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ABSTRACT

Injera is one of Ethiopia’s most popular foods, and it’s recognized for requiring a lot of
energy to prepare. In Ethiopia, there are various types of injera baking stoves (mitads) that
use biomass energy, including open fire three stone stoves, mirt mitads, and Burayou in-
jera baking stoves. Because Injera baking biomass stoves are inefficient, a lot of firewood
is required, resulting in a lot of indoor air pollution, greenhouse gas emissions, and defor-
estation. Where electricity is available, injera mitad is produced using resistive heaters as a
heat source. But, the high energy consumption, non-uniform heat distribution, low efficiency,
long cooking time, heavyweight, and lack of safety during cooking are the main drawbacks of
traditional Ethiopian electric injera mitad. To address these problems, the optimal design of
induction mitad for uniform heat distribution which reduces power consumption, increases
efficiency, and improves injera quality and safety during cooking was proposed. Heat uni-
formity along the radial direction of injera mitad is one of the main factors which affect the
efficiency of the system and the quality of injera. So, optimization of the induction mitad
magnetic circuit model is necessary to have uniform heat along the radial direction of the
mitad. The optimization, design, and model simulations of the induction mitad have been
applied using the MATLAB/Chebfun numerical analysis software. To have uniform heat dis-
tribution on the working plate, the optimal determination of coil distribution, and optimal
parameter selection are done based on numerical computation and system simulation re-
sults. Finally, magnetic circuit modeling and simulation of optimized induction mitad with
uniform heat distribution have been proposed and tested. The eddy current density distribu-
tion in the working plate is optimized by numerical optimization technique and the heat in the
plate is distributed uniformly with maximum temperature variation of less than 2 °C along
the radius of plate. And also, the maximum power consumption of proposed system is 2KW
to generate required temperature which is reduced by 50% when compared to traditional
electric mitad which consumes 4KW electric power. This first successful attempt to reduce
power consumption by half shows a promising result and can lead to an efficient mitad that

could be widely used for injera baking.

keywords: Induction Mitad, Matlab Chebfun, Uniform heat, Optimization, Numerical.
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CHAPTER ONE
INTRODUCTION

1.1 Back Ground of The Study

1.1.1 Injera

Injera is a sour and savory flatbread with a soft-spongy-like structure and a diameter of
around 58 cm. Teff is the main ingredient in injera baking, but other grains including
sorghum and barley are sometimes used. Some people nowadays add a few grams of rice
flour to their injera to make it whiter. Ethiopians are well-versed in the art of making injera,
and it has been passed down from generation to generation for a long time. Figure [I.1] de-
picts the general structure of well-baked injera. Injera is produced of teff flour, water, and a
starter made from leftover batter from a previous baking session. For biomass stoves, a fire
will be lit from the clay pan’s base, and for electric injera baking stoves, resistors will be
powered up. Because of its viscosity, it can be poured into a baking pan rather than rolled
out. After that, the baked injera will be taken out of the baking pan. As the temperature
required for baking injera depends on the grain type, batter viscosity, and other factors there
are no standard temperature ranges and as a result, various temperature values are reported in
the literature. |Fantal (2020) reported that the required temperature for baking injera is from
150°C to 180°C whileTadesse| (2020) presents the temperature ranges for baking injera as
200°C to 250°C. To make the values more reliable, three traditional three-stone open fire
mitads and three electric mitads are measured. The temperature of six mitads is measured
from five points along the diameter of each mitad using an infrared temperature sensor and
the average of six mitads is calculated at each point as shown in Table Depending on the
literature’s value and measurement result, the injera baking temperatures range from 180°C

to 250°C on average.

1.1.2 Injera Mitad

The majority of Ethiopians still use a three-stone open fire to bake injera. Since the 1980s,
there has been a push to improve biomass injera baking burners and provide electric injera

baking stoves for city dwellers (Jones et al.,|[2017)



Figure 1.1: Both sides of Injera

Electric injera mitad, which uses resistive heaters as a heat source, is used in regions where
electrical energy is accessible. It has a high heat loss and, as a result, low- efficiency
2017). The traditional Ethiopian electric injera mitad’s main flaw is its inefficient energy
use. When baking injera with this form of mitad, more energy is consumed, and power losses
in the country’s power economy will increase in line with the power demand of domestically

built electric mitad (Feleke & Oquino, [2019).

For use in household cooking, high-frequency electrical heating is more energy-efficient than
other power frequency electrical heating. In comparison to low-frequency heating, high-
frequency electrical heating has a high rate of heat generation, quick response, more even

heat distribution, accurate temperature control, full automation, good compactness, and high

reliability (Khang & Aung|, 2014).

Table 1.1: Measured temperature for different mitads ( 00)

No | Type of mitad | left edge | left middle | center | right middle | right edge

1 | Three stone 165 176 185 172 161
Three stone 198 192 220 202 201

3 | Three stone 198 203 216 223 249
Average 187 190.3 207 199 203.6

1 | Electric mitad | 201 206 218 229 217
Electric mitad | 174 193 208 208 188

3 | Electric mitad | 162 185 216 202 181
Average 179 194.6 214 213 195.3




Induction heating is the process of heating electrically conductive materials via electromag-
netic induction, unlike resistor heating, it is high-frequency electrical heating with various
applications due to its advantages: high power ratios and heating created in the work plate,
which offers faster heating and increased thermal efficiency (Carretero et al., 2015). It’s
worth noting that the induction cooker’s heating efficiency ranges from 80% to 90%, making

it substantially more energy-efficient than a resistive heater (Meng et al., 2011)).

These cookers are also easy to clean because the food will not burn if it falls onto the non-
heated cooking surface. It does not contaminate the substance being heated because it is
a non-contact heating process. The basic theory of induction heating which is a practical
application of Faraday’s discovery is based on three principles (Lentz, Lorentz, and Joule
laws), according to which the magnetic field formed by the inductor produces eddy currents

in the working plate, that cause heating.

e Metal plate

C } e | 15UlATOT

- _//

,;/j:’; = ‘-.“‘“ Coil
(),
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Field Convevor

Shielding

Figure 1.2: The structural arrangement of induction mitad (Feleke & Oquifio, 2019)

The induction mitad’s thermal power, which is proportional to the system’s working fre-
quency and the magnetic flux density in the working plate, is primarily determined by eddy
current density, electrical conductivity, and skin depth Qiu et al,| (2014). A great way to
Increase the thermal power of induction mitad is by adjusting the coil structure to boost the
magnetic flux density in the pan. On the other hand, developing induction heating equip-
ment is tough. Inductors are still routinely dimensioned experimentally, based on the man-

ufacturer’s experience and the power profile to be injected into the working plate, which is



established through trial and error, and tests are similarly time intensive and expensive (Rezig
et al., 2011). To solve this challenge, computer-aided design, which is based on numerical
simulation of the magnetic and thermal phenomena studied, provides significant cost, time,
and optimization benefits. The ability to predict the magneto-thermal behavior of the com-
plete workspace-inductor enables the electrical and mechanical design of the inductor, as

well as the power necessary to treat the workspace.

The basic component of the induction injera mitad is arranged as shown in Figure[I.2] The
size of the metal plate was selected based on the required size of the injera. The upper insu-
lation was used as a thermal insulator for the heat generated in the metal plate transferring
downward and affecting the coil and electronics part. The coil used to heat the ferrous metal
plate was located at the following layer and was driven by high-frequency pulses. At the
bottom layer, a magnetic material was placed to complete the flow of electromagnetic flux
in the system. The temperature distribution on the working plate is influenced by several

factors, these are:

* The structural arrangement of the induction mitad,
* Geometrical structures of the working plate and the inductor.

* The frequency indicates skin thickness (skin depth) and material properties (conduc-

tivity and permeability) (Kanssab et al.,|[2012).

Many electromagnetic processes cause the current distribution within an inductor and work-
piece to be uneven. Temperature gradients in the workpiece are caused by this heat source’s

non-uniformity (Rudnev et al., 2017).

Therefore, an inductor’s optimal spacing, the optimal distance between coil and plate, op-
timal thickness of the plate, and optimal selection of frequency are the main activities of
this study to create a homogeneous temperature distribution along the radial direction of the

working plate.

1.2 Statement of Problem

The high energy consumption, non-uniform heat distribution, low efficiency, long cooking
time, heavyweight, and lack of safety during cooking are the main drawbacks of traditional

Ethiopian electric Injera mitad. Each household bake injera two to three times per week. The



locally built electric Injera mitad is an energy-intensive device, consuming 3.5KW to 4KW
which is 60%—70% of total family energy requirements due to its high-power consumption
and low-efficiency (Feleke & Oquino, [2019)). It is common to observe light bulbs dimming,
electricity levels dropping, and a lot of steam and heat being produced while injera is being
baked. Once Mitads are running, other electrical appliances like stoves and water heaters
won’t be turned on. Non-uniform heat distribution on the work plate increases the cooking
time and affects the quality of Injera, in addition to energy consumption. The inefficiency
and heat distribution non uniformity of the equipment for baking Injera should both be de-
creased to reduce the machine’s energy consumption. Similarly, lowering its power usage
and increasing its efficiency will yield remarkable results in the country’s power utilization.

