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ABSTRACT

Induction heating (IH) applications are widely used in industrial, domestic, and medical do-
mains due to the unique characteristics of IH such as contact-less heating, non-polluting nature
and high efficiency. Advances in key supporting technologies such as switching devices, dig-
ital power control, and magnetic components have led to the advent of high-performance and
higher-efficiency systems that outperform traditional heating systems. Induction heating sys-
tems are also simple and economical compared to conventional heating methods. Multiple-load
domestic IH systems are becoming very popular, due to reduced number of component count,
independent load power regulation, and greater conversion efficiencies.

In this thesis, various converter topologies used in IH have been discussed. This work
presents multi-stage and single-stage converter topologies for multiple load, different material
vessels domestic IH applications. Further, the major challenges associated with non-magnetic
material induction cooking, and the possible solutions to address these challenges through
higher operating frequencies, and with various power control techniques have been discussed.

This thesis proposes three converter configurations for multiple load and different ma-
terial vessels domestic IH applications. The objectives are to provide high power conversion
efficiency, reduced component count, powering multiple loads with independent power con-
trol, reduced size of reactive elements, power factor correction and configurations suitable for
different material domestic IH applications.

The first proposed inverter configuration is a cascaded full-bridge resonant inverter con-
figuration for different material vessel induction cooking (IC) applications. It powers three
different material loads of iron, steel and aluminium. In this configuration, three different in-
duction heating loads are simultaneously operated at their respective resonant frequencies. This
inverter configuration features simultaneous heating of vessels of three different materials with
independent power control. The output power control is achieved with asymmetric duty cycle
control. This configuration provides an overall efficiency of 92 % at maximum duty cycle and
is suitable for high power applications also. This configuration can be extended to more than
three IH loads by the addition of more legs in the bridge circuit. It is suitable for domestic as
well as commercial IH applications.

The second proposed inverter configuration is a three leg multi-load resonant inverter



for domestic IH which can heat vessels made of three different materials. In this configuration,
three legs of the inverter are operated at three different frequencies which are suitable for iron,
steel and aluminium vessels respectively. IH loads are operated at frequencies that are closer
to resonant frequencies. Pulse frequency control approach is used to control the load powers.
This configuration provides independent load power control. It uses only two switching devices
per load. This inverter has lowest component count compared to above mentioned inverter
configurations. It offers high efficiency and eliminates the use of electro mechanical switches.
The overall efficiency of this inverter is greater than 93 % at maximum duty cycle. This inverter
is suitable for high power applications also. It can be extended to more than three IH loads by
the addition of more inverter legs.

The third proposed converter configuration is a single-stage AC-AC resonant converter
for different material vessel domestic IH applications. This converter offers input power factor
correction and boost operation with a multi-load integrated bridge inverter design. The inverter
legs in this configuration operate at two different frequencies to power domestic IH loads of
steel and aluminium vessels. This configuration provides independent power control with pulse
frequency modulation (PFM) technique. It eliminates the use of electro-mechanical switches
and offers the advantages of low component count compared to multi-stage inverter configura-
tions. This inverter is suitable for high power applications also. This inverter configuration can
be extended to more than three IH loads by including additional legs.

All the proposed converter configurations have been found to be suitable for multiple
loads comprising different material cooking vessels used in domestic as well as commercial IH
applications. These converter configurations have been studied thoroughly, designed and simu-
lated. Hardware prototypes have been implemented for all three configurations. Experimental

results have been validated with simulation results.
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Introduction

1.1 Introduction

Induction heating (IH) technology which was primarily developed for industrial ap-
plications has progressed to other domains such as residential, commercial and biomedical
fields [1,2]. Advances in key supporting technologies which include power electronic switch-
ing devices, converter configurations, digital power control, and magnetic components have
led to the advent of high-performance and higher-efficiency systems that outperform traditional
heating technologies. The induction targets are heated by two physical phenomena: eddy cur-
rents and magnetic hysteresis [3]. Eddy currents flowing through the resistance of the IH target
generate heat due to Joule effect. In IH process, this is the main heat generation mechanism.
Hysteresis effect also creates additional heat in ferromagnetic materials. The normal operating
frequencies of these systems will range from line frequency to a few MHz. It has many advan-
tages over traditional heating methods (such as gas and oil-fired furnaces), in terms of faster
heating, faster start-up, higher energy savings, cleanliness, safety, and efficient control. The
development of numerical and computational techniques, as well as the reduced cost of these
systems, has led to widespread use of IH in a variety of processes and applications over the last
few years [4, 5].

Heat is generated in the work piece due to I°R losses when high frequency currents
are conducted through a coil wound over an electrically conductive work piece, where R is
the resistance of the work piece and I is high frequency current. In domestic applications,
the conductive materials might be magnetic (such as iron or steel) or non-magnetic (such as
copper or aluminium). In magnetic materials, hysteresis losses cause additional heating, but
their contribution is small when compared to eddy current heating.

Eddy currents are induced on the work piece’s surface with a penetration depth &, that
depends on the frequency of the induced currents. Penetration depth is expressed as 0= %
where, p is electrical resistivity, t is magnetic permeability of the vessel material, and f; is

inverter switching frequency. Conduction from the surface transfers heat to the rest of the work
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piece.

Advantages of induction heating:
> The induction heating approach is clean. It emits no smoke, fumes, dirt, ash, etc.

> As there are no open flames and no chance of gas leakage, this approach increases the safety

of working.
> Compared to other heating methods, it provides a greater efficiency (90 % to 96 %) .

> As the heating coil will not become hot while heating the load, very large power densities

and high temperature heating can be generated.

> Because of the high power densities and absence of thermal inertia, IH method heats the

induction target (work piece) faster, reducing heating times and eliminating heat loss.

> It provides good control of load temperature. Precise temperature control is also possible.

Limitations of induction heating:

> Non sinusoidal currents are drawn from the supply which injects harmonics into the power

lines which may lead to

e Failure of protective devices
e Interference with communication lines

e Audible noise from transformer
> Poor power factor due to inductive load.
> Output power dependability on the type of the material used
> Human beings exposed to strong magnetic fields which may cause health hazards.
Applications of induction heating:
> Surface hardening
> Melting of metals
> Induction Cooking (IC)

> Induction annealing and normalizing
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> Induction brazing

> Induction bonding

> Induction forging

> Induction wire and cable heating
> Induction straightening

1.2 Power Converters for Induction Heating

Induction heating converter configurations are divided into two types based on the power
conversion stages as
1. Multi-stage power converters (UFAC-DC-HFAC)
ii. Single-stage power converters (UFAC- HFAC)

. DC-
Rectifier DC
ACY Resonant
A(_,@Z AC filter PFC CDC fer | | HEAC o
|| inverter oa

AC UFAC-HFAC Resonant
i PFC converter load

Figure 1.1: Structure of multi-stage and single-stage converters for IH applications
(a) Multi-stage power conversion
(b) Single-stage power conversion

The block diagram of the multi-stage power converter is shown in Figure. 1.1a. It con-
tains an AC filter, a power factor correction unit, rectifier for conversion of utility frequency
alternating current (UFAC) supply to DC, DC filter, and inverter for conversion of DC to high
frequency alternating current (HFAC). In multi-stage power converter topologies, most com-
monly used inverter configurations are the single-switch, half-bridge, and full-bridge resonant
inverters. However the overall efficiency of the system is low because of more number of con-
version stages and cost and size are increased due to more number of components.

In the recent past, single-stage resonant converter topologies were also frequently used to

convert an UFAC to HFAC without using any intermediate power conversion stages. The block

4
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diagram of the single-stage power converter topology is shown in Figure. 1.1b. It contains only
one power conversion stage. These single-stage converters offer reduced component count and

higher efficiency.

1.3 Resonant Converters for Induction Heating

Resonant converters have been part of active research in power electronics field. It offers
the advantages of soft switching, improved power factor and high efficiency. They are widely
used in high-voltage power supply, capacitor charging circuits, power factor correction units,
inductive power transfer etc.

The second-order series and parallel resonant circuits, as well as third-order LLC series
parallel resonant circuit are the most popular resonant tank topologies. The series resonant
circuits are used in voltage source inverters and by operating the circuit above the resonant
frequency, zero voltage switching (ZVS) is ensured with snubber capacitors [6], [7]. Similarly
parallel-resonant circuits [8], are used widely in current source inverters to achieve zero current
switching (ZCS).

IH loads have a low power factor typically, 0.1 to 0.3 lagging. Hence, resonant inverters
are good choices for IH applications, where IH load is resonated in order to compensate the
reactive power requirement. Resonant inverters are designed to supply the induction coil with
appropriate power at the required frequency. For heating and meting applications, frequencies
of a few hundred Hz to a few kHz are used. Typical frequency range for medium power appli-
cations can range from 20 kHz to 500 kHz. For this frequency range, power MOSFETS are the
preferred devices. Melting applications require higher power. Hence, SCRs or GTOs are used
as switching devices. Resonant inverters improve efficiency and also reduce EMI issues.
Types of Resonant Inverters:

The following types of resonant inverters are widely used in IH applications:

i. Series Resonant Inverter: It uses LC series resonant circuit. It is a widely used inverter due
to its simple design and superior performance compared to other types of inverters.

ii. Parallel Resonant Inverter: It uses LC parallel resonant circuit. Current source is mostly
used with a parallel resonant inverter. The load acts as if it were capacitive in this condition.
SCRs can be utilized as switching devices in high-power applications. SCRs are operated with
load commutation.

iil. Series-Parallel Resonant Inverter: This inverter has positive features of both series and
parallel resonant inverters. This type of inverters has limited applications since the analysis and
control is slightly difficult due to multiple resonant frequencies.

Series resonant inverter is used in the proposed inverter configurations described in this thesis.
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1.3.1 Overview of Domestic Induction Heating

Induction cooking is an application of induction heating, which converts electrical en-
ergy into heat in the vessels kept over the IH coil based on the principle of electromagnetic
induction [9]. The power conversion stages of an IH system are shown in Fig. 1.2a. High fre-
quency AC current supplied by the high frequency inverter flows through IH coil. The IH coil
produces a high-frequency electromagnetic field which induces voltage and hence eddy currents
in the bottom of the cooking vessel. Hence, the vessel is heated through Joule effect. The heat
is generated in the cooking vessel directly. Hence, the system is more efficient. The equivalent
circuit of induction heating load may be considered as a series combination of L., and R, as
shown in Fig. 1.2b, where L., is the equivalent inductance and R, is the equivalent resistance
referred to IH coil side when the vessel is kept on the cooker [10]. These values depend on the

material of the vessel and also vary with switching frequencies.

-1
l-phase —| AC PEC Rectifier [ DC [ HII):i_C
AC 50Hz — filter AC-DC || filter [ .
inverter
a
R,
M
T AN Req
JL big ol — L
Leg
coil Vessel b

Figure 1.2: Power conversion stages and equivalent circuit of IH load
(a) Power conversion stages of domestic IH system
(b) Equivalent circuit of an IH load

1.3.2 Overview of materials used in domestic induction cookware appli-

ances

Iron (carbon steel), stainless steel, and aluminium are the three most commonly used
metals in the manufacturing of cooking appliances. Iron has been in use for a long time and has
been the primary choice in the past. However, because of significant chemical interaction of
iron with the food items, different types of coatings (porcelain, glass, or enamelware) must be
used to inhibit the reaction. However, if the coating’s integrity is compromised, the interaction
between the food and the steel leads to contamination of food.

Stainless steel is a less chemically reactive material that is often used in cookware. A

6
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combination of steel, chromium, and nickel results in long-lasting, corrosion-resistant material
which is believed to be the safest choice for general-purpose cookware. However, one disadvan-
tage of stainless steel is its poor heat conductivity. This causes uneven heat distribution. The
difficulty is solved by sandwiching an aluminium plate between two layers of stainless steel
plates. This additional process results in higher cost and a more difficult production process.

Aluminium cookware is the most popular and widely used appliance due to its high
heat conductivity, low mass, and low cost. Anodized aluminium cookwares are also used as
aluminium can stain with acidic foods.

The conventional induction cookers are suitable only for iron and steel material and are

not suitable for non-ferromagnetic material like aluminium and copper.

1.4 Motivation

From the literature review on different IH converter schemes, the following observations

are drawn:

* Some of the converters available in literature are not capable to power multiple IH loads
* Most of the converters available in literature are suitable only for ferromagnetic IH loads

* Most of the converter configurations use electro-mechanical switches to select the reso-

nant capacitor combinations
* Some of the configurations are lacking of independent power control

* Many of the IH systems use Full bridge diode rectifier for first-stage AC-DC conversion

which leads to high component count and low efficiency

Hence, despite the availability of different converter configurations for IH applications,
due their limitations listed above, there is enough scope for further research in the area of

different material Induction Heating.

1.5 Objectives of the Thesis

This research work focuses on the design of resonant converter configurations for IH

applications with the following features:
1 Powering multiple IH loads

i1 Suitability for different material vessels
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iii High power conversion efficiency

iv Low component count

<

Soft switching

vi Single stage ac-ac conversion

vii Boost operation and high power factor

viii Independent load power control

1.6 Contribution

Three different inverter configurations have been proposed and implemented and are

presented in this thesis. These are summarised as follows

[1] Cascaded Full-Bridge Resonant Inverter Configuration for Different Material Vessel Induc-

tion Cooking.

This inverter configuration is capable of powering multiple-loads of iron, steel and alu-

minium vessels. The advantages of this cascaded inverter are summarized as follows:

i
1l

v

vi

vil

Powers multiple IH loads

Suitable for different material vessels

Eliminates the use of electro-mechanical switches

Low component count

Overall efficiency is high (> 92 %)

Independent power control is achieved using asymmetric duty cycle control

Proposed scheme can be extended to more than three loads

Only limitation is the requirement of two DC sources.

[2] Frequency Controlled Multi-load Resonant Inverter for Different Material Induction Heat-

ing Applications.

It is a three leg inverter which is capable of powering multiple-loads of iron, steel and

aluminium vessels:

The advantages of the proposed three leg inverter are

i

Suitable for multiple IH loads
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i1 Suitable for different material vessel domestic induction Cooking
iii Independent power control using pulse frequency control

iv High power conversion efficiency

v Use of only two switching devices per load

vi Eliminates the need for electro-mechanical switches
Hence, it is well suitable for multiple load Induction cooking applications.

[3] Single-Stage Pulse Frequency Controlled AC-AC Resonant Converter for Different Mate-
rial Vessel Induction Cooking Applications.
This inverter configuration is capable of powering two IH loads of steel and aluminium

vessels.
The advantages of the proposed Single -stage converter configuration are summarized as
follows:
i Eliminates the rectifier bridge

i1 Achieved boost operation and high power factor

iii Suitable for two IH loads

iv Reduces the size of reactive components

v Suitable for different material vessel domestic induction Cooking

vi Independent power control is achieved using pulse frequency modulation
vii High power conversion efficiency
viii Used only two switching devices per load

ix Eliminates the use electro-mechanical switches

Thus, it is well suitable for two different vessel induction cooking.

