of
them, the relay feedback, which is closely related to a manual tuning scheme known as Ziegler-
Nichols Frequency Domain (ZNFD) method.

To tune a PID controller manually by ZNFD method, we start by turning off both the integral and

derivative terms. Then K is to be set up to the point that the closed-loop system starts to oscillate. At
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this point, the plant output will swing in a constant sinusoid motion, not growing and not dying out.
Write this value down on a paper as Ku. Then find a way to measure the period of oscillation. Note
this period as Tu. That’s all. Suggested values of the 3 parameters can be found from Table-2.3.
Example 1 demonstrates this procedure in simulation.

Example 1: We want to experiment ZNFD method on this plant

1
(s+1)3

P(s) = (Equation 2-11)

Figure 2.6 shows a SIMULINK setup used for this simulation. We turn off the | and D terms and
adjust K until K = 8, the output oscillates. Figure 2.7 captures the oscillation. Hence Ku = 8, and from
Figure 2.7 Tu = 3.5. Using Table 2.3, we get K =4.8, Ti = 1.75 and Td = 0.4375. Figure 2.8 shows a
step response when these values are used. Note that the overshoot is quite excessive (50%). In a sense,
ZNFD just gives us some good values to start with. We can often fine-tune the PID to improve the
response.

, »l- 1 T
+ 0 A + »
I. = P s Loonv((1 1]
Step

K 1Ti Integrator P(s) Scope

Figure 2-6 A SIMULINK setup for Example 1

i
o B 10

Figure 2-7 Oscillation captured from scope

21



Chapter 2 PRINCIPLE OF INDUCTION MELTING & SURVEY ......... TUNING METHODS FOR PID

Time offset: 0

Figure 2-8 Step response from PID values given by ZNFD method

The ZNFD method could be explained using a Nyquist diagram in Figure 2.9. The diagram shows
how a point x on the curve is moved related to the P, I, and D terms. Using the P term alone, x could
be moved in radial direction only. The I and D terms help provide more freedom to move
perpendicular to the radius. It can be shown that by using ZNFD method, the critical point (-1/Ku, 0)
is moved to the point -0.6 — 0.28i. The distance of this point to the critical point is 0.5. So the
sensitivity peak is at least 2. This explains the high overshoot in the step response.

Im
A

v

Re

Figure 2-9 How a point on Nyquist curve is moved with PID control
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2.9 Summary

The main finding of this chapter reveals following:

1.

As a resonant converter provides most of the energy conversion efficiency in a power system
by minimizing switching loss, they are best suited for DC-AC converters as compared to
PWM converters.

Due to skin effect the high frequency switching creates heat on the surface of the load, hence
medium switching frequency is used for melting applications.

Zero-voltage switching refers to eliminating the turn-on switching loss by having the voltage
of the switching circuit set to zero right before the circuit is turned on.

Zero-current switching is to avoid the turn-off switching loss by allowing no current to flow
through the circuit right before turning it.

Different Tuning methods for PID loop are surveyed. It is found that the Ziegler and Nichols
method for tuning is simple, accurate and can be easily implemented in digital PID control.
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Chapter 3

DESIGN AND
IMPLEMENTATION OF
A QUASI-RESONANT CONVERTER

3.1 Introduction

The concept of induction heating employed in the application of gold melting can be simplified as the
following. First, convert the AC current coming from the power source to DC using a rectifier. Then,
connect this DC current to a high frequency switching circuit to administer high frequency current to
the heating coil. According to the Ampere’s Law, a high frequency magnetic field is created around
the heated coil. If a conductive object, e.g. the graphite crucible with gold/silver metal, is put inside
the magnetic field, induced Voltage and Eddy current is created on the skin depth as a result of Skin

Effect and the Faraday’s Law, generating heat energy.

high
power rectifier frequency wqulng load
source inverter coil
N N TN
, o A / N\ (heat )
i
| [ "N’N
P © P
O |8 |8 |Cr| | | 8|
I 'r-\' \ / I'(‘_q\.'/_\l | I"\ _/I J ! 1 /
A= I i |1 A ||| AN
AC from the power source high frequency AC high frequency

magnetic field

Figure 3-1 Operating Principle

Increasing the frequency of operation of power converters is desirable, as it allows the size of magnet
circuit and capacitors to be reduced, leading to cheaper and more compact circuits. However,
increasing the frequency of operation also increases switching losses and hence reduces system
efficiency. One solution to this problem is to replace the "chopper” switch of a standard SMPS
topology (Buck, Boost etc.) with a "resonant” switch, which uses the resonances of circuit
capacitances and inductances to shape the waveform of either the current or the voltage across the
switching element, such that when switching takes place, there is no current through or voltage across

it, and hence no power dissipation.
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A circuit employing this technique is known as a resonant converter (or, more accurately, a quasi-

resonant converter, as only part of the resonant sinusoid is utilized).

3.2 Resonant Converter

The resonant circuit of a resonant converter consists of a capacitor, an inductor, and resistance and
there are two types of resonant converter generally used: a series resonant circuit and a parallel

resonant circuit.

b

]

Figure 3-2b Parallel Resonant

L C
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Figure 3-2a Series Resonant

Figure 3-2a & 3-2b shows these two common types. When power is connected, electric energy as in
Equation 3-3 is stored in the inductor and transferred to the capacitor. Equation 3-4 simplifies the
calculation of the amount of the energy stored in the capacitor, to be sent to the inductor. Resonance
occurs while the inductor and the capacitor exchange the energy. And the total amount of energy
stored in the circuit during resonance remains unchanged. This total amount is the same as the amount

of energy in peak stored in the inductor or capacitor.

i = 2Isin wt [A]

Ve = — 2 coswt [v]

Ey = ;Li% = LI%sin?ot [J]
Ec = 10Ve? = 2 cos2wt = LIZcosZwt 1]
c 2 w?C

(Equation 3-1)

(Equation 3-2)

(Equation 3-3)

(Equation 3-4)

2
EL + E¢ = Li?(sin®wt cos?wt) = Li? A 0]

=T (Equation 3-5)
As, some energy is lost by the resistance in the process of resonance, the total amount of energy stored
in the inductor decrements in each resonant exchange. The resonance frequency, which is the speed of

energy transfer, is determined by capacitance (C) and inductance (L) as in Equation 3-9.
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The inductive reactance and the capacitive reactance are summarized in Equation 3-6, and 3-7,

respectively, and the size of impedance in a series resonant circuit is determined as in Equation 3-8.

Xy, = j2IfL (Equation 3-6)
Xc = jzrllfc (Equation 3-7)
1Z| = \/RZ + (wL — ﬁ)z (Equation 3-8)

At the resonance frequency, the inductive reactance of Equation 3-6 and the capacitive reactance of
Equation 3-7 become the same, i.e. the voltage of the power source and the current in the circuit stay
on the same level. The resonance frequency can be summarized as in Equation 3-9. The current in the
circuit reaches its peak when the source frequency becomes identical to the resonance frequency. It
decrements when the source frequency gets higher or lower than the resonance frequency.

1 .
fo = eV [Hz] (Equation 3-9)

And the selection ratio of a half-bridge series resonant circuit is as in the following Equation 3-10.

(l)oL_ 1 _Z
R ®eCR R

Q= (Equation 3-10)

As shown in the formula above, the smaller becomes the resistance than the inductance, i.e. when the
source frequency gets closer to the resonance frequency, the sharper gets the frequency curve of
Figure 3-3 and the bigger becomes the value of Q. The numerator is the energy accumulated in the
inductor during resonance and the denominator is the average amount of energy consumed in
resistance in each cycle. The frequency curve below demonstrates the relationship between current/
output energy and the source frequency when the source voltage of the resonant circuit is set equal.
The current and output energy reaches its maximum value at the resonance frequency.

In the area where the switching frequency is lower than the resonance frequency, the inductive
reactance has a direct relationship with the switching frequency, in other words, the lower the
frequency, the smaller the inductive reactance. And according to Equation 3-7, the capacitive
reactance is in inverse relationship with the frequency. As the reactance becomes more capacitive, the
current gets higher than the voltage in status. When the switching frequency increases (in Equation 3-

8), impedance gets bigger, enlarging the amount of output energy as in Figure 3-3. In the opposite
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situation, a lower switching frequency leads to smaller impedance, causing the output energy to
decrement.

In the area where the switching frequency is higher than the resonance frequency, the higher the
switching frequency the bigger is the inductive reactance. Here, the value of the capacitive reactance
gets smaller according to Equation 3-7. The more inductive reactance causes the current to be lower
than the voltage in status. In this situation, a higher switching frequency is accompanied by an
increase of impedance (Equation 3-8), causing the output energy to be lower (as in Figure 3-3). When
the switching frequency goes down, the impedance is decreased, raising the output energy (as in
Equation 3-8).

output
current

capacitive ' inductive

fo source frequency

Figure 3-3 Frequency Curve

3.3 Power System of Induction Melter

There are two kinds of topology used in a power system, a half-bridge series resonant converter and a
guasi-resonant converter. These two topologies have their own merits and demerits.
The merits of a half-bridge series resonant converter are: stable switching, low cost, and a streamlined
design. As the voltage of the circuit is limited to the level of the input voltage, the switching circuit
can have low internal pressure, which helps reduce the cost.
The design for the switching control part inside a circuit can be streamlined. There are also some
demerits. As the half-bridge method requires two switching circuits, the overall working process
becomes more complicated and the size of heat sink and PCB should be also bigger. In addition, the
gate operating circuits must be insulated.
One of the merits of a quasi-resonant converter is that there needs only one switching circuit inside.
This enables a relatively smaller design for the heat sink and PCB, making the working process far
simpler. Another strong point is the fact that the system ground can be shared. A quasi-resonant
converter is not free from defects. Most of all, switching is relatively unstable. And high internal
pressure of the switching circuit, caused by the resonant voltage administered to both sides of the
circuit, pushes the cost of the circuit higher. Besides, the design for the controlling part is more
complicated. But as mentioned earlier, technological development in high frequency semiconductor
switching devices has lead to an innovation in terms of low price, high performance, and reliability.
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Quasi-resonant converters are now more generally used because of the smaller heat sink and PCB size
and simpler operation process. We discuss in following section the operation of a half-bridge series

resonant converter and a quasi—resonant converter.

3.4 Half-bridge Series Resonant Converter

A number of designing methods are available for a power system using a half-bridge series resonant
converter. The power system demonstrated in Figure 3-4 is comprised of the AC power supply, main
power circuit, control circuit, input current detection circuit, resonant current detection circuit, and

gate operation circuit. The following figure illustrates the operation of a power system as a whole.

Main Power Circuit -~~~ """ """ """ "7 " ooomomomommom oo oo
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Figure 3-4 Power System Using Half-bridge Series Resonant Converter

The AC power passes through the rectifier to be transmitted to the capacitor. In this system, the
leveling capacitor serves as a filter preventing the high frequency current flowing toward the inverter
from entering the input part. Input current becomes the average of the inverter current, and the ripples
flow to the leveling capacitor.

The voltage passing the leveling capacitor is turned into square wave in the process of high frequency
switching in the inverter. The high frequency harmonics contained in the square wave are eliminated
by the Lr, Cr filter. The square wave enables resonance in the resonant circuit, which, in turn, creates
a magnetic field around the resonant inductor affecting the load. Eddy currents are formed around the
surface of the object, generating heat energy.

The input current flowing through the AC input section to the rectifier and the resonant current
flowing through the inverter to the resonant circuit are input to the control circuit. In order to control
the maximum level of input and resonant current, the control circuit sets the switching frequency of

the inverter, administering it to the gate of the inverter switch via the gate operating circuit.
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Microcontroller allows the detection circuit to examine the input current to determine the presence of
a conductive object, protecting the system by manipulating the on/off status of the control circuit.
More detailed demonstrations of each part are presented below.

3.4.1 Main Power Circuit

The main power circuit employs a half-bridge series converter switching at a high frequency as shown
in Figure 3-5. The switching circuit consists of an IGBT (Insulated-gate Bipolar Transistor). Zero
voltage/current turn-on switching is enabled by turning on the IGBT while the diode is in turn on
period. The resonant circuit comprises resonant inductance (Lr) and resonant capacitance (Cr). The
capacitors, C1 and C2, are the lossless turn-off snubber for the switches, S1 and S2.

| =1 Vdc | | i
[ T W 9 bl |
A A L
e i | P L L load
o A e ‘*_+ | —
A(; | o 1 st - o
input 1 1 [ D1 C'I: T — N
Y N> ST — O)—
B A R T
o T = ]ET: | o
rectifier i g2 D2 C1i i i
L= ‘resonant tank
inverter

Figure 3-5 Main Power Circuit
Equivalent circuits to a resonant circuit are described in Figure 3-6. The load in circuit (a) is
equivalent to the circuit in (b) where the transformer has resistance connected to the secondary circuit.
And this can more simplified as in the circuit (c), where R*, L*, and Cr are directly connected. R* in
(c) indicates the resistance of the primary circuit of the transformer converted from the secondary.
L* means the inductor on the primary side of the transformer (Lr), which is a resonant inductor

combining the leakage inductor and the secondary inductor.

R
S ¥ Tl— E_l_ffcj_j 1kl = % N:J 1k % + L
U * r
1:?\‘ .-E:\ Oy l
1= % + == I &= Cre I %7 Rﬁ
T (a) T (b T (e

Figure 3-6 Equivalent Circuit
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3.4.2 Operation Theory

By connecting the IGBT switching circuit, S1 and S2, in parallel to diodes, D1 and D2, current loss
can be minimized. When S1 is turned-off, D2 helps S2 stay on zero voltage/current before being
turned on, substantially reducing current loss (this is also the same case with S1). There occurs no
reverse-recovery problem as the voltage on both sides remains zero after the diode is turned off.
However, as the switching circuit is turned off at around the upper limit of voltage and current, some
switching loss results on turn-off. The capacitors, C1 and C2, acting as a turn-off snubber connected
in parallel to S1 and S2, can check the level of this loss to a minimum level. Upon turn on, the
switching circuit starts from zero voltage/current, so these turn-off snubbers operate as lossless turn-
off snubbers.

The configuration of a half-bridge series resonant converter (Figure 3-5) can be simplified as an
equivalent circuit illustrated in Figure 3-7. Figure 3-8 is a wave form of a frequency cycle in each part
of the main power circuit. Turn on S1, when the current of the L*-Cr resonant circuit flows in

opposite direction through D1 (S1 and S2 remain off).

ST L* Cr
D1 C1
Vde A i I
i +\c -
: i
S2
D2 C2

Figure 3-7 Equivalent of Main Power Circuit
MODE I: t0-t1
The resonant current flowing in inverse direction changes its direction at the point of t=t0 flowing
through S1. In this mode, DC-LINK voltage of Vdc lets the resonant circuit accumulate energy by
supplying power through S1.
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Figure 3-8 Waveforms of Main Power Circuit

MODE I1: t1-t2
When S1 is turned off at the point of t=tl, the resonant current flowing through S1 begins
freewheeling through the D2 diode. In this process, a small amount of switching turn-off loss occurs
as the S1 switch is turned off while retaining some values in voltage and current. For the following
mode, S2 is turned on when t1<t<t2. As the S2 switch remains at zero voltage/current, no switching

loss takes place upon turn-on. And the reverse-recovery of D1 does not necessarily have to be fast.

MODE I11: t2-t3
Right after t=t2, the current freely resonates flowing in inverse direction through S2 which is already
turned on. Here, the resonant capacitor, Cr, serves as a source of voltage.

MODE IV: t3-t4

When S2 is turned off at t=t3, the resonant current flowing through S2 starts freewheeling through the
D1 diode. In this process, a small amount of switching loss occurs on turn-off. For the following
mode, the S1 switch is turned on at a proper point (t3<t<t4). At this point, there happens no switching
loss upon turn-on as the S1 switch remains at zero voltage/current. And the reverse-recovery of D2
does not have to be fast. In this mode, the energy of the resonant circuit is converted to Vdc, passing

D1. The operating mode after t>t4 repeats Mode | through 1V, explained above.
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3.5 Quasi-resonant Converter

The following Figure 3-9 features a block diagram of a quasi-resonant converter in a streamlined

form.
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Figure 3-9 Power Circuit of Quasi-resonant Converter

The total system block is comprised of main power circuit, input current detection circuit, control
circuit, and SMPS circuit, as shown in Figure 3-9. The basic operating concept of quasi-resonant
circuit is similar to that of half-bridge series resonant converter in the fact that heat energy is
generated. However, the methods of controlling the gate in the switching circuit are totally different.
Major functions of each block are as follows.