Therefore, it is better to design optimal mitad to address all of these problems.

1.3 Objectives

1.3.1 General Objective

The general objective of this thesis is to design an induction mitad with uniform heat distri-
bution in the working plate which provides improved power efficiency, uniform heat distri-

bution, and reduced weight.

1.3.2 Specific Objectives

* To model the magneto-thermal model of the system.

To reduce the power consumption of the system

To decide the optimal parameter for uniform heat distribution.

* To improve the uniform heat distribution along the radial direction of the induction

mitad by optimizing eddy current distribution.

To determine the critical radius of insulation to prevent heat loss.

1.4 Scope of The Thesis

The thesis focused on the optimal design of induction Injera mitad with uniform heat distribu-
tion along the radial direction. It presents the analytical and numerical analysis of induction
Injera mitad’s magneto-thermal system, critical radius, and skin effect. The solution is sim-

ulated with Matlab 2019a/Chebfun to show the eddy current distribution and heat pattern in

5



the working plate. The heat pattern for different parameter adjustments has been simulated
and tested with the prototype to verify the numerical solution. The performance of proposed

system is tested with injera baking experiment to validate the obtained simulation result.

1.5 Limitation of The Thesis

The thesis is limited to implementing an experimental setup to analyze the heat distribution
along the ray of the working plate. The numerical simulation of the system solution is
done and verified with the test. The sticky problem is not solved by this research work as
it depends on chemical composition of injera dough and plate treatment which is not the
objective of this research. And also, it is limited to temperature distribution analysis, the

power conversion is not deeply discussed due to system complexity and time limit.

1.6 Significance of The Thesis

Energy-saving issues have become a global concern in recent years, and improved Induction
mitad is one of the answers to the problem of excessive energy use. The need for higher-
quality, safer, and energy-efficient products is on the rise. Customers are attracted to heating
appliances that are both safe and rapid. Improving the efficiency of electric Injera mitads

will lower demand and save energy, as well as spur research and innovation.

Reduced energy usage, which translates into lower electricity costs and a better environment,
is the most visible outcome of this greater energy efficiency. In general, the optimal design

of uniformly distributed heat induction Injera mitad provides:

» Rapid heating: IH technology uses high power densities and little thermal inertia to
immediately heat the induction target, reducing wasted heat and drastically shortening

heating periods.

* Efficiency: Modern efficient coil and power converter designs enable efficiency rates
of over 90%, greatly outperforming traditional heating methods (Lucia et al., 2013).
Additionally, because just the induction target is heated, minimal heat is lost through

the ambient environment, allowing for the achievement of high temperatures.

* Cleanliness and safety: Because IH heats the induction target directly, the area imme-
diately around the heating area is less hot, preventing the burning of nearby objects
such as spilled food in home IH. Additionally, unlike fossil fuel furnaces, there is no

local pollution.



1.7 Thesis Organization

This thesis is organized into five chapters. Chapter one includes the introduction part of
the thesis, the problem of the statement, the objective of the project, the significance of the
project, the scope of the project, and its limitation.

Chapter two is a literature review of recent works on the evolution of injera mitad, induction
stove and mitad heat distribution optimization techniques, power conversion, and Effects of
material properties on the performance of induction heating.

Chapter three deals with the methodology used to achieve the predefined objective of this
thesis and system modeling which includes a mathematical model of magneto-thermal phe-
nomena, the critical radius of insulation, and induction heating load parameters.

Chapter four presents the discussion on simulation results to assess the effectiveness of the
proposed system for distributing heat uniformly along the radial direction of induction mitad.

Finally, chapter five presents the conclusion and recommendation of the thesis based on the

results obtained.



CHAPTER TWO
LITERATURE REVIEW

2.1 Theoretical Background

This chapter reviews recent works related to the evolution of injera baking mitad and the
problem associated with it in the case of power usage, weight, efficiency, and cooking time.
And also, the induction stove and mitad heat distribution optimization techniques along with
effects of material characteristics are reviewed. Several studies have been conducted in vari-
ous nations to address concerns linked to energy sustainability and renewable energy. Efforts
to produce efficient and low-carbon equipment, in addition to creating and utilizing clean and
renewable energy, are appealing subjects for researchers (T1andho et al., 2021). Accordingly,
many research efforts have previously been focused on improving the Ethiopian traditional
injera mitad to improve the efficiency to save energy, reduce indoor air pollution, and CO2
emission for biomass energy-based mitad. Similarly, electric injera mitad improvement has
been conducted by several researchers to reduce electric power consumption. Some research

have been done on induction stove heat distribution optimization.

2.2 Review Of Related Work

2.2.1 Quality of Injera

The injeras must be of comparable quality to those baked on conventional clay mitads in or-
der for users to accept a new energy-efficient mitad. The following parameters were derived

based on literature and field observations to identify good quality injera (Jones et al., 2017):

* “Eyes” on the top side, Smooth underside, and Thin, crispy edges

* 56-58cm diameter, 3-5 mm thickness, and 330 g weight:

2.3 Existing Injera Baking Mitad

Due to environmental and health concerns, as well as the potential reduction in the amount
of energy lost during injera baking, research on increasing the performance of injera baking

stoves, has grown in recent years.



2.3.1 Three Stone Open Fire Injera Baking Mitad

In a three-stone open-fire stove, as the name implies, the cooking pan or Mitad (claypan) for
baking is supported by three triangular stones. The sorts and sizes of stones used would vary
depending on the stones’ availability and the pan’s diameter. The mitad is usually supported
by three (10-15 cm) high stones, as seen in Figure 2.1} To demonstrate how the injera mitad
has advanced over time, several inventors have used a three-stone open-fire Injera baking

stove as a comparison. The average specific fuel consumption of a three-stone open fire

stove is 929 g of wood per kilogram of Injera 2020).

o *({# -
SRR -

Figure 2.1: Three stone open fire mitad for baking injera, (Getie & Degefa, 2020)

2.3.2 Burayou Injera Baking Mitad

Mud Injera baking stoves were produced in the early 1980s by the Ministry of Education’s
Burayou Basic Technology Center. Figure [2.2] depicts a sketch of the Burayou Injera bak-
ing stove. This stove was made from a combination of clay and chid (teff straw) and the
stove weighs around 100 kg in total. The stove is large and delicate, and the installation
requires at least two people. This makes transporting quite difficult as well. The Ambo team
adapted the Burayou mud-stove in 1986 and created the Ambo mud-stove, which is used to
bake injera (Tadesse| 2020). In the early 1990s, a team of professionals from the Ethiopian
Energy Authority and international consultants began a survey to provide a foundation for
the development of the Injera baking stove in Ethiopia. The Burayou, Ambo, and Tigrian
mud stoves were found to be the most efficient stoves in the country, according to the find-
ings. When tests were conducted on the three Injera baking mud stoves stated above, the

difference in performance was linked to the thickness and seasoning ability of the Mitad



Figure 2.2: Burayou mud injera mitad,source: (Tadesse, 2020)

(Shimelis, [1991). Others have invented enclosed Injera baking stoves, which are widely uti-

lized in Ethiopia’s northern regions, primarily in Tigray (Tigray Regional State) and Wollo
(a province in Amhara Regional State), as well as some sections of Semen Shoa (Oromia
Regional State). Unlike three-stone Injera baking stoves, these stoves are installed perma-
nently on the ground or a raised platform made of mud and stones. The stove is built by
users based on their best guesses concerning dimensions. The height of the stove varies from
28 to 40 cm in various places, with one or two smoke ports. A typical Tigrian Injera baking
stove has two smoke exits and stands around 35 cm tall. A well-constructed enclosed Tigrian
Injera baking stove has an efficiency of about 12% when compared to a three-stone open fire

Injera baking stove, uses less fuel, is simpler to use, and protects from burning heat.