1.7 Thesis Organization

This thesis is organized into the following six chapters.

Chapter 1 presents the basics of induction heating system and multi-output and single-
stage conversion requirement. It provides a brief description of the work done and chapter-wise
summary of thesis.

Chapter 2 presents review of the existing inverter topologies and power control tech-
niques used in induction heating application. This sets the motivation for the research work

carried out in this thesis.
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Chapter 3 describes the first proposed inverter configuration, cascaded full-bridge reso-
nant inverter configuration for different material induction cooking. The circuit operation, anal-
ysis and design procedure are presented. Independent power control is achieved with ADC con-
trol. Simulation and experimental results are presented. Independent power control is demon-
strated.

Chapter 4 presents the second proposed inverter configuration, frequency controlled
resonant inverter for different material induction heating applications. The circuit operation,
analysis and design procedure are presented. Independent power control is achieved with PFM
control. Simulation and experimental results are presented.

Chapter 5 presents the third proposed inverter configuration, single-stage pulse fre-
quency controlled ac-ac resonant converter for different material induction cooking. The circuit
operation, analysis and design procedure are presented. Power factor correction, boost op-
eration and independent power control are explained. PFM control is used. Simulation and
experimental results are presented.

Chapter 6 presents the main conclusions of the thesis and scope for future work.

10
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Chapter 2

Review of Domestic Induction Heating System

2.1 Introduction

This chapter presents an overview of IH and high-frequency inverters for domestic IH
applications. Literature review on converter configurations for IH applications is presented.

Merits and limitations of these circuits are also discussed in the following sections.

2.1.1 Conventional Methods of Electric Heating

The following methods of electric heating are widely used in heating applications.

i. Resistance Heating: I°R loss is utilised in this method. When current flows through a
resistive element, heat is produced due to I?R loss which acts as the source of heat. However,
heat produced in this method may damage the insulation and other electrical components, and

it also affects the lifetime of various components in the circuit.

ii. Conduction Heating: In the process of conduction, heat energy is transferred through
collision between nearby atoms or molecules. As the particles in solids and liquids are closer

together, conduction is greater in solids when compared with gases.

iii. Infrared Radiation Heating: Infrared heaters comprises of two parts: a heating system
and a reflector. Electrical energy is converted into thermal energy via the heating system. The
reflector then distributes the thermal energy produced by the heating system to objects in its
vicinity as radiant heat. The human eye is susceptible to all of the radiation in the electromag-

netic spectrum, especially at very high intensities.

iv. Dielectric hysteresis Heating: Dielectric Heating is an electric heating procedure that raises
the temperature of a dielectric (non-conducting) substance by applying an alternating electric

field (high voltage ac signal). The material that is in touch with the external field gets heated as
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the temperature rises. Its efficiency is around 50 %, which is regarded as major disadvantage.

v. Electric Arc Heating: An electric arc can be used to heat materials. The substances that can
be heated includes solid, liquid, or gases. When direct heating is used, an electrode is heated to
produce the necessary heat while in indirect heating, heat is transferred from the arc by convec-

tion or radiation.

vi. Induction Heating: Induction heating is more popular and has many advantages compared

to above heating methods, as discussed in Chapter 1.

2.2 Converter Configurations for Induction Heating

Many domestic and industrial applications of IH have emerged since the late 1980s, and
induction cookers are now used in several countries. There has been a growth in use of IH for
medical applications [11], due to its precise and local heating ability for hyperthermia therapy.

Lucia, Oscar and Maussion, Pascal and Dede, Enrique J and Burdio, José M have re-
searched extensively on the IH technology and have proposed different IH converters and pre-
sented the key developments.

Lichan Meng, et al., proposed a commercial high-power induction cooker [10]. Power
control, self frequency tracking, and ZVS implementation were performed. The resonant con-
verter was designed with power control through PFM and PDM techniques.

S. Llorente, et al., proposed a resonant inverter for induction cooker [12]. This article
has compared commonly used inverter topologies for induction cookers. Full-bridge inverters,
half-bridge inverters, and single-switch inverters were some of the most common inverter con-
figurations [13]. They were compared in terms of power device stresses, efficiency, frequency
management, and electromagnetic emissions.

Acero, et al., presented a simple method for determining the winding resistance of a litz-
wire coil in an induction cooking appliance by considering the eddy-current, conduction and
proximity-effect losses [14].

Kim, et al., designed IH and inductive power transfer (IPT) dual functional apparatus
[15]. Power stage design limitations and other practical implementation issues were addressed
to enhance compatibility of the system with IH system.

The inverter configurations most commonly used in IH applications are single-switch
[16, 17], half-bridge [18-22], and full-bridge [23—25] resonant inverters. The full bridge con-
figuration is widely used for output powers greater than 5 kW and is the preferred configuration

for industrial applications. Half-bridge inverter configuration is recommended for domestic in-

13
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duction heating applications below 5 kW, whereas single switch inverter is used in small IH
generators and domestic cooking applications up to 2 kW. Koertzen, et al., proposed a com-
parative study of single switch induction heating converter topologies in [26,27] and addressed
power handling capabilities of components, switching losses and overall efficiency of the con-

figuration.

2.2.1 Power Control Techniques for Induction Heating
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Figure 2.1: ADC control operating waveforms [28]
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Figure 2.2: AVC control operating waveforms [29]
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Figure 2.3: Phase shift control operating waveforms [30,31]

The IH system’s performance is defined not only by its design, but also by the control
schemes used to regulate the output power. It is essential for load-based temperature regulation.
Various power control strategies presented in the literature are discussed in this section.

Pulse width modulation (PWM) is the widely used technique for controlling output
power [32]. The major drawback of this control scheme is that it employs hard switching and
hence increases switching losses.

Variable frequency (VF) control scheme is proposed in [33,34] to overcome the limita-
tions of PWM control. As the load varies, the control is achieved with tracking the resonant
frequency. However, the variation in frequency generates EMI and acoustic noise into the sys-
tem. Constant frequency control methods are preferred to overcome EMI and acoustic noise
problems. Asymmetrical duty cycle (ADC) control [28] is a constant frequency control method
used to regulate output power without EMI issues. The width of the positive and negative cycles
of the output voltage is asymmetric in this control scheme. Figure. 2.1 shows the ADC control
operating waveforms. The main drawback of ADC control is that it injects more harmonics into
the source.

Asymmetrical voltage cancellation (AVC) control technique uses a significant dead band
in either the positive or negative cycle of the output voltage waveform [29]. It provides wider
range of soft switching. AVC control operating waveforms are shown in Figure. 2.2. The asym-
metric operation produces even harmonics in voltage and current. This problem is overcome
with pulse density modulation (PDM) control . The density of the switching pulses is controlled

using this approach without affecting the switching frequency. It ensures precise and smooth
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control operation, and also provides a wider range of power control [35]. In Phase shift control
scheme (PS), inverter pulses are generated to create a phase difference between voltage and
current [30,31]. The output power can be regulated without EMI, and the waveforms are sym-
metric. PS control operating waveforms are shown in Figure. 2.3. However, the power factor
in this system remains poor. In addition, hybrid control techniques are proposed in [36—41] to

achieve the advantages of different control schemes together.

2.2.2 Inverter Configurations for Multiple Load Induction Heating
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Figure 2.4: Multi-load single converter for IH [42]
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Nowadays multiple-load induction cooking (IC) systems are becoming more popular.
The main requirements of this system are reduced component count, improved conversion effi-
ciency, and independent power regulation of loads. In the past, some inverter topologies have
been proposed for multiple load induction heating. In [42], a multi-output inverter configuration
with variable frequency control is proposed. This multi-output single converter circuit diagram
is shown in Figure. 2.4. It is suitable for low power applications as it uses a half bridge con-
figuration. An analytical investigation of a two resonant-load circuit was done using an R, L.
model of the inductor, followed by simulation on a complete model and subsequent practical
testing; the study proved the possibility of setting the power of two inductors in a single inverter
while maintaining parallel ZVS mode. Independent power control of multiple loads is obtained
through variable frequency control method. Electro-mechanical switches are used to connect
the loads and resonant capacitors. The use of mechanical switches and use of more number of
capacitors are the major limitations of this method.

José M. Burdio et al. proposed an inverter topology with three legs in [43] for powering

two IH loads. One leg is common for both loads. The circuit diagram of this three leg two-output
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series resonant inverter is shown in Figure. 2.5. It was designed using a synthesis approach
and asymmetrical voltage-cancellation control strategy. When compared with the full bridge
equivalent circuit, the synthesised converter allows two inductive loads up to their rated values
simultaneously and independently using only one converter thereby saving two transistors. The
installation of two low-cost relays allows quick heating and optimal power use. It offers fewer

component count, high efficiency and independent control with AVC.
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Figure 2.5: Three leg two output series resonant inverter for IH [43]

Two multi coil systems were proposed and investigated in [44]; proximity effects were
considered between the coil and the distribution of eddy currents and power losses were inves-
tigated using finite-element technique. The thermal performance of two multi coil systems was
also evaluated. A multiple-output ZVS resonant inverter for versatile induction heating appli-
ances was proposed in [45]. The proposed converter features a matrix structure, which offers
low-cost implementation with fewer power components, high performance and minor switch-
ing losses. In [46], a direct ac—ac converter scheme with a multiple-output resonant matrix
converter was proposed to power multiple loads. The proposed configuration reduces the num-
ber of devices and complexity, leading to an efficient, adaptable, and cost-effective solution.
In [47], a multi-output inverter with independent on-off control is proposed. In [48], a multiple
load inverter with dual-frequency operation is proposed. ADC control technique is used for

independent power control of each load.
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UFAC-HFAC
AC PFC converter

Figure 2.6: Structure of single-stage IC system with multiple loads

2.2.3 Single-Stage AC-AC Resonant Converter Configurations for IH Ap-

plications

The structure of a single stage ac-ac induction cooking system is shown in Figure. 2.6.
Single-stage resonant ac-ac converter topologies have been proposed for induction heating ap-
plications in [49-51]. Totem-pole bridge-less PFC boost rectifier is used in these topologies.
They offer advantages of fewer component count, high efficiency, power factor correction and
boost operation. However most of these topologies are of half bridge and full bridge configura-
tions and are suitable for single load. In [52], a half bridge boost rectifier based ac-ac converter
is proposed. In [53], single-phase boost-type PFC rectifier is analysed with different modulation
strategies for domestic IH applications. In [54], a multiple output multi phase resonant inverter
is proposed with coupled coils. In [55], ZVS multi-output resonant inverter architecture for [H
is proposed.

In [56], a high-efficiency multiple-output resonant converter for IH applications using
wide band gap devices is proposed. The circuit diagram of the proposed converter is shown
in Figure. 2.7. It consists of a three-leg ac-ac boost converter which can power two similar IH
loads. The loads are operated at the same frequency and optimum AVC control is employed.
Wide band gap devices are used to increase the efficiency. The common branch of the converter
(SH, Sr) provides the boost function, while diodes Dy and Dy, rectify the input voltage. The
boost inductor is L; and boost output capacitor is Cp. Hence, the dc output voltage of the half-
bridge boost rectifier stage , Vj, is proportional to the inverter’s common branch duty cycle, D.
The multi output inverter powers each IH load with a common inverter branch, (Sy, Sr), and
a number of additional branches, N. Compared to conventional designs, the required number
of switches in this configuration (N, = 2 + 2 N) is fewer, resulting in lower component count.
The proposed converter was implemented for multiple-loads using SiC JFET devices. This
configuration achieves high-performance and high-efficiency.

The above mentioned single-stage topologies are limited to heating only ferromagnetic

vessels. Low relative permeability and low specific resistance of non-magnetic vessels pose a
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Figure 2.7: High- efficiency multi-output resonant converter for IH [56]
challenge in the induction heating of non-ferromagnetic vessels.

2.2.4 Different Material Vessel Domestic Induction Heating
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Figure 2.8: Series resonant inverter for all metal IH [57]
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Most of the available multi-load IH configurations are suitable for ferromagnetic materi-
als only. Hence, non-ferromagnetic vessels such as aluminium and copper cannot be used with
IC, though they have good thermal properties and are commonly used in traditional cooking

applications. In recent past, some inverter configurations suitable for vessels made from ferro
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and non-ferro magnetic materials, have been proposed [58,59].

Load-Adaptive Modulation (LAM) of a Series-Resonant inverter for all-metal induction
heating applications was proposed by Hwa-Pyeong Park et al in [57]. Figure. 2.8 depicts its
circuit diagram. LAM method has been proposed in order to achieve IH capability for vessels
made of ferromagnetic as well as non-ferromagnetic materials. In this method, the voltage
varies with full-bridge and half-bridge operating modes. The frequency doubler and frequency
tripler modes increase the frequency of the eddy currents induced in the vessel which increases
its equivalent resistance.

In [60,61], a high-frequency time-sharing dual resonant inverter is proposed for domestic
all-metal induction cooking applications. In [62], double heating coil driven induction cooker is
proposed. In these topologies, due to frequency selection and time sharing, additional switching
losses occur which reduces heating efficiency. A dual-layer coil topology is proposed in [63]
for different IH load applications. Each coil has half of the total turns-density. Hence, it reduces
the effective ampere-turns available from each winding. In [64], selective harmonic operation
is used in half-bridge inverter-based topology. This topology suffers from the limitations of low
power factor and high conduction losses in body diode of the switching device.

A dual-resonant topology-re-configurable inverter for all-metal IH is developed and im-
plemented using a novel series-parallel resonance (SPR) topology [65] with automatic load
sensing and impedance matching characteristics. In this inverter configuration, two different
control techniques are used for different material loads. This method suffers from the drawback
of unbalanced switching losses. All these converter topologies come with their own merits and

demerits.

2.3 Conclusions

In this chapter, an overview of domestic IH system has been presented. Different power
control techniques have been discussed. Th existing converter configurations for single-output
and multi-output IH applications have been discussed. The main requirements of multi-output
IH applications are independent control of individual load, low component count and high effi-
ciency. Single stage ac-ac converter topologies have been discussed.

Few topologies which are available in the literature that are suitable for both ferromag-
netic and non-ferromagnetic materials have been presented. The advantages and limitations of
these topologies also have been discussed.

It is observed that many of the existing topologies suffer from the limitations of com-
patibility for ferro-magnetic loads only. Some of the topologies which are suitable for different

material IH also have the drawbacks of high component count, complex control, reduced effi-
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ciency and lack of independent power control.
In order to overcome the above mentioned limitations, three different IH resonant in-
verter configurations have been proposed in this thesis and are explained in detailed in the

following chapters.
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Chapter 3

Cascaded Full-Bridge Resonant Inverter Configuration for
Different Material Induction Cooking

3.1 Introduction

This chapter proposes a cascaded full bridge resonant inverter topology which is suitable
for different material vessel IC.