3.5.1 Main power circuit

The main power circuit features a quasi-resonant converter consisting of the IGBT and a diode
connected to it in parallel the circuit executes high frequency switching. By turning on the IGBT
while the diode is in turn-on it is possible to do a turn-on switching with the voltage and current
remaining at zero. The resonant circuit is composed of resonant inductance (Lr) and resonant
capacitance (Cr).

3.5.2 Operating Concept

Figure 3-10 illustrates an equivalent of the main power circuit. When D1, connected to the S1
switching circuit, is turn-on a zero voltage turn-on switching is available as Vce of the circuit becomes
zero. In this circuit, the switch must be endurable to high internal pressure to accommodate the high

voltage of Vce administered to the both ends of the switch.
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. Vce
j. [
Vde = Cr
D1 — Vge
51

Figure 3-10 Equivalent Circuit
Figure 3-11 shows the waveforms of each block of the main power circuit in a cycle. In the initial
stage, S1 is turned off by the control circuit when the current flowing through L* and S1 reaches its
peak. At this point, Vc(0)=0V. There are four modes available.

Vge |
0 t
Vece |
————————————————— Vdc
0 t
i
o]

10t 12 1314 t5 t6

Figure 3-11 Waveforms of Main Power Circuit
MODE I: t0-t1
As mentioned earlier, the switching circuit is turned off at the point the resonant current flowing
through the circuit comes to its peak, i.e. at t0. In this process, a turn-off switching loss occurs. Vce
level is rapidly increased by the capacitor (Cr) to become DC-LINK (Vdc) at t1.
Even when the switch is turned off at t0, the current keeps incrementing to reach its peak at t1, when
Vce becomes equal to Vdc, as DC-LINK is higher than the resonant voltage. At this point, the energy
stored in the inductor begins to be transferred to the capacitor.
MODE I1: t1-t4
As Vdc is lower than Vce after t1, the current decreases to be zero at t2, when the resonant voltage
reaches its maximum. This is also the point when the transfer of the energy stored in the inductor to
the capacitor is completed. The peak level of the resonant voltage has a direct relationship with the
turn-on time of the switch (MODE IV: t5-t6 ).
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After t2, the capacitor starts discharging the energy to the inductor, which causes the voltage and the
current flowing in inverse to decrement and to reach its minimum level at t3, i.e. Vce=Vdc,
respectively. Passing t3, the resonant current increases as Vce<Vdc and the discharge is completed at
t4.

MODE I11: t4-t5

After t4, the energy sent by the capacitor and stored in the inductor is converted to DC-LINK as the
D1 diode is forward biased The resonant current is flowing through D1, during the time S1 is turned
on.

MODE IV: t5-t6

As the switching circuit remains turned on while the current is freewheeling through D1, the current
flows in the right direction through the circuit and the inductor starts to store the energy, which makes
it possible to do a zero voltage turn-on switching.

At t6, the switching circuit is turned off, returning to MODE I. As the peak level of the voltage is in
direct relationship with the on-duty frequency, one can manipulate this level, i.e. output energy, by

adding or reducing the on-duty frequency.

3.6 Simulation of Quasi-resonant Converter

Simulation results were performed using Simulink block as shown in Figure 3-12. To limit the
stresses in switching device to 600V & to isolate the main supply the 3-ph ac is stepped down using a
3-ph step down transformer from 415V to 140V. This is further rectified using a 3-ph rectifier and
smoothened using an inductor & capacitor. The resonant circuit is composed of resonant inductance
(Lr) and resonant capacitance (Cr). Simulation results of dc-link voltage & the inductor current are

shown in Figure 3-13.
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Figure 3-12 Simulation of Quasi-resonant converter
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Figure 3-13 Simulation Result of Inductor Current
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3.7 Summary

The main findings of this chapter reveals following:

1. The half-bridge series resonant converter is having stable switching & low cost. As the
voltage of the circuit is limited to the level of the input voltage, the switching circuit can have
low internal pressure, which helps reduce the cost.

2. As the half-bridge method requires two switching circuits, the overall working process
becomes more complicated and the size of heat sink and PCB should be also bigger. In
addition, the gate operating circuits must be insulated.

3. As compared to half-bridge series resonant converter the quasi-resonant converter needs only
one switching circuit inside. This enables a relatively smaller design for the heat sink and
PCB, making the working process far simpler. Another strong point is the fact that the system
ground can be shared.

4. In case of quasi-resonant converter the high internal pressure of the switching circuit, caused
by the resonant voltage administered to both sides of the circuit, pushes the cost of the circuit
higher. But as mentioned earlier, technological development in high frequency semiconductor
switching devices has lead to an innovation in terms of low price, high performance, and
reliability. Quasi-resonant converters are now more generally used because of the smaller heat

sink and PCB size and simpler operation process.
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Chapter 4

PROPOSAL & IMPLEMENTATION OF MODIFIED QUASI-
RESONANT CONVERTER

4.1 Introduction

As seen in Figure 3-9 the quasi resonant converter requires a Capacitor to provide the path of return
current. In Mode-111 after t4, the energy sent by the capacitor and stored in the inductor is converted to
DC-LINK as the D1 diode is forward biased. During this period the current flows through filter
capacitor.

A new approach to quasi resonant converter is proposed in following section so as to remove filter

capacitor.

4.2 Modified Quasi Resonant Converter

The following Figure 4-1 features a block diagram of a modified quasi-resonant converter.

i X

R : ;
§ ’ s [ | \\ // IGBT GATE
. o i \ DRIVER A

e

MICRO-CONTROLLER

Figure 4-1 Power Circuit of Modified Quasi-resonant Converter

The total system block is comprised of main power circuit, dc-link & tank current detection circuit
and microcontroller as shown in Figure 4-1. The basic operating concept of modified quasi-resonant
circuit is similar to that of quasi-resonant converter in the fact that heat energy is generated. However,
the methods of controlling the gate in the switching circuit are totally different.

Major functions of each block are as follows.
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4.2.1 Main power circuit

The main power circuit features a quasi-resonant converter consisting of the IGBT and a diode
connected to it in parallel the circuit executes high frequency switching. By turning off the IGBT
while the diode is in turn-on it is possible to do a turn-off switching with the voltage and current
remaining at zero. The resonant circuit is composed of equivalent inductance (L*), equivalent
resistance (R*) and resonant capacitance (CR).

4.2.2 Operating Concept

Figure 4-2 illustrates an equivalent of the main power circuit. When D1, connected to the S1
switching circuit, is turn-on a zero voltage turn-off switching is available as Vce of the circuit
becomes zero.

YY) ’ Y Y AMA—
J—
_l_

Figure 4-2 Equivalent Circuit

Figure 4-3 shows the waveforms of each block of the main power circuit in a cycle. In the initial stage
Ul is off. And CR is charged fully by the current flowing through L1, L* and R*. Following are the
four modes available.

Figure 4-3 Waveforms of Main Power Circuit
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MODE I:

At time t0 the switching circuit is turned on. In this process, a turn-on switching loss occurs. At this
point the capacitor starts discharging the energy to the inductor through switching circuit. Thus the
current increases in the negative direction. The current reaches to its maximum value when the
capacitor is discharged.

MODE II:

At this point, the energy stored in the inductor begins to be transferred to the capacitor. So the current
starts decreasing in negative direction. Once the capacitor is fully charged in negative direction the
current becomes zero. This is also the point when the transfer of the energy stored in the inductor to
the capacitor is completed.

MODE IlI:

After this point, the capacitor starts discharging the energy to the inductor, which causes the current
flowing in the positive direction through the diode. At this point as the resonant current is flowing
through freewheeling diode the voltage & current in the switching device is zero, and can be switched
off to have zero turn-off switching loss. The current reaches to maximum when the discharge is
completed.

MODE 1V:

After this point, the energy stored in the inductor begins to be transferred to the capacitor so that
current starts decreasing in positive direction. The current becomes zero when the energy transfer is
completed. At this point or later the switching circuit can be turned on, returning to MODE 1.

The frequency of operation can be varied depending upon required power by increasing/decreasing

the turn-on instant of switching circuit.

4.3 Simulation of Modified Quasi-resonant Converter

Simulation results were performed using Simulink block as shown in Figure 4-4. To limit the stresses
in switching device to 600V & to isolate the main supply the 3-ph ac is stepped down using a 3-ph
step down transformer from 415V to 140V. This is further rectified using a 3-ph rectifier and
smoothened using an inductor. As there is no return path required for current the filter capacitor is not
required. The resonant circuit is composed of resonant inductance (Lr) and resonant capacitance (Cr).
Simulation result of the inductor current is shown in Figure 4-5. Figure 4-6 shows the simulation
result of current through IGBT. And that of dc-link voltage is shown in Figure 4-7. The DC-link
voltage of 200V is applied to the input of the converter.
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Figure 4-4 Simulink Block of Quasi-resonant converter
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Figure 4-5 Simulation Result of Inductor Current
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Figure 4-6 Simulation Result of IGBT Current
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Figure 4-7 Simulation Result of voltage across IGBT
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4.4 Summary

This chapter has presented analysis, modeling and simulation of the modified Quasi-resonant
converter. The main findings of this chapter reveals following:

1. The modified quasi resonant converter is low cost as the filter capacitor is eliminated as
compared to quasi resonant converter. This new scheme also requires one switching device
which maintains the advantage of a relatively smaller design for the heat sink and PCB.

2. This new scheme is more advantageous as the positive & negative current flows through the
same resonant path resulting into a pure sine wave of current.

3. This system has advantages like low switching losses, reduced stress and increased power
density.

4. The variation in power can easily be obtained by changing the operating frequency of IGBT
gate pulses.

5. The simulation results are in line with the predictions.
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Chapter 5

DESIGN
AND IMPLEMENTATION
OF POWER CIRCUIT

5.1 Introduction

The overall performance and the cost of the Melter will be one of the important issues to be
considered during the design process for the next generation of Induction Melting applications. The
power circuit of Melter applications must achieve high efficiency and high reliability.

The quasi resonant converter presented in Chapter 4 has been used as the power circuit. The power
circuit includes 3ph transformer, 3ph rectifier, filter choke, Igbt, snubber circuit, resonant tank

capacitor & resonant tank coil.

5.2 Steps of Design of Tank Circuit

As heat energy is generated in the process of energy exchange between the inductor and the capacitor
in the resonant circuit, the level of inductance and capacitance is a very important factor. The

following is a description of some factors determining the value of this level.

Power Consumption:
As the most common design of Melter is 5 to 8kg, the overall power supply is designed based on this
capacity, which is at maximum of 10kw. In order to get proper stirring effect the resonant frequency is

set as 12khz for following calculations.

Current:
The Input current is the average of the resonant current. Hence for 10kw maximum power the Input

current can be calculated as follows:

2mP _ 2mX10000

I'= VvV 140XV2 =317.34

C (Capacitance):
The Capacitance of the resonant circuit is determined as follows:

. I 317.3
2nfV 2XmX12000X140v2

= 21.25uF
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Thus a capacitor bank is formed using 10 pieces of 2.0 uF capacitors in parallel, which totals to 20.0
MF. Firstly the capacitor bank was made as shown in figure 5-1.

Figure 5-1 Tank Capacitor Bank

To reduce the overall space & to do proper connections with inductance and to take care of cooling of
inductor the new capacitor bank is formed as shown in figure 5-2. In this bank the first terminal of
each capacitor is touching the front plate and the second terminal is touching the back plate, thus
connecting them in parallel.
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Figure 5-2 Modified Tank Capacitor Bank

L (Inductance):
The Inductance of the resonant inductor is computed with the above value of Capacitance.

1 1
L = =
(2rf)2C ~ (2mX12000)2X20.0X10-5

= 8.79uH
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The inductor is made with a hollow pipe wound with 10 turns to get the required inductance. Water is
passed through the hollow pipe for cooling purpose. The high temperature refractory cement is

applied on the outer surface of coil to protect it from heat produced in the crucible.

Figure 5-3 Tank Inductor
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Finally the L-C tank resonant circuit is formed as shown in figure 5-4 in such a way that no wires are

required to complete the circuit. The tails of coil are themselves acting as interconnecting wires.

Figure 5-4 L-C Tank Circuit
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3 Phase Transformer:

As the Melter is designed for 10kw the rating for 3ph transformer is chosen slightly higher than the
maximum rating. Thus a 13kva transformer is used which steps down the 415v Line voltage to 140v
Line voltage. The purpose is to operate the power circuit at low voltage and also to get isolation.
Figure 5-5 shows the 3phase transformer in 3 limb construction with primary & secondary wound in

star-star connection.

Figure 5-5 Three phase transformer
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Three Phase Rectifier:

A three phase bridge rectifier of 160A & maximum repetitive peak reverse voltage of 1600V is used
to rectify the output of transformer. Figure 5-6 depicts the features of the bridge rectifier.

FEATURES

* Package fully compatible with the industry
standard INT-A-PAK power modules series

* High thermal conductivity package, electrically
insulated case

* Excellent power volume ratio
* 4000 Vppg isolating voltage
» UL E78996 approved WY
* Totally lead (Pb)-free

MTK * Designed and qualified for industrial level

Figure 5-6 Three Phase Bridge Rectifier

Filter Choke:

Figure 5-7 Filter Choke
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Switching Device (IGBT):

The insulated-gate bipolar transistor (IGBT) has accrued success as a high-power solid-state switching
device due to its combination of fast switching, low conduction loss, and high-impedance gate control.
Manufacturers are therefore motivated to develop switches with extended voltage ratings and current
carrying capability. Currently, commercial off-the-shelf (COTS) high-voltage IGBTs are rated up to
6.5 kV from multiple manufacturers. High voltage (> 1200 V) IGBTs are commonly sold as modules
with ratings from 200 to over 2000 A.

The IGBTs implemented in the IGBT stack are non punch through (NPT)-type devices. The NPT
IGBT is a common type of IGBT due to excellent thermal properties such as negative temperature
coefficient of resistivity and high-thermal reliability, which are favorable qualities for the
synchronized switching of devices in series and parallel arrangement [12].

Today state off the art IGBTSs are trench / field-stop devices.
Trench IGBT

The MOS channel of a Trench IGBT compared with a planar IGBT is rotated by 90°. Thus, a higher
channel density can be realized at the chip top side which leads to a higher inundation of the
top/emitter side with charge carriers. A maximum channel density would not only worsen the short
circuit robustness but also increase the turn off losses dramatically. A good combination of a suitable
trench density, a low backside emitter efficiency (collector doping) and a high charge carrier life time
leads to a clear reduction of the saturation voltage without increase of turnoff losses [14].

Field-stop IGBT

In a field-stop IGBT, an additional n+ layer is introduced close to the collector. This layer, named
field-stop, brings down the electric field within a very short spatial dimension. Therefore, it is possible
to make the chips thinner and in such a way to reduce the static and dynamic losses. However, during
switching events the silicon volume not affected by carrier extraction through the electric field is
determining the amount of carriers contributing to the tail current.

This tail carrier/charge is crucial for the softness of an IGBT. In case of high transient over voltages
the space charge region reaches far into the field stop and the residual/tail charge is very small. For a
critical voltage the tail current disappears and the current flow snaps off. Such a snap-off results in
high and hardly controllable over voltages. This, so far, was a big challenge for the design-in of trench
field stop modules in high power applications.

Thus a 62mm C-Series module with Trench/Fieldstop IGBT4 (FZ600R12KE4) is selected with 600A
DC-collector current & 1200V collector-emitter voltage. To achieve a 1200A current two of them are
connected in parallel.

IGBT’S in parallel:

Apart from looking for an IGBT which is designed for a particular power range there is also the
possibility, particularly at high currents, of connecting two or more smaller IGBTs in parallel.
Noteworthy advantages of this are a more flexible and individual organization of the layout, the heat
sources can be distributed so that higher levels of power loss can be dissipated, and possibly also cost
advantages by comparison with module attachments, depending on the device type and power.

53



Chapter 5 DESIGN AND IMPLEMENTATION OF POWER CIRCUIT

The disadvantage is the unequal split in losses. The main reason for this lies in the uneven current split
between devices which results from differences in VCEsat, gfs and Vth (variability in parameter
values), which are manufacturer-dependent. Differences can arise in addition due to asymmetrical
power and drive circuits, which are exhibited chiefly in the dynamic switching behavior.

The blocking characteristics of parallel-connected IGBTSs can be ignored, because in relation to the
conducting state behavior many small sources of power loss have very little effect. For the behavior in
the conducting state, then when the gate-emitter voltage is constant the static current split is
determined by the conducting state voltage. Figure 5-8 shows the output characteristics for two PT
IGBTs with different collector-emitter saturation voltages. The conducting state voltage across the
parallel-connected IGBTS is the same. The static current (lload = IC2 + IC1) splits as determined by
the set of output characteristics.