& Kennal [1994).
2.3.3 Mirt Injera Mitad

When compared to the other two Injera baking stoves, the Ambo was found to be the most
efficient. However, the fuel consumption reduction was minimal. Later, significant changes
were made, and a team of professionals developed an efficient mud Injera baking stove,

which they termed "Mirt,” which means "best’ (Bess & Kenna, [1994). As a result, the Mirt

mitad structure is transformed into a cement mortar mixture for the construction of the fire
chamber enclosure, as shown in Figure 2.3] And the GIZ-Energy Bureau Office in Ethiopia

actively promotes this stove, known as the Mirt stove.
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Figure 2.3: Mirt injera mitad 1, 2020)

2.3.4 Solar Injera Baking Stove

The solar thermal Injera baking stove shown in Figure[2.4]has a parabolic dish solar collector
on the receiver to concentrate the sun’s rays and generate hot steam (Hassen et al., 2011),
(Tesfay et al., 2014) On the backside, the stream runs through a pipe to the Injera baking

stove, where it is condensed by transmitting heat to the baking pan, or Mitad, which is put
on a steel plate in contact with the hot steam. The potential of baking Injera with indirect
steam at temperatures ranging from 135 to 160 °C was a key finding of this experiment. The
temperature recommended was lower than that found in the literature or in experiments con-

ducted by other researchers or developers using an Injera baking stove (Tesfay et al., 2014),

'Adem & Ambie|(2017). To get a well-formed product, the typical operating temperature was

around 250 °C. It requires additional testing and verification, as mentioned in this paper.

2.3.5 Electric Injera Mitad

Traditional cooking stoves use a lot of firewood and are time-consuming and polluting to
use. The Ethiopian Electric Light and Power Authority(EELPA) introduced the electric in-
jera baking burner (electric injera mitad) 40 years ago, and demand has grown since then as
a result of electrification. Various government and commercial groups created and sold the
electric injera mitad to the market to distribute it. The performance of the electric injera bak-
ing stove is decided by the company’s experience and craftsmanship quality, as the electric
injera baking stove is not standardized. A single household electric injera baking stove uses

about 3 to 4 kW of electricity on average. A popular electric injera baking stove is shown
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Figure 2.4: Concentric solar injera bakingdAdem & Ambiel, |2017|)

in Figure [2.5] The electric injera baking stove is now being manufactured by small manu-
facturing businesses. The Ethiopian Energy Authority is currently working on an Ethiopian
standard for labeling electric injera baking stoves to increase user awareness and allow them

to choose their preferred stoves based on performance (Jones et al.,[2017).

Figure 2.5: Electric injera mitad (IJ ones et a1.|, |2017|)

The main issue is energy inefficiency, which is caused by their high heat load, building
efficiency, and temperature controller implementation. Researchers tested alternative energy
sources like solar and thermal cooking, as well as temperature-controlling technology, to

improve efficiency (Adem & Ambiel 2017),(Moges & EEA| 2017)),(Authority, [2015).

Jones et al.|(2017) outlines the major flaws in existing electric mitad designs as follows:
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The excessive resistance, oversized electric wire, and poorly set heating element

Use of poor construction materials;

Poor insulation: energy loss during baking is estimated to be between 40% and 50%;

Lack of temperature control device such as a thermostat, encouraging loss of heat; and

Overall, the design and workmanship are generally poor and inefficient.

Reviewing the literature to obtain a better understanding of the topic, background, influenc-
ing rules, and research. Over the years, the Injera baking Mitad has evolved from an open
fire to an electric Injera baking Mitad, to increase energy efficiency. That is, the given en-
ergy source’s conversion efficiency to heat energy for baking is increased. To accomplish
so, progress has been made from the three-stone open fire to Mirt Injera mitad by enclosing
the heat-supplying space and using an insulating material. To save the environment, three
stone open fire injera baking Mitad has been improved to the biomass type injera baking
Mitad, which replaces firewood with more energy-dense biomass energy sources with more
utilization efficiency. In addition, the solar and electric-powered Injera baking Mitads were
employed, respectively, by capturing solar and electric energy. Non-uniform heat distribu-
tion is likely to occur in the case of the traditional electric baking Mitad due to inaccuracies
in the manufacturing process and heating elements incorporated in the Mitad. Furthermore,
the material characteristic of the Injera baking Mitad, which is clay type, has not improved.
In general, it is necessary to improve the material’s thermal properties, uniform temperature

distribution, and the time required for startup heating.

2.4 Induction Stove and Mitad

In this section the early efforts made by different researchers related to modeling, analysis,
and optimization of the coil design for induction cookers to constantly improve the operation

performance of induction cookers are discussed.

Feleke & Oquino| (2019), proposed an electromagnetic induction mitad prototype with a
uniform coil pattern. This EMIM uses the basic law of electromagnetic induction for its
operation. The output power is controlled by controlling the switching frequency of the
resonant inverter. Cast iron, ceramic for the main insulation, and copper wire enameled for

the working coil were the materials used to build the prototype. Their test results show that
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the typical full load power consumption and performance efficiency are 1.5 kW and 79.3
percent, respectively. This work focuses only on the experimental-based prototype without
a system model and the difference between the maximum and minimum temperature values

is around 39 °C which is very non-uniform heat distribution.

Fanta (2020), improved the previous Electromagnetic induction mitad with a non-uniform
coil format. Hence, this work is proposed to improve the temperature distribution by using
non-uniform spaces between coil turns. And from the final result, the temperature difference
between the maximum and minimum value is around 15 °C. The gaps in this work are
1). Only coil structure is considered to improve heating performance 2). The magneto-
thermal phenomena of the system are not solved either analytically or numerically it is just

experimental-based documentation.

Kanssab et al. (2012), presented modeling and optimization of induction cooker using mag-
neto thermal finite element analysis and genetic algorithm. The research presents an inductor
construction with four coil-filled throats and optimizes their arrangement. The magneto-
thermal phenomenon of the system is modeled by a finite element method (FEM) to deter-
mine the temperature distribution on the bottom of the pan. This study considers only the
structure of the throat’s distribution and the dimension of the inductor. Even if the structure
of the inductor is optimized by a genetic algorithm the heat distribution is not optimal as the
temperature difference is around 15 °C. And also the system magneto-thermal is solved with
finite element and genetic algorithm which takes the computer around 14 hours with the best
performance computer. The other problem of this work is that only coil span is considered
to obtain uniform heat distribution but, there are other parameters to be optimized to have

uniform heat distribution.

Heating Performance Improvement and Field Study of the Induction Cooker is proposed by
Meng et al.| (2009). This research work investigates the structure and associated problems
of heating performance for conventional field distribution as it can reflect the heating distri-
bution of induction cookers. Based on the study, a novel coil design is proposed to address
conventional cooker heating efficiency problems and drawbacks. And the research gap from
this work is that it considers only coil format to improve the heating efficiency but, the sys-
tem has no model for analyzing, and other parameters affecting the efficiency of the stove

are not considered.

The design and modeling of a Fuzzy Logic Controller Based Modified Half-Bridge Resonant
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Inverter Fed Induction Heating System was proposed by [Pal et al.| (2017). The switching of
an energy-efficient induction heating system using a fuzzy logic controller without structural
consideration is presented in this work. As the structure of induction heating has a vital role
in uniform heat distribution this work has to be improved and also temperature distribution

is not the concern of the paper.

A design methodology for high-performance domestic induction heating systems under the
worktop was proposed by |Plumed et al.| (2020). They introduce an inductor design method
that allows it to operate at a distance of more than 5 mm from a work plate while maintaining
the greatest possible performance and efficiency. They tried to design a high-performance
induction cooker by optimizing the distance (gap) between coil and work plate and they
concluded that if the field is covered with a ferrite shield the distance can be larger than
usual. But the difficulty with this paper is that 1). Weak magnetic field linkage between
work plate and coil due to the large distance and this increases the power consumption of
the system as it needs more time to generate required temperature for baking injera. 2). It
considers only distance to obtain high performance but, other factors affecting the heating
performance of the induction cooker are there. 3). Due to the large distance between the coil

and work plate large size and hence, heavyweight which is not desirable.

Dong et al.| (2017), proposed Fuzzy Temperature Control of Induction Cooker. This paper
presents an appropriate fuzzy control strategy for controlling the pan temperature of the
induction cooker system, without an accurate control model. The temperature uniformity
along the radial direction of the cooker is not discussed and the structure of the cooker for

optimal temperature distribution is not designed.

Electromagnetic and Thermal Analysis of a Domestic Induction Cooker Coil was proposed
by TOPUZ et al.|(2019). Induction cookers for residential usage are studied in this research.
A 3-dimensional finite element model of a readily available induction cooker is investigated
for electromagnetic analysis using an ANSYS electronics workstation. The paper focuses on
analyzing the electromagnetic and thermal characteristics of domestic induction cooker coil
for existing induction cookers and there is no trial to improve heat uniformity.

The zone control technique was proposed by Miyagi et al.| (2006), in which the exciting
coil is divided into multiple small coils and each coil is connected to an independent high-
frequency power source, with the current and frequency in each coil adjusted to achieve

uniform heating. To create a more uniform thermal distribution for household induction
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heating, a multiple-coil setup with several independent inverters was proposed. The zone-
controlled induction heating system adjusts each current phase angle to be in phase with the
others to reduce circulating power among the inverters and expand the current amplitude
control range. Multiple inverters or complicated coil configurations are necessarily used in
these approaches, increasing the expense and complexity of induction heating systems and

also increases the power consumption as all inverters are supplied separately.