In literature, cascaded multi-level inverter topologies [66—72] are proposed for differ-
ent applications like photovoltaic, AC Power distribution and industrial applications. In these
configurations, cascaded bridges are operated at single frequency to supply single load. Dif-
ferent modulation control techniques are used for load power control. Cascaded multi-level
inverter configurations have been proposed for induction heating applications in [73,74]. Dual-
frequency multilevel inverter topology has been proposed with equal and unequal voltage sources.
In [75], a cascaded multi level inverter topology has been proposed for high power induction
heating application. These cascaded inverter configurations have been proposed for single ferro
magnetic induction heating loads [76]. These proposed multi level inverter configurations have
their own merits and demerits.

Iron

i
ML

Steel

Vi | LF and MF | |

inverter

Aluminium

_|_|_
vV | HF f |
de2 | inverter

Figure 3.1: Block diagram of cascaded multi-load inverter for Induction Cooking

In this chapter, a cascaded full-bridge resonant inverter configuration, which is suitable
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for three different material vessels, has been proposed. It can power multiple-loads of iron,
steel and aluminium vessels. These three IH loads are simultaneously operated at their respec-
tive resonant frequencies. The output power of multiple loads are independently controlled
by asymmetric duty cycle control. This configuration provides advantages of a reduced com-
ponent count, high efficiency, and independent control. The block diagram of the proposed
inverter configuration is shown in (Fig. 3.1). The outputs of two full-bridge inverters are cas-
caded and connected to three IH resonant loads. First inverter is operated at low and medium
frequencies suitable for iron and steel loads. Second inverter is operated at high frequency suit-
able for aluminium loads. ADC control is used for output power control. Circuit operation,
design, implementation, and result analysis are presented in the following sections.

In section 3.2, proposed circuit configuration and principle of operation are described.
Section 3.3 presents different modes of operation. Section3.4 describes prototype implemen-
tation, simulation, and experimental results. Analysis of results is presented in Section 3.5.

Section 3.6 summarizes the work performed and conclusions have been drawn.

3.2 Proposed cascaded converter configuration

3.2.1 Circuit configuration

SJE + D1 'r Cs1 SﬂE #D3“ Cs3 |
M \° Iron
vessel
Vaci =
- = S '_+ L C s Steel =Ci;
Sﬂ:#Dz"Csz d: D4T s4 - i Ropms L2mf§ vessel Cﬁr
S g ]
S Aluminium ==C,|
m hf ™ Rsnt Lant vessel 3
Ssf*Dst Cs  SE#D,TC e = IR
5 — 5 r s5 7 — 7 s7 < vo S
/M
Va2 = $ Vo2

Sef# DefCos  SefFDsT Cus

Figure 3.2: Proposed cascaded multi-load inverter configuration

The circuit diagram of the proposed multi-load inverter topology is shown in (Fig. 3.2).
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This configuration consists of two full-bridge inverters connected in cascade. S; to S4 are the
four MOSFET switches of first inverter with body diodes D; to D4 and snubber capacitors Cg;
to Csy respectively. First leg devices, S and S, are switched at low frequency, f;. Second leg de-
vices, S3 andSy are switched at medium frequency, f,,,. S5 to Sg are the four MOSFET switches
of second inverter with body diodes Ds to Dg and snubber capacitors Css to Csg respectively.
These inverter devices are switched at high frequency, fj. Lossless snubber capacitors Cs1-Csg
are connected across switching devices S;-Sg respectively to provide ZVS operation. V. and
Va2 are supply voltages of first and second inverters respectively. Three different IH resonant
loads are connected across output terminals of cascaded inverters. The output voltage of cas-
caded inverters is v,=vo1+vo2 Where vg; and vg, are output voltages of first and second inverter

respectively, i, is the output current of the cascaded inverter.

NMATNTY
LV VLVU’ V uN|_|v

Figure 3.3: Switching pulses, output voltage and load currents

This induction cooking system consists of three burners, each one suitable for iron, steel,
and aluminium vessels respectively. Ly and Ry ¢ are respectively the equivalent inductance
and resistance of iron load at low frequency, f;. An external capacitor Cj, is connected in se-
ries to resonate this load at low resonant frequency. The equivalent inductance and resistance
of steel load are respectively f,;. Ly and Ry, p at medium frequency. An external capacitor
fm- Cor 1s connected in series to resonate this load. At medium resonant frequency, frn. L3jr

and R3, s are respectively the equivalent inductance and resistance of aluminium load at high
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frequency, fj,.An external capacitor C3, is connected in series to resonate this load at high res-
onant frequency. The currents through iron, steel and aluminium resonant loads are f.;. iz,
imf» Inf» respectively. The low, medium and high switching frequencies are selected as f;=20
kHz, f,,=100 kHz and f,= 400 kHz respectively. Switching pulses of the inverter devices, cor-
responding output voltage v, and load currents i; ¢, i,,r, and i,y are shown in (Fig. 3.3). i, is the

sum of low, medium and high-frequency current components.

3.2.2 Selection of switching frequencies

The induction cooking system needs a higher frequency AC supply (>20 kHz). Low
frequency utility supply voltage (50 Hz) is converted into higher frequency voltage and applied
to induction cooker. This conversion stage consists of a bridge rectifier, filter circuit and a high

frequency inverter. The heat generated in the vessel concentrates in a peripheral layer at a skin

depth (8) of,
P
0= 3.1
\/ i, (3.1

where, p is electrical resistivity and t is magnetic permeability of the vessel material, and f; is

switching frequency of the inverter. Ferromagnetic materials have higher values of permeability
and resistivity. The equivalent circuit of induction heating load may be considered as a series
combination of L., and R,,, where L., is the equivalent inductance and R, is the equivalent
resistance, as referred to IH coil side when the vessel is kept on the cooker. These values depend
on the material of the vessel and they vary with switching frequency.

In this proposed work, three vessels made of iron, steel and aluminium are considered.
Iron is ferromagnetic material. Steel and aluminium are non-ferromagnetic materials. The
variation of L., and R, of these three different IH loads with inverter switching frequency are
shown in (Fig. 3.4). (Fig. 3.4a) shows L., and R,, variation of iron load with frequency and
(Fig. 3.4b) and (Fig. 3.4c) show the same for steel and aluminium vessels. It is observed that iron
load has higher values of L., and R, at around 20 kHz. Hence, the switching frequency, f; of
iron IH load is selected as 20 kHz. Steel and aluminium loads are having less values of L., and
R, at this frequency. Beyond 80 kHz, the equivalent resistance of steel load increases above 2 Q
and similarly beyond 300 kHz equivalent resistance of aluminium increases above 2 Q. Hence
by increasing switching frequency, the equivalent resistance and thereby output power may be
increased. The switching frequency of steel IH load is selected at a medium frequency of 100
kHz and that of aluminium is selected at a high frequency of 400 kHz. External capacitors are
connected to [H loads to resonate the load at resonant frequency f,. To facilitate ZVS operation,

fs—+f» ratio has to be selected closer to 1.1. Hence f,;, f;,; and f,;, are selected as 18.4 kHz 98
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Figure 3.4: variation of R, and L., with frequency
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(b)Steel load
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kHz and 395 kHz respectively. The resonant capacitors are selected based on the expressions

for f,, frm and f,;, where

1 1 1
Jr s Jrm = 5 —————==and fn = (3.2)
" 2my/LusCn " 270\ /LomsCoy 2w\ /LyCse
respectively.
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Figure 3.5: Admittance curves of different IH resonant loads
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Figure 3.6: Equivalent circuits of the load, load current and their FFT's

(a) Equivalent circuit of multiple frequency inverter, load currents and FFT

(b) Equivalent circuit of load for v, s and load current FFT
(c) Equivalent circuit of load for v, s and load current FFT
(d) Equivalent circuit of load for v, and load current FFT
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Admittance characteristics of the three IH loads are shown in (Fig. 3.5). It shows that
the iron, steel and aluminium resonant loads offer maximum admittance to low, medium and

high-frequency currents respectively.

3.2.3 Operating principle

The output voltage of the proposed cascaded inverter v, is the sum of first and second
inverter output voltages vo; and vg,. First inverter is operated at low and medium frequencies.
The second inverter is operated at high frequency. Hence cascaded inverter output voltage v, is
the combination of low, medium and high-frequency voltage components, vy ¢ , Vo and vep ¢
as shown in (Fig. 3.3).

Vo = Vo1 + V02 = Voif + Vomf + Vonys (3.3)

Fig. 3.6a shows the equivalent circuit of inverter loads. Inverter output current waveform
and its FFT are also shown. It depicts i, as a combination of low, medium and high-frequency
currents. The behaviour of loads for low frequency component of output voltage v, is shown
in(Fig. 3.6b). At low-frequency f;, the resonant capacitors Cy, and C3, offer very high reactance
and act like open circuit and hence low frequency current component iy;r does not flow through
medium and high frequency loads. Now the impedance of iron vessel resonant load can be

expressed as
Zyp = Ruyyp+ jXeuy —Xeuy) (3.4)

where
Xpup=2nfilyr Xeup=1QRnrfiCyy).

However, Xy 1;r~Xc1;r and hence Zj;s~R;¢. Thus, iron resonant load provides least
resistance path for iy, and it flows through the iron load. The behaviour of loads for medium
frequency component of output voltage v, ¢ is shown in(Fig. 3.6¢). At medium frequency f,,
the inductive reactance of Ly,,y and capacitive reactance of C3, are very high and hence they
behave like open circuits. At medium frequency, steel vessel resonant load impedance can be

expressed as
Zomf = Romys + j(Xrams — Xcomy) (3.5)

where
X1om =27 finLloms, and Xeo, i=1/Q27 f,,Cay)

However, X;2,,r~Xc>, and hence Z,,s~R5, . Thus, steel resonant load provides least
resistance path for i, and it flows through the steel load. The behaviour of loads for high
frequency component of output voltage v, is shown in(Fig. 3.6d). At high frequency f},
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the inductive reactance of Ly, and capacitive reactance of C,, are very high and hence they

behave like open circuits. At high frequency, aluminium vessel resonant load impedance can be

expressed as

Z3pf = Rapg + j(Xp3nf — Xcany) (3.6)

where
Xp3n =27 frL3p s, and X3, p=1/27 f,Ca/)

However, X;3,~Xc3, and hence Z3,s~R3j,¢. Thus, aluminium resonant load provides
least resistance path for high frequency current component i, . Hence high frequency current

flows through the aluminium load.
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Figure 3.7: Inverter equivalent circuits for different modes of operation with 1 is ON
(a) Mode-1:51,54, S5 and Sg are ON

(a) Mode-2: S;, S4, Sg and S7 are ON

(b) Mode-3: S, S3, S5 and Sg are ON

(c) Mode-4: Sy, S3, S¢ and S7 are ON
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3.2.3.1 Output power control

The total output power of this multi-load induction heating inverter configuration is expressed

as
By = Por + Fom =+ Pon (3.7

where
P,; = iron load output power =/; szl f
P, = steel load output power =1, f2Rm rand

P,;, = aluminium load output power =Ij, szh f

L, Iy and I, ; are RMS values of iron, steel and aluminium load currents. These output
powers delivered to different vessel loads are controlled independently using Asymmetric duty

cycle control. P, is controlled through ADC control in first inverter low-frequency leg devices.
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Figure 3.8: Inverter equivalent circuits for different modes of operation with 1 is ON
(a) Mode-1:51,54, S5 and Sg are ON

(a) Mode-2: 81, S4, Sg and S7 are ON

(b) Mode-3: S, S3, S5 and Sg are ON

(c) Mode-4: §;, S3, S¢ and S7 are ON
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P,; can be expressed as
2V? cos? Q
py = eSS 9 o (3:8)
T Rllf 2

where

¢r=tan~! (XL“Q;,):CW)
a; = control angle
¢; = phase angle

At a fixed frequency, all parameters are constant except the control angle ¢;. By varying
this control angle, the low frequency duty cycle and output power P,; are controlled. Similarly,
first inverter medium-frequency leg (leg-2) devices are operated with ADC. The output power
P, can be controlled by varying the medium frequency control angle «,,. This output power

P, 1s expressed as,
2V?2 cos? Q,
Py = eSO 2 O (3.9)
T Rsz 2

where

Xpomp—Xcomf
¢m=tal’l_1( L IJ;Zm fCZ f)
Switching pulses of second inverter devices S5 and Sg are always in phase and S¢ and S7
are in phase. This inverter output is also controlled by &, is the control angle. ¢, is the phase

angle between fundamental components of vj,¢ and i, . P, can be expressed as

2V2 cos? ¢y, ay

P, =
oh 7T2R3hf 2

(3.10)

where

—tan—1 (XL3nr—Xc3ny
op=tan—" ( = ;?3;, fcw)
P, can be controlled by varying the high frequency control angle ;. Thus, independent

control of the individual load currents and load powers is achieved through ADC control.

3.3 Modes of operation

With the equal source voltages, V;.1=V 2=V, the inverter operation can be explained
through eight different modes. When low-frequency device S is ON, four operating modes
are possible depending on the switching states of medium and high frequency devices. These
modes are explained as below:

Mode-1: In this mode, switches S, S4, S5 and Sg are in on-state. The corresponding equivalent

circuit is shown in (Fig. 3.8a). Output voltages of first and second inverters are respectively Vy
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= V;. and Vi, = V.. The output voltage across the loads (v,) is the sum of Vj; and V(y,.