The different split of the current between the devices results in different heating, and different power
losses, for the IGBTs. When connected in parallel, the IGBT with the smaller saturation voltage must
carry the greater partial current, has higher conducting-state losses and gets warmer.
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Figure 5-8 Set of Output Characteristics for two IGBT’s with different Saturation Voltages

Another point affecting the current split is the temperature coefficient (TC) of the set of output
characteristics Figure 5-9.
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Figure 5-9 The TC of the Set of Output Characteristic Curves

The IGBTs should have a symmetrical layout with respect to IGBT current paths & gate driver. The
most sensitive parameter is the emitter stray inductance in the gate circuit. For the same drive voltage
(Vdrive), unequal emitter stray inductances produce different gate-emitter voltages (VGE) during
switching. This results in an asymmetrical dynamic split of the current or different switching losses. In
addition, the switching behavior can be balanced by using separate gate dropping resistors. There
should be symmetrical cooling conditions (identical heat-sink temperature and flow rate below the
paralleled devices).

To achieve above requirements & to get equal distribution of current the two IGBT’s are fitted on
same heatsink & are connected using busbar as shown in Figure 5-10

Snubber Circuit:

Power semiconductors are the heart of power electronics equipment. Snubber is a circuit which is
placed across semiconductor devices for protection and to improve performance. Snubber can do
many things:

e Reduce or eliminate voltage or current spikes

e Limit dl/dt or dV/dt

e Shape the load line to keep it within the safe operating area (SOA)

e Transfer power dissipation from the switch to a resistor or a useful load
e Reduce total losses due to switching

e Reduce EMI by damping voltage and current ringing

There are many different kinds of snubber but the two most common ones are the resistor-capacitor
(RC) damping network and the resistor-capacitor-diode (RCD) turn-off snubber.

An RC snubber, placed across the switch, can be used to reduce the peak voltage at turn-off and to
damp the ringing. In most cases a very simple design technique can be used to determine suitable
values for the snubber components (Rs and Cs).
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RC snubbers are very useful for low and medium power applications but when the power level is
more than a few hundred watts the loss in the snubber can be excessive and other types of snubbers
need to be considered.

The RCD snubber has several advantages over the RC snubber:

¢ In addition to peak voltage limiting, the circuit can reduce the total circuit loss, including both
switching and snubber losses.

e Much better load lines can be achieved, allowing the load line to pass well within the SOA.

o Foragiven value of Cs, the total losses will be less

The key feature of this RCD snubber is that the switch voltage rises slowly as the switch current falls.
This means that the high peak power associated with simultaneous maximum voltage and current is
eliminated. The net result is much lower peak stress and switching loss.

Looking at all above advantages an RCD snubber is used which is connected across IGBT as shown in
Figure 5-11.

Figure 5-11 RCD Snubber

5.3 Summary

In this chapter the design & implementation of power circuit is presented. The calculations are shown
& how to prepare inductor & capacitor are explained. The IGBT’s are introduced & their types are
explained. The new generation Trench/Fieldstop IGBT4 is selected and it is described how to connect

two IGBT’s in parallel. The need and details of RCD snubber is explained.
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Chapter 6

DEVELOPMENT AND DESIGN
OF THE CONTROL CIRCUIT
FOR QUASI-RESONANT CONVERTER

6.1 Introduction

This chapter describes the basic principles of operation and control of quasi-resonant converter for

induction melting application. In induction melting application the load is variable which depends on

the type & quantity of metal to be melted. Thus the output frequency should be automatically adjusted

to suit changing load condition, so that the converter always operates at the resonance frequency of

tank circuit.

6.2 Control

Control of the output frequency and output power of the converter is effected by command triggers to

the converter. The control scheme is shown in Figure 6-1.
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Figure 6-1 Control Scheme

Three distinct control loops are utilized in controlling the output of the converter.

They are:

1. Self control of the ON duty cycle by timing the converter switching from the induction load,

2. Control of output frequency and power by closed loop control through D-C Link power

feedback.

3. Current limit for mishaps of short circuits by closed loop control.
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Figure 6-2 Variable Load
Self-controlling the output frequency allows the converter to adjust itself to compensate for variations

encountered with induction loads as shown in Figure 6-2. When the driving frequency is the resonant
frequency of the tank circuit, the capacitive and inductive currents cancel each other, the input power
factor is unity, and the generator supplies only real current and real power to the load. If the magnetic
work piece is heated through the Curie temperature, or if it is removed from the crucible, the magnetic
permeability of the flux path inside the coil is reduced to unity, and the coil inductance is decreased.
The inductor current increases, the capacitor current no longer equaling it, and the generator is forced
to supply a large lagging current. Thus compensation is required to be automatically made by control
which should sense the increase in the tank natural resonant frequency and should speed up the
switching rate of the converter.

As shown in Figure 6-1, the hall effect CT is used to sense the high frequency current in the tank

circuit. The details about it are in the following topic.

6.3 Current Sensing Technology Overview

There are three technologies that are typically used for measuring current: sense resistors, current
transformers and Hall effect sensors.

Sense resistors are simply a resistor placed in series with the load. By ohms law, the voltage drop
across the device is proportional to the current. For low currents, these provide very accurate
measurement given the resistance value has a tight tolerance.

Although sense resistors with high performance thermal packages have been developed for larger
currents, they still result in insertion loss. In addition, they do not provide a measurement isolated
from transient voltage potentials on the load. Sense resistors also require other circuitry such as

instrumentation amplifiers to generate a distinguishable signal.
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Current transformers are relatively simple to implement and are passive devices that do not require
driving circuitry to operate. The primary current (AC) will generate a magnetic field that is coupled
into a secondary coil by Faraday’s Law. The magnitude of the secondary current is proportional to the
number of turns in the coil, which is typically as high as >1000. The secondary current is then sensed
through a sense resistor to convert the output into a voltage.

There are two techniques for sensing current using Hall effect devices. According to the Hall effect, a
magnetic field passing through a semiconductor resistor will generate a differential voltage
proportional to the field (figure 6-3).

Figure 6-3 Representation of the Hall effect and its electrical parameters

Concentric magnetic field lines are generated around a current carrying conductor. Approximating the
primary current conductor as infinitely long, the magnetic field strength may be defined B = pol/ 2pr,
where po is the permeability of free space, I is the current and r is the distance from the center of the
current conductor. In order to induce a larger signal out of the Hall element; the current conductor
may be wrapped around a slotted ferrous toroid N number of times, such that B = poNI/ 2pr. In an
open loop topology, the Hall element output is simply amplified and the output is read as a voltage

that represents the measured current through a scaling factor as depicted in figure 6-4.

f__{r"
}-—f
I N AT

- Vout~ Ip;n_m,a_ry

Figure 6-4 Basic Topology of Open Loop Hall Effect Current Sensor
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In a closed loop topology, the output of the Hall element drives a secondary coil that will generate a
magnetic field to cancel the primary current field. The secondary current, scaled proportional to the

primary current by the secondary coil ratio, can then be measured as voltage across a sense resistor.

. Isecnndary

N turns of
secondary coil
around toroid

e v+
N
1 "’_-t? e
primary
V-
Vout

| RSB]ISB |

Vse nse Ipmnar}'J’N

Figure 6-5 Basic Topology of Close Loop Hall Effect Current Sensor

By keeping the resultant field at zero, the errors associated with offset drift, sensitivity drift and
saturation of the magnetic core will also be effectively canceled. Closed-loop Hall effect current
sensors also provide the fastest response times. However, with a secondary coil that may be needed to
drive up to several milli-amps of current, power consumption is much higher in closed loop Hall
effect devices than open loop topologies. The closed loop configuration also limits the magnitude of
the current that can be sensed since the device may only drive a finite amount of compensation
current.

Thus for this application HT300M (Figure 6-6) is used to measure the tank current as its bandwidth is
DC to 115kHz at -3dB and the frequency of operation is 7-8khz.
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Figure 6-6 Hall Effect Current Sensor Panel Mounting Type HT300M
The whole scheme of Figure 6-1 is divided into two boards:
1. Micro-controller Board (AT89C51ED?2).
2. Embedded controller (Arm-7) Board.
These two cards interact with each other through MOD-BUS communication protocol.

6.4 Micro-controller Board (AT89C51ED?2)

The self controlling is accomplished by micro-controller card, which takes the tank current as input
(through hall-effect current sensor) & with load tuning circuit as shown in Figure 6-7 controls the on
cycle duty of IGBT firing pulses. The Tank current is compared with the preset voltage (0.1V) to
generate a falling edge as shown in Figure 6-8 on CUR-SENL1 pin which is connected to INTO_. This
automatically compensates for the changes in load inductance. The second comparator compares for

the over current and informs micro-controller about it.
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Figure 6-7 Load Tuning and Over Current Protection Circuit
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FLUMN

Figure 6-8 Waveform of Load Tuning Circuit
(Cyan: Tank Current Yellow: CUR-SEN1)
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Besides above function the microcontroller card digitizes the DC-Link Voltage & Current using a

Sigma-Delta ADC and calculates DC-Link Power as shown in Figure 6-10.

+1sv
1006 A, -15V
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Figure 6-10 Measurement of DC-Link Voltage & Current

Using second Sigma-Delta ADC it measures the temperate of crucible through thermocouple & does
cold junction compensation as shown in Figure 6-11.
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Figure 6-11 Measurement of Crucible Temperature
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Finally these two guantities are sent to the ARM-7 card through RS-485 for further processing. After
processing on these data the ARM-7 card decides about operating frequency and the frequency bursts
which are then sent out to micro-controller card through RS-485. The micro-controller card taking

these commands finally controls the converter.

6.5 Embedded controller (ARM-7) Board (LPC2478)

Figure 6-12 depicts the Arm-7 controller board. The core part of the design is the NXP LPC2478
microcontroller. NXP Semiconductors designed the LPC2478 microcontroller, powered by the
ARMT7TDMI-S core, to be a highly integrated microcontroller for a wide range of applications that
require high-speed calculations, advanced communications and high quality graphic displays. The
LPC2478 microcontroller has 512 kB of on-chip high-speed flash memory. This flash memory
includes a special 128-bit wide memory interface and accelerator architecture that enables the CPU to
execute sequential instructions from flash memory at the maximum 72 MHz system clock rate. The
on-chip UART peripheral includes a fractional baud rate generator that allows standard baud rates to
be generated with low frequency error. There is a 32.768 kHz crystal clock for the on-chip real-time
clock peripheral unit or RTC for short. Power for the RTC (during these low power modes) comes
from the VBAT input pin.

As the major function of ARM-7 board is to do processing on data received from Micro-controller
card and to interface TFT with touch screen the LPC2478 becomes to ultimate choice with respect to
price & performance. As seen in Figure 12-6a TSC2046 is used to interface touch screen while the
bottom part shows the interfacing of TFT display (800x640). In Figure 12-6a the interfacing of
SDRAM (MT48LC8M32B2) and NOR FLASH (SST39VF6401-70) is shown. The SDRAM is used
as the display RAM while NOR-FLASH is used to store constant images.

Figure 6-12a ARM-7 control board
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The design of IGBT driver circuit is very important for the satisfactory performance of IGBT.
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Figure 6-12b ARM-7 control board
6.6 Coreless IGBT Gate Driver

P1.18=0V for SHUTDOWH =
THZ- 2500

The gate drive circuit as shown in Figure 6-13 is built around a primary and a secondary ASIC

(application specific integrated circuit). The ASICs contain all integrated circuitry necessary for

implementing the two main functions of a gate driver: First, to transmit signals between primary and

secondary side, and second, to provide insulation and power supply for the secondary side.
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Figure 6-13 Block diagram of the coreless gate drive system
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There are chip external coreless transformers on the PCB between primary and secondary side. These
coreless transformers consist of spiral windings that are stacked on top of each other and that are

separated by the PCB insulation material. No magnetic flux guidance, such as a ferrite core, is used.

6.7 New Generation Scale-2 IGBT-Driver Circuits

25C0435T
Hee S S Ny B
Monitoring
Dz
Advanced
|| Active Clamping b

Ra.on By Electrical
} { || % Interface X2
Turn-on Driver - G2
Rq,off
m — l—‘ Channel 2
Turn-off Driver

Electrical
— - - - __=——————
Ve T — RS
Monitoring
|_| Advanced " ﬁ
Active Clamping

I
|
I
|
I
|
I
Interface X3 [
I
|
I
I
I
|

Electrical
Interface X1

: Turn-on Driver
: Turn-off Driver

Figure 6-14 Basic Schematic of the gate drive board with 2SC0435T driver

Channel 1

The Scale-2 driver board contains all necessary components for optimal and safe driving of IGBT
modules: gate clamping, active-clamping diodes (overvoltage protection at turn-off), Vce monitoring
(short-circuit protection) as well as the input electrical connector and both output electrical connectors
to connect both the power switch. It is equipped with usual protection functions such as Vce
monitoring for short-circuit protection, operation inhibit after fault, supply under voltage shutdown
and status feedback. It also features advanced active-clamping function and very low propagation
delay time.

The 2SCO0435T is the most compact driver core in its power range with a footprint of only 57.2 x
51.6mm and an insertion height of max. 20mm. It combines a complete two-channel driver core with
all components required for driving, such as an isolated DC/DC converter, short-circuit protection,
advanced active clamping as well as supply voltage monitoring. Each of the two output channels is
electrically isolated from the primary side and the other secondary channel.

An output current of 35A and 4W drive power is available per channel, making the 2SC0435T an

ideal driver platform for universal usage in medium and high-power applications. The driver provides
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a gate voltage swing of +15V/-10V. The turn-on voltage is regulated to maintain a stable 15V
regardless of the output power level.

Its outstanding EMC allows safe and reliable operation in even hard industrial applications.

\/ce monitoring/short-circuit protection

Driver The basic VVce monitoring circuit of Scale-2 board
+3.3...15V

Input - R i ]

Voltage OV _/ is illustrated in Figure 6-14. Both IGBT collector

emitter voltages are measured with a resistor

network. Vce is checked after the response time

+15V in Fi
IGBT o — (as shown in Figure 6-15) at turn-on to detect a

3glttde -10V — short circuit. If this voltage is higher than the
programmed threshold Vth, the drier detects a
+Vde short circuit at the IGBT and signals it

1GBT immediately to the corresponding SOx output.
SE:LZSSF The corresponding IGBT is immediately switched
off. The IGBT is kept off and the fault is shown

oV [ ' at pin SOx as long as the blocking time is active.

S —

Response time

Figure 6-15 Turn-on characteristic of an IGBT

The blocking time is applied independently to each channel. It starts when Vce exceeds the threshold
of the VVce monitoring circuit. This de-saturation function is for short circuit detection only and cannot
provide over current protection. Hence over current protection is directly provided through micro-
controller as seen in Figure 6-7.

Active clamping

Parasitic inductances in IGBT modules and converter circuits cannot be completely eliminated for

A Vee(max) = Vdc + Vi , physical reasons, and their influence on the system behavior cannot
———"‘/TW be neglected. The current change caused by turning off the IGBT
e = I\ ve produces voltage transients at its collector, as shown in the upper
part of Figure 6-16.
0 ——= ¢ The commutation speed and thus, the turn-off over-voltage at an
S IGBT can, in principle, be affected by the turn-off gate resistance
'z \qu : Rg(off). This technique is used particularly at lower powers.

Figure 6-16 Typical characteristic at IGBT turn-off
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However, Rg(off) must then be dimensioned for overload conditions such as turn-off of the double
rated current, short circuit and a temporarily increased link circuit voltage. In normal operation this
results in increased switching losses and turn-off delays, which reduces the usability of the modules.
So this simple method is unsuitable for modern high-power modules.

P N Simple Active Clamping has already been used for
Ls1

some time to protect IGBTSs. Active clamping means
the direct feedback of the collector potential to the

Lioer Le3 gate via an element with an avalanche characteristic.

i Figure 6-17 (upper part) shows the principle on the
basis of an IGBT switch.

Clamping Elements
Resr g

The feedback branch consists of a clamping element,

Vde Ls4 as a rule comprising a series of transient voltage

—— suppressors (TVS). If the collector-emitter voltage

exceeds the approximate breakdown voltage of the

Driver | R clamping element, a current flows via the feedback to

e nge the gate of the IGBT and raises its potential, so that

the rate of change of the collector current is reduced
and a stable condition results. The voltage across the

Vce(max) = Vdc + Vir IGBT is then determined by the design of the
aVtr
Vdc :

Vee clamping element. The IGBT operates in the active

range of its output characteristic and converts the

energy stored in the stray inductance into heat. The

clamping process continues until the stray

,’ﬁ inductances have been  demagnetized. The

0 — fundamental relationships involved here on the basis
of typical curves are illustrated in the lower part of
Figure 6-17.