Reviewing different articles on heat distribution optimization techniques, the contribution to
get uniform heat distribution in the working plate and the gaps regarding heat distribution
optimization and power consumption are summarized as follows. Almost all researchers
considers only coil span to optimize the heat distribution on the work plate and improvement
in power consumption is not the issue in most of the researches. In fact, uniformly distribut-
ing heat can increase the efficiency of the system but, heat distribution is not affected only
by coil span, other factors that affects heat distribution in the work plate are there. Some
research have been done on temperature control of the system without structural consider-
ation of the system. Others tried to generate heat in work plate far from induction coil but
this decreases the magnetic field linking the plate due to large distance and to get required
temperature for baking injera it needs time hence increasing the power requirement. The

mathematical model of the system is not presented

2.5 Power Conversion In Induction Heating

Recently, it has been observed that the use of IH technology in household applications has ex-
panded during the last several years (Lucia et al., 2013). The electromagnetic induction the-
ory serves as the foundation for this induction heating technique. To generate high-frequency
AC, induction heating technology often requires a high-frequency (HF) inverter. The induc-
tion heating coil receives this high-frequency AC and as a result, high frequency-magnetic
flux is generated, which links to the object to be heated. Heat is created in the item due to
eddy current and hysteresis losses (Lucia et al., [2013).

The design of an HF inverter has gotten easier since advancements in power semiconductor
switches with the possibility of high switching frequency (Koertzen et al., |1995). The FB-
SRI architecture is commonly utilized in [H technology because it provides numerous control
options (Artigas et al., [2008)). The DC link voltage is applied to the FB-SRI in a traditional

domestic IH system through a diode bridge or thyristor-based rectifier (Acero et al., [2006).
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Figure[2.6] depicts the block diagram of a typical household IH system. Domestic IH systems
are typically built in two phases of power conversion. The utility side AC is first converted
to uncontrolled DC using a diode bridge rectifier, and then the uncontrolled DC is converted
to HF AC using a half-bridge or FB-SRI, which causes high-frequency current to flow in
the planar coil (supposed to be primary) and generates a high-frequency magnetic field. The

workpiece is connected by a high-frequency magnetic field (supposed to be secondary).

Mains power circuit Load
rectifier resonant inverter
L~ o = b4 oS
I -.- "'-.':--. "r__tf
= : —~—
P\,J '
230V/50Hz -
IH Induction coil and wak
|
Control

Figure 2.6: General block diagram of induction heating system (Kumar et al., 2019)

The amount of heat dissipated depends on the frequency of the eddy current, magnetic field
density, and thickness of the work plate. In addition to eddy current, there is a small contri-

bution of hysteresis effect (Kumar et al.,|[2019).

2.5.1 Rectifier

Using economical yet reliable rectifier diodes is a simple approach to converting AC to DC.
When diode AC/DC converters are used, however, significant harmonics are released to the
AC source due to their nonlinearity and uncontrollability. The output DC voltage level is

also unregulated with uncontrollable power diodes.

Another method for converting AC to DC power is to employ thyristors rather than power
diodes, such as the silicon-controlled rectifier (SCR) or phase-controlled converters. The
conducting phase on the AC side can be modified, as its name suggests. In this way, an
SCR’s output DC voltage can be modified based on load needs. Even though the output

DC voltage’s controllability is improved, and a considerable number of low-order harmonics
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are still created and manifest themselves in the currents pulled from the AC source. The
thyristor-based rectification converter, on the other hand, is an active rectifier converter that

can function in both rectification and inversion modes (Yang & Zhou, 2018)).

Pulse-width modulation (PWM) techniques can be used in rectifiers that use fully adjustable
power devices, such as IGBTs and MOSFETs, to fully regulate the output DC voltage, as
well as maintain good current quality at the AC power source. The impedance of nonlinear
rectifier loads approaches a linear resistance using PWM techniques, making rectification
practically harmonic-free and the power supply “clean.” As a result, PWM rectifiers are
becoming more used in industry as a means of achieving high power factor, low current

harmonics, and a steady output DC voltage.

2.5.2 Inverter

Inverters are commonly utilized in systems that operate at medium and high-frequencies.
For induction and synchronous motor drives, uninterruptible power supply (UPSs), standby
power supplies, induction heating, travel, camping, and HVDC systems, industries employ
this device. The optimum input signal for an inverter is a DC signal from a battery or a
regulated rectifier output, with an AC output signal that can be a square wave, quasi-square
wave, or practically sinusoidal (Hannan et al., 2019). The series resonant inverter is used in
this research.

Inverters are categorized into numerous groups based on their configuration and component
type. The number of power processing stages (single-stage and multi-stage), transformer and
transformerless configurations, the number of levels engaged in the design, and the type of

switching employed are all aspects that go into categorizing these designs (Zeb et al., 2018]).

2.6 Effects of Material Properties On Induction Heating Per-
formance

2.6.1 Electrical Resistivity and Conductivity

Electrical conductivity describes a material’s ability to easily conduct electric current. Elec-
trical resistivity is the reciprocal of conductivity (Neelakanta, |19935)), (Lup1 & Rudnev, [2014)).
Metals and alloys are good electrical conductors, with significantly lower electrical resis-
tance to current flow than other materials (e.g., ceramics, plastics, etc.). Electrical resistivity

and conductivity have an impact on the depth of heat generation, temperature distribution,
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heating efficiency, coil impedance, and other critical aspects of an induction system.

2.6.2 Magnetic Permeability

Magnetic permeability (relative) is the ability of a material to conduct magnetic flux better
than a vacuum or air. Relative magnetic permeability has a marked effect on process pa-
rameter selection affecting electrical phenomena, including the skin effect, electromagnetic
edge, and end effect, as well as proximity and ring effects. This is true in the vast major-
ity of IH and heat-treating applications (Rudnev et al., 2017). In this thesis high magnetic

permeability material which is stainless steel is considered.

2.6.3 Skin Effect

When an AC flows through the same conductor, the current distribution is uneven. The
largest value of current density will always be found on the conductor’s surface with uni-
form electromagnetic physical properties; from the conductor’s surface to its center, the
current density will drop. The skin effect is a non-uniform current distribution inside the
conductor cross-section that occurs (in variable degrees) wherever AC flow is present. As
a result, the skin effect will be noticeable when a workpiece is placed inside an induction
coil. This phenomenon is one of the primary causes of eddy current concentration in the
workpiece’s surface layer (”skin”). The skin effect concentrates around 86% of the power in
the conductor’s surface layer, which is referred to as the reference (or current penetration)
depth 6 (Mohan & Gopi, 2020). The frequency, the conductor’s material characteristics (p
and ur), and the geometry of the workpiece all affect how much skin effect there is. When
the high frequency is used, if the thickness of the workpiece is big compared to the radius of

the workpiece, there will be a noticeable skin effect 6 (Rudnev et al.,[2017).

2.6.4 Skin Depth

In the theory and practice of induction heating, it is of vital importance as the magnetic
field penetrates to this depth from the workpiece’s surface, as a result, all heat is generated
inside this layer, and this is sometimes referred to as penetration depth. The distribution of
the magnetic field, current, and power within the body varies depending on the shape (flat,
cylindrical, complicated), size, and material of the body. They are also affected by variations
in material properties caused by magnetic saturation, temperature, or composition. Depth is
a reference value based only on material qualities and frequency, ignoring body shapes and

sizes. The root square of material resistivity is proportional to depth, while the root square

19



of relative magnetic permeability and current frequency are inversely proportional (Hassan

& Mohammad, 2021)).

2.6.5 Thermal Conductivity

If the material’s ability to transport heat is sufficient, the temperature distribution within
a component becomes more even. Thermal conductivity is the capacity to transmit heat
throughout a medium in steady-state conditions. And it is defined as the amount of heat (q)
transferred through a unit thickness (L) at a unit temperature gradient (T) where the tem-
perature gradient is the only factor affecting the heat transfer under steady-state conditions.
The overall magnitude of thermal conductivity is changed not just by changes in thickness
and orientation, but also by temperature (Fan et al.,|1996). The internal particle velocity and
thermal conductivity both increase as the material temperature rises. Heat is transferred at a
faster rate with less resistance. It’s vital to remember that the relationship between tempera-

ture and thermal conductivity is non-linear and difficult to determine without prior research.

Table [2.1| shows the thermal conductivity of three different materials. Pure iron has a higher
thermal conductivity than cast iron but it is not used for induction cooktops due to its inabil-
ity of retaining heat and causes temperature fluctuation, cast iron is excellent for induction
cooktops due to its unique magnetic and thermal properties, as well as its ability to store
heat, which facilitates gradual heating and cooling. As a result, temperature fluctuation is

reduced.