Vo = Vo1 +Vvo2 = 2V,

the instantaneous value of inverter load current

io(t) = igf (1) + imp(2) +ing(2)

(3.11)

(3.12)

Mode-2: In this mode, switches S, S4, S¢ and S7 are in on-state. The corresponding equivalent

circuit is shown in (Fig. 3.8b). Output voltages of first and second inverters are respectively Vo

=V, and Vi, = -V;.. Output voltage across the loads is expressed as

Vo = Vo1 +vp2 =0

(3.13)

Mode-3: In this mode, switches S, S3, S5 and Sg are in on-state. The corresponding equivalent

circuit is shown in (Fig. 3.8c). Output voltages of first and second inverters are respectively Vo
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Figure 3.9: Load voltage (v,), inverter output current (i,) and load currents at D;=0.95,

and D,=0.95
(a) Simulated waveforms of v,, i, and i;¢
(b) Simulated waveforms of i,,,r and iy, s

(c) Experimental waveforms of v,, i, and i;¢

(d) Experimental waveforms of i,y and iy, s
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Figure 3.10: Inverter output current i, and its FFT at D;=0.95, D,,=0.95 and D;,=0.95
(a) Simulated waveforms
(b) experimental waveforms

= 0 and Vj;= V.. The output voltage across the loads is expressed as

Vo = Vo1 +vo2 = Vg (3.14)

Mode-4: In this mode, switches S, S3, S¢ and S7 are in on-state. The corresponding equivalent
circuit is shown in (Fig. 3.8d). Output voltages of first and second inverters are respectively Vj

=0 and Vi, = -V,.. The output voltage across the loads is expressed as

Vo =V01 + Vo2 = _Vdc (315)

When S5 is ON, more four operating modes are possible as explained below
Mode-5: In this mode, switches S, S3, S¢ and S7 are in on-state. Output voltages of first and
second inverters are respectively Vo1 = - Vy.and Vi, = -V,.. The output voltage across the loads
is expressed as

Vo = Vo1 +Vvo2 = =2V, (3.16)

Mode-6: In this mode, switches S, S3, S5 and Sg are in on-state. Output voltages of first and
second inverters are respectively Vo, = - V. and Vi, = V.. The output voltage across the loads
is expressed as

Vo =Vo1 +Vvo2 =0 (3.17)

Mode-7: In this mode switches S2, S4, S¢ and S7 are in on-state. Output voltages of first and
second inverters are respectively Vp; = 0 and Vj; = -V,.. The output voltage across the loads is
expressed as

Vo = Vo1 +Vvo2 = —Vye (3.18)
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Figure 3.11: Load voltage (v,), inverter output current (i, ) and load currents at D;=0.2, D,,=0.95
and D;,=0.95 (a) Simulated waveforms of v,, i, and i;¢

(b) Simulated waveforms of i,,,; and i), ¢

(c) Experimental waveforms of v,, i, and ;¢

(d) Experimental waveforms of i, and iy,r

Mode-8: In this mode switches S2, S4, S5 and Sg are in on-state. Output voltages of first and
second inverters are respectivelyVy; = 0 and Vi = V4. Output voltage across the loads is

expressed as

Vo = Vo1 +Vv02 = Ve (3.19)
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Figure 3.12: Inverter output current i, and its FFT at D;=0.2, D,,=0.95 and D;=0.95
(a) Simulated waveforms
(b) experimental waveforms

35



CHAPTER 3. CASCADED FULL-BRIDGE RESONANT INVERTER CONFIGURATION FOR DIFFERENT MATERIAL INDUCTION COOKING

Section 3.4
MO gy cpopope UG~ W ﬁi ”
VE,;/_«;V’ y ' r//f p//‘v"/v WU
v TV xr\\\ i \\H‘ M
S ana AAAAAMA N anp . 2 .,/\/\/\/\/\/\/\/\/\/\ ST PR ",
V\IVVV MR VVVVVW VVVVVV M e \ ‘_";H‘ ' ‘.‘l“‘vr i “A V‘.‘“.'
16A AT TR A A IR SV Y
goar—la \ v o A
Gﬁ//‘—\"‘\ /-//-\H—'\ —\‘f', o~ ,
\'_,_,./
'80"910ms 911ms 9.12ms 9.13ms 9.14ms 9.15ms 9.16ms  9.12mM8Ms [ S e Jm%ﬁ.ooooom %ﬁﬁsﬁm &.SO/V J[ oéfﬁf’zﬁ 20J
e T|rane c
8.0A

Tek stop

A A A A AN NN
/N V V V V VV

“VULLLLLLLLLRRRRRARARRERRRRRRA] <ok
B e e

Figure 3.13: Load voltage (v,), inverter output current (i, ) and load currents at D;=0.95, D,,=0.2
and D;=0.95

(a) Simulated waveforms of v,, i, and i;¢
(b) Simulated waveforms of i,,, s and i), ¢

(c) Experimental waveforms of v,, i, and ;¢
(d) Experimental waveforms of i, and iy,¢
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Figure 3.14: Inverter output current i, and its FFT at D;=0.95, D,,=0.2 and D;=0.95
(a) Simulated waveforms
(b) Experimental waveforms

3.4 Simulation and experimental results

A 150 W prototype of the cascaded resonant inverter has been implemented for three
different material vessel induction-cooking applications. The circuit parameters are presented
in Table 3.1. Two isolated, equal DC voltage sources of V;.; =30 V and V., =30 V are used.

The IH load parameters are measured from the coil side with the different material vessels of
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Figure 3.15: Load voltage (v,), inverter output current (i,) and load currents at D;=0.95,
D,;,=0.95 and D;,=0.2

(a) Simulated waveforms of v,, i, and i;¢
(b) Simulation waveforms of i,y and iy, ¢

(c) Experimental waveforms of v,, i, and i;¢
(d) Experimental waveforms of i,y and iy, s
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Figure 3.16: Inverter output current i, and its FFT at D;=0.95, D,,=0.95 and D;,=0.2
(a) Simulated waveforms

(b) Experimental waveforms

iron, steel, and aluminium are kept over respective IH coils. Iron, steel, and aluminium vessels,
which are most commonly used in cooking applications, are selected for experimentation. These
different vessel loads are resonated at frequencies of 18.4 kHz, 98 kHz and 395 kHz respectively
with corresponding switching frequencies of 20 kHz, 100 kHz and 400 kHz respectively. ADC
control is used for independent control of each load power.

Fig. 3.9 shows the simulation and experimental waveforms corresponding to equal duty
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cycles of D;=0.95, D,,=0.95 and D;=0.95. (Fig. 3.9a) shows simulation waveforms of load
voltage, inverter output current, and low-frequency current. (Fig. 3.9b) shows simulation wave-
forms of medium and high-frequency load currents. (Fig. 3.9¢ and d) show the corresponding
experimental waveforms. (Fig. 3.10a and b) show respectively FFTs of simulated and experi-
mental inverter output current at D;=0.95, D,,=0.95 and D;,=0.95. It is observed that this cur-
rent contains only low, medium and high-frequency components with RMS values of ;=3 A,
Lny=3.2 A and I;,;/=4.72 A. It is also observed that the experimental and simulation results are in
good agreement with each other. (Fig. 3.11) shows the simulation and experimental waveforms
corresponding to duty cycles of D;=0.2, D,,=0.95 and D;=0.95. (Fig. 3.11a) shows simula-

tion waveforms of load voltage, inverter output current, and low-frequency current.(Fig. 3.11b)

Table 3.1: Parameters of hardware prototype

Parameter Value
DC Voltage source-1 (V1) 30V

DC Voltage source-2 (V;.2) 30V
Iron vessel equivalent inductance at low frequency 88.6 uH
(L11y)

Iron vessel equivalent resistance at Low frequency 2.87 Q
(Ryzp)

Resonant capacitor at Low frequency (Cy,) 0.96 uF
Steel vessel equivalent inductance at Medium fre- 62.45 uH
quency (Lopf)

Steel vessel equivalent resistance at Medium frequency 2.9 Q
(Romf)

Resonant capacitor at Medium frequency (Cy;) 0.044 uF
Aluminium vessel equivalent inductance at high fre- 50.7 uH
quency (L3 )

Aluminium vessel equivalent resistance at High fre- 3.6 Q
quency (Rapz)

High frequency vessel resonant capacitor (C3;,) 0.321 nF
Low switching frequency (f;) 20 kHz
Iron load resonant frequency (f;;) 18.5 kHz
Medium switching frequency (f;,) 100 kHz
Steel load resonant frequency (f;m) 98 kHz
High switching frequency (f3,) 400 kHz
Aluminium load resonant frequency (f,) 398 kHz
Mosfets used IRFB4227pbf
Rdson 19 mQ
DSP Controller TMS320F28379D
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shows simulation waveforms of medium and high-frequency load currents.(Fig. 3.11c and d)show
the corresponding experimental waveforms. (Fig. 3.12a and b) show respectively FFTs of sim-
ulated and experimental inverter output current at D;=0.2, D,,=0.95 and D;=0.95. It is observed
that the low-frequency load current is reduced to I;;=1.7 A whereas medium and high frequency
load currents remain at the same values of 1,,/=3.2 A and I,;/=4.72 A. This indicates indepen-
dent load control, as the reduction in low-frequency duty cycle, decreases only low-frequency
load current whereas the other load currents remain unaffected. It is also observed that the
experimental and simulation results are in good agreement with each other. (Fig. 3.13) shows
the simulation and experimental waveforms corresponding to duty cycles of D;=0.95, D,,=0.2
and D;,=0.95. (Fig. 3.13a) shows simulation waveforms of load voltage, inverter output cur-
rent, and low-frequency current. (Fig. 3.13b) shows simulation waveforms of medium and high
frequency load currents. (Fig. 3.13c and d) show the corresponding experimental waveforms.
(Fig. 3.14a and b) show respectively FFTs of simulated and experimental inverter output cur-
rent at D;=0.95, D,,=0.2 and D;=0.95. It is observed that the medium frequency load current
is reduced to I,,;=1.8 A whereas low and high-frequency load currents remain at the same val-
ues of [;;=3A and [,;=4.72A. This indicates independent load control and it is also observed
that the experimental and simulation results are in good agreement with each other. (Fig. 3.15)
shows the simulation and experimental waveforms corresponding to duty cycles of D;=0.95,
D,,=0.95 and D,=0.2. (Fig. 3.15a) shows simulation waveforms of load voltage, inverter output
current, and low-frequency current. (Fig. 3.15b) shows simulation waveforms of medium and
high-frequency load currents. (Fig. 3.15¢ and d)show the corresponding experimental wave-
forms. (Fig. 3.16a and b) show respectively FFTs of simulated and experimental inverter output
current at D;=0.95, D,,=0.95 and D;=0.2. It is observed that the high-frequency load current is
reduced to I, ;=2A whereas low and medium-frequency load currents remain at the same val-
ues ofl;/=3A and I,,,y/=3.2A. This indicates independent load control and it is observed that the

experimental and simulation results are in good agreement with each other.

3.5 Analysis of results

In the proposed multi IH load cascaded inverter, power control is realized through ADC
control. The experimental setup is shown in (Fig. 3.17). Based on the thermal measurement,
the temperature variations in different vessels are shown in (Fig. 3.18). From the simulation and
experimental results, the output powers of individual loads have been calculated as described in
section 2.3.1. The load power variation with ADC control is shown in (Fig. 3.19). (Fig. 3.19a)
shows the variation of load powers P,;, P,,, and P,;, with low-frequency duty cycle (D;) when D,,

and Dy, are kept constant at 0.95. Now it can be observed that only iron vessel load power (F,;)
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Figure 3.18: Temperature variation in different vessels

is varying while other load powers remain constant. Simulation and experimental results are in

good agreement with each other.(Fig. 3.19b) shows the variation of load powers with medium

frequency duty cycle (D,,) when D; and Dy, are kept constant at 0.95. It can be observed that only

steel vessel load power (F,,,) is varying while other load powers remain constant. Simulation

and experimental results are in good agreement with each other. (Fig. 3.19¢) shows the variation

of load powers with a high-frequency duty cycle (D;,) when D; and D,, are kept constant at 0.95.

It is observed that only aluminium vessel load power (P,;) is varying while other load powers
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Figure 3.19: Low, Medium and High-Frequency current and power control
(a) Iron vessel power control against D;

(b) Steel vessel power control against D,,

(c) Aluminium vessel power control against Dy,

remain constant. Simulation and experimental results are in good agreement with each other.

Hence, independent control of power in iron vessel, steel vessel, and aluminium vessel loads is

verified. The total output power (P, ) of the cascaded inverter is the sum of different load powers
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as explained. The input power of the cascaded inverter is calculated as below:

Pin = Vacilaer + Vacalaca (3.20)
where ;.1 and 1., are the input currents of inverter-1 and inverter-2 respectively.
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Figure 3.20: Efficiency curves
(a) Overall efficiency vs Dy
(b) Overall efficiency vs Dy,
(b) Overall efficiency vs Dy,
The overall efficiency of the cascaded inverter is calculated as
P,
2 (3.21)
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The efficiency curves are shown in (Fig. 3.20). (Fig. 3.20a) shows the graph of overall efficiency
vs low-frequency duty cycle (D;) when D,, and Dy, are kept constant at 0.95. (Fig. 3.20b) shows
the graph of overall efficiency vs medium-frequency duty cycle (D,,;) when D; and D, are kept
constant at 0.95. (Fig. 3.20c) shows the graph of overall efficiency vs high-frequency duty cycle
(Dp) when D; and D,, are kept constant at 0.95. From these plots, it can be observed that the
overall efficiency increases with the duty cycle of the loads and vary from 85 percent to about

92 percent.

3.6 Conclusions

In this chapter, a multi-load cascaded full-bridge resonant inverter topology has been
proposed for different material vessel IH loads. First inverter legs are operated at low and
medium frequencies suitable for iron and steel vessels. Second inverter is operated at a high
frequency which is suitable for aluminium vessel. Frequencies of 20 kHz, 100 kHz and 400 kHz
are used. Independent power control is achieved using asymmetric duty cycle control.Simulation
study of the inverter is performed and its results are verified experimentally. Both simulation
and experimental results are in good agreement with each other.

The advantages of the proposed inverter configuration are:
1 Powers multiple IH loads
i1 Suitable for different material vessels
iii Eliminates the use of electro-mechanical switches
iv Low component count
v Overall efficiency is high (> 92 %)
vi Independent power control is achieved using asymmetric duty cycle control

vii Proposed scheme can be extended to more than three loads.

The limitation of proposed inverter is the requirement of two DC sources.

Next chapter explains the proposed topology-2, Frequency controlled resonant inverter

configuration for different material induction heating applications.
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Chapter 4

Frequency Controlled Resonant Inverter configuration for
Different Material Induction Heating Applications

4.1 Introduction

This chapter proposes frequency controlled resonant inverter configuration suitable for
three different material vessel IH application.

In literature, many of the existing multiple-output IH topologies are compatible with fer-
romagnetic materials only. Non-ferromagnetic material vessels, such as copper and aluminium,
cannot be utilised with IH despite their good heating qualities and widespread usage in 1C
applications. Some converter topologies suitable for vessels made of ferromagnetic and non-
ferromagnetic materials have been recently proposed. In [77], a DSP controlled IH system is
proposed to heat copper metal pan. In [78] induction heating system is implemented to heat fer-
romagnetic conductive, non-ferromagnetic conductive and non-ferromagnetic non-conductive
materials. Most of the suggested designs have one or many of the following limitations: use
of electro-mechanical switches to choose the resonant capacitor combinations, EMI issue, and
acoustic noise problems.

This chapter proposes a three-leg resonant inverter that is suitable for three different
material vessels. It is capable of powering three different IC loads: iron vessel load, steel
vessel load, and aluminium vessel load. These three IC loads are working at their respective
resonant frequencies simultaneously. The pulse frequency modulation (PFM) technique is used
to regulate the load powers independently. This configuration offers the benefits of independent

control, reduced component count, and improved efficiency.