Figure 6-17 Principle of an IGBT driver with Active Clamping

Advanced active clamping

Simple Active Clamping is traditionally used only to protect the semiconductor in the event of
overload. Consequently, the clamping elements are never subjected to recurrent pulse operation.

The problem of repetitive operation takes the following form: modern high power IGBTs are
optimally driven with gate resistors in the range from 0.1 to several ohms. For turn-off, the driver
supplies an output voltage of —10V. However, the Active Clamping Circuit must raise the gate voltage
temporarily to about +15V, in order to reduce the rate of current change. This produces a voltage drop

of 25V across the gate resistor. A high current is absorbed by the driver, which flows through the
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Active Clamping circuit, where it produces high losses and additional voltage drops. The simple
Active Clamping circuit is consequently unsuitable for repetitive operation.

An improved Active Clamping circuit has been presented in Figure 6-18. Here, the base of the chain
of clamping diodes is, as usual, connected to the gate of the IGBT, but additionally to the input of a
booster stage. The driver voltage is consequently raised as soon as a current flows through the

clamping element. The driver stage now no longer

draws any current from the clamping element, and
the current flowing through the latter is then
available exclusively for charging the gate. The

voltage drop and power loss in the clamping diodes

-10V

can thus be dramatically reduced.
Figure 6-18 Principle of an IGBT driver with Advanced Active Clamping

The final board shown in Figure 6-22 supports the advanced active clamping based on this principle:
when active clamping is activated, the turn-off MOSFET of the driver is switched off in order to
improve the effectiveness of the active clamping and to reduce the losses in the TVS.

Intelligent paralleling

Parallel-connected IGBTs are conventionally driven by a common driver, with individual gate and

- | emitter resistors for each IGBT. However, modules of

04 0 a the Prime PACK power class require more extensive
= [—’ T circuitry: they cannot, for instance, dispense with active
— L clamping [25], which results in solutions such as that
O ®
e gl ,,J';“_L_« proposed in Figure 6-19.
oy
i<
]

Figure 6-19 Principle of a central driver . } g: P K“‘
Le /

An alternative approach to driving parallel-connected IGBT [—’ K”
modules is to use an individual driver for each module, as —4 ] } { >"‘Jﬁ l
|

shown in Figure 6-20. However, this attractively simple

approach was hardly practical in the past because the drivers il } {

previously available on the market had excessive runtime

differences and jitter, which would have led to an

Figure 6-20 Principle of driving parallel connected
IGBTs with individual drivers
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asymmetrical distribution of the collector currents and losses in the parallel-connected modules.
Moreover, previous drivers also failed to offer any scenario for the behavior of parallel-connected
drivers in the event of a fault.

A solution is now available with the SCALE-2 driver chipset from CONCEPT [26] [27]. With a
runtime of just below 80ns, as shown in Figure 6-21, it is about five times as fast as the preceding
generation and 8 to 20 times faster than typical competitor solutions. In addition, the small deviations
in the runtimes of the various drivers of <t4ns and the extremely low jitter of <£2ns make it ideal for
use in the parallel circuit. The low tolerance of these parameters ensures that the parallel-driven
IGBTS switch almost simultaneously. As every IGBT module has its own driver, the power of a single
driver does not need to be distributed over several IGBTs. So this concept also allows high clock

frequencies with parallel circuits.

Power supply Remarks Min Typ Max Unit
Supply current Inc Without: load 32 s
Supply current Ly F = 0Hz 26 e
Supply current I F = 100kHz 33 mé
Coupling capacitance Gy Primary to output, total 20 pF
Power Supply Monitoring Remarks Min Typ Max Unit
Supply threshold V- Primary side, clear fault 1.9 126 133 v
Primary side, s=t fault {Mote 12) 1.3 120 127 W
Manitoring hysteresis Primary side, set/clear fault 0.36 v
Supply threshold Vigo,-Ve, Secondary side, clear fault 121 126 13.1 v
Secondary side, set fault (Note 13) 1.5 120 125 v
Manitoring hysteresis Secondary side, set/clear fault 0.3% v
Supply threshold Ve Voous Secondary side, clear fault 5 E.15 5.3 L)
Secondary side, set fault (Note 13) 4,7 485 5 v
Monitoring hysteresis Secondary side, sstfclear fault 0.15 L)
Logic Inputs and Dutputs Remarks Min Typ Max Unit
Imput bias current WITMN) = 3V 190 uA
Turn-on threshold VIINx) 2.6 v
Turn-off threshold WITNx) 1.3 v
S0 output voltage Failure condition, I{S0x])<20ma& 0.7 v
Short-Circuit Protection Remarks Min Typ Max Unit
Current through pin REFx R{REFx, VEx)=70k(} 150 iy
Minimum response time Mote 9 1.2 Hs
Minimum blocking time Mote 10 9 ps
Timing Characteristics Remarks Min Typ Max Unit
Turn-on delay taa Mote 5 85 ns
Turn-off delay tsom Mote & 70 ns
Jitker of turn-cn delay Mote 17 + ns
Jitter of turn-off delay Mote 17 +3 ns
Crutput rise time tyan Mote 7 20 ns
Cutput fall time tyo Mote 7 20 ns
Transmission delay of fault state  MNote 14 400 ns

Figure 6-21 Electrical characteristics of 25C0435T
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Figure 6-22 Final Schematic of the gate drive board with 2SC0435T driver
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6.8 Summary

In this chapter the Micro-controller Board & Embedded controller board based on Arm-7 are
developed and tested.
The different driving methods for IGBT are discussed & SCALE-2 driver is used to build the driver

board.

The main finding of this discussion revels following:

In comparison with other driving methods, active clamping allows enhanced utilization of the IGBT
modules during normal operation by increasing the switching speed and therefore reducing switching
losses. The overvoltage at fault-current turn-off is also managed by active clamping.
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Chapter 7
SOFTWARE IMPLEMENTATION

7.1 Introduction

This chapter describes the implementation of microcontroller software to control the quasi resonant
converter. It has to take care of load tuning, over current protection and mod-bus communication.
It also describes the implementation of Embedded software for implementation of GUI, a discrete

Proportional-Integral-Derivative (PI1D) controller and autotuning.

There are two parts of the complete software.
1. Low-level (Assembly Language) software for Micro-controller Board.
2. High-level (C Language) software for ARM-7 Board.

7.2 Low-level software for Micro-controller Board

The micro-controller board has to perform following tasks.

1. Read Temperature of crucible through thermocouple using Sigma-Delta ADC and do
linearization and cold junction compensation.

2. Reading of RMS value of DC-Link voltage & current using sigma-delta ADC and finding
DC-Link power.

3. Sending calibrated DC-Link power & linearized temperature to ARM-7 board through MOD-
BUS communication.

4. Taking commands of frequency & frequency bursts from ARM-7 board.

5. Generating gate pulses for IGBT using these commands & to automatically tune the on duty
cycle of gate pulses according to changes in load inductance.

6. To switch off IGBT gate firing in case of over current in tank circuit, DC-Link over current,

DC-Link under voltage, over temperature (sensed through thermostat), driver card fault, etc.

To implement all above tasks the whole software is divided into 5 parts.
7.2.1 Main program

Following is the listing of Main program which initializes the SFR’s to set the modes of timers &
serial port and enables interrupts. It checks calibration data stored in Eeprom and validates them &
informs ARM-7 board for any error. After which it enables timer & external interrupts as well as
serial port interrupt. And finally remains in a loop where it checks for any error & informs ARM-7
board as per error generated.
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MAIN:
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
SETB
MOV
MOV
SETB
SETB
MOV
MOV
MOV
MOV
MOV
SETB
ORL
CLR
MOV
MOV
MOV

MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV

SOFTWARE IMPLEMENTATION

SP.#BDH

P0,#11111011B ;KEEP SCLK (CS5460) LOW

P1,#00111111B ;KEEP ENABLE PIN(LCD) LOW, 485 IN RECV. MODE
P2 #FFH

AUXR,#00010001B ;XRAM SIZE 1792 BYTES, INT-XRAM SELECTED
CKCONO,#7FH ;X2 SPEED (3.072 MIPS)

CKCON1#01H

CKRL #FFH

PCON,#00H ;RESET POWER-OFF FLAG

AUXR1#00H ;BOOT ROM DISABLED & DPTRO SELECTED
WDTPRG #05H ;TIMEOUT -> 170MS FOR X2 MODE
IPH1,#00000000B

IPL1,#00000000B ;SPI & KBD INTERRUPTS ARE NOT USED
IPH0,#00001101B

IPLO,#00010010B ;PRIORITY -> T1,INTO,INT1; SRL,TO; T2
TCON,#00000101B ;INTO,1-FALLING EDGE

TMOD,#00010001B ;TIMER-1,0 IN TIMER MODE-1

THO,#FAH ;COUNT FOR 1MS

TLO,#07H J(LESS BY 7 CYCLES TO GET EXACT 1MS TIME)
TRO

TH1,#FFH

TL1,#66H ;COUNT FOR ON CYCLE TIME = 100uS

TR1

ET1

T2CON,#00000000B ;T2 -> 16BIT AUTORELOAD MODE
RCAP2H,#10H

TH2,#10H

RCAP2L,#00H

TL2,#00H ;COUNT FOR 40MS

TR2

PCON,#00000000B ;SMOD1=0
TI

BRL,#246 ;9600 BAUD (X2-SPEED)

BDRCON,#00011100B  ;START BRG, USE BRG FOR TX,RX BOTH
SCON,#60H ;SERIAL MODE-1, WITH SM2=1

OFH,#FDH
OEH#04H  ;COUNT FOR OFF CYCLE TIME FOR 1.67KHZ
31H#250  ;CS5460-1 TIMEOUT = 10 SEC
35H#250  ;CS5460-2 TIMEOUT = 10 SEC
38H,4#30
39H,#00H
3AH#00H  ;INIT ROOM TEMP. AS 30 DEG
3BH#01H  ;RESET KEY-DEBOUNCE COUNTER
3FH#00H  ;INIT PRESENT POWER O/P = OKW
40H#0OH  ;MAKE PRESENT O/P FREQ. = 1.67KHZ
59H#10  ;COUNT FOR 1 SEC
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MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MOV

5AH,#03H
S5BH,#25
5CH,#00H
S5EH,#00H
67H,#A8H
6AH,#10
6BH,#06H
70H,#10
71H,#03H

SOFTWARE IMPLEMENTATION

;COUNT FOR 0.12 SEC
;COUNT FOR 1 SEC
;RESET ERROR BYTE
;RESET OPERATION MODE BYTE TO POWER OFF MODE
;INIT RECV_BUF POINTER
;TO GIVE DEBOUNCE TO CJ-ERR (10 SECONDS)
;TO DELAY XMISSION ATLEAST BY 6MS
;COUNT FOR 10MS
;RESET UNDER VOLTAGE FAULT CHECK TRIAL CNTR

LCALL DLY_20MS
;RESET CS5460-1,2 SERIAL PORT

CLR PO.1
NOP
NOP
NOP
NOP
NOP
SETB
MOV
MOV
MOV
MOV
SETB ET2

SETB EA

CLR P21

LCALL RDY_EE
JC ERR1

PO.1
30H,#00H
34H,#00H

;APPLY H/W RESET
;TO CALL INIT5460-1 FOR 1ST TIME
;TO CALL INIT5460-2 FOR 1ST TIME

WDTRST #1EH
WDTRST #E1H

;RESET WATCH-DOG TIMER TO ENABLE IT

;REMOVE RESET SIGNAL OF IGBT-DRIVER

JWAIT TILL EEPROM IS READY

LCALL BYTE_FIL

JC ERR1
LCALL VERFY
JNC OK24512

ERR1:
LCALL ERR2
OK?24512:
MOV  32H,#00H
SETB 05H
LCALL VALID1
JNC A2

A2:

MOV  5CH,#03H
LCALL W_KBD
LCALL DEFLT1
LCALL DLY_0.5
MOV  5CH,#00H

LCALL VALID11
JNC  AA2

MOV  5CH,#03H
LCALL W_KBD

;RELOAD COUNT FOR 10SEC
;START KBD TIMER (IF OFF)
;CHECK FOR VALIDITY OF DATA IN EEPROM

;FLAG THAT DATA IS INVALID

sWAIT FOR A KEY STROKE

;LOAD DEFAULT VALUES IN EEPROM
;RESET ERROR BYTE

;CHECK IMP. DATA IN EEPROM
;FLAG THAT DATA IS INVALID

sWAIT FOR A KEY STROKE
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LCALL DEFLT11 ;LOAD DEFAULT VALUES IN EEPROM
LCALL DLY_0.5
MOV  5CH,#00H ;RESET ERROR BYTE

AA2:

Ad:

STO:

LCALL VALID2 ;CHECK FOR VALIDITY OF DATA IN EEPROM
JNC A4

MOV  5CH,#03H ;FLAG THAT DATA IS INVALID

LCALL W_KBD JWAIT FOR A KEY STROKE

LCALL DEFLT2 ;LOAD DEFAULT VALUES IN DS12887

LCALL DLY_0.5

MOV  5CH,#00H ;RESET ERROR BYTE

LCALL LD_VARS ;LOAD VARIABLES FROM EEPROM INTO INT.XRAM

CLR O0BH JRESET CS5460-1 FAULT BIT TO START ACCESSING
CLR OCH ;RESET CS5460-2 FAULT BIT TO START ACCESSING
SETB ETO

CLR RI ;DISCARD RI (DUE TO ANY REFLECTIONS)

SETB REN

SETB ES ;ENABLE RECEPTION (FOR MODBUS COMMUNICATION)
SETB 10H JALLOW ACCESS TO 12C LINE IN INT.

LCALL DELAY_1S

CLR P27 ;SW.ON CONTACTOR TO ACTIVATE POWER

LCALL DELAY_1S JALLOW CS5460 TO START

SETB 41H JACTIVATE DC-LINK UNDER-VOLT FAULT CHECKING

JBC 42H,UNDERV1 ;CHECK UNDER-VOLTAGE FAULT
JB  59H,EMG1 ;CHECK EMERGENCY SWITCH
JBC 53H,0CERR1 ;CHECK OVER-CURRENT FAULT
JBC 55H,IEXCEED1 ;CHECK I/P-CURRENT EXCEED FAULT
JB  4EH,DRVER1
JB  0BH,ER54601
JB  0CH,ER54601
JBC 1EH,ERR22
JBC 02H,CRCERR
JBC 06H,CJTERR
SIMP  STO
Table-7.1 Main program listing (Micro-controller board)

7.2.2 Timer-0 Interrupt at 1ms

In this subroutine the MOD-BUS timings are taken care off. If Melter power is on then it generates
IGBT on/off commands as per required frequency bursts.

TO_OVF:

MOV  THO,#FAH ;COUNT FOR 1MS
MOV  TLO#07H ;(LESSBY 7 CYCLES TO GET EXACT 1MS TIME)
JNB  2AH,160
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DINZ
MOV
CLR
SETB
160:
JNB
DINZ
MOV
MOV
CLR
161
JNB
DINZ
CLR
CLR
SETB
MOV
162:
DINZ
MOV
:10MS
PUSH
PUSH

SOFTWARE IMPLEMENTATION

6BH,160

6BH,#06H ;TO DELAY XMISSION ATLEAST BY 6MS
2AH

TI ;START TRANSMISSION

2BH,161

6CH,161

6CH,#50 ;COUNT FOR 50MS

67H,#A8H ;RE-INIT RECV_BUF POINTER FOR RE-SYNCHRONISM
2BH

2CH,162
6DH,162
2CH
RI ;DISCARD RI (DUE TO ANY REFLECTIONS)
REN
67H,#A8H ;RE-INIT RECV_BUF POINTER FOR RE-SYNCHRONISM

70H,RET30
70H,#10 ;RELOAD COUNT FOR 10MS

PSW
A

CLR RS1
SETB RSO RB-1

JNB

52H,P_OFF  ;CHECK POWER ON/OFF BIT

;SWITCH IGBT ON/OFF BIT ACCORDING TO ITS ON/OFF TIMER

MOV
MOV
DEC
DEC
CJINE
MOV

MOV
MOV
INC
INC
ORL
JNZ
INC
MOV
DEC
MOV
DEC
MOV
DEC
MOV

RO,#B1H

A,@RO

RO
@RO

@RO,#00H,164 ;CHECK FOR CT

@RO,A ;RESET CYCLE TIME TIMER (HEAT)

RO,#BAH
A @RO
RO
RO
A,@RO
ON1
RO
A @RO
RO
@RO,A ;RELOAD PRECALCULATED OFF CYCLE COUNT
RO
A @RO
RO
@RO,A ;RELOAD PRECALCULATED ON CYCLE COUNT
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ON1:
MOV RO#BAH
MOV A @RO
JZ OFF1 :CHECK FOR ON CYCLE COUNT
DEC @RO
SETB 50H ;START SWITCHING IGBT
SIMP 164
OFF1:
INC RO
INC RO
MOV A @RO
JZ 164 ;CHECK FOR OFF CYCLE COUNT
DEC @RO
P_OFF:
CLR 50H ;STOP SWITCHING IGBT
164:
POP A
POP PSW
RET30:
RETI

Table-7.2 Timer-0 Interrupt service subroutine listing

7.2.3 Timer-1 Interrupt for maximum on-cycle time

This subroutine takes care of maximum on-cycle time and generates firing signals for IGBT.