Table 2.1: Thermal conductivity of different materials (Fan et al., |1996))

No | Type of materials | Thermal conductivity(W/m.K)
1 | Castiron 55
2 | Steel 45
3 | Stainless steel 15

When compared to pure steel, stainless steel has a low thermal conductivity of 15 W/(mK),
allowing it to store more energy and maintain the surrounding temperature better than other
varieties of steel. Stainless steel is commonly utilized in applications such as food process-
ing, ovens, and conveyors that are constantly exposed to high heat surges due to its ability
to remain stable when exposed to higher temperatures (Liang & Wu, [2018). The effect of
material thermal conductivity on heat distribution will be simulated and discussed later. Se-

lection of material type is crucial for uniform heat distribution as the characteristics of the
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material affect the thermal phenomena of the system.

2.6.6 Heat Transfer Coefficient (Convection Coefficient)

The temperature distribution of the pan bottom of the device is influenced by the heat transfer
coefficient (convection coefficient). Due to the convection impact of the air nearby, the
inductor’s axisymmetric structure causes the convection coefficient(k) to be nonlinear (Byun
et al., 2000). As a result, in the radial direction of the axisymmetric structure of the analyzed

system, it is assumed that the heat transfer coefficient(k) has a constant value.

2.7 Heat Transfer and Insulation

This section describes the heat transfer from the baking surface to the Injera and other sec-
tions of the baking Mitad. In general, heat is transferred from the baking plate to the various
Mitad components and the product Injera. The following are the principal heat flow paths

(Awash, 2011)),:

* Heat was generated in the plate by induction and transferred to the injera batter.

* Conduction carried heat from the baking plate to the sides of the baking mitad, which

was subsequently lost to the environment by convection and radiation.

* Heat is transferred from the baking mitad through the insulation to the bottom surface

and then lost through radiation and convection from the bottom.

* A Small amount of heat flowed from the baking mitad surface to the lid cover, which

was then lost to the environment via convection and radiation.

Conduction heat transfer involves the interaction of molecules and atoms in nonmoving lig-
uids and solids. Convectional heat transfer also involves a solid and a moving fluid with a
temperature difference. Heat convection occurs between the top surface of the mitad and
Injera, the ambient air, and the outside surface of the mitad. In a system involving heat loss,
insulation is usually the most resistant component. The stronger the insulating resistance,

the longer the product will last (Tefer1 & Kolhe, 2021)).

Insulation aids in energy conservation, worker protection and comfort, process temperature
maintenance, temperature variation and fluctuations reduction, fire protection, and noise and

vibration reduction. Although there are many different types of insulation materials on the
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market, the majority are constructed of fiberglass, mineral wool, polyethylene, foam, ceramic

glass or calcium silicate, clay, and gypsum (Berhanu et al., [2022).
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CHAPTER THREE
SYSTEM MODELING AND METHODOLOGY
3.1 Methodology

This chapter deals with the methodology used to achieve the required objective that has been
set before. This thesis methodology begins with a thorough assessment of existing injera
mitad and heat distribution optimization strategies in the literature as shown in Figure [3.1]

Then, a set of procedures, such as solving the maxwell equation for modeling the magnetic
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Figure 3.1: Flowchart of system methodology

circuit of the system, solving steady- state heat diffusion equation for thermal analysis, and
determining the critical radius of insulation for reducing heat loss to the environment has

been followed to achieve the objective of this research. The results and discussions were
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formed based on the simulation and experimental results. Finally, conclusions and sugges-

tions are drawn up.

3.2 Modeling Magneto-Thermal System

To construct an optimal induction-heating cooking system, the distribution of temperature on
the pan bottom, which is the image of the distribution of induced currents, must be known.
By solving the linked Maxwell and thermal equations, physical phenomena in the researched
system can be simulated. A 2D solution is attainable due to the system’s axial symmetry.
The magneto-thermal equation is used to model electromagnetic phenomena using magnetic
potential (A). The differential form of Maxwell’s equations can be expressed as follows for

general time-varying electromagnetic fields:

When electric currents run in the surroundings of an object, a magnetic field is generated and

given as:

oD
VxH _J+E (3.1)

The time rate of change in magnetic flux density B always induces currents in the surround-
ing area and, in other words, forms a curling electric field in the area where such changes
occur.

JdB

VxE = 5 (3.2)

The minus sign in equation (3.2) denotes the direction of the induced electric field. The
emergence of an AC in the coil circuit is caused by the application of alternating voltage
to the induction coil. According to Equation (3.1)), an alternating coil current produces an
alternating (changing) magnetic field with the same frequency as the source current in its
surroundings (coil current). The strength of that magnetic field is determined by the coil
current, coil geometry, and coil-to-work-piece electromagnetic coupling. Eddy currents are

generated by the changing magnetic field in the workpiece and other objects near the coil.
V.B=0 (3.3)
B lines in equation (3.3)), have no origin or end points, they always form a continuous loop.

V.D= Pcharge (3.4
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Where, H-magnetic field intensity, E- electric field intensity, D electric flux density, B- mag-
netic flux density, J- conduction current density, and P arg - €lectric charge density.

The aforementioned Maxwell’s equations are indefinite because there are fewer equations
than there are unknowns. When the relationships between the field quantities are stated, and

the field quantities are specified for an isotropic medium, these equations become definite.

D=¢g¢goE (3.5)
B=puu H (3.6)
Jc=0E (3.7)

Where &,- relative permittivity, & -permittivity of free space, o-electrical conductivity, u,-

relative permeability, (- permeability of free space.

As magnetic flux density satisfies the zero divergence condition, magnetic vector potential
(A) can be introduced as

B =VxA (3.8)
From equation (3.2)) and (3.8)) above the curl of electric field can be expressed as:

ViE — _vx‘z—f (3.9)

By integrating equation (3.9) electric field is given as:

0A
E=—= V¢ (3.10)

Where, ¢ is electric scalar potential

Substitute equation (3.5)) and (3.7) in to (3.1) the curl of magnetic field intensity is obtained

and expressed as:
d(egE)

VxH = oE +
ot

(3.11)

The operation frequency of most induction heating systems is typically less than 10 MHz,
and the induced conduction current density is substantially greater than the displacement
current density. As a result, the last term in the above equation can be eliminated. In other

words for sinusoidal waves ,‘95—;5 = gg—tE = jEWE the term oF is much greater than eWE or
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0 > €m, 6 ~ 10’ mhos/meter for metals, € ~ 10~!!. For frequencies on the order of 107

Hz,o ~ 108. Therefore, 107 > 108x10~ 11,

VxH = oE (3.12)

Applying vector algebra on equation (3.1), (3.2), (3.6) and (3.12))

V(L vE) = va( L (=28
’ r o (3.13)
-V (_iQ_B) .
* u, ot’’
Substituting equation (3.6)),
1 JoH JH oH
Vx(——prtlo—5-) = —Vx(to—=-) = —po(Vx—-)
Jim ot ot ot (3.14)
=— 2(VH)—— i(GE)—— Ga—E |
= Ho ) = THog, \08) = mHeT,
Therefore,
1 JE
From equation (3.9)
1 d(VxA), JE
V(S = o'y (3.16)
From equation (3.7)
! (VxVxA) = J; — 24 (3.17)
Lo Y '
(Vx(VxA)) =V(V.A) - V%A (3.18)

Since the gradient of divergent of a vector field is zero the first term of equation (3.18))

becomes zero and equation (3.17) becomes

1 0A
(=V2A)=J;— 60— (3.19)
HrUo ot
By rearranging the terms,
1 5 dA
VA=—-Ji+0—= (3.20)
Urto ot
Where J; = —o' V@ is the source (excitation) current density in the induction coil.