4.2 Three leg multiple load inverter configuration

4.2.1 Circuit description

The proposed three load inverter topology’s circuit diagram is shown in (Fig. 4.1). This

inverter topology consists of two capacitor Cy, C, and six switching devices S; to S¢ are Mosfet
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switches with body diodes D; to Dg and Lossless snubber capacitors Cs1-Cgg are connected
across switching devices S1-Sg respectively to provide ZVS operation. First leg switching de-
vices, S1 and S, are switched at low frequency, f; to supply iron vessel load. Leg two devices,
S3 and S4 are operated at medium frequency, f;, to supply steel vessel load and S5 and S¢ are

switched at high frequency, f}, to supply aluminium vessel load. These three different frequency

If mf hf
. — — ! 1 .
C1-_ SJK— D, TCs SJK— D3 T C53 S ADs T CsS 1:1
H — — Transformer
Vo "~ 3 é‘v‘” \ Ra Rom Ran
4 }
V02 V° L1| L2m L3h
c - — ! ! *
2 541— D, TCs2 S48 Ds T Ces SJK— Ds T Cse
H H H v T C1r T C2r —I— C3r

Figure 4.1: Proposed three leg inverter configuration

Vﬂllﬂﬂl‘ll‘lﬂl‘ll’\ﬂﬂﬂﬂﬂﬂﬂﬂﬂ(f

Figure 4.2: Three leg Inverter gate pulses and load voltage and load currents
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legs are connected to three IC resonant loads through high frequency 1:1 transformer. Invert-
ers output voltage v, = v,1+v,2 where v, is transformer secondary terminal voltage and v, is
medium, high frequency legs output voltage. i, is the total load current of the inverter.

This arrangement supplies power to three burners, each of which is suited to iron, steel
and aluminium metal loads. The equivalent resistance and equivalent inductance of an iron
metal burner at low frequency, f;, are Ry; and Ly; respectively. To resonate this load at low
resonant frequency (f;,), an external resonant capacitor C,; is connected in series with load.
Ry, and Ly, are the equivalent resistance and equivalent inductance of a steel metal burner at
medium frequency, f,,. C» is an external resonant capacitor connected in series with load to
resonate this load at the medium resonant frequency, f,,. R3;, and L3, are the equivalent resis-
tance and equivalent inductance of an aluminium metal burner at high frequency(hf), f;. An
external resonant capacitor C,3 is connected in series with load to resonate this load at a high
resonant frequency, fy,. i, iy, and ij are currents flowing through iron, steel, and aluminium
metal burner resonant loads, respectively. The switching frequencies for three legs of the in-
verter are adjusted to f;= 25 kHz for leg-1 (If), f,,= 100 kHz for leg-2 (mf) and f;,= 400 kHz
for leg-3 (hf), respectively. The inverter switching devices gate pulses, as well as the associated
output voltage v, and different frequency load currents ij, i,,, and i;, are depicted in (Fig. 4.3).

The sum of three distinct frequency load currents is i,

4.2.2 Inverter legs switching frequency selection

Domestic induction heating loads require alternating current with a high frequency (>20
kHz). The heat produced in the vessels condenses in a peripheral layer of skin depth ((8) [79].

Ferromagnetic metal loads have greater resistivity and permeability values. When the
vessel is placed on the cooker, the equivalent circuit of the induction cooking load is a series
combination of L., and R,, , where L., and R,, are the equivalent inductance and resistance.
These values vary based on the switching frequency and the material of the vessel used. Three
distinct metal vessel IC loads are considered in this arrangement. The first and second IC
loads are made of ferromagnetic materials( iron and steel). The third IC load is made of non-
ferromagnetic materials(aluminium). The variations of the equivalent circuit parameters L., and
R4 of these three distinct IC loads with inverter operating frequencies are depicted in (Fig. 4.3).
(Fig. 4.3a depicts the change of iron load with leg-1 frequency in terms of L., and R.,. Whereas
(Fig. 4.3b) and (Fig. 4.3c) depict the same for steel vessels and aluminium vessels, respectively.
According to these frequency characteristics, the iron material vessel load has greater values of

L.y and R, at about 25 kHz. As a result, the switching frequency, f;, of the iron vessel IC load
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Figure 4.3: Frequency characteristics of different vessel loads
(a) Iron vessel load-1
(b) Steel vessel load-2

(¢) Aluminium vessel load-3

is regulated to 25 kHz. At this frequency, steel and aluminium loads have lower L., and R,

values. Above 80 kHz frequency the equivalent resistance (R,,) of steel vessel load is greater

than 2 Q, and similarly, above 300 kHz frequency the equivalent resistance(R,4) of aluminium

vessel load is greater than 2 Q. As a result, raising the frequency increases the R, and hence the

load output power. The switching frequency of the steel IC load is set to a f,, equal to 100 kHz,

while the switching frequency of the aluminium load is set to a f; equal to 400 kHz. External
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resonant capacitors are connected to IC loads to resonate the load at f,.. To get ZVS operation,

the Js ratio should be set closer to 1.1. As a result, f;,, f,,r and f3,, are chosen to be 23.5 kHz,

98.2 lr<Hz, and 396 kHz, respectively. The resonant external capacitors are chosen based on the

equations for f,, fi and fj,, where
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Figure 4.5: Equivalent circuits of the load, load current and their FFT's
(a) Equivalent circuit of multiple frequency inverter, load currents and FFT

(b) Equivalent circuit of load for v; and load current FFT
(c) Equivalent circuit of load for v,, and load current FFT
(d) Equivalent circuit of load for v, and load current FFT
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1 1 1
- 2wy/LyCr e = 278/ LomCi2 27/ L3pCy3

respectively. The admittance characteristics of the three domestic IC loads are represented

fir and fy, = 4.1)

in (Fig. 4.4). It illustrates that the iron vessel, steel vessel, and aluminium vessel resonant
loads have the maximum admittance at low-frequency (If), medium-frequency(mf), and high-

frequency(hf) resonant frequency respectively.

4.2.3 Thee-leg inverter operating principle

The total output voltage v, of the three-leg inverter design is the sum of the transformer
secondary terminal voltage v, and the output voltage v, of the inverter medium and high-
frequency legs. Because the transformer primary terminals are linked to the output of the low-
frequency leg and the dc-link capacitor midpoint, it functions as a low-frequency half-bridge
inverter and feeds low-frequency voltage to the 1:1 transformer; hence, v, has a low-frequency
component voltage v;. Similarly v,, is output voltage of medium frequency (mf) and high
frequency (hf) legs of the inverter hence v, is combination of medium frequency and high

frequency component of voltages v,, and v;, (Fig. 4.2).
Vo = Vol + Vo2 = Vi + Vi + v 4.2)

Inverter loads equivalent circuit is shown in Fig. 4.5a. The waveform of the inverter total
load current and FFT are also presented. It represents i, as a sum of low-frequency current
i;, medium-frequency i,,, and high-frequency i, currents. Fig. 4.5b indicates the behaviour of
three IC loads for the low-frequency component of output voltage v;. At f;, the external resonant
capacitors C,, and C,3 have very high reactance and behave as open circuits, thus the i; does not
flow through steel and aluminium vessel loads. The impedance (Z;;) of the iron vessel load is

now written as

Zy=Ryu+j XL —Xcu) (4.3)

where
Xpu=2nfiLy Xeu=1/Qn fiCr1).

However, X;1;/~Xc1; and hence Z;;~R;;. As a result, at resonance the iron vessel load
offers the very low resistance path for i; , which flows through the iron vessel load.

At f,, an inductive reactance(L;,,) and capacitive reactance (C,3) are extremely high,

causing them to behave like open circuits. At resonance Steel vessel load impedance (Z,,,) can
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be expressed as
Zom = Rom + j(X12m — Xcma) (4.4)
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CE:T i lsd %Dl 10y ngr— %[)3 T Cq S5 e 205+ Ces 1:1 )
Ly Transformer 1o

R Y i i iy
Voe "__ i i g Vot C pc/2 \ Ri "2 Ry Ran

iy i Vor= ipc Ly, Lom Lo
T - ) . io
¢ 82| D2 Cal  [Sq|ADsIT[Cut] |86 '.:%D"’ I l c c c
‘ | T T T
a
If mf ht
L . — ) - — ) .
oT i lsl kBD, T Cat ls3 kA D; T Cs sgjx— DST“ Css L1 .
— — [ Transformer 1y

¢ __ 7 :T' i) i in
Vpe — i i 3 Vor p pc/2 ‘ Ry ™ Rom Ran

—— v :fo Vo= Vpe/2 .
02
Ly 2m Lan
o . . N Iy
o Sy D, TCa Sy Dy Cy Ss Ds + Css
c1r C2r Car
| T T T
b
If mf ht
4 . — ) . = ,
oT T iy l Si 8D, TCa sy D; 7 Ca lmiss k4 AD;s T Css L1 .
— I Transformer 1y
R - J . i i i
. = 2 1 1 h
Vbe " I l % Vo voe? Ra ™ Rom Ran
-— ’ ? Vo= -Vpe/2
Vo=-Vpc
‘ L Lom L
oT =
2 . ~ a ENe . -
S D, 7 Ca SJK_ [)4“ Cy Se Ds 7 Cse
I C C C
T r —l— 2r —[— 3r

Figure 4.6: Inverter equivalent circuits for mode 1 to mode 3
(a) Model S;, S5 and Sg are ON

(b) Mode2 S, S3 and S5 are ON

(c) Mode3Sy, S4 and Ssare ON
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Figure 4.7: inverter equivalent circuits for mode 4 to mode 6
(a) Model S, S5 and Sg are ON
(b) Mode2 §,, S5 and S5 are ON
(c) Mode3S;, S4 and Ssare ON

where

XLZmzznmeZm, and Xp,= 1/(27rfmcr2)
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However, X;,,,~Xc2 and hence Z;,,~Ry, . As a result, at resonance the steel vessel
load offers very low resistance path for i,,, which flows through the steel vessel load.

At f,, an inductive reactance (L;;) and capacitive reactance (L;) are extremely high,
and they act like open circuit. The resonant load impedance (Z3;) of an aluminium vessel at

high frequency can be written as
Z3p = Rap + (X130 — Xc3n) (4.5)

where
Xp3n=27 fyL3p, and Xc3,=1/27 f,Cy2)

However, X;3,~Xc,3 and hence Z3,~R3;. As a result, at resonance, the aluminium
vessel load offers the lowest resistance path for the i;. Hence, a high frequency current( i)

flows through the aluminium vessel load.

4.2.3.1 Load power control

This multiple-load domestic induction heating (IH) invert total output power is expressed as
Py=P+Py+h (4.6)

where
P, = iron vessel load output power =I,’Ry;
P,, = steel vessel load output power =I,,2R,,, and

P, = aluminium vessel load output power =I,%Rx),

1;, I, and I, are the RMS values of the load currents in an iron vessel load, a steel vessel
load, and an aluminium vessel load, respectively. The output powers of these various loads are

controlled independently by using the pulse frequency modulation technique.

4.3 Modes of operation

Six distinct modes can be used to illustrate the proposed inverter operation. When the
low-frequency leg-1 device S is turned on, three operational modes are explained based on the
switching states of the leg-2 and leg-3 devices. Similarly, When the low-frequency leg-1 device
S, 1s turned on, three more operational modes are explained. These modes are described below:
Mode-1: Switches S1, S3, and Sg are turned on in this mode. (Fig. 4.6a) represents the equiva-

lent equivalent circuit. The output voltages of the transformer secondary terminal voltage and
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medium, high frequency legs output voltage of the inverter are Vi = V;./2 and Vo = Vy,, re-
spectively. The total output voltage (v,) across the different metal loads is the sum of V,,; and
Voa.

3V,
Vo = Vol + Vo2 = 2dC 4.7)
the instantaneous value of load current
io(t) =ilf(l)+imf(l)+ihf(l‘) 4.8)

Mode-2: Switches S1, S3, and S5 are turned on in this mode. Its equivalent circuit is represented
in (Fig. 4.6b). The voltages of the transformer secondary terminal voltage and medium, high
frequency legs voltages of th inverter are V| = V,./2 and V, = 0. The voltage across the loads is
written as

Vo = Vol +Vo2 = % (4.9)
Mode-3: Switches S1, S4, and S5 are turned on in this mode. Its equivalent circuit is presented
in (Fig. 4.6¢). The output voltages of the transformer secondary terminal voltage and medium,
high frequency legs output voltage of th inverter are V,;; = V,;./2 and V= -V, respectively. The

voltage across the loads is defined by the equation

\%
Vo = Vol + Vo2 = —% (4.10)

Aluminium load

L2

Iron load

0 -
:  Steel load : :
L s TMS320F28379D

Figure 4.8: Prototype of Experimental setup
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When $; is turned on, three more operating modes are available, as detailed below.
Mode-4: Switches S5, S3, and Sg are turned on in this mode. Its equivalent circuit is presented in
(Fig. 4.7a). The output voltages of the transformer secondary terminal voltage and the medium,
high frequency legs output voltage of the inverter are V,; =-V,;./2 and V,» = V., respectively.
The voltage across the loads is defined by the equation

Ve

d
V0:V01+V02:7 (4.11)

Mode-5: Switches S3, S3, and S5 are turned on in this mode. The output voltages of the trans-
former secondary terminal voltage and the inverter’s medium and high frequency legs are V,,; =

- V412 and V,p = 0. The voltage across the loads is defined by the equation

1%
Yy = Vy| - Vop = —% (4.12)

Table 4.1: Parameters of hardware prototype

Parameter value

DC Voltage source (Vpc) 60V
Iron vessel load equivalent inductance at 25 kHz (L;;)  88.6 uH
Iron vessel load equivalent resistance at 25 kHz (Ry;) 33Q

Resonant capacitor of load-1 (C,1) 0.95 uF
Steel vessel load equivalent inductance at 100 kHz 63.45 uH
(L2m)

Steel vessel load equivalent resistance at 100 kHz (R,,) 3.1 Q
Resonant capacitor of load-2 (Cy;) 0.0435 uF
Aluminium vessel load equivalent inductance at 400 50.8 uH
kHz (L3)

Aluminium vessel load equivalent resistance at 400 kHz 3.7 Q

(R3p)

Resonant capacitor of load-3 (C;3) 0.322 nF
Leg-1 frequency (f;) 25 kHz
Load-1 resonant frequency (f;,) 23.6 kHz
Leg-2 frequency (f;) 100 kHz
Load-2 resonant frequency (f;,) 97.8 kHz
Leg-3 frequency (f3) 400 kHz
Load-3 resonant frequency (fi,) 397.9 kHz
Power mosfets used IRF300P226
Rdson 40 mQ

DSP Controller TMS320F28379D
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Figure 4.9: Load voltage (v,), total load current (i,) and individual load currents at f;= 25 kHz,
Jm=100 kHz and f;= 400 kHz