T1 OVF:
JBC  51H,1104
MOV  TH1#FFH
MOV TL1#66H  ;COUNT FOR ON CYCLE TIME = 100uS
JNB  50H,RET12  ;CHECK IGBT ON/OFF COMMAND

SETB 51H ;FLAG THAT GATE IS ON
CLR P22 ;SW.ON THE GATE
CLR IEO :DISCARD PREVIOUS EDGES
SETB EXO ;ENABLE INTO
RET12:
RETI
1104:
SETB P2.2 :SW.OFF GATE
JBC EXO0,1105
RETI
1105:
PUSH PSW
CLR RS1
SETB RSO ‘RB-1

CINE R7#FFH,1107
CINE R6,#B5H,1107
1107:
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JC 1108
MOV  TL1#B5H
MOV  TH1#FFH ;LIMIT COUNT FOR OFF CYCLE TIME = 48uS
POP PSW
RETI
1108:
MOV TL1,R6
MOV TH1,R7 ;COUNT FOR OFF CYCLE TIME
POP PSW
RETI
Table-7.3 Timer-1 Interrupt service subroutine listing

7.2.4 Timer-2 Interrupt at 40ms

It reads DC-Link voltage and current from CS5460 and then calculates DC-Link power. Then it reads
temperature and does linearization and cold junction compensation. In the later portion of this
subroutine it applies accelerating/decelerating slope to the frequency of IGBT gate pulses as per
start/stop command.

T2_OVF:

CLR TF2

PUSH PSW

PUSH A

PUSH B

PUSH DPH

PUSH DPL

ORL  PSW,#00011000B ;R.B.- 3

MOV ~ WDTRST #1EH

MOV WDTRST #E1H
'READING CS5460-1 STARTS...

JB O0BH,I132  :IF5460-1 IS FAULTY THEN SKIP READING

CLR PO4 'SELECT 5460-1
MOV  A30H
JNZ NORST1 ;IF RESET IS NOT IN PROGRESS

MOV R2#00H  :CURRENT GAIN = 10
LCALL INIT5460
MOV 36H#06H  ;DISCARD 5 SAMPLES AFTER INITIALIZATION
MOV 30H#12  ;REINIT TRIAL COUNTER
LIMP 131
NORST1:
MOV  A#00011110B :READ STATUS REG. COMMAND
LCALL W _5460
LCALL R_5460 :-DUMMY READ OF STATUS REGISTER

MOV R7,A
LCALL R_5460 ;DUMMY READ A BYTE FROM CS5460
LCALL R_5460 ;DUMMY READ A BYTE FROM CS5460
MOV AR7

JNB ACC.7,130 ;IFDRDY IS NOT ACTIVE
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MOV  A#00011000B :READ V-RMS REG. COMMAND
LCALL W 5460
LCALL R_5460 ‘READ A BYTE FROM CS5460

MOV  79HA
LCALL R_5460 ;READ A BYTE FROM CS5460
MOV  78HA ;SAVE 16BIT V-RMS DATA

LCALL R_5460 ;DUMMY READ A BYTE FROM CS5460
MOV  A#00010110B ;READ I-RMS REG. COMMAND
LCALL W_5460

LCALL R_5460 ;READ A BYTE FROM CS5460

MOV  77THA
LCALL R_5460 ;READ A BYTE FROM CS5460
MOV  76HA ;SAVE 16BIT I-RMS DATA

LCALL R_5460 '‘DUMMY READ A BYTE FROM CS5460
MOV A#01011110B ;WRITE STATUS REG. COMMAND
LCALL W 5460

MOV A #80H

LCALL W 5460

MOV  A#00H

LCALL W 5460

MOV  A#00H ‘RESET DRDY INT.STATUS BIT
LCALL W 5460

SETB P0.4 ‘DISABLE 5460-1

MOV 30H#12  :REINIT TRIAL COUNTER

MOV 31H#250  ;RELOAD CS5460 TIMEOUT = 10 SEC

DINZ 36H,132 ;DISCARD 5 SAMPLES AFTER INITIALIZATION
MOV  36H,#01H ;NOW DON'T DISCARD ANY SAMPLE

SETB 09H ;FLAG THAT VRMS,IRMS DATA IS AVAILABLE
LCALL CAL_VI

LCALL CH_VRMS ;CHECK V_RMS FOR UNDER VOLTAGE FAULT
LCALL CH_IRMS ;COMPARE I_RMS WITH I/P CURRENT MAX. LIMIT
LCALL CAL_PWR ;CALCULATE POWER FROM V_RMS & |_RMS

1132:
SIMP 132
130:
DJNZ 31H,1130
MOV  31H,#250 :CS5460 TIMEOUT =10 SEC
SETB O0OBH ;FLAG THAT CS5460-1 IS FAULTY
1130:

DINZ 30H,I31 ;CHECK FOR 12 TRIALS (0.48SEC)
;RESET CS5460 SERIAL PORT
CLR PO.1
NOP
NOP
NOP
NOP
NOP
SETB PO.1 JAPPLY H/W RESET
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131:

132:

MOV  34H#00H ;ALSO CALL INIT5460-2

SETB P0.4 ;DISABLE 5460-1
LIMP 110 ;SKIP 5460-2 & ALL ITS CALCULATIONS
SETB P0.4 ;DISABLE 5460-1

;READING CS5460-2 STARTS...

JB  OCH,III10 ;IF 5460-2 IS FAULTY THEN SKIP READING

CLR PO.5 ;SELECT 5460-2
MOV  A334H
JNZ NORST2 ;IF RESET IS NOT IN PROGRESS

MOV R2#01H ;CURRENT GAIN =50

LCALL INIT5460

MOV  37H,#06H ;DISCARD 5 SAMPLES AFTER INITIALIZATION
MOV  34H#12 ;REINIT TRIAL COUNTER

LIMP 134

NORST2:

1134:

MOV  A#00011110B ;READ STATUS REG. COMMAND
LCALL W_5460
LCALL R_5460 ;DUMMY READ OF STATUS REGISTER

MOV R7,A

LCALL R_5460 ;DUMMY READ A BYTE FROM CS5460
LCALL R_5460 ;DUMMY READ A BYTE FROM CS5460
MOV  AR7

JB  ACC.7,133 ;IF DRDY IS ACTIVE

DINZ 35H,1134

MOV  35H,#250 ;CS5460 TIMEOUT = 10 SEC

SETB 0CH ;FLAG THAT CS5460-2 IS FAULTY
LCALL RESTMR ;RESET ON/OFF CYCLE TIMERS
LCALL HT_OFF ;SW.OFF MELTER POWER

LCALL STP_TMR ;STOP O/P ON/OFF CHECK TIMER
LCALL SW_OFF ;SW. OFF ALARM RELAYS

DINZ 34H,134 ;CHECK FOR 12 TRIALS (0.48SEC)

;RESET CS5460 SERIAL PORT

134:

11110:

133:

CLR PO.1

NOP

NOP

NOP

NOP

NOP

SETB PO0.1 JAPPLY H/W RESET

MOV  30H,#00H ;ALSO CALL INIT5460-1
SETB PO0.5 ;DISABLE 5460-2

LIMP 110 ;SKIP ALL CALCULATIONS

83



Chapter 7 SOFTWARE IMPLEMENTATION

;0.1SEC
MOV  A#00011000B ;READ V-RMS REG. COMMAND
LCALL W_5460
LCALL R_5460 ;READ A BYTE FROM CS5460

MOV R7A
LCALL R_5460 ;READ A BYTE FROM CS5460
MOV R6,A ;SAVE 16BIT C.J.TEMP. DATA

LCALL R_5460 :‘DUMMY READ A BYTE FROM CS5460
MOV  A#00010110B ;READ I-RMS REG. COMMAND
LCALL W 5460

LCALL R_5460 ‘READ A BYTE FROM CS5460

MOV R2A
LCALL R_5460 ;READ A BYTE FROM CS5460
MOV R5A
LCALL R_5460 ;READ A BYTE FROM CS5460
MOV R4,A

MOV A#01011110B ;WRITE STATUS REG. COMMAND
LCALL W 5460

MOV A #80H

LCALL W 5460

MOV  A#00H

LCALL W 5460

MOV A #00H ‘RESET DRDY INT.STATUS BIT

LCALL W 5460

SETB P05 ‘DISABLE 5460-2

MOV 34H#12  :REINIT TRIAL COUNTER

MOV 35H#250  ;RELOAD CS5460 TIMEOUT = 10 SEC

DINZ 37H,11110 ‘DISCARD 5 SAMPLES AFTER INITIALIZATION
MOV 37H#01H  ;:NOW DON'T DISCARD ANY SAMPLE

LCALL HALF

LCALL HALF :CONVERT INTO 14BIT FOR COLD-JUNCTION TEMP.
MOV  7FH,R7

MOV  7EH,R6 ‘SAVE 14BIT C.J. TEMP. DATA

LCALL SH_LFT

MOV  A#00H

RLC A

MOV B,A

LCALL SH_LFT

MOV AB

RLC A ‘CONVERT 24BITS TO 18BITS

MOV  RO#80H

MOV ~@RO,1DH

INC RO

MOV @RO,1AH

INC RO

MOV @RO,A ;SAVE 18BITS DATA IN INT. RAM
SETB 00H ;FLAG THAT ADC DATA IS AVAILABLE

LCALL C_CJTMP ;CALCULATE COLD JUNCTION TEMP.
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LCALL LINEAR ;CALIBRATE & LINEARIZE TEMPERATURE

;ACC. SLOPE OF IGBT FIRING FREQUENCY AS PER SET O/P POWER (0-10KW -> 10SEC)

192:

JB  52H,192 ;IF POWER IS ON THEN GO FOR ACC/DEC SLOPE
CLR EA

MOV  OFH,#FDH

MOV  OEH,#04H ;COUNT FOR OFF CYCLE TIME FOR 1.67TKHZ
SETB EA

MOV  40H,#00H ;MAKE PRESENT O/P FREQ. = 1.67TKHZ

SIMP 199

JNB  54H,199 ;IF SLOPE IS NOT REQUIRED

MOV  A/42H ;TAKE ONLINE REQD. O/P POWER
JZ DECSL ;IF POWER IS TO BE SWITCHED OFF
DINZ 5AH,I99

MOV  5AH,#03H ;COUNT FOR 0.12 SEC

;0.12SEC

193:

194:

CINE A3FH,193  ;COMPARE WITH PRESENT O/P POWER
SIMP 195

JC DECSL
MOV  A40H
CINE A#100,194

JNC 196
INC 40H
MOV  A40H
SIMP 196

DECSL:

195:

196:

199:

DINZ 40H,195
CLR EX1 ;DISABLE INT1 (TO MONITOR OVER-CURRENT FAULT)
CLR 52H ;SW. OFF THE MELTER POWER

MOV  A40H

ADD AA

MOV BA

MOV DPTR#CNTTBL

MOVC A @A+DPTR ;AS MAX. PWR IS 100 THIS WILL WORK OK
CLR EA

MOV  OFH,A

INC DPTR

MOV AB

MOVC A @A+DPTR

MOV OEH,A ;UPDATE COUNT FOR OFF CYCLE TIME
SETB EA

POP DPL
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POP DPH
POP B
POP A
POP PSW
RETI
Table-7.4 Timer-2 Interrupt service subroutine listing

7.2.5 Interrupt on external falling edge (generated by Load Tuning Circuit of Figure 6-7)

INTO_ISS:
SETB P2.2 ;SW.OFF GATE
RETI
Table-7.5 External Interrupt service subroutine listing

7.2.6 Serial port Interrupt

Here the serial transmission & reception is implemented using MODBUS protocols. It acts as the
slave and responds to the commands received from ARM-7 board. It sends DC-Link power &
linearized temperature to ARM-7 and receives the frequency of operation as well as frequency bursts
parameters from ARM-7 board.

SRL_ISS:
JBC RI,RECV
CLR TI
DINZ 69H,M51  ;69H = NO.OF CH. IN XMIT BUF. + 1
SETB 04H 'FLAG THAT COMPLETE TRANSMISSION IS OVER
CLR P17 :CONVERT INTO RECV MODE
MOV 6DH#04H  :TIME BETWEEN SENDING & RECEIVING = 4MS
SETB 2CH 'ENABLE RECEPTION AFTER ATLEAST 4MS
RETI
M51;
PUSH  PSW
CLR RSl
SETB RSO ‘RB-1
CLR 04H “TRANSMISSION IS GOING ON
MOV  R0,68H
MOV  SBUF,@R0
INC  68H
POP PSW
RET2:
RETI
RECV:

JNB REN,RET2 ;AS PER 89C51ED2-ERRATA WORK AROUND
PUSH A
MOV  ASBUF
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PUSH PSW
PUSH B
PUSH DPH
PUSH DPL
CLR RS1
SETB RSO ‘RB-1
MOV  6CH,#50 ;COUNT FOR 50MS
SETB 2BH ;START 50MS RECEPTION-TIMEOUT TIMER
MOV RO0,67H
MOV @RO,A
INC 67H
MOV A67H
CINE A#BOH,RETO1
MOV  67H,#A8H
LCALL C CRC R ;CALCULATE CRC FROM RECV.BUFFER(DPH,DPL)
MOV RO#AEH
MOV A @RO
CINE A,DPL,M55
INC RO
MOV A @RO
CIJNE A,DPH,M55
CLR O02H ;IF NO CRC ERROR THEN RESET COMM. ERROR BIT
SIMP  M56
M55:
SETB 02H ;IF CRC ERROR THEN SET COMM. ERROR BIT
RETO1:
LIMP RETO
M56:
MOV DPTR,#00D8H
MOVX A @DPTR :GET M/C ID. NO.

; MOV BA
MOV B#01H ;FIX M/C ID. NO.=01
MOV RO,#A8H
MOV A @RO
JZ  M57 ;IF GLOBLE ADDRESS
CINE A,B,RET00 ;CHECK 1ST DIGIT WITH M/C ID NO.

M57:
;CHECK & ANALYZE THE COMMAND
MOV RO,#A9H
CINE @RO0,#03H,M65 ;CHECK FOR READ HOLDING REGISTER CMD
INC RO
CINE @RO,#00H,ADRERL1 ;IF ADDR. DOESNT MATCH THEN SEND EXCPN RESP.
INC RO
MOV A @RO
CINE A #12H,M58
M58:
JNC ADRER1 :IF ADDR. DOESNT MATCH THEN SEND EXCPN RESP.
ACALL RDHREG ;PROCESS READ HOLDING REGISTER COMMAND
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AJMP RETO
M65:
CINE @RO0,#06H,M72 ;CHECK FOR PRESET SINGLE REGISTER CMD
INC RO
CINE @RO,#00H,ADRERI1 ;IF ADDR. DOESNT MATCH THEN SEND EXCPN RESP.
INC RO
MOV A @RO
CINE A#12H,M67
M67:
JNC ADRER1 ;IF ADDR. DOESNT MATCH THEN SEND EXCPN RESP.
ACALL PRSREG ;PROCESS PRESET SINGLE REGISTER COMMAND
SIMP RETO
ADRER:
MOV RO,#A8H
MOV A @RO
JZ RETO :DONT SEND RESPONSE FOR BROAD CAST MESSAGE
IJNB 04H,$ 'WAIT TILL PREVIOUS TRANSMISSION IS OVER
MOV  RO,#99H
MOV @RO,B
MOV RO,#A9%H
MOV A @RO ;TAKE FUNCTION CODE
SETB ACC.7
MOV RO,#9AH
MOV @RO,A
INC RO
MOV  @RO,#02H JILLEGAL DATA ADDRESS
SIMP  MT79
VALER:
MOV  RO,#99H
MOV @RO,B
MOV RO,#A9%H
MOV A @RO ;TAKE FUNCTION CODE
SETB ACC.7
MOV RO,#9AH
MOV @RO,A
INC RO
MOV @RO,#03H JILLEGAL DATA VALUE
M79:
MOV R2#03H
LCALL CALCRC
INC RO
MOV @RO,DPL
INC RO
MOV @RO0,DPH
MOV  69H,#06H ;5 NO.OF CH. IN XMIT BUFFER
LCALL XMIT
RETO:
POP DPL
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POP DPH
POP B

POP PSW
POP A
RETI

Table-7.6 Serial Port Interrupt service subroutine listing
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7.3 High-level software for Embedded controller (ARM-7) Board

The Embedded controller (ARM-7) board has to perform following tasks.