It can be demonstrated that for the vast majority of IH applications, the mathematical model
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can be further simplified by assuming that the currents have a steady-state nature. As a
result of this assumption, the electromagnetic field quantities in Maxwell’s equations can
be deduced to be harmonically oscillating functions with a single frequency. It is therefore

possible to introduce a time-harmonic electromagnetic field as:

a d j
a—‘;‘ = 5 Re[Ae/¥]

dA ;
P Re[jwAe’”] = joA (3.21)
Therefore, equation (3.20) can be written as

1
HrHo

VA = —J;+ jocA (3.22)

Where V? is the Laplacian, which has different forms in Cartesian and cylindrical coordi-
nates. In Cartesian coordinates,

d2A 0%A 9%A

VA =
ox2 oz oz

(3.23)

The induction cooking system was analyzed using a cylindrical coordinate due to the cir-
cular shapes of the primary and secondary coils. Since there is axis symmetry in the mitad
along the radial direction, the Laplacian in cylindrical coordinate with axis symmetry can be

written as:
224 10A A 9%A

VA= -S4 — 3.24
oR TROR R 922 629
Therefore, equation (3.22) can be rewritten as
: oA + L oA + A _A =—J;+ jooA (3.25)
Wio \ORZ "' ROR 972 R2)” T/ '

In cylindrical coordinates system, if one single turn delta function coil at (r(,zg) is employed

9%A 1\dA 9%A A .
W+ <;) E+&_z2_ ﬁ+,u15(r—ro)5(z—zo) = joUocA (3.26)

In Air, layer 1,3,4 the differential equation become

02A 0%A 104 A
W+a_z2+?5_r_220 (3.27)
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Figure 3.2: Side view of induction heating with single spiral coil (Meng et al., 2012

The differential equation in induction plate is given by:

9%A INOA %A A .
2o () 5+ 5~ jowon 329

By separation of variable the solution of A(r,z) can be obtained. Given that A(r,z) = R(r)Z(z)

and dividing by R(r)Z(z)

R(r)'Z(z)  R(NZ(z)'  1R(Z(x) R(NZ() _ joucR(rZ(z)

RZE) T RZG) T ROZE)  PROZE  ROZE) (329
r " 1 r I " 1

I;((r)) ;Ili((r)) +Zz(<zz)) T T/ome (530

1 82R(r) 1 aR(r) 1 8ZZ(r) 1 . -
R(r){ or? } rR(r){ or }+Z(z) oz g Jowo=0 (33D

By introducing variable alpha (), the Z dependencey can be written as:

2
1 9%Z(z) (3.32)

2
Z(z) 92 - @ Tjope

2
1 {a R(r)] r1 [aR(”)}+a2+jwu6—rlz—J’wW=0 (3.33)

R(}’) ar2 R(}") 8}"
1 [9°R(r) 1 [JR(r) 1
R(r)l ar? } rR(r)[ or ]+°‘2—ﬁ—0 (3.34)

The solution of Z(z) can be obtained from equation (3.32) as follows Let Z(z)=e"*

9°Z(2)

02 (0 + jouc)Z(z)
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0°Z(2)

2 (a*+ jouoc)Z(z) =0

m?e™ — (o® + jouc)e™ =0

m — (0 + jopc) =0
m =+ (o +ja)uo)%
The general solution is given as
Z(z) = Ee™* + Be™*

Z(z) = Eel®'i0on0)' %z | po—(a+jopo)'/%: (3.35)

Defining

—

o = (e’ + jouc)? (3.36)

Since z goes to infinity, A(r,z) should be finite, hence negative is not allowed to the value of

.

R(lr) {aerg)] * rRl(r) [ag(rr>] - % e =0 o

The solution of equation (3.37) is that of first order Bessel’s equation (see Appendix A) and
its solution has the form

R()=CJi(ar)+DY(ar) (3.38)

Hence the solution of A(r,z) is given as:
A(r,z) = [Ee®* + Be” %*|[CJy(ar) + DY (or)] (3.39)

The constants E, B, C and D are function of alpha () and are different depending on the
value of alpha (a). The solution of A(r,z) is an integral of continues variable alpha (o) over

the whole range.
A(r2) = / [Ee%: 4+ Be~%|[CJ, (ar) + DY, (aur)] dot (3.40)
0

In layer 1, as Z goes to plus infinity E() is regarded to be zero. Because of divergence of
Y; at origin D(a) = 0 in all layers. In layer 4, as Z goes to minus infinity B(a) is regarded

to be zero. The vector potential in four regions (z > ¢, ¢c>z>0,0>z> —¢, —¢ >z ) are
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given as follow:

A(l)(r,z):/ Bie~%J, (ar)da, > (3.41)
0
AP (r,z) = / [Caet ™7 4 Bre™ ™) (ar)da. c>2>0 (3.42)
0
AB)(r7) = / [C3¢~% 4 Byet %) (aur)da 0>z>—/ (3.43)
0
A (r2) = /O Bue®J, (aur)dot 0> (3.44)

Where, J; (ar) is an 1* order Bessel function of the first kind and By = B, = C3 = B(a)xC(«),
G, = B3 =B4 = E(OC)XC(G)

Applying boundary condition between the four layers

AV (re) = AP (r,¢) (3.45)
d d
— A2 me = AP (1,0)] 1= (3.46)
0z 0z
d d
a—ZA(z)(r, 2)|zm0 = a—ZA@)(n )]=o (3.47)
AB) (r,—0) = AW (r,—0) (3.48)
L Aot = L AD (1) oy — IS (r— ro) (3.49)
aZ ) == aZ ) =

Applying boundary conditions to the equations from (3.41) to (3.44]) and using Fourier Bessel

equation to solve for constants. Equating equation (3.41)) and (3.42) and substituting bound-

ary value,

8%( I Bre= %y (ar)da) = 2 ([ [C2e™% 4 Bae~ 3 J; (ar)d )

Z

Bie %, = Cre™% + Bye % .

Bie % = Cre®¢ — Bye %€
Bie % — (™ —Bye % =0 (3.50)

Derivate with respect to z
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—oBie % — a1 Cre** 4+ apBre %2 =0

o o
—Bje % — Elczealc + Elee—“lc =0 (3.51)

Equating equation (3.42) and (3.43))

a%( 5 [Cre®1% + Bye= %2 Jy (ar)dar) = 8%( 57 [C3e=% + B3e®)Jy (aur)d o)
CreM% 4 Bre™ %1%, = Cre™ ¥ + B3e™ |,

Cr+ By =C3+B3
C+B,—C3—B3=0 (3.52)
Derivating with respect to z

(%(Czealz + Bpe  %1%) = (%(Cg,efaz + B3e®?)

01 Cre®? — o Bre” %1% = aCze™ % + aBze**

(04] (04]
—Cy——B,—B3+C3=0 3.53
52 g B2 3+C3 (3.53)

Equating equation (3.42)) and (3.43)

a%( I [C3e~% + B3e™ )Ty (or)dar) = 2-( [ Bye™Jy (our)d )

Z

Bie ™ 4+ C3¢* — By =0 (3.54)

a%( 5 [C3e=% 4 B3e®Jy (aur)d o) = gz( I Bye®Jy (or)dar) — pl8(r — ro)
Cze™ % + B3e® — Bge® |, _y+uld(r—ro) =0
Bie ™ 4 C3e* — Bye™ ™ 4 uld(r—ry) =0

Derivating in terms of z
—aCze” %+ aBze* — aBge® |, _y+uld(r—ro) =0
Divide both side by alpha

—C3e_az —|—B3€az — B4€O¢Z + “715(}’ — 7’0) =0
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Bye " — C3e® — Bye ' + ulroJy (arg) =0 (3.35)

Equation (3.50) to (3.53)) can be expressed in the form of matrix as:

e—ac _e—alc _ealc 0 0

0

—e ¢ %e’“lc %me“lc 0 0 0 B
0
0

(3.56)

o o o O

0
0
0
0 e~ _eal _p—al) p, _—,uIrOJI(Ocro)_

By adding equation (3.50) and (3.31))

Ble—occczealc _Bze—ac _Ble—az _ %Czealz—{- %Bze—alz =0
[0 — a
(7132—32)6 alc—(éCz-i—Cz)ea'C:O

By(% — )¢~ — Cy (% 4 1) =0

Bz(al—a)e—alc_cz(alf:a)eaw -0

B — e (o + o)

= C 3.57
2= (g — ) 2 (3.57)

From summation of equation (3.54) and (3.33)

Biye % + C3e* — Bye % + Bye™ ¥ — C3¢™ — Bye* + ulrgJi(arg) =0

2B3€_a€ = 2346_056 — ulrgJy (OH’())

,LLII’()Jl (OCI”())

By, =B3+ =

(3.58)

Substituting equation (3.58)) in to equation (3.54)

Bye ' +C3e™ — (B3 + u"oh(?ro))efaf —0

2%

IrgJ
C3e“£—%(m°)) =0

_ wlrgJy(arg) _ plroi(arg) gy

G >a? 5 (3.59)

Subtracting equation (3.52) from equation (3.53)
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%Cz—%BQ+C3—B3—(C2+32—C3—B3) =0

(ﬂ— )Cg—(%+1)Bz+2C3 =0

o

(ﬂ . 1)C2 . (ﬂ + 1) e®¢(oy+a) Cz_i_zulrolé(aro)e_ag —0

& o e a1 —a)
e*“lca(al—a)(a1+a)—e"‘lc(a1+a)2c . _2H1’011(W0)e—0c£
e %oy —a) 2= 2
I 2e %o (0 — o
Cr = 20 (arg)e . (1 —a) - (3.60)
2 enc(a+a)” —enc(a) — o)

Substituting equation (3.60) in to equation (3.57)

_ (o +a) 1pulrg fow[ 2" Mo —a) }
B, = [e*"‘l"(al—a)] 2 Jl(aro)e eal"(a1+a)276*a1"(alf(x)z
I 200 (0 —
By = H0) (e crlen—a)l (3.61)
2 e“(ap+o) —e %(a —a)

Substitute equation (3.60),(3.61)) in to (3.52)

— Ir —al 2e Ma(o—a)
Bie~ % — %R0 T (qrpg)e ¢ [ —
1 [ 2 1( 0) ealc(al_‘_a)Z_efoclc(al_a)Z ]
—oer g —ol 20e%1(0g —a) }
e =2J1(arg)e =
[ 2 1( 0) |:ealc(OC|+(x)276_a16(0617(x)2 ] 0

- Ir —at |20 (o +o)e” “1°42e M a (o —a)e*1C
Bie % = £ 7 (orp)e @ [
! 21 () M1 (o +a) —e A (0 —ar)?