(a) Simulation waveforms of v,, i, and i;

(b) Simulated waveforms of i,, and i,

(c) Experimental waveforms of v,, i, and i

(d) Experimental waveforms of i, and iy,
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Figure 4.10: Inverter total load current i, and its FFT at f;= 25 kHz, f,,= 100 kHz and f;,= 400
kHz

(a) Simulation waveforms

(b) Experimental waveforms

Mode-6: Switches S;, S4, and S5 are turned on in this mode. The output voltages of the trans-

former secondary terminal voltage and the medium, high frequency legs output voltage of the
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Figure 4.11: Load voltage (v,), total load current (i,) and load currents at f;= 30 kHz, f,,= 100

kHz and f;,=400 kHz

(a) Simulated waveforms of v,,, i, and i,

(b) Simulation waveforms of i,,, and i,

(c) Experimental waveforms of v,, i, and i;

(d) Experimental waveforms of i,, and i,

inverter areV,| = -V;./2 and V,p = -V, respectively. The voltage across the loads is defined by

the equation.
3Vac

2

Vo = Vol +Vo2 = — 4.13)

4.4 Simulated and experimental results

A 330 W three-leg resonant inverter prototype has been developed for three distinct
metal vessel domestic IH applications. Table 5.1 illustrates the circuit parameters. A V. =60 V
DC voltage is applied for hardware implementation. Domestic IH load characteristics are deter-
mined from the load coil side using various metal vessels made of iron material, steel material,
and aluminium material that are placed above respective IC coils. The iron metal vessel, steel
metal vessel, and aluminium metal vessels, which are widely used in IC applications, are cho-
sen for testing. These various vessels IH loads resonate at frequencies of 23.5 kHz, 98.2 kHz,
and 396 kHz, with corresponding switching frequencies of 25 kHz, 100 kHz, and 400 kHz. The
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(a) Simulation waveforms

(b) experimental waveforms
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Figure 4.13: Load voltage (v,), total load current (i,) and load currents at f;= 25 kHz, f,,= 105
kHz and f;,=400 kHz

(a) Simulated waveforms of v,, i, and i

(b) Simulation waveforms of i, and i,

(c) Experimental waveforms of v,, i, and ;

(d) Experimental waveforms of i, and iy,

pulse frequency modulation method is used to regulate the power of each load independently.

The simulated and experimental waveforms with equal duty cycles of D;=0.95, D,,=0.95
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Figure 4.15: Load voltage (v,), total load current (i,) and load currents at f;= 25 kHz, f,,= 100

kHz and f;,= 405 kHz

(a) Simulated waveforms of v,, i, and i
(b) Simulation waveforms of i,,, and i,

(c) Experimental waveforms of v,, i, and i;
(d) Experimental waveforms of i, and iy,

and D;=0.95 are shown in Fig. 4.9. The simulated waveforms of inverter load voltage, output
current, and load-1 current are shown in (Fig. 4.9a). The simulated waveforms of load-2 and
load-3 currents are shown in (Fig. 4.9b). The comparable experimental waveforms are shown

in (Fig. 4.9¢ and d). (Fig. 4.10a and b) depict FFTs of simulation and experimental inverter
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Figure 4.16: Total load current i, and its FFT at f;= 25 kHz, f,,= 100 kHz and f;,= 405 kHz
(a) Simulation waveforms
(b) Experimental waveforms

total load current atf;= 25 kHz, f,,= 100 kHz and f;,=400, respectively. This current is found
to have solely low-frequency component current, medium frequency component current, and
high-frequency component frequency component current, with RMS values of [;=6.2 A, [,,=6
A, and [,=4.9 A.

The simulated and experimental waveforms with inverter leg frequencies of f;=29 kHz,
fm=100 kHz and f;,= 400 kHz are shown in (Fig. 4.11)). The simulated waveforms of inverter
load voltage, output current, and load-1 current are shown in Fig. 4.11a). The simulated wave-
forms of load-2 and load-3 currents are shown in (Fig. 4.11b). The corresponding experimental
waveforms are shown in (Fig. 4.11c and d). (Fig. 4.12a and b) depict FFTs of simulation and
experimental inverter total load current at f;= 29 kHz, f,,= 100 kHz and f;= 400 kHz, respec-
tively. The load-1 current is decreased to I;= 3.5, but the load-2 and load-3 currents remains
constant at /,,= 6 A and [;,=4.9 A, respectively. As the frequency of leg-1 increases, only the
load-1 current increases, while the other load currents remain unchanged.

The simulated and experimental waveforms with inverter leg frequencies of f;=25 kHz,
fm= 104 kHz and f;,= 400 kHz are shown in (Fig. 4.13). The simulated waveforms of inverter
load voltage, output current, and load-1 currents are shown in (Fig. 4.13a). The simulated
waveforms of load-2 and load-3 currents are shown in (Fig. 4.13b). The matching experimental
waveforms are shown in (Fig. 4.13c and d). (Fig. 4.14a and b) illustrate FFTs of simulation
and experimental inverter total current at f;=25 kHz, f,,= 104 kHz and f,= 400 kHz, respec-
tively. The load-2 current is decreased to [,,= 2.8 A, but the load-1 and load-3 currents remain
unchanged at ;= 6 A and I;,= 4.9 A, respectively. This implies independent load power control.

The simulated and experimental waveforms with inverter leg frequencies of f;=25 kHz,
fm=100 kHz and f;= 404 kHz are shown in (Fig. 4.15). The simulated waveforms of inverter
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load voltage, output current, and load1 current are shown in (Fig. 4.15a). The simulated wave-
forms of load-2 and load-3 currents are shown in (Fig. 4.15b). The comparable experimental
waveforms are shown in (Fig. 4.15¢ and d). (Fig. 4.16a and b) depict FFTs of simulation and
experimental inverter output current at ;=25 kHz, f,,,= 100 kHz and f;,= 400 kHz, respectively.
The load-3 current is decreased to I= 2.2 A, while the load-1 and load-2 currents remains

constant at ;= 3 Aand [,,= 3.2 A. This implies independent load power control.

4.5 Analysis of obtained from the inverter results

Power control is achieved in the proposed three-leg inverter using the pulse frequency
modulation approach (PFM). The output powers of specific loads have been estimated based on
simulations and experimental data, as detailed in section load power control 2.3.1. The variation
in load power with PFM control is depicted in (Fig. 4.17). The change of load powers (F;) with
low frequency leg frequency control (f;) while f,, and f; are maintained constant at their re-
spective frequencies is shown in (Fig. 4.17a). Only the iron vessel load power (F)) varies, while
the other load powers remain constant. The change of load powers with medium frequency leg
frequency control (f,,) while f; and fj are maintained constant at their respective frequencies is
shown in (Fig. 4.17b). Only the steel vessel load power (P,,) varies, while the other load pow-
ers remain constant. (Fig. 4.17c) depicts the fluctuation of load powers with a high-frequency
(fn) leg frequency control while f; and f,, are held constant at their corresponding frequencies.
Only the load power of the aluminium vessel (P,) varies, while the load powers of the other
vessels remain constant. As a result, independent power control of iron vessel load, steel vessel
load, and aluminium vessel loads is achieved. The total output load power (P,) of the three-leg
inverter configuration is the sum of three different metal vessel load powers described below.

The inverter’s input power is determined as follows:

P = Vdcldc (414)

where V. and ;. are the input voltage and input current of three-leg inverter respectively.

Three-leg inverter overall efficiency is calculated as

Py
=2 4.15
n=p (4.15)
(Fig. 4.18) depicts the efficiency curves. The curve of overall efficiency (vs) leg-1 frequency (f;)
when f;, and fj, are held constant at 100 kHz and 400 kHz is shown in (Fig. 4.18a). The graph
of overall efficiency versus leg-2 frequency (f,,;) when f; and fj, are held constant at 25 kHz and

400 kHz is shown in (Fig. 4.18b). The graph of overall efficiency versus leg-3 frequency (fp)
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Figure 4.17: Low-frequency (load-1), Medium-frequency (load-2) and High-Frequency (load-

3) power control

(a) Load-1 power Vs f;
(b) Load-2 power Vs f,,
(c) Load-3 Power Vs fj,

when f; and f;, are held constant at 25 kHz and 100 kHz is shown in (Fig. 4.18c). According

to these graphs, total efficiency decreases with leg frequency and varied between 85 and 95
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Figure 4.18: Efficiency versus frequency curves

(a) Inverter Efficiency vs f;
(b) Inverter Efficiency vs f,,
(c) Inverter Efficiency vs f,
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percent.

4.6 Conclusions

A three-output inverter configuration has been proposed to power three different material
vessel IH loads. Inverter legs operated at three different frequencies are utilised to power three
different material vessel domestic IH loads. Inverter leg-1 operates at a low frequency and is
suitable for iron loads, whereas inverter leg-2 operates at a medium frequency and is suitable
for steel loads. Inverter leg-3 operates at a high frequency and is suitable for aluminium loads.
The three leg switching frequencies are respectively 25 kHz, 100 kHz, and 400 kHz. Pulse
frequency modulation approach provides independent power control of the three IH loads. The
proposed inverter configuration has been simulated, implemented and a hardware prototype has
been built. At full load, the proposed system efficiency is >94 %. Simulation study of the
inverter is performed and its results are verified experimentally. Both simulation and experi-

mental results are in good agreement with each other.
The advantages of the proposed inverter configuration are:
1 Suitable for multiple IH loads
ii Suitable for different material vessel domestic induction Cooking
iii Independent power control using pulse frequency control
iv High power conversion efficiency
v Use of only two switching devices per load

vi Eliminates the need for electro-mechanical switches

Hence, it is well suitable for multiple load Induction cooking applications.
Next chapter explains the proposed topology-3, Single-stage pulse frequency controlled ac-ac

resonant converter for different material induction cooking applications.
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Chapter 5

Single-Stage Pulse Frequency Controlled AC-AC Resonant
Converter for Different Material Induction Cooking
Applications

5.1 Introduction

Most of the IH inverter topologies are based on two stage power conversion which re-
duces the overall efficiency of the system and increases the size and cost of system. With single
stage ac-ac converter these limitations are overcome.

In this chapter, a single-stage AC-AC resonant converter configuration, suitable for IC
with different material vessels has been proposed. It is capable of powering multiple-loads of
steel and aluminium vessels. Independent power control is achieved through pulse frequency
modulation technique. It offers high efficiency, less component count and high power factor.
The block diagram of the conventional IC system is shown in Figure. 5.1a. It contains a rectifier
for conversion of utility AC supply to DC, a power factor correction unit and separate inverter
circuits for each load. The IH loads are of ferromagnetic material. Block diagram of the pro-
posed configuration is shown in Figure. 5.1b, which contains single-stage ac-ac converter which
powers steel and aluminium vessels. The IH load equivalent circuit is shown in Figure. 5.1c.
R.q 1s equivalent resistance and L., is equivalent inductance of the IC load as referred to the

coil side.

5.2 Proposed converter configuration

5.2.1 Circuit description

The proposed single-stage resonant converter configuration suitable for two different
material vessels is shown in Figure. 5.2. The proposed configuration consists of bridge-less
boost rectifier and integrated half-bridge resonant inverter circuit. A boost inductor L, is con-
nected in series with utility frequency ac supply and a dc-link capacitor Cp, 1s connected across

inverter leg to ensure the smooth operation of resonant converter. The voltage across Cp, is the



CHAPTER 5. SINGLE-STAGE PULSE FREQUENCY CONTROLLED AC-AC RESONANT CONVERTER FOR DIFFERENT MATERIAL INDUCTION COOKING APPLISATIONS

DC- ~

l-phase  — Rectifier
ACS50Hz _| AC-DC Fre ifll\l:e?tgr

DC- ~

a HFAC

inverter
Aluminiuml
e
Steel

rwwwj—
UFAC-HFAC
AC PFC converter

T M AN Req
. L L, :'> B

coil Vessel c

Figure 5.1: Structure of multi-load induction cooking
(a) Two-stage conventional converter

(b) Proposed multi load Single-stage ac-ac converter
(c) Load equivalent circuit

dc-link voltage v,. The boost inductor L, contributes to boosting of utility frequency source
voltage V;. Diodes D; and D, form the rectifier branch. In this multi-frequency converter, one
leg operates at low-frequency [y which is suitable for a steel vessel and another leg operates at
high-frequency /¢ which is suitable for an aluminium vessel. Switching devices Sy and S are
connected in low-frequency leg, switching devices S3 and S4 are connected in high-frequency
leg. Switching pulses of these inverter devices, corresponding output voltage v, and both vessel
load currents i;y and i;; are shown in Figure. 5.3. Low-frequency leg switches S and S, are
common for both rectification as well as inverter operation. This common leg devices duty cy-
cle (d) is fixed at 0.5 to get maximum voltage across dc-link due to its boost operation. Lossless
snubber capacitors Cy1-Cy4 are connected across switching devices S;-S4 respectively which
help in ZVS operation. D;-Dy are anti-parallel diodes of the devices S-Sy respectively. The
inverter output voltage is supplied to two IH loads. R;; and L;; are the equivalent resistance
and equivalent inductance of steel IH load. C,; is the external resonant capacitor. Ry and

Ly are the equivalent inductance and resistance of aluminium IH load and C, is the external
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resonant capacitor. The corresponding resonant frequencies are f,; and f,, respectively. The
switching frequencies are selected as f;=20 kHz and f;,=160 kHz. The admittance curves of
two IH resonant loads are shown in Figure. 5.4. As shown in Figure. 5.3, v, is sum of low and
high-frequency voltage components. Low-frequency current i; 7, flows through the steel IH load

and high frequency current i;, s flows through the aluminium IH load.