1. Interfacing TFT display & touch screen.

2. Toimplement graphical user interface for displaying & modifying machine parameters.

3. Reading calibrated DC-Link power & linearized temperature from micro-controller board
through MOD-BUS communication.

4. Implement PID on temperature & DC-Link power to determine frequency of operation &
frequency bursts and send them to micro-controller board.

5. Implement Auto-tune for PID loop to optimize the control.

7.3.1 Graphical User Interface

As the monitoring quantities are Crucible temperature, DC-Link Voltage & DC-Link Current they are
displayed as shown in Figure 7.1. From this figure it is also seen that three buttons are kept in the
bottom part of GUI. The first START button is used to start the Melter power, the second STOP
button is used to stop the Melter power and the third Right Arrow button is used to go to next page to

change different parameters.

Set Temperature

11 4

Crucible Temp.

B

"
e
%

| 2 03V DC-Link Voltage

Next Page Button
START Button STOP Button

Figure 7-1 Monitor Page of GUI

)
\

| Voltage
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By pressing the right arrow the parameter setup page as shown in Figure 7.2 is opened. Here it is

possible to set required output power, Alarm set point, Unit of temperature displayed, date & time.

Figure 7-2 Setup Page of GUI
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To implement the required tasks the whole software is divided into 5 parts. The program is written in

C-Language using Keil-Real-View as shown in Figure 7-3.

CKeil\ARMBoards\KeiNMCB2478\DELMER\Melteri\Teslat.uvproj - uVisions
File Edit View FProject Flash Debug Peripherals Tools SVCS Window Help

1 SH@| s 2@ | | | == | o HAaaale & &) 3
= 1 E ¥4 | 12473 Flash [ &% | &b
Project + B [ pigits Dp.h | [ Line_Col_Limit.h Main.c IRQL.c led_grphic |2 generalh uart.c sbl_iap.c - X
=43 LPC2478 Flash 1569 RIC_Update = 1; ZI
E.£5 Startup Code 1570 |
LPC2400.5 1571 lcd fillRect (xlcord[PageNo] [0]1-180, ylcord[PageNo] [0], xlcord[PageNo][0]1-20, yZcord[PageNo][0], DARK GRAY):
[ MELTL0K5.ASM 1572 lcd_putString2 (xlcord [PageNo] [0]1-180, ylcord[PageNo][0], "O/P PWR ", OxbSb7, DARE GRAY):
(3 EEprom e . s ; oo s ; .
Nor Flash 1574 lecd fillRect (xlcord[PageNo][1]-180, ylcord[PageNo][1], xlcord[PageNo][1]-20, yZcord[PageNo]([1], DARK GRAY):
463 Ner 1575 led_putString2 (xlcord [PageNo] [1]1-180, ylcord[PageNe][1], " AL-SP ", OxbSb7, DARK GRAY):
=-[#] e norflash.c 1576 - -
B-{Z7 UsbFat 1577 lecd fillRect (xlcord[PageNo][2]-180, ylcord[PageNo][2], xlcord[PageNo][2]-20, yZcord[PageNo][2], DARK_GRAY);:
[ (7] UsbMassStorage 1578 lcd putString2 (xlcord[PageNo][2]-180, ylcord[PageNol[2], " AL-HYS", 0xbSb7, DARK GRAY);
(-] UsbHost 1579
B3 Touch Sereen 1580 lcd fillRect (xlcord[PageNo] [3]-180, ylcord[PageNo] [3], xlcord[PageNo][3]1-20, v2cord[PagsNo][3], DARK_GRAY):
(7 TFT Display 1581 led_putString2 (xlcord[PageNo] [3]-180, ylcord[PageNo][3], "TEMP. UNIT", OxbSb7, DREK GRAY);
=145 Source Code 1502
1583 lcd fillRect (klcord[PageNa] [4]-180, ylcord[PageNo][4], xlcord[PageNa][4]-20, v2cord[PageNao][4], DARK_GRAY):
1684 led_putString? (xlcord[PageNo] [4]1-180, ylcord[PageNo][4], "DISPLAYOFF", OxbSb7, DARK_GRAY);
1585 led putString2 (xZcord [PageNo] [4]1+10, ylcord[PageNo][4], "min.", DARK GRAY, OxbSb7);
1586
1567 lcd fillRect (xlcord[PageNo] [5]-180, ylcord[PageNo] [S], xlcord[PageNo][5]-20, y2cord[PagsNo][S], DARK_GRAY):
. 1588 led_putString? (xlcord [PageNo] [5]-180, ylcord[PageNo][5], " SET DATE", OxbSb7, DARK_GRAY); —!
B3 1AP 1589 lcd fillRect (xlcord[PageNo] [8]-180, ylcord[PageNo] [2], xlcord[PageNc]([2]1-20, yZcord[PageNo]l([8], DARK GRAY):
i sbl_iap.c 1530 lcd_put5tring2 (xlcord [PageNo] [8]-180, ylcord[PageNo][8], "™ SET TIME", 0xb5b7, DARK_GRAY):
: 1591
D tati
B3 Dacumentation 1592 lcd wr enable = 1
1533 RIC_Disp = 1: T
1594
L 1595 para_index = 0; temp = O =
Er.. (@0, (F. D47 1 3
Build Output n @
« »

=] Build Output | CRFind In Files

ULINK ARM Debugger L1570 C1 CAP NUM SCRL| OVR R/W

Figure 7-3 Snapshot of Melter Project in Keil Real View

As seen from Figure 7.3 the whole project is distributed in different groups.

1. Startup Code: Here stack configuration is defined and system as well as peripheral clocks are
configured and started. It also initializes the external dynamic memory interface & external
static memory interface.

2. Eeprom: Contains driver routines for AT24C512 Eeprom which is used to store non-volatile
data.

3. Nor Flash: Contains driver routines for reading & writing from & to the nor flash which is
used to store the still images (Initial title pages).

4. Touch Screen: Contains driver routines for interfacing TSC2046 touch screen controller as
well as 4-point calibration routines for touch screen.

5. TFT display: Contains driver routines that initialize peripheral for TFT display. It also
includes all low level graphics functions to create images.

6. Source Code: The most important part of the whole project is source code which includes
MAIN.C, IRQ1.C & UART.C
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7.3.2 Main program (MAIN.C)

Following is the listing of Main program which initializes the ports for input/output configuration.
And then sets the modes of timers & serial port and enables interrupts.

Finaly enters into a loop where it continuously display the Set & Present temperature as well as DC-
Link voltage & current. It also checks for touch screen for any key pressed and sends commands to
micro-controller card (through MOD-BUS) to start/stop the Melter power.

[7 pigits Dp.h | [] Line_Col_Limit.h Main.c Rl.c led_grph.c uart.c

0933 int main(wvoid)
0934 {

0935 tU8 ee_buf[128], temp:

0936 t532 ==, v, T = 0;

0937 th32 i, 3:

0938

0939 5C5 |= 0x01; /Y High spesed GPIO on Fort 0 & 1

0340

0941 BCONFP &= 0x00000BEB6&: // Switch off powver teo unus=sd blocks
0942

0343 I /4 Set P0.28-P0.30 for Output (T0 CHECK INTERRUPT TIMINGS)
0344 PINSEL1 &= OxC3FFFFFE:;
0345 FICODIR |= 0x60000000;

0946

0947 /4 et for PORT-PWR-B Cutput, SET dir & cutput ON PE2.Z5
0948 PINSET_E &= O0xFFF3FFFE:

0949 FIC2DIR |= Oxl<<25;

0950 FIQ2CLE = 0Oxl1<<25; /4 HEEF USB-FPOWER COFF
0951

0952 S/ 5=t P0.4-P0.11 for Cutput ROWO-ROW7

0953 PINSET_O &= O0xFFOOOOQFF;

0954 FICODIR |= Ox00000FFO;

0955 FIDC'CT_R = OxO00000FFOD;

0956 S/ Set P1.§-P1.13 for Input COLO-COL7

0957 PINSEL.: &= OxFOOOOFFE;
0358 FICIDIE &= OxFFFECO3E;

1959
0960 A’/ Set PO.15-P0.Z2Z2Z, P£.2§ for COutput DIGO-DIG4
0961 PINSELl &= OxFFFFCO3E;

0362 PINSELS &= OxFFCFFFFE;
0963 FICQODIR |= 0x00780000;

0964 FICOSET = 0x007820000;

0965 FIC4ADIR |= 0x04000000;

0966 FIC45ET = 0Ox04000000;

0967

0968 S/ Bet P2.10 for Input

0969 PINSET_& &= 0xFFCFFFFE:;

0970 FICZDIE &= ~(0xl<<10):

0971

0972 S/ S=t P1.0-Pl.F for Cutput SEG0-SEGS
0973 PINSET_.: &= OxFFFFFOOQO0;

0974 FICIDIE |= Ox0000003F:

0975 FICISET = 0x0000003F;

0976

; DS?T S5et P1.14,F1.15 for Digital Input DI1-DIZ

Table-7.7 MAIN.C Part-1 listing
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/* Enable and setup timer-0 Interrupt, start timer */
BCONP
TOMRO
TOMCR
TOTCR
VICVectAddrd = (unsigned long
VICVectCntld4 = 15;
VICIntEnable = (1 << 4);

I= (1 << 1):
= 576000;

= 3;

= 1;

/* Enable and up timer-1 in

/f
’r
e
7
e
£
/r

CONFP

PCCNE
T2MRO
T2MCE
T2TCR

/f

I
ST
NI

r-2 1in
):

= (1 << 26)

VICVecthAddr2e = (unsigned long
VICVectCntl2é = 14;
VICIntEnable = (1 << 26):

lcdInit (&tft_para);
ledTurnCn () ;2

LCD

I2C_Init():

touch init();

’r

UARTInit (0); A* Init &
UARTInit (3) : /* In

ledTurnOn () ;2
ledSetBacklight (100)

Startup =
TouchIntChk = 1;

o

unsigned long)T1_IRQHandler:/*

/* Enable pover to TIM block */

/* 40mssc at 14.4 MH= =/

/* Interrupt and Resst on MRO */

/* Timers Enable */
})TO0_IRQHandler;/* Set Interrupt Vector *

/% Lowest Priority for Timer( Interrupt */

/* Enable Timer( Interrupt 74

terrupt, start timer */
/* */
/* */
/* */
/* */
*/
ny other Interrupt */

*f

S*
S*

terrupt, start timer =/
/* Enable pover to TIM block */
/* Zmsesc at 14.4 MHz =/
/* Interrupt and Reset on MRO */
/* TimerZ Enable */
; /* TimerZ as FIQ Interrupt */
)T2_IRQHandler; /* Set Interrupt Vector 74
/* More Priority than Timer( Interrupt */
/* Enable TimerZ Interrupt x4

=

Table-7.8 MAIN.C Part-2 listing

1074
1075
1076
1077
1078
1073
1080
1081
1082
1083
1084
1085
1086
1087
1088
1083
1030
1031
1082
1033
1034
1035
1036
1097
1038
1033
1100
1m
1102
1103
1104
1105
1106
1107
1108
1103
1110
1111
1112
1113
1114
1115
1116

//
//

//

case MONITCRL1:
RTIC_Disp = 0;:
lcd_wr_enable = 0;

load_picturel (0,0,800,480);
save_picture2(0,0,800,480,MON2_NORADR) ; /4 Save MONITORZ pictures inteo Znd temp. memory

P_Pv=P_S5Sp=P_ALSp=F ALHys=P_I rms=P_V_rms=P Unit=-1000; /4 To display fresh values in int.
P_PWRStatus=FP_IGBTONOFF=P_Warningl8=F Warningl9=0xff;

lcd_wr_enable = 1;
RTIC_Disp = 1:

para index = temp = 0;
while (1)

{

if (temp == 1)

SaveNORFLLSHI () ;

Var [MCNITCR1] [0] = O:
if ((temp=EED Loop())

else if

{

break:;

1f (ERStatus==0)

{
while (WrCmd0O) ;
Pid ILD = 0Ox01;
Wriddr0 = Ox000£;
WrDataO = 0x01;
WrCmd0 = 1;

}

while (Up¥Yet) ;

(para_index == 2}

/¢ Save receipy data in Nor-Flash

= 0)

// Wait untill previous write command is over

// Address of Operation Mode Byte
/¢4 Sv.0n Mslter Powver
// Write specified variable into PID-card

else if (para_index == 3}

{

while (WrCmdO) ;
Pid ID = O=01;
WrAddr0 = 0Ox000£;
WrDatal = 0x00;
WrCmd0 = 1;

while (Up¥Yet) ;

/¢ Wait untill previous write command 1s over
// Address of Operation Mode Byte

// Sw.Off Melter Power
/¢ Write specified variable into PID-ca

Table-7.9 MAIN.C Part-3 listing
94



Chapter 7 SOFTWARE IMPLEMENTATION

7.3.3 Interrupt Routines (IRQ1.C)

The temperature of crucible is to be controlled through PID control loop, which is implemented as
follows:

Discrete-time PID Algorithm

In Figure 7-4 a schematic of a system with a PID controller is shown. The PID controller compares
the measured process value (crucible temperature) with a reference set point temperature. The
difference or error is then processed to calculate a frequency burst.

This frequency burst will try to adjust the measured process value back to the desired set point.

Freg. Burst Cmd.

Set Temperature PID CONTROLLER ey Micro-CONTROLLER ! System

ARM-7 Board Board
Crucible Temperatur: I

Figure 7-4 Closed Loop System with PID controller

Unlike simple control algorithms, the PID controller is capable of manipulating the process inputs
based on the history and rate of change of the signal. This gives a more accurate and stable control
method. The basic idea is that the controller reads the system state by a sensor. Then it subtracts the
measurement from a desired reference to generate the error value. The error will be managed in three
ways, to handle the present, through the proportional term, recover from the past, using the integral
term, and to anticipate the future, through the derivate term.

Figure 7-5 shows the PID controller schematics, where Kp, Ti, and Td denote the constants of the

proportional, integral, and derivative terms respectively.

e K U

v
I'-._]

Figure 7.5 PID controller schematic
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Table 7.10 shows how this algorithm is coded in C.

int Pid Algorithm (int sv, int pv)
{
int temp, retval, Errcor, p term, i term, d term;
" Proporticonate
Error = 8v — pv;
if (Exrroxr > Max Errox)
E_term = MaX INT;
else 1if (Error <« -Max Errorx)
E_term = -MAX TNT;
else
p_term = (Error * 256000)/F Band ;
Integral
temp PID sum error + Error;
if (temp > Max Sum Error)
{
PID sum error = Max Sum Error;
i term = MAX INT:

7
L

[T

el=se if (temp < -Max Sum Error)

{
PID sum error = -Max Sum Error;
i term = -MAX THNT:
el=e
{
FID sum error = tEmp;
i term = (((PID sum error*2000)/I Time)*128)/P Band:
Derivative
d term = i(iPID_Last_pv—pv]#ZOOO#D_TimEJIP_Eand]#LEE:
if (d_term > MAX THNT)

d term = MAX INT;
else if (d _term « -MAX INT)
d term = -MAX TNT:
PID Last _pv = pv:

retval = ip_tern+i_tern+d_tern]ILE;;
if (retval > MAX INT)

retval = MAX THNT:
elze if (retwval <« -MAX TNT)

retval = -MAX TNT;

return (retval) ;

Table-7.10 C code for PID algorithm
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Autotuning Implementation

To transform the Ziegler-Nichols Frequency Domain (ZNFD) method to C code, the components
needed are a relay, and a function to read the magnitude and frequency of oscillation. As the output of
PID required to be generated is frequency bursts it can be considered as the relay operation. Following
is the C code for functions to detect a and Tu and compute magnitude and frequency of oscillation,

which are then utilized to compute Kp, Ti & Td.