I oo e*
B — U rojl(ocro)e’“f : 1€ 5 (3.62)
2 e%e(ag +a)” — e %<(oy — )
Substituting equation (3.59), (3.60) and (3.61) in to equation (3.52)
_ uiny —al 200e%1(o1 — @)
B3 =3 Jl(OCI”())e |:e(X]C(al+a)2—eialc(a1_a)z]
ulrg —al 2e~ %100y —0) ] _ MIroJi(ary) ,—al
5 Jl(ar())e |:ga1"((x1+06)2*€7a16(051*a) 2 e
I (Z]Ca_a o o _alc(x—a 04 o
By =H O i (arg)e ! | (00 = ) + 3+€ il )g ) (3.63)
2 e®<(oy + o)  —e" %oy — )
Substituting equation (3.63) in to equation (3.58)
uIr()Jl aro
&:&+_E£7l (3.64)

Substitute B3

33



Ir —at | e (o —a)(ar+a)+e *1¢(a—a)(a+oa) wlrgJy (ourg)
By =207 (arg)e™® [
4 2 1( 0) ealc(a1+a)2_e—alc(al_a)2 + 2e—al

+ eZaé

, [eo‘lc(al —a)(on + ) +em(a —a)(on + ) (3.65)

e%c(ay +a) —e=%e(a) —a)?

So far all of six unknowns are derived and the magnetic vector potential in each layer can be

obtained as follow: From equation (3.41)

AW (r2) = [ Bre~%Ji (ar)da

Substitute By
Irg [ 200 e*¢
AW 2y = B0 7 1 (o) (ar)e . el S |do (3.66)
2 Jo e“c(ap+ o) —e %(a —a)
From equation (3.42)

A(z)(r,z) =I5 [Coet M2+ Bre™ 2] (ar)d o

Substitute B> and C»

°° —ai(c—z) _ ai(c—z)
A(2)(r,z) :leo/ Jl(Oﬂro)Jl(ar)e_“ga, e (o (ZX)+e (o +2o¢) Ja
0 ealc(al+a) _e—alc(al _a)
(3.67)
From equation (3.43)
AB(rz2) = [ [Cse% + Bse ™))y (ar)da
Substitute C3 and B3
I oo
A (r2) = B2 [ (aro) (ar)e™.
0
% ealc(al - OC)(OCl + OC) +e—a16(a1 — oc)(ocl + OC) o2\ o
e®¢(oy + o) — e~ %¢(oy — o)
(3.68)
From equation (3.44)
A®)(r,2) = [ B4e®J; (ar)da
Substitute By
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A9 () =20 [ (an) i ar)es.

{ealc(al —a)(og+o)+e %oy — a)gal + ) +62a€} do

. (3.69)
e“c(og +a) —e %oy — )

As a result, using the superposition principle, the magnetic vector potential on the induction

plate with a single planar n-turns spiral coil can be derived as follows.

n oo —0y(c—z) o — o o (c—2) o o
APz = Y i [ n(aryn(ane e, | O ORI,
= 0 e“c(ap+ o) —e %(a —a)
(3.70)
The eddy current density in the induction plate can therefore be calculated as follows:
Jo=—jwoA (3.71)

And the eddy current obtained enables the calculation of the generated power losses and it is

given as:
el®
(0

q9G6 = (3.72)

3.3 Governing Heat Equation

In the cylindrical coordinates with a general transient three-dimensional heat conduction

problem forT = T'(r,0,z,t), consider an elementary volume dv = drrd 6dz By Fourier law

do, = —k(rd@dz)%—z
dQ;1ar = dQ,+ £ (dQ,) dr
dQy —dQyiar = — 2. <—krd9dzaa—f> dr
dQ, —dQy qr = —% (—krd@dz%—f) dr
92T aTd

dQ,—dQyiar = krd@dzdrﬁ +kdOdzdr 5

(3.73)

Similarly, d8g = —kdzdr9%

dQg-a6 = dQo + -35(dQg)rd
dQg —dQo-ra0 = — 55 (—kdzdr %5)d6
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10
kdzdrd 0 - 892
dQ. = —kdrrd® 5~

0 9*T
dQ, 4, =dQ;+ (dQZ)dz = kdrrd0 — 02 (3.74)
The rate of heat generation from internal heat source is given as:
qcdrrd0dz (3.75)
The rate of energy accumulated within the cylindrical volume is given by
aT
p(drrdez)cE (3.76)
By energy balance
drrd0d or = krd0dzd T +kdOdzd oT9 +kdzd d9 Lo°r +kdrrd0 —— T +qcdrrd0d
— =kr r—s r T rr rr
pdrr an Z 3,2 Z 97 Z 902 922 q9G Z
(3.77)
Dividing both sides by drrd0dz
2 2
pedy =k + k2 kb Gk + k5 +gc
9*T 10T 19*T 9T 10T
16 _ (3.78)

i TR T ozt Twar
where o0 = pic is the material’s thermal diffusivity, which measures how speedily heat moves
through it. Equation is the general heat conduction in three-dimensional cylindrical

coordinates. Using Laplacian operator V2T = a 57 T4 i %Z + rlz g 92 —|— a 2 it can be written as:

oT
kV2T + g6 = per - (3.79)

For steady state system (no time dependency)

0°T 10T 19°T 9°T qG

or? +r8r+r2892+82 =0 (3.80)
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In case of axis symmetry (no angle dependency)

T 19T  I*T g6 _

So, for mitad which is symmetrical along radial direction equation (3.81) holds. To solve
the partial differential equation, boundary conditions are required. Many different types of
boundary conditions can be applied to the system’s domain boundary. A faulty boundary
condition imposition might cause the solution to diverge or converge to the incorrect answer,
which is critical for addressing the computational problem. Therefore, in this thesis two
types of boundary conditions are applied, Neumann boundary condition and mixed boundary

condition (Robin).

3.4 Neumann Boundary Conditions

The Neumann boundary condition can be defined along the axis of symmetry if the body

being heated is geometrically symmetrical.

3—2 =0 (3.82)
From equation (3.82)) the temperature gradient in a direction normal to the axis of symmetry
is zero, according to the Neumann boundary condition. In other words, there is no heat trans-
fer along the symmetry axis. In the case of a perfectly insulated workpiece, this boundary
condition can also be used. Heat transfer is reduced by insulation, but it is not eliminated
unless the thickness is infinite. However, heat transfer via an appropriately insulated surface
can be considered zero since adequate insulation decreases heat transfer through a surface
to insignificant levels. Therefore, a well-insulated surface can be modeled as a surface with
zero heat flux (Welty et al., 2020). So, in this study, the lower boundary of mitad is as-
sumed to be perfectly insulated and the left boundary which is along the axis of symmetry is
the boundary where the temperature gradient is zero hence Neumann boundary condition is

applied.

3.5 Mixed Boundary Condition

Since most heat transfer surfaces are exposed to an environment at a specific temperature, a

mixed boundary condition (convection) is probably the boundary condition that is encoun-
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tered most frequently in practice. Accordingly, the right surface and the top of the mitad are
exposed to the environment and the mixed boundary condition is applied to solve the heat
conduction given in the equation (3.81)). As a result, the mixed boundary condition can be
written as follows:

daT h

oot (Te=T)=0 (3.83)

Where h is convection coefficient, A is thermal conductivity 7 is steady state temerature
and T, is ambient temperature. For analyzing the heat transfer at the boundary of the plate
the above-mentioned two boundary conditions are applied. The thermal conductivity and

convection coefficient depends on the type of material used in the system.

3.6 Determining Critical Radius of Insulation

Consider a mitad with a constant temperature at a circular edge that transfers heat into the
surrounding air by convection and an insulating layer to be applied to the circular edge. The
variation in heat loss from the mitad surface when the insulation thickness is varied has to be

investigated.

The outside exposed surface temperature will decrease as insulation is added to the mitad
due to increased conduction resistance, but the surface area available for convective heat
dissipation will increase resulting in additional heat loss. The combination of these two

opposing effects results in the optimal thickness of insulation (Karwal, 2020).