5.2.2 Selection of switching frequencies

In general, for IH with ferromagnetic material, switching frequency is selected above
20 kHz. The high frequency range is normally selected as 100 kHz - 200 kHz, to limit the
inverter switching losses. Characteristics of different IH loads are plotted in Figure. 5.5. Fre-
quency characteristics of steel and aluminium vessel loads are shown in Figure. 5.5a and b.
From these figures it is observed that there is a change in inductance and resistance of IH load
with frequency. For steel vessel IH load, the switching frequency (f;) is selected as 20 kHz.
From Fig. 5.5b, it is observed that beyond 140 kHz, the equivalent resistance of aluminium
vessel IH load increases above 1Q2. Hence, the switching frequency (f,) is selected as 160
kHz which is an even multiple of low switching frequency (f;). This frequency ratio of eight
will help in independent control of different loads. At switching frequency of 20 kHz, equiva-
lent resistance is 2.2 € and equivalent inductance is 68.2 uH for steel vessel IH load. At 160

lf hf

— —
S]JH D] Csl SJH D3 Cs3
— —

Vs Ly _l..lf_/\/\/\/\/\,_/VWY\_| I__

L1

D, /

Dl Zx |_J —
S; [k D, TCy s, K14 Dy T Cu
'_

Figure 5.2: Proposed converter configuration
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Figure 5.3: Inverter switching pulses and output voltage and load currents
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Figure 5.4: Admittance curve

kHz, equivalent resistance is 1.35 € and equivalent inductance is 50.7 uH for aluminium ves-

sel IH load. To facilitate ZVS operation, Li ratio has to be selected closer to 1.1. Hence f};
and f,;, are selected as 18.4 kHz and 158 kHz respectively. The expressions for f,; and f,, are
— 1 _ 1
fr= 21 /L1;Cy / "N /LG
shown in Figure. 5.4. It shows that steel vessel IH resonant load offers maximum admittance to

respectively. Admittance characteristics of different IH loads are

low frequency current and aluminium vessel IH resonant load offers maximum admittance to

high frequency current.
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Figure 5.5: IH Load frequency characteristics
(a) Steel vessel
(b) Aluminium vessel

5.2.3 Operating principle

The proposed converter configuration consist of three legs with is the combination of
series resonant load inverter and boost converter. In this configuration, as shown in Figure. 5.2,
one inverter leg is common for both boost and series inverter operation.
The volt-sec balance across boost inductor L,,Expression of Iy ;.- The boost operation is de-
scribed through equations (5.1)-(5.4) [56]

Vid T, + (Vs —vp) (1 —d)T, = 0 (5.1)

where T is the time period corresponding to the common leg (leg-1) frequency i.e. [;. Expres-

sion of L; for continuous conduction is

Vi —
Ly> 2"V —a), (5.2)
Ipreak
where
Al
Ipreak =1+ sz (5.3)

By neglecting the source current ripple, the average value of dc-link voltage v, can be expressed

as
Vs

(1-d)

From Equation:5.4, it is observed that due to boost operation there is an increase in dc-link

Vp = (5.4)

voltage v, which leads to increase in v, also. Two IH resonant loads are connected across low

and high-frequency legs of the inverter.
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Figure 5.6: Load equivalent circuit, load currents and FFT

(a) Load equivalent circuit of multi-frequency converter, load currents and FFT
(b) Load equivalent circuit for v;r and load current FFT

(c) Load equivalent circuit for v, and load current FFT

At low-frequency, steel vessel load impedance can be expressed as

Zegif = Rip + j(Xpir — Xcif) (5.5)

where

Xp=2nfiLiy, Xel Fm
At high-frequency, aluminium vessel load impedance can be expressed as

Zeghf = Ry + j(Xeng — Xeny) (5.6)

where

— I |
Xpnf=27 fnlng-Xcny=Xelf=2z7c,
Inverter output voltage across load v, is the combination of low and high frequency voltage
components, v;y and v,y as shown in Figure. 5.3. Hence v, can be represented as a series

connection of two voltage sources v;r and v, as shown in Figure. 5.6a.

Vo =Vif+ Vg (5.7)

71



CHAPTER 5. SINGLE-STAGE PULSE FREQUENCY CONTROLLED AC-AC RESONANT CONVERTER FOR DIFFERENT MATERIAL INDUCTION COOKING APPLISATIONS

Figure. 5.6b shows the load equivalent circuit for low-frequency component of v,. At fj, the re-
actance of C,, is very high and hence it behaves like open circuit. However, the low-frequency
load offers low impedance at this frequency and i;r flows through this load as shown in Fig-
ure. 5.6b. Figure. 5.6¢ shows the load equivalent circuit for high-frequency component of v,.
At fj, the reactance of L;r is very high and hence it behaves as an open circuit. However, the
high-frequency load offers low impedance and hence i, flows through this load as shown in
Figure. 5.6¢. Hence in response to the output voltage v,, only a low-frequency current i; s flows

through steel vessel load and a high-frequency current iy, flows through aluminium vessel load.

Figure. 5.6a. shows the waveforms and FFT of these currents.

H—

D o A Ve
i e Dy TCw B er:)f D, TCo sdﬂ-% D, TCu

ot

C d

Figure 5.7: Single-stage resonant converter equivalent circuits for mode 1 to mode 4 For V; >
0 (positive half cycle)

(a) Model S; and S4 are ON

(b) Mode2 S| and S3 are ON

(c) Mode3 S3 and S| are ON

(d) Mode4 S4 and S| are ON
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Figure 5.8: Single-stage resonant converter equivalent circuits mode 5 to mode 8 For V>0
(Positive half cycle)

(a) Mode5 S3 and S, are ON

(b) Mode6 S4 and S, are ON

(c) Mode7 S; and S4 are ON

(d) Mode8 S, and S3 are ON

5.2.4 Output power analysis

The output power to steel vessel is calculated as /; szl f» 1.e. real power consumption by
equivalent resistance of steel vessel load. The output power to aluminium vessel is calculated
as I, szh f» 1.e. real power consumption by equivalent resistance of aluminium vessel load. ;¢
is RMS value of low frequency current and I,y is RMS values of high frequency currents. The

output power(P,) of the inverter is expressed as
Po= P+ Py (5.8)

where

Py = steel load output power =/; fZle
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P,y = aluminium load output power =1, szh f

5.3 Modes of operation

The proposed converter operation can be described in eight different modes. Modes 1 to
8 are obtained for positive(+ve) half cycle of the utility frequency ac supply voltage and modes
9 to 16 are obtained with negative(-ve) half cycle of the source voltage.
Mode 1:
During this mode, the supply voltage is positive (+ve) and the devices S; and S4 are ON. Fig-
ure. 5.7a shows the corresponding equivalent circuit. Source current i; flows through the path
of Vs-Dy,-S1-Lp, and boost inductor L, stores the energy. During this interval, the output current
i, 1s positive and flows through the path of S;-load-S4-C;. Dc-link capacitor C, discharges.
The inverter output voltage is +v,. Expression for load voltage and load currents are expressed
through equations (5.9)-(5.16) [48]

vo=Vp+ Vet =00rt,_1) (5.9)
dije(t 1 . .
vo=Ls 5[( ) + C—rl/llf(t)dt—l-vcrl(t =0ort,—1) —l—llf(t)le (5.10)
low frequency current
—Ver(t=00rth_1) _o . - o .
(1) = Y0~ Ve l(wnLlf o In 1>e Y sin @yt +ij e~ * (cos 0t — o, Sin Oyt ) (5.11)

ilf(l‘ =0or tn—l)

o . —at -
veri(t) :Vc‘rlo+V0_Vc'rl(t:Oortn—l)(l_eim(cos w’lt—aSlnwnt))—f— 0,C,; e~ sin @t
" T (512
where
_ﬂ d .= 1
a_lef an " /LirCr
similarly
vo=vp+Vven(t =0o0rt,_1) (5.13)
dip(t 1
Vo :th hf( ) + —/ihf(t)dl—f—vcrh(t =0or lnfl) +ihf(t)Rhf (5.14)
dt Cy
low frequency current
— t=0ort,_ a
(1) = Y0~ Verh ortn-1) e~ ¥ sin,t +ipre” % (cos Wt — — sin wyr) (5.15)

wnLh_ f Wy,
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o inr(t =0o0rt,_
Vern(t) = Verno +v0 —Vern(t =007 t, 1) (1 —e~ % (cos @,t — — sinw,t)) + i n1) e~ ¥ sin w,t
(% @0, Crpy
(5.16)
where
o= and @,=—-L
T 2Ly an " /LuCon
Hence the instantaneous value of load current
io(r) = irf (1) +iny (1) (5.17)

These equation:5.9 to 5.16 are applicable for all remaining modes where the final quantities of
previous mode become initial values of the next mode.

At the end of mode-1, i, becomes positive(+ve).

Mode 2:

During this mode, devices S7 and S3 are ON and Figure. 5.7b shows the corresponding equiv-
alent circuit. Source current ig flows through the path of Vs-Dj-S1-L,. The output current is

positive and freewheels through S3 and S;. Inverter output voltage v, is zero.

Table 5.1: Parameters of hardware prototype

Parameter Value

AC input voltage (Vj) 40 V (max)
Boost inductor 400 uH
dc-link capacitor 6.8 uF
Low-frequency IC load equivalent inductance (L; ) 68.2 uH
Low frequency IC load equivalent resistance (R; ) 2.09 Q
Low frequency load resonant capacitor (C,;) 1.205 uF
High-frequency IC load equivalent inductance (L) 50.737 uH
High frequency IC load equivalent resistance (Ry,r) 1.35Q
High frequency load resonant capacitor (C,;,) 0.0202 uF
Leg-1 switching frequency (f;) 20 kHz
Low frequency IH load resonant frequency(f,;) 18.4 kHz
Leg-2 switching frequency (f;,) 160 kHz
High frequency IH load Resonant frequency (f,,) 158 kHz
MOSFETs used IRFB4227pbf
Rds,on 19 mQ
Control Board arduino
Diodes used VS60EPS
Snubber capacitors 2 nF
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Mode 3:

During this mode, devices S; and S3 are ON and Figure. 5.7c shows the corresponding equiv-
alent circuit. Source current i; flows through the path of Vs-Dj-S1-L,. The output current is
negative and flowing through D1,53 and load. The load voltage v, is zero.

Mode 4:

During this mode, devices S and S4 are ON. Figure. 5.7d shows the corresponding equivalent
circuit. Source current iy flows through the path of Vs-Dj,-S;-L;, and boost inductor L; stores
the energy. During this interval, the output current i, is negative and flows through the path of
S4-load-S1-Cp, and dc-link capacitor Cj, charges. The inverter output voltage is +vp,.

Mode 5:

During this mode, the supply voltage is positive and the devices S, and S3 are ON and Fig-
ure. 5.8a shows the corresponding equivalent circuit. Source current i flows through the path
of Vs-Dj-S3-load-L;, and boost inductor L, releases magnetic energy to load. Dc-link capacitor
C,, discharges through S3,l0ad,S,. The inverter output voltage is -v;, and i, is negative.

Mode 6:

During this mode, devices S> and S4 are ON and Figure. 5.8b shows the corresponding equiva-
lent circuit. Source current i; flows through the path of V;-Dj,-Cp-S>-Ly,. i, is negative and flows
through the path of load-S;-D4. Dc-link capacitor C, is charging. Inverter output voltage v, is
zero.

Mode 7:

During this mode, devices S; and S4 are ON and Figure. 5.8c shows corresponding equivalent
circuit. Source current i; flows through the path of Vi-Dj-Cj-S>-Ly. i, is positive and flows
through the path of load-S4-D,. Dc-link capacitor Cp, discharges. Inverter output voltage v, is
zero.

Mode 8:

During this mode, devices S, and S3 are ON and Figure. 5.8d shows corresponding equivalent
circuit. Source current i; flows through the path of Vi-Dj-C-S>-Ly. i, is positive and flows
through the path of load-$3-Cp-S>. Dc-link capacitor C, charges. The inverter output voltage is

-Vp.
During the supply voltage negative half cycle (V; < 0), the operation consists of 8 modes

which are similar to that of the modes existing for the positive half cycle with changes in con-

ducting elements due to polarity reversal. Dy, is off and D; is on during this negative half cycle.
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5.4 Simulation and experimental results

A 316 W prototype of a single-stage resonant converter has been implemented for in-
duction cooking with two different material vessels. The implemented prototype is shown in
Figure. 5.9. The converter circuit parameters are described in Table 5.1. The AC input volt-
age Vs =40 V (max) and frequency f=50 Hz. The load parameters are measured from the coil
side with the practical domestic cooking vessels of steel and aluminium kept over the IH coils.
Switching frequencies of converter legs 1 and 2 are selected as 20 kHz and 160 kHz respec-
tively. The low and high resonant frequencies are set as 18.4 kHz and 158 kHz respectively by
using suitable values of resonant capacitors. The simulation and experimental results at differ-
ent switching frequencies are shown in (Figure. 5.10 to Figure. 5.16). Figure. 5.10 shows the
simulated and experimental results of source voltage (Vy), source current (i5), inverter output
voltage v,, low frequency output current i;¢, high frequency output current iy, at f;=20 kHz and
J»=160 kHz. The simulated and experimental results are in good agreement with each other.
Figure. 5.10a and b show respectively, simulated and experimental waveforms of V; and .
From these waveforms it can be observed that supply voltage V; and current i; are in phase and
the proposed converter operates at unity power factor. Figure. 5.10c and d show respectively
simulated and experimental waveforms of v,, i;r and i,s. Figure. 5.11a and b show the sim-
ulated and experimental waveforms of dc-link voltage v, at f;=20 kHz and f,=160 kHz. It is

observed that the peak value of the dc-link voltage is 80 V when the peak value of source volt-
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Figure 5.9: Prototype of Experimental setup
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Figure 5.10: Simulated and experimental waveforms of Vs, is, v,, ijr and ij¢
(a) Simulated waveforms of source voltage and source current
(b) Experimental waveforms of source voltage and source current

(c) Simulated waveforms of output voltage, low and high-frequency load currents at f;=20 kHz
and at f;,=160 kHz

(d) Experimental waveforms of load voltage, low and high-frequency load currents at f;=20
kHz and at f;,=160 kHz

age is 40 V, which indicates the boost operation of the converter. Figure. 5.12 shows simulated
and experimental waveforms of total output load current i, and its FFT with f;=20 kHz and
f»=160 kHz. Fig. 5.12a show simulated waveforms of total output load current i, and its FFT.
Fig. 5.12b show experimental waveforms of total output load current i, and its FFT. Figure. 5.13
and Figure. 5.14 shows simulated and experimental waveforms of individual load currents FFT
with f;=20 kHz and f,=160 kHz. Figure. 5.13a show simulated waveforms of low frequency

load current i; and its FFT, Figure. 5.13b show experimental waveforms of low frequency load

78



CHAPTER 5. SINGLE-STAGE PULSE FREQUENCY CONTROLLED AC-AC RESONANT CONVERTER FOR DIFFERENT MATERIAL INDUCTION COOKING APPLISATIONS}

80V
0V
-80Vigg Ams 8ms 1oms 16ms 20ms 20,0V )[2.00ms 5.00MS/s [ Wi 27 Feb 2021
LIS Time >76.020000ms 100k points 280V 16:21:01

a b

Figure 5.11: Simulated and experimental waveforms dc-link capacitor Voltage
(a) Simulated waveform of dc-link capacitor voltage
(b) Experimental waveform of dc-link capacitor voltage
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Figure 5.12: Simulated and experimental waveforms of i,, and its FFTs for f;=20 kHz and
f»=160 kHz

(a) Simulated waveform of total output current and its FFT

(b) Experimental waveform of total output current and its FFT

current i;¢ and its FFT, Figure. 5.14a show simulation waveforms of high frequency load cur-
rent i r. Figure. 5.14b show experimental waveforms of high frequency load current i, ¢. From

these figures, it is observed that inverter output current contains only low and high-frequency
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Figure 5.13: Simulated and experimental waveforms of i; s and its FFTs for f;=20 kHz
(a) Simulated waveform of low frequency load current and its FFT
(b) Experimental waveform of low frequency load current and its FFT

components of current and the respective frequency current component flows through the cor-
responding IH load. The low-frequency current component flows through the steel vessel IH
load and high-frequency current component flows through the aluminium vessel IH load. From
FFTs, it is observed that low-frequency IH load RMS current is i;s = 9.6 A and the same for
high-frequency IH load is i,y = 9.56 A. Output power control is achieved using pulse frequency
control. Figure. 5.15 and Figure. 5.16 show the simulated and experimental waveforms of total
output current i, and its FFT for different combinations of f; and fj. Figure. 5.15a and b show
simulation and experimental waveforms of i, and its FFT at f;=25 kHz and f;,=160 kHz. It is
observed that low-frequency load RMS current is reduced to /; ;=4.2 A and high-frequency load
RMS current remains unchanged at I,y =9.56 A as only low switching frequency is increased.
Figure. 5.16a and b show simulated and experimental waveforms of i, and its FFT at f;=20 kHz
and f;=165 kHz. From these figures it can be observed that high-frequency load RMS current is
reduced to [, ;=4.2 A and low-frequency load RMS current remains at the rated value of 1, =9.6
A. These results depict independent load power control. Low and high-frequency output powers
( Py and P,y) are controlled by varying corresponding switching frequency. The above results

are tabulated in Table 5.2. The simulated and experimental results are in good agreement with
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Figure 5.14: Simulated and experimental waveforms of ij,r and its FFTs for f;,=160 kHz
(a) Simulated waveform of high frequency load current and its FFT
(b) Experimental waveform of high frequency load current and its FFT

each other. Hence, the proposed converter provides a single stage AC-AC converter with unity

power factor, boost operation, multi-frequency output and independent output power control.