532

533 |

534

535 J,"**ii*****ii* GJ.Qb’E -V,‘Erd.’f J-.Es iiJ-i-i-i-*i******i******i******i*****/"
536 /*These two w 12t we want teo find */

537 double pr /.
538 double w; //
538 double tu:
540 double d;
541 double a;
F42 double yold:
543 double ts:
R4 int 1=0; // 3 coun ==p the numbsr of iterations between tweo peasks
545 J,"*d-iiJ-i-i-i-d-iiJ-i-i-i-d-iiJ-i-i-i-d-iiJ-i-i-i-d-iiJ-i-i-i-d-i******i******i******f

546 wvoid detect a tu(woid) / this must be a timer ISR running each ts seconds
Hay {

548 double v; // uss to kesg

549 ¥y = read input( };

550 if (y»a) a2 = yw!: // it as nev a
Lalah| if (yold<0 && w>=0)

552 { // detect zero crossing

553 tu=i*ts;

Lilat ] i=0;

555 H

556 vold=y:

LalaT i+4;

58 )

589 wvoid compute pw(void) // run this after we get values for & and tu
BEO {

BB double Na:

562 Ha = (4*d)/(pi*a);

563 p = -1/NHa: // in of P{jw) at point of intersection

BE4 w = 2%piftu; // frequency in rad/s

BB )

Table-7.11 C code for computing a & Tu for Autotuning.
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7.3.4 Serial Port Routines (UART.C)
The MOD-BUS communication & reading & writing of machine parameters from & to micro-

controller board is carried out in this section as listed in Table 7.12.

if (RdAddr0 == 0x0000)

i

Sp = {int) ( (UARTOBuffer[3]<<8) + UARTOBuffer[4]):
ALSp = (int) ((UARTOBuffer([5]<<8) + UARTOBuffer[6]):
ALHyz = (int) UARTOBuffer([2]:

else if (Rdaddr0 == 0x0003)
i

Var [PIDPAGE]

[ {int) { (UARTOBuffer [3]1<<d) + URRTOBuffer[4]);:
Var [PIDPAGE] [
[

1
1
1

2 ({int) ( (UARTOBuffer[5]<<8) + UARTOBuffer[&]):
Var [PIDPRGE] [3 (int) ( (UARTOBuffer[7]<<28) + UARTOBuffer([8]):;
ReadPBTITD = 0O}
else
i
if (UARTOBuffer([4] != 3)

ButoTuneCN = 0O;

else if (UARTOBuffer[1] == 4)
{
switeh (Rdaddr0)
i
case Ox0003:
OPStatus = UARTOBuffer([3]:
ERStatus = UARTOBuffer[4]:
break:

case O0x0004:
BALStatus = UARTOBuffer[4]:

break;
defaunlt:
if (UARTOBuffer([3]&0xE80)
Bv = 0;
else
Pv = (int) ( (UART0Buffer[3]<<8) + UARTOBuffer[4]):
if (UARTOBuffer([5]&0xE80)
I_rm5=0:
else
I _rm2 = (int) ( (UARTOBuffer[5]<<&) + UARTOBuffer[&]):
if (UARTOBuffer([7]&0xE0)
V_rm==0;
else
V rms = (int) ( (UARTOBuffer[7]<<8) + UARTOBuffer[8]):

Table-7.12 UART.C subroutines listing

7.4 Summary

In this chapter the software implementation for micro-controller board as well as ARM-7 board is
described. The micro-controller board software automatically tunes the gate firing of IGBT according
to the changes in load inductance. ARM-7 board software takes care of graphical user interface to
view/insert machine parameters. The PID & Autotuning is explained with respect to ARM-7

controller.
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EXPERIMENTAL VERIFICATION

8.1 Introduction

The objective of the conducted experiment is to assess the versatility of Induction melting technology
using Quasi-Resonant converter which melts gold/silver/copper material.
In this chapter first the proposed modified quasi-resonant converter system has been described and the

experimental parameter has been defined an then follows the experimental results.

8.2 Experimental System

Induction melting takes power from the 3phase mains, rectifies it & converts into dc. The power
components are designed in such a way that DC-Link voltage is 200v. This is then converted into high
frequency which is used to generate heat in conducting material.

The Figure 8-1 shows the micro-controller board duly assembled. The LCD placed on this board is

just to display the parameters locally.

e PTG

Figure 8-1 Micro-controller (AT89C51ED?2) Board
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The micro-controller board is divided into following 3 sections.

1. The section generating IGBT gate pulses according to the frequency burst commands received
from ARM-7 board is shown in Figure 8-2. The output pulses are converted into 15v pulses to
avoid noise into cable layout from this board to IGBT driver board which is placed near IGBT
as shown in Figure 8-3.

~
[
-
pu |
w
[=]

Figure 8-3 IGBT driver board placed near IGBT assy.
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2. This section tunes on duty of the IGBT gate pulses according to the load inductance changes.

— —

Figure 8-4 Comparator section of Micro-controller Board
3. This section converts thermocouple output into digital value of temperature using CS5460 IC.
Through another CS5460 IC it converts the DC-Link voltage & current into their RMS values.

Yo~

Figure 8-5 CS5460(ADC) section of Micro-controller Board
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The Figure 8-6 shows the ARM-7 board duly assembled. This board is mounted on the back side of
TFT & touch screen. It is connected to micro-controller board through RS485 cable.

Figure 8-6 ARM-7 controller Board
The schematic of the gate drive board with 2SC0435T driver (Figure 6-22) is converted into pcb form

as shown in Figure 8-7.

DO

LI0T # 9p0)
L1-0VZLSEPODST

1d

Figure 8-7 Gate drive board with 2SC0435T driver
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8.3 Protection Considerations

The protection against under voltage is required, as when the voltage is less (if any one line of input
3phase supply is open creating single phasing) the converter starts malfunctioning. Thus the sensed
DC-Link voltage is compared with the lower threshold and the Melter power is switched off when a
under voltage condition is sensed. The over current protection is provided in three different ways.
1. Vce monitoring in IGBT gate driver circuit
2. Protection against over current in Tank circuit is accomplished by micro-controller card using
comparator circulit.
3. Protection against over current in DC-Link is achieved by micro-controller card through
software.
The temperature of coil as well as switching devices is controlled by flowing chilled water through
them. Any leakage or breakage in the cooling system is detected by thermostat mounted on coil as
well as heat sink of IGBT. The micro-controller card senses the o/p of thermostat & switches off the

Melter power in case of over temperature.

8.4 Experimental Results

The experiment is carried out with the pieces of copper placed in crucible as shown in Figure 8-8.

PATO "9 = e @

Figure 8-8 Copper work pieces kept into crucible
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Experimental circuit parameters are given in Table 8.1. The Figure 8-9 shows the waveform of IGBT
gate pulses & the tank circuit current. It is clear that the tank current is pure sinusoidal. The Figure 8-
10 and Figure 8-11 show the waveforms of IGBT gate pulses & the DC-Link current and DC-Link
voltage. The waveforms are directly stored on pen-drive by digital storage oscilloscope.

Figure 8-12 & Figure 8-13 shows the waveform of DC-Link current & the power factor meter reading.

The experimental sample result is shown in Figure 8-14.

WEIGHT OF
2 KG 4 KG

WORK PIECE
Vab 410V 411V
lab 134 A 6.2 A
Vbe-LINK 177V 185V
Ibc-Link 46 A 24 A
Power Factor 0.999 0.999

Table 8.1 Experimental Verification Summaries

RN ——f—————F—— Trigd 4.8MSa-=

Figure 8-9 Gate Pulse v/s Tank current
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RUN — ——f—————F—— Trigd 4.8M3a-s

5

Figure 8-11 Gate Pulse v/s DC-Link voltage
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L I I |

Figure 8-12 DC-Link Current

Figure 8-13 Power Factor Reading 0.999
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Figure 8-14 Melted work pieces

8.5 Summary

This chapter has described an induction melting experimental control structure and following are the

findings:

1.

The experiment demonstrated the ability of controlling temperature of crucible at desired set
power.

As work pieces are added the inductance changes & the converter automatically tunes itself to
match the resonance frequency.

The frequency of operation can be valued by changing the set value of power.

The switching strategy minimizes the distortion in input current which improves power factor.
It also provides excellent output performance optimized efficiency and high reliability
compared to similar conventional converters.

It leads to several advantages such as nearly unity power factor without any reactive elements,
symmetric loading from utility point of view and almost uniform temperature. It is proved by

experimental setup.

107



Chapter 9
CONCLUSION & FUTURE SCOPE

This chapter describes the conclusions about the results and remarks about it. Also some future scope

suggested here to extend the project for further real time implementations.

9.1 General

This thesis has addressed the modified Quasi-resonant converter system, simulation results and
experimental verification for induction melting system. The main contribution of the thesis includes
following:
e Principle of induction melting is explained & different power topologies & different tuning
methods for pid are elaborated in chapter 2.
o Design of a quasi-resonant converter is described in chapter 3. Simulation study of the quasi-
resonant convert is carried out & waveforms are generated.
e Chapter 4 proposes modified quasi-resonant converter and gives detailed study of the same.
Simulation study is carried out.
e Development of power circuit for quasi-resonant converter is included in chapter 5.
e The micro-controller board, ARM-7 controller board, driver board developments are
presented in chapter 6 & 7.

e The chapter 8 describes an induction melting experimental control structure.

The objective of this concluding chapter is to highlight the main finding of the work carried out in
this thesis and provide suggestions for further research work in this area.

Some of the main findings are given below.

9.2 Summary of Important Findings

Chapter 2 describes induction melting principle and different power topologies. The main finding of
this chapter reveals following:
1. As aresonant converter provides most of the energy conversion efficiency in a power system
by minimizing switching loss, they are best suited for DC-AC converters as compared to
PWM converters.
2. Due to skin effect the high frequency switching creates heat on the surface of the load, hence
medium switching frequency is used for melting applications.
3. Zero-voltage switching refers to eliminating the turn-on switching loss by having the voltage

of the switching circuit set to zero right before the circuit is turned on.
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4. Zero-current switching is to avoid the turn-off switching loss by allowing no current to flow
through the circuit right before turning it.
5. Different Tuning methods for PID loop are surveyed. It is found that the Ziegler and Nichols

method for tuning is simple, accurate and can be easily implemented in digital PID control.

In chapter 3 a quasi-resonant converter has been proposed, to reduce total switching loss. The design
and implementations of a quasi-resonant converter for melting at a high temperature has been carried
out.

The main findings of this chapter reveals following:

1. The half-bridge series resonant converter is having stable switching & low cost. As the
voltage of the circuit is limited to the level of the input voltage, the switching circuit can have
low internal pressure, which helps reduce the cost.

2. As the half-bridge method requires two switching circuits, the overall working process
becomes more complicated and the size of heat sink and PCB should be also bigger. In
addition, the gate operating circuits must be insulated.

3. As compared to half-bridge series resonant converter the quasi-resonant converter needs only
one switching circuit inside. This enables a relatively smaller design for the heat sink and
PCB, making the working process far simpler. Another strong point is the fact that the system
ground can be shared.

4. In case of quasi-resonant converter the high internal pressure of the switching circuit, caused
by the resonant voltage administered to both sides of the circuit, pushes the cost of the circuit
higher. But as mentioned earlier, technological development in high frequency semiconductor
switching devices has lead to an innovation in terms of low price, high performance, and
reliability. Quasi-resonant converters are now more generally used because of the smaller heat

sink and PCB size and simpler operation process.

In chapter 4 a modified quasi-resonant converter is proposed to eliminate large amount of filter
capacitors. It also includes the simulation study of control strategy using MATLAB/SIMULINK.
The main findings of this chapter reveals following:

1. The modified quasi resonant converter is low cost as the filter capacitor is eliminated as
compared to quasi resonant converter. This new scheme also requires one switching device
which maintains the advantage of a relatively smaller design for the heat sink and PCB.

2. This new scheme is more advantageous as the positive & negative current flows through the
same resonant path resulting into a pure sine wave of current.

3. This system has advantages like low switching losses, reduced stress and increased power

density.
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4. The variation in power can easily be obtained by changing the operating frequency of IGBT
gate pulses.

5. The simulation results are in line with the predictions.

Chapter 5 discusses Design, Analysis and Simulation of power circuit for the proposed topology. The
chapter includes the implementation of Power circuit.

The calculations are shown & how to prepare inductor & capacitor are explained. The IGBT’s are
introduced & their types are explained. The new generation Trench/Fieldstop IGBT4 is selected and it
is described how to connect two IGBT’s in parallel. The need and details of RCD snubber is

explained.

Chapter 6 describes the development of the control circuit for quasi-resonant converter. It also
contains the development and design of main generator card with new generation SCALE-2 IGBT-
driver circuits.

The Micro-controller Board & Arm-7 controller board are developed and tested.

In comparison with other driving methods, active clamping allows enhanced utilization of the IGBT
modules during normal operation by increasing the switching speed and therefore reducing switching

losses. The overvoltage at fault-current turn-off is also managed by active clamping.

Chapter 7 discusses the software implementation for micro-controller board & ARM-7 board. As well
as development and design of MMI with TFT, touch screen and all modern facilities are presented.

The micro-controller board software automatically tunes the gate firing of IGBT according to the
changes in load inductance. ARM-7 board software takes care of graphical user interface to
view/insert machine parameters. The PID & Autotuning is explained with respect to ARM-7

controller.

Chapter 8 deals with the experimental verification of proposed induction Melter. The auto-tuning
algorithm, the temperature accuracy and efficiency is verified.
This chapter has described an induction melting experimental control structure and following are the
findings:
1. The experiment demonstrated the ability of controlling temperature of crucible at desired set
power.
2. Aswork pieces are added the inductance changes & the converter automatically tunes itself to
match the resonance frequency.
The frequency of operation can be valued by changing the set value of power.

4. The switching strategy minimizes the distortion in input current which improves power factor.
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5. It also provides excellent output performance optimized efficiency and high reliability
compared to similar conventional converters.

6. It leads to several advantages such as nearly unity power factor without any reactive elements,
symmetric loading from utility point of view and almost uniform temperature. It is proved by

experimental setup.

9.3 Scope for Further Research

Consequent to investigations carried out in thesis, the following aspects are being suggested as future
work to be carried out.

1. By using new techniques the 3 phase input transformer can be removed to reduce size of
Melter so as to design as a table top model as well as providing Ethernet connectivity to the
machine to monitor as well as service the machine from remote.

2. Though the PID controller is developed for temperature as a parameter of performance, the
second PID loop can be incorporated to control the power of Melter. This can be made
possible by interposing suitable software with slight modification as per parametric
requirement.

3. More optimization techniques can be used to carry out autotuning of the PID to get better

accuracy.
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APPENDIX-A
USING DEVELOPMENT TOOLS

A.1 Programming AT89C51ED2
Following steps should be executed in sequence to program AT89C51ED2 micro-controller.
1. Compile the whole project using Keil uv3 and generate hex file.
2. The hex file can be downloaded (programmed) into AT89C51ED?2 using any third party
programmer e.g. Crystal Programmer as shown in Figure A-1.
Run the PAMIC software and read the hex file into buffer.
4. Go to Device & select the ATMEL AT89C51ED2 controller.
Go to Function tab & then click on Auto, which will do all necessary steps automatically &

the hex file will be downloaded into micro-controller.

Figure A-1 Crystal Programmer
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— Function Buffer lonat:(on

Read Buffer Start : 000000 | File : ..dwt40k.tsk
Verify Buffer End ¢ O04FFF | Device : ATBICSSUD
Blank check Device Start : 000000 | Speed : Normal
Current Address: 001CEO | Voltage: 12.0V
Conpare

Erase

fAuto Mfr : ATHEL
lock Bit 1 Device : ATBICSSUD
lock Bits 12

lock Bits 123

Buffer Checksun: B256

Hessage
Programning....

"7 Speclal Adapter 8 4X01 Required

_ Uip Doun Left Right Ari s BsceExit Mode Alt-X:Exit
m al Programner 604X = Hicro-Controller Module

Figure A-2 Programming window
A.2 Keil Real View Project Creation
Follow the steps to create embedded controller project.
1. Open Keil Real View/Keil uv4.
2. Click the New uvision project button to launch the New Project Wizard.
3. Provide name and location for the project as shown in Figure A-3.
4. Choose CPU as NXP LPC2478 and press ok.