5.5 Analysis of results and converter efficiency

In the proposed single-stage AC-AC converter, power control is obtained through pulse
frequency control. Figure. 5.17 shows low and high-frequency output currents and power con-
trol with frequency. Figure. 5.17a shows the variation of simulated and experimental load cur-
rents with variation of low switching frequency of leg-1 devices. Figure. 5.17¢ shows the low
and high-frequency IH load powers with variation of the low switching frequency of leg-1 de-
vices. It can be observed that the low-frequency load current and corresponding output power
i.e., of steel vessel decrease with increase in low switching frequency. The corresponding high-
frequency components remain constant. Figure. 5.17b shows the variation of simulated and
experimental load currents with variation of high switching frequency of leg-2 devices. Fig-
ure. 5.17d shows the low and high-frequency IH load powers with variation of high switching

frequency of leg-2 devices. It can be observed that the high-frequency load current and corre-
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Figure 5.15: Simulated and experimental waveforms of i,, and its FFTs for f;=25 kHz and
fn=160 kHz

(a) Simulated waveform of total output current and it FFT at f;=25 kHz and f;,=160 kHz

(b) Experimental waveform of total output current and it FFT at ;=25 kHz and f;,=160 kHz

sponding power i.e., of aluminium vessel IH load power decreases with increase in high switch-
ing frequency, where the corresponding low-frequency components remain constant. These
characteristics prove the independent power control of both low and high frequency vessel
loads with pulse frequency modulation. The simulated and experimental results are also in
good agreement. Hence the proposed inverter is suitable for heating steel and aluminium ves-
sels simultaneously with independent control. The low and high frequency output powers are

obtained using equations (5.18) and (5.19)
Plf = Volf,rmslolf,rms Cos ‘polf ~ Ilszlf (518)

Por = Voutrmslont,rms €08 Qo ~ I Ry (5.19)

The total output power is the sum of output powers of steel vessel load (F;¢) and aluminium
vessel load (P ).
Po= P+ Py (5.20)
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Figure 5.16: Simulated and experimental waveforms of i,, and its FFTs for f;=20 kHz and
fn=165kHz

(a) Simulated waveform of total output current and it FFT at ;=20 kHz and f,=165 kHz

(b) Experimental waveform of total output current and it FFT at f;=20 kHz and f;,=165 kHz

The input power of the converter is calculated (Equation:5.21) as product of RMS input voltage

(Vy,rms) and RMS input current (/;,rms) of the converter as the power factor is closer to unity.
Pin = Vs,rmsls,rms Ccos ¢in ~ Vs,rmsls,rms (521)

Overall converter efficiency is calculated as

Fo
n= P (5.22)
The overall efficiency vs low and high switching frequencies are shown in Figure. 5.18a
and b respectively. The overall efficiency of the proposed converter topology remains signif-
icantly high for both switching frequency variations. Thermal images of steel and aluminium
vessels at different load currents are shown in Figures. 19 and 20. Thermal imager (CHAU-
VIN ARNOUX-C.A1950 ) has been used. Thermal images of steel vessel at low frequency

currents of 4 A, 5 A, 6.92 A are shown in Figure. 5.19a, b and c respectively. However these
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Table 5.2: Output power and efficiency for different combinations of f; and fj,

Vi (V) P, (W) f(kHz) fi(kHz) P (W) P(W) P,(W) Efficiency
40 340 20 160 192.6 123.4 316 93.2%
40 173.2 25 160 37 1234 1604 92.5%
40 235 20 165 192.6 23.8 216.4 92.2%
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Figure 5.17: Low and high frequency output current and power control
(a) Load current variation with f;
(b) Load current variation with fj,
(c) Load power variation with f;
(d) Load power variation with fj,
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Figure 5.18: Efficiency curves

(a) Efficiency vs low frequency (f;)
(b) Efficiency vs high frequency (f3,)
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a b

Figure 5.19: Steel vessel thermal images at ;=20 kHz
(@) i1frms=4 A

(b) ilfrms= SA

(C) ilfrms= 6.92 A

Figure 5.20: Aluminium vessel thermal images at f;,=160 kHz
(a) ihfrms =4 A

(b) ihfrms =5A

(©) ihfrms = 6.96 A

low frequency currents cannot generate heat in aluminium vessel due to its lower values of
permeability and equivalent resistance. Hence the proposed inverter configuration powers the
aluminium vessel load with high frequency currents. Thermal images of aluminium vessel at
high frequency currents of 4 A, 5 A, 6.96 A are shown in Figure. 5.20a, b and c respectively.
From these figures, it is observed that aluminium vessel also gets heated and hence the proposed

converter configuration is suitable for both steel and aluminium vessels.

5.6 Conclusions

In this chapter a single-stage ac-ac resonant converter for different material induction
cooking applications has been proposed and implemented. Inverter legs are operated at two

different frequencies suitable for two different material cooking vessels. The low frequency leg
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is common for both rectification and inversion operation. Low frequency of 20 kHz is used for
steel vessel and high frequency of 160 kHz is used for aluminium vessel. Independent output
power control is achieved by pulse frequency control. The number of switching devices is two
per load. In this configuration, overall efficiency of >93% is achieved at full load. Output
power control is achieved using pulse frequency control modulation technique. Simulation
study of the inverter is performed and its results are verified experimentally. Both simulation
and experimental results are in good agreement with each other.

The advantages of the proposed inverter configuration are listed below:

i Eliminates the rectifier bridge

—
ey

Achieved boost operation and high power factor
iii Suitable for two IH loads

iv Reduces the size of reactive components

<

Suitable for different material vessel domestic induction Cooking

vi Independent power control is achieved using pulse frequency modulation
vii High power conversion efficiency
viii Uses only two switching devices per load

ix Eliminates the use electro-mechanical switches

Next chapter presents the conclusions and scope for future work.
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Chapter 6

Conclusions and Scope for Future work

6.1 Conclusions

Multi-load induction heating, different material induction heating and single stage ac-ac
resonant converter for induction cooking applicatons have been studied. Three different inverter
configurations for different material IH have been proposed. A thorough analysis, design, im-

plementation and comparison of the proposed IH topologies is performed.

6.1.1 Summary of Important findings

The following conclusions have been arrived from the research work.

6.1.1.1 Proposed inverter configuration-1 (Cascaded Full-bridge Resonant Inverter)

Cascaded full-bridge resonant inverter topology is proposed for different material vessel IH
loads. First inverter legs are operated at low and medium frequencies suitable for iron and
steel vessels. Second inverter is operated at high frequency suitable for aluminium vessel.
Frequencies of 20 kHz, 100 kHz and 400 kHz are used. Independent power control is achieved
using asymmetric duty cycle control. The proposed inverter topology is designed, simulated and
hardware prototype is implemented. Simulation and experimental results are in good agreement
with each other.

This topology provides the following advantages compared with the existing multiple

load IH inverter topologies:

* Suitable for different material vessels

* Eliminates the use of electro-mechanical switches
* Reduced device count (8 devices per 3 loads )

* Simple control technique
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» Ability to power multiple loads with equal or unequal voltages/wattages
* Reduced switching losses due to soft-switching

» High overall efficiency (> 92 %)

* Independent power control with asymmetric duty cycle control

* Proposed scheme can be extended to more than three loads

The limitation of this inverter topology is the requirement of two DC sources.

6.1.1.2 Proposed inverter configuration-2 (Frequency controlled three leg resonant in-

verter)

The three-output inverter topology has been designed and tested to power both ferromagnetic
and non-ferromagnetic vessels. The inverter’s three distinct frequency legs are utilised to power
three different material vessel domestic IH loads. Inverter leg-1 operates at a low frequency and
is suitable for iron loads, whereas Inverter leg-2 operates at a medium frequency and is suitable
for steel vessel IC loads. Inverter leg-3 operates at a high frequency, making it ideal for IC
loads in aluminium vessels. The leg frequencies are 25 kHz, 100 kHz, and 400 kHz. Variable-
frequency control is implemented with a DSP controller. It provides independent power control
of the three IH loads. The proposed inverter topology is designed, simulated and hardware
prototype is implemented. Simulation and experimental results are in good agreement with
each other.

This topology provides the following advantages compared to the existing multiple load

IH inverter topologies:

Suitable for different material vessels

* Eliminates the use electro-mechanical switches

* Reduced device count (2 devices per load)

e Compact in size

* Simple control technique

» Ability to power multiple loads with a single DC source
* Reduced switching losses due to soft-switching

» Higher overall efficiency (> 94 %)
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* Independent power control is achieved using pulse frequency modulation technique.

* Proposed scheme can be extended to more than three loads by adding additional inverter legs

6.1.1.3 Proposed inverter configuration-3 (Single stage ac-ac resonant converter)

A single-stage ac-ac resonant converter has been proposed for different material induction cook-
ing applications. Inverter legs are operated at two different frequencies suitable for two different
material cooking vessels. The low frequency leg is common for both rectification and inversion
operation. Low frequency of 20 kHz is used for steel vessel and high frequency of 160 kHz is
used for aluminium vessel. Independent output power control is achieved using pulse frequency
control. The number of switching devices is two per load. In this configuration, overall effi-
ciency of >93% is achieved at full load. Output power control is achieved using pulse frequency
control modulation technique. The salient features of the proposed converter are: Suitability for
different material IH loads, single stage AC-AC conversion, boost operation, high power fac-
tor, independent power control, soft switching operation and high efficiency. Simulation study
of the inverter is performed and its results are verified experimentally. Both simulation and

experimental results are in good agreement with each other.

Table 6.1: Advantages of proposed configuration-3 (Single-stage AC-AC converter) over exist-
ing IH converter topologies

Advantages over existing Advantages over existing
two-stage IH converters : multi-load single-stage AC-AC converters:
* Single power conversion stage and hence

reduced component count and * Better device utilization factor
increased efficiency
* Boost operation is possible

Able to handle multiple load

* Reduced device density because of « Higher efficiency

higher switching frequency
* Soft switching across all devices .
. . - . . * Simple control
including auxiliary circuit devices

* Ability to power different material vessel | * Ability to power different material

induction cooking loads vessel induction cooking loads
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Table 6.2: Comparison between proposed three resonant converter configurations

;?;);fliﬁ:ration\ Configuration-1 Configuration-2 Configuration-3

Source 2DC DC AC

Power factor correction Not applicable Not applicable Yes

Multiple load capability Yes Yes Yes

Different material vessel heating capability  Yes Yes Yes

No.of loads 3 3 2

Independent power control Yes Yes Yes

No.of inverter legs 4 3 2

Boost operation No No Yes

ll:l;)r. l(:)fa iwitching devices Medium Low Low

Power control ADC PFM PFM

Switching Frequency (kHz) 20, 100 and 400 25, 100 and 400 20 and 160

Resonant Frequency (kHz) 19.5,98.5 and 398 23.5,98.5 and 396 19.8 and 158
Loadl: 26 W Loadl: 128.5 W,

Rating of TH load Load2: 30 W Load2: 1155 W tz:g; :g :vv
Load3: 82 W Load3: 85.25 W '

Overall Efficiency (%) 92 93 94

Need of electro mechanical switch No No No

Key Features

Different material vessel IC,
Independent control
and High efficiency

Different material vessel IC,
Independent control, High efficiency
and Reduced component count

Different material vessel IC,
Independent control,
Single-stage ac-ac conversion
Reduced component count,
High efficiency,

Power factor correction,
Boost operation

Application

Three different material vessel
IC (Tron, Steel and Al)

Three different material vessel
IC (Tron, Steel and Al)

Two different material vessel
IC (Steel and Al)

6.1.2 Comparison of the proposed converter configurations

A relative comparison of the three proposed innverter configurations is shown in Table
6.2. Both configuration-1 and configuration-2 are suitable for three different material vessel
IH applications. Iron, steel and aluminium vessel loads are used. In configuration-1 two full-
bridge inverters are used with cascaded connection. It also uses two isolated DC sources. ADC
control is used. This configuration provides independent power control and high efficiency.
Only limitation is the requirement of two DC sources. In configuration-2, a three leg inverter
based topology is used, and hence number of switching devices is reduced by two compared to
configuration-1. This configuration uses a high frequency 1:1 transformer. PEM control is used.
This configuration provides the advantages of independent load control, reduced component
count and high efficiency. In configuration-3, a single-stage ac-ac converter based topology is
proposed which is suitable for two different material vessel IH applications. It eliminates the

need for diode bridge rectifier and hence provides reduced component count and high efficiency.
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PFM control is used. This configuration provides advantages of single stage ac-ac conversion,
high power factor, dc-link voltage boost operation, low component count, independent power
control and high efficiency. All the three proposed converter configurations are suitable for

different material IH applications.

6.2 Suggestions for Future Research

As an extension to the current research work, there is scope for exploring further for a

prospective researcher:
e Small signal analysis of all the proposed inverter configurations can be carried out.
e Closed loop control can be implemented for power regulation for different IH loads.

e Proposed configurations can be further analysed with the aim of reduction of component

count.
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