5. The start-up file will be automatically loaded.

File Edit View Project Flash Debug Peripherals Tools SVCS  Window Help
I 2T

A=) = | | |==

| | Target1 ‘\| &

Project 13
Select Device for Target Target 1.

cPu |

Vendor:  NXP founded by Philps)
Device:  LPC2478
Toolset:  ARM

Database Desgription:

£ LPC23T7 /ARM7TDMI-5 based high-performance 32bit RISC Microcontroller
~-£3 LPC2378 with Thumb extensions,

£ Lpeass7 512KB on-chip Flash ROM with In-System Programming (ISP) and
€3 LPcases In-Application Programming (AP}, 38KB RAM, CPU clack up to 72 MHz,
£1 LPc2e2n (On-chip crystal oscilator, On-chip 4MHz RC oacilatar, Oni-chip PLL
LPC2458
g LFCo48D Enhanced Vectored Irtemupt Controller, Ethemet 10/100 MAC with DMA, | =
£ Lrcoas Extemal Memory Cortroller for static and dynamic memories,
USB 2.0 Full Speed Device Controller and Host/OTG Controller,
£] Lpc2470 CAN 2.0B with two channels, LCD Controller (STN and TFT),
£ (General pupose DMA cortroller, Four UARTS, one with full modem
£ [Pcoaa0 interface, Three 12C senal interfaces, Three SPI/SSP seral interfaces
£ LpC2a38 - 125 interface. SD/MMC memory-card inteface. 10-bit ADC with 8 channel| |
c 10-bit DAC, Four 32-bit timers with capturs/compare, Watchdog Timer,
~£d LPC2917 PWM unit for three-phase motor control. Real Time Clock with optional =
~€1 LPC2917/m1 ar = T D

{}F.|0,T.

Build Cutput

<

=] Build Output | CAFind In Files

CAP NUM| SCRL OVR RAW

Figure A-3 New Project wizard
6. In Project window double click on LPC2400.S and configure external dynamic & static

memory interface by entering into Configuration Wizard as shown in Figure A-4.
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CiAUsers\hiren\Desktop\New folder!
File Edit View Project Flash Debug Peripherals Tools SVCS Window Help

D d | A | | \ | 4 pn| @ e &|[EF %

& [ | 8] rargets [ 4% | &

Project L= LPC2400.5 v x
=433 Target 1

253 Source Group 1 Expand Al Callapse Al Help

LPC2400.5

Option Value -
&> External Memory Controller Setup (EMC) v
EMC Control Register (EMCControl)
- EMC Configuration Register (EMCConfig)
£} Dynamic Memory Interface Setup 2
: G- Dynamic Memary Refresh Timer Register (EMCDynamicRefresh)
Dynamic Memory Read Configuration Register (EMCDynamicReadConfig)
Dynamic Memary Timings
- Configure External Bus Behaviour for Dynamic C30 Area
Configure Extemal Bus Behaviour for Dynamic CS1 Area

- Configure External Bus Behaviour for Dynamic C52 Area

L

Configure External Bus Behaviour for Dynamic CS3 Area
2% Static Memory Interface Setup
Configure External Bus Behaviour for Static CS0 Area

Configure External Bus Behaviour for Static CS1 Area
- Configure External Bus Behaviour for Static C52 Area

S S

Configure External Bus Behaviour for Static C53 Area
- Static Memory Extended Wait Register (EMCStaticExtendedWait) -

Eer.. (€. .0, Text Editor _j, Configuration Wizard
Build Output 1B

7| [

=] Build Output | CRFind In Files

Simulation CAP NUM SCRL OVR R/W

Figure A-4 Configuration wizard
7. Add groups as shown in the Figure A-5 and add c files and distribute whole program into
different groups & files.

I CAKeil\ ARM\Boards\Keil\MCB2478\ D
File Edit View Projet Flash Debug Peripherals Tools SVCS  Window Help

DS E@| » 2@ [ @ | == 0 | B Hae @l e oo &)=
& [E # | $%| recas7s Fiasn o] &% b
Project L= Main.c RQL.c led_grph.c uart.c - x
-{71 UsbHost ~ [ s E‘
{23 Touch Screen 0327 /s P FUT
8 touch.c b+
calibrate.c 0328 ATN PROGRAM
.
-[# calibapp.c o
gs31 e+ P wrniy
-£3 TFT Display o
[#ledwe 1 e int main(void)
led_grph.c 0934 ©
[#] fontl2ptc 0935 tU8  ee_buf[123], temp;
--[# fontlOpt.c 0936 tS532 ®, y, z = 0f
<[] digitlax22.c 097 tUsz i, 3:
093 =
093 wvoid set_rtcivoid):
tU8 Boot_Load (void), st tUB %, U8 *):
3 digheaaoe | ggi? oot_Load (void), stromp( )
£ foni00.c 0942 #ifdef SDRAM CHECK
-] imagebw.c 0343  volatile unsigned char *Char_wWr ptr;
- [#] digit25x40.c 0344  volatile unsigned short =short_wr prr;
£ Source Code 0345  volatile unsigned long =wr_ptr:
nest_irql.s 0846 #endif
# IRQ Penc e
] _ Mainc (0348 #ifdef NORFLASH CHECK
) e 0343 unsigned long k;
B
IRQM 0950  volatile unsigned short *ip;
) artc 0951  unsigned long NorFlashAdr:
0952 #endif -
| semw = #
Ee.. (€6 hF.|0,T.. 4 3
Build Output 13
1 »
=] Build Output | CAFind In Files
ULINK ARM Debugger 1935 33 CAP NUM SCRL OVR RAW

Figure A-5 Project Creation with Different groups
8. Once whole project is ready, click on Rebuild All target files button.
9. After successfully compiling the project, now it is ready to download and debug the project
into actual hardware.
10. Connect a ULINK-2 converter between ush-port of PC and the Embedded hardware.
11. Press Debug button, the program will be downloaded into hardware & a debug window will

open where the program can be executed step by step or the break points can be kept.
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A.3 Eagle Schematic Design
Eagle 5.4 can be used to create schematic design & then to create artwork for manufacturing pcb.

Figure A-6 shows the schematic design created in Eagle 5.4.

file Edit Draw View Tools Library Options Window Help

= = = W 8 a Q8 o cx @ B 7 [designink22.png] Search and order

PN 0.1inch (-3.75.8) |—| -
i i e e
+ 3%

uuuuuu

Figure A-6 Schematic Design in Eagle 5.4
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A.3 Datasheet of IGBT

USING DEVELOPEMENT TOOLS

Technische Information / technical information

FZ600R12KE4

IGBT-Module
IGBT-modules

Cinfineon

62mm C-Serien Modul mit Trench/Fieldstopp IGBT4 und Emitter Controlled 4 Diode
62mm C-Series module with Trench/Fieldstop IGBT4 and Emitter Controlled 4 diode

Vorléaufige Daten / preliminary data

Typical Appearance

Typische Anwendungen
« Hochleistungsumrichter
» Motorantriebe

« USV-Systeme

« Windgeneratoren

Elektrische Eigenschaften

« Erweiterte Sperrschichttemperatur Ty op

» Niedrige Schaltverluste

« Sehr grolRe Robustheit

* VoEsat Mit positivem Temperaturkoeffizienten
* niedriges VCEsat

Mechanische Eigenschaften

« 4kV AC 1min Isolationsfestigkeit
» Gehause mit CTI > 400

» GroRe Luft- und Kriechstrecken
« Isolierte Bodenplatte

« Standardgehause

.

Vces = 1200V
Ic nom = 600A / Icrm = 1200A

Typical Applications

« High Power Converters
« Motor Drives

« UPS Systems

* Wind Turbines

Electrical Features

« Extended Operation Temperature Ty; op

» Low Switching Losses
« Unbeatable Robustness

* VeoEsat With positive Temperature Coefficient

* Low VCEsat

Mechanical Features
e 4kV AC 1min Insulation
« Package with CTI > 400

» High Creepage and Clearance Distances

« Isolated Base Plate
« Standard Housing

Module Label Code
Barcode Code 128 |

012345600000000!

DMX - Code I_F;I::-:
Uy

£

0000

Content of the Code
Module Serial Number
Module Material Number
Production Order Number
Datecode (Production Year)
Datecode (Production Week)

Digit
1- 5
6-11
12-19
20-21
22-23

|prepared by: MK

|date of publication: 2009-08-07

|mater1'a| no: 31516

| approved by: WR |revision: 2:1

[UL approved (E83335)

Figure A-7a Datasheet of FZ600R12KE4 IGBT
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Technische Information / technical information

IGBT-Module
IGBT-modules

FZ600R12KE4

Cinfineon

Vorlaufige Daten
preliminary data

IGBT-Wechselrichter / IGBT-inverter

Héchstzulissige Werte f maximum rated values

Kollektor-Emitter-Sperrspannung =9

collector-emitter voltage Ty=25°C Vees 1200 v

Kollektor-Dauergleichstrom —100° o 17Ee

DC-collector current Tc=100°C, T,y = 175°C 1¢ nor 600 A

Periodischer Kollektor Spitzenstrom _

repetitive peak collector current tp=1ms lcra 1200 A

Gesamt-Verustleistung P = "

total power dissipation Tc=25"C, Tyy=175C Prot 3000 wW

Gate-Emitter-Spitzenspannung .

gate-emitter peak voltage Vees +-20 v

Charakteristische Werte I characteristic values min. _typ. max.

Kollektor-Emitter Sattigungsspannung lc=600 A Vee=15V Ty =25°C 175|210 | V

collector-emitter saturation voltage lc=600 A Vee =15V Ty =125°C | VCE sat 2,00 A
lc=600 A Vee =15V T, =150°C 2,05 v

Gate-Schwellenspannung - - = 9Ee

gate threshold voltage le=23,0mA, Vee =Vee, Ty = 25°C Veen | 52 | 58 | 64 | V

Gateladung _

gate charge Vee=-15V .. +15V Qe 5,60 uc

Interner Gatewiderstand _ oro .

internal gate resistor T;=25C Reims 1.3 0

Eingangskapazitat _ e, _ _ 5

input capaeitance f=1MHz, T,;=25°C,Vece =25V, Vee =0 V Cios 42,0 nF

Riickwirkungskapazitat _ _ eo, _ _

reverse transfer capacitance f=1MHz, T,;=25°C,Vce =25V, Vee =0 V Cres 1,70 nF

Kollektor-Emitter Reststrom _ _ _9Eo

collector-emitter cut-off current Vee=1200V, Vae =0V, Ty = 25°C Ices 50 | mA

Gate-Emitter Reststrom _ _ _Eo

gate-emitier leakage current Vee=0V,Vee=20V, T,;=25°C lees 400 | nA

Einschaltverzégerungszeit (ind. Last) lc =600 A, Vce =600V T, =25C 4 0,24 Hs

turn-on delaytime (inductive load) Vee=#15V T,4=125°C A on 0,25 Hs
RGen=1,2 02 T4 =150°C 026 Hs

Anstiegszeit (induktive Last) lc =600 A, Vce =600V T,=25C t 0,09 Hs

rise time (inductive load) Voe = #15 T4 =125°C ' 0,10 Hs
RGan=1,2 0 T = 150°C 0,11 ps

Abschaltverzdgerungszeit (ind. Last) lc =600 A, Vce =600V T,=25°C t 0,61 Hs

tum-off delay time (inductive load) Ve =15V Tg=125°C | *°F 064 us
Rgeif= 1,20 T, =150°C 0,66 ps

Fallzeit (induktive Last) lc=600 A, Vce =600V T, =25°C t 0,10 Hs

fall time (inductive load) Vee =115V T =125°C ! 0,14 Hs
Raeif= 1,20 T, =150°C 0,15 ps

Einschaltverlustenergie pro Puls lc=600 A, Vce =600V, Ls = 60 nH T4 =25C 35,0 md

turn-on energy loss per pulse Voe = #15 'V, di/dt = 5500 Afus (T,;=150°C) T, =125°C Ecn 50,0 md
Reen=120 Ty =150°C 55, mJ

Abschaltverlustenergie pro Puls lc=600 A, Vce =600V, Ls = 60 nH T4 =25C 50,0 md

turn-off energy loss per pulse Voe = #15 V, dufdt = 3500 Vips (Ty=150°C) T, =125°C Eott 750 mJ
Reet=1,20Q T, =150°C 80,0 mJ

Kurzschlussverhalten Vge £ 15V, Vg =800V I

SC data VeEmsx = Vees -Lsce -difdt te s 10 ps, Ty = 150°C sC 2400 A

Innerer Wamewiderstand

thermal resistance, junction to case pro IGBT /per IGBT Rinic 005 | Ky

Ubergangs-Wirmewiderstand pro IGBT / per IGBT

thermal resistance, case to heatsink APaste = TWIM-K) /' Agrease =1 WM -K) Ruch 0017 KA

|prepared by: MK

[ date of publication: 2009-08-07 |

| approved by: WR

[revision: 2.1 |

Figure A-7b Datasheet of FZ600R12KE4 IGBT
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Technische Information / technical information

IGBT-Module
IGBT-modules

FZ600R12KE4

Cinfineon

Diode-Wechselrichter / diode-inverter
Héchstzulissige Werte f maximum rated values

Vorlaufige Daten
preliminary data

Periodische Spitzenspemrspannung =9
repetitive peak reverse voltage Ty=25°C VRra 1200 v
Dauergleichstrom
DC forward current Ir 600 A
Periodischer Spitzenstrom _
repetitive peak forward current tp=1ms IF Rt 1200 A
Grenzlastintegral VrR=0V,tp=10ms, T,; =125°C Ft 51000 AZs
Pt-value Vr=0V,tp=10 ms, T, =150°C 49000 A
Charakteristische Werte / characteristic values min.__typ. max.
Durchlassspannung IF=600A Vee=0V Ty =25°C 180|235 | V
forward voltage IF=600A Vee=0V Ty =125°C Vr 1,75 Vv
IF=600A,Vee=0V T4 =150°C 1,70 v
Rickstromspitze IF = 600 A, - dirfdt = 5500 Afus (Ty;=150°C) T.; = 25°C 440 A
peak reverse recovery current Vr=600V T,=125°C lrRm 560 A
Vee=-10 V Ty =150°C 590 A
Sperrverzégerungsladung e =600 A, - dir/dt = 5500 Afps (T;=150°C) T.;=25°C 55,0 uc
recovered charge Vr=600V T,4=125°C Q 100 uC
Vee=-15V T4 =150"C 115 uc
Abschaltenergie pro Puls Ir =600 A, - dir/dt = 5500 Afps (T;=150°C) T.;=25°C 27,0 mJ
reverse recovery energy Vr=600V T, =125°C Erco 52,0 mJ
VGe =-10 V Ty =150°C 60,0 mJ
Innerer Wamewiderstand . )
thermal resistance, junction to case pro Diode / per diode Rinsc 007 | KW
Ubergangs-Wimmewiderstand pro Diode / per diode
thermal resistance, case to heatsink APaste = 1 WIMK) 7 Agroase = 1 WM K) Rinch 0.024 KA

|prepared by: MK

[ date of publication: 2009-08-07 |
| approved by: WR

[revision: 2.1 |

Figure A-7c Datasheet of FZ600R12KE4 IGBT
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Technische Information / technical information Tﬁﬁneon
|GBT.moduies FZ600R12KE4 '\—/

Vorlaufige Daten
preliminary data
Schaltplan / circuit diagram

|

Gehauseabmessungen / package outlines
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gemeinsame Einschraubtiefe max. 10
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Figure A-7d Datasheet of FZ600R12KE4 IGBT
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Figure B-1 LPC2478 OEM Board
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Figure B-2 Thermocouple Mounting

Figure B-3 Meters & DSO
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Figure B-4 LCD display of Mirco-controller Board (POWER-OFF)

Figure B-5 LCD display of Mirco-controller Board (POWER-ON)
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Figure B-6 Title Screen of Embedded Controller

‘ Cﬁfucible Temp.

Figure B-7 Monitor Screen of Embedded Controller
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Figure B-8 Screen of Embedded Controller showing START of Melter Power

Figure B-9 Screen of Embedded Controller for going into Parameter Menu
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Figure B-10 Parameter Screen of Embedded Controller

e 0 Bz Jj CHT 75 000

Figure B-11 Snapshot of D.S.O. showing Tank Current
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Figure B-12 Whole setup for metering

Figure B-13 Prototype Model of Induction Melter
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Appendix-B

Figure B-14 Testing of Induction Melter in Progress-1

Figure B-15 Testing of Induction Melter in Progress-2
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Figure B-16 Work Pieces of Copper
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Figure B-17 Work Pieces in Crucible
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Figure B-18 Insertion of long copper piece to show effect of load inductance changes
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Figure B-19 Melted work pieces
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