Let the plate of radius r, and thickness t, at temperature ), be covered with insulation as
shown in Figure @ At the outside radius of the insulation rg, a surface convection coeffi-
cient h, is assumed for heat transfer to the atmosphere at temperature 7;,. As rg increases,
insulation thickness (ry-r,) increases and heat loss(Q) decreases. Again, as rg increases, sur-
face area (Ag) increases, and Q increases. There is, thus, an optimum r( at which Q is the
maximum. The temperature difference between the plate and the surrounding environment

is calculated as follows:

(3.84)

rT—0 lln(ro /o), 1 }

2mk;t 21rothy,

From equation (3.84) the heat dissipated to the environment from the circular edge surface

is given as:
2nt (T, —T,)

Lip|re 1
ki In [rp] +har0
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Figure 3.3: Critical radius of insulation (]Cengel & Heat|, |2003|)

From equation @ T).T,.rp.ki and h, are all constants, then the heat loss Q depends only

To
Tp

on rg. As rgp increases %ln [ } increase but er decrease. Differentiating equation (3.85
1 a’o

with respect to ry and Equating to zero will give critical radius of insulation.

d 1r,1 1
— = 271t(T, - T,) | —L—— =0 3.86

From equation (3.86) the critical radius of insulation can be solved as follow.

ki

(ro)critical = h_a

(3.87)

The thermal conductivity of clay is 0.4W/mK and the critical radius of insulation for the

Table 3.1: Parameter used to calculate heat loss and critical radius of insulation Liu et al

No | Parameters Value
1 | Thickness of plate Smm
2 | Radius of plate 29cm
3 | Thermal conductivity of clay | 0.25 W/mK
4 | Convection coefficient 12.5
5 | Plate temperature 2209
6 | Ambient temperature 257

proposed mitad is calculated by equation and it is 3.2cm for a proposed system based
on the parameters given in Table 3.1} So, until this critical radius is reached the heat loss

increases and at this critical value the heat loss will be maximum but beyond this value, the
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heat loss decreases for an increase in radius.

Total resistance Heat loss (J)
1 F . " " : "
3351 Critical 1
radius
0.98 + 1 330 1
325 .
0.96 .
320 r .
0.94 1 1 315+ 1
0.92 + 4 310 r ]
305 r .
0.9 .
300 r .
0.88 1 ‘ ‘ ] 205 L, ‘ !
0.03 0.04 0.05 0.06 0.03 0.04 0.05 0.06
insulation radius insuation radius

Figure 3.4: Relationship between insulation thickness and heat loss

Figure |3.4| shows the relationship between the insulation heat resistance and heat loss at the
side of the mitad. It is visible that when the radius of insulation increases the heat loss to the
environment decreases. But, this is due to the increase in conductive resistance which is the
first term of the denominator of the equation @ On the other hand, the convective re-
sistance increases as the radius increases and the design should consider these two opposing
phenomena. Insulation’s objective is to reduce overall undesired heat dissipation. As a re-
sult, the optimum insulation thickness should be larger than the critical insulation thickness.
However, due to the high cost of supplying more insulation thickness, is not economically
viable. Since heat loss to the side is not desired in mitad the radius of insulation should

increase beyond the critical radius with consideration of cost and size.

3.7 Simulink Model of Power Converter

The system power converter has a full bridge rectifier and High- frequency inverter as the
main components as shown in Figure2.6] The rectifier rectifies the AC source to pulsating
DC and the LC filter removes the harmonics and changes to smooth DC. Then the DC link
voltage from the filter is applied to the inverter and converted to high-frequency AC voltage.
Finally, this high-frequency current is given to the working coil to generate a high-frequency
magnetic field, which induces high-frequency eddy current in the working plate. And this
high-frequency eddy current generates heat in the working plate by the joule effect. The

induction load (equivalent resistance and inductance) is derived as shown in Appendix B and

40



D:g:f‘f a @ INVERTER @ _
z@ Z@

|  RECTIFIER LCFILTER RECTIFIED DC

: VOLTAGE
230V AC
50Hz - @ ﬁ

0
SINE WAVE E} | —*
J o
HIGH FREQUENCY
TRIANGULAR PULSE = 1 4’

PWM GENERATOR

INDUCTION  RESONANCE
LOAD CAPACITOR

LOAD CURRENT

Figure 3.5: Simulink model of the system

the capacitor is added to form a resonant condition. The simulation parameter values are
listed in appendix C. Here, the switching device used is IGBT as it has better performance
for high frequency and low power systems. Additionally, the low power consumption, low
operating voltage, and high speed of IGBTs have made them one of the essential and primary

components of the electronics design industry (Tayade & Lanudkar, [2020).

3.8 Materials Used For Simulation and Experimental Setup

In this research work, the following software and hardware components are employed: MAT-
LAB 2019a/Chebfun for the simulation; infrared temperature sensor, thermistor, ferric stain-
less steel plate, cast iron, enameled copper wire, digital multimeter, breadboard, and wood

are used to conduct the test.

3.8.1 Matlab Chebfun

In 2002, Lloyd N. Trefethen and his student Zachary Battles launched the Chebfun project at
the University of Oxford’s Mathematical Institute. Chebfun is a numerical computing soft-
ware system that is free and open-source. Chebyshev technology is used to do piecewise
polynomial interpolation, which is the mathematical basis of Chebfun. Chebfun has contin-
uous counterparts of linear algebra concepts like QR and singular value decomposition, as
well as a wide range of linear and nonlinear differential and integral operator capabilities.
Chebfun?2 is a two-variable function extension that works with x-y plane rectangles (Driscoll

et al., 2014). Chebyshev polynomials and piecewise polynomial interpolants are the math-
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ematical basis of Chebfun, hence the name ”Cheb.” The program intends to bring symbolic
computing tools like Maple and Mathematica together with the speed of floating-point nu-
meric calculations. In this thesis, Matlab Chebfun has been applied to analyze the magneto
thermal phenomena of the system and it is a new approach to use Chebfun to solve the in-
duction mitad partial differential equation. When compared to the finite element method
Chebfun is fast and accurate as it has continuous counterparts of linear algebra and nonlinear
differential and integral operators and it has a high speed for calculating floating points. As
mentioned in the literature, the finite element method needs around 14 hours of CPU pro-
cessing time to solve magnetic vector potential while Chebfun needs around 4-5 hours for

the same problem.

3.8.2 Induction Coil Preparation

The coil arrangement for the proposed system is done based on the simulation result ob-
tained. Figure [3.6a) shows the induction coil formed from insulated copper wire and tested
whether it is suitable for induction heating or not. From the test, it is possible to generate
heat with insulated copper wire but the heat from the bottom of the plate causes the insulation

to melt hence, it is not recommended to use it. Figure [3.6b|shows Litz wire is wounded to

-—
P
r—

—
——

(b)

Figure 3.6: Spiral coil made from a) Insulated copper b) Enameled copper wire

generate heat in the working plate. The Litz wire is formed from 24 single enameled copper
wires of 0.7mm diameter each and the spiral coil of 8mm uniform spacing between each turn
is winded. The Litz wire has enough capability to withstand the heat encountered from the

bottom of the plate.
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3.8.3 Wood Frame

Figure [3.7) shows the top view of the developed system. The frame which has 60cm x 60
cm x 10 cm dimensions is formed from wood to shield the system and protect the coil and
power circuit from external damage. The coil and power converter circuit are placed inside
this frame and a 6mm wood plate is placed over this frame to insulate the power circuit and
coil from heat generated in the plate. The input and output interface terminal is attached to
this wood frame to provide the interaction of the user with the system. The lid cover made
from aluminum is used to cover the mitad to resist heat transfer to the environment from the

upper boundary during baking injera and also it is important to get well-baked injera.

(b)

Figure 3.7: Proposed system top view with and without cover

Figure 3.8: Temperature distribution measurement setup

Figure [3.8shows the hardware arrangement for measuring and plotting the temperature dis-

tribution on the plate. Five thermistors are connected to Arduino Uno to read the analog
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temperature from five points on the plate and the Arduino is connected to Matlab through

hardware package support to save, process, and plot the live data from the sensors.

From the measurement setup, it can be seen that the hardware in the loop is measured to
show temperature distribution along the diameter of the stainless-steel pan. Arduino Uno
is used for data acquisition, PC is used to write Matlab program for Arduino to read analog
temperature directly from thermistors, five 100K resistors are used to resist the flow of sensor
signal to ground, and breadboard is used to construct the circuit on it. And also, other devices
like a digital multimeter, Infrared temperature sensor, cutter, pliers, screwdrivers, and driller

are used to achieve the objective of this research prototype.

The user interface part of the system has different buttons for different commands. It has
eight pressure switches to give commands such as power ON/OFF, MENU, UP, DOWN,
TIMER, CANCEL, PRESET, and INJERA/WOT to the system for operation and the seven
segment display is used to show the values of temperature, power and time depending on
the input command. The LEDs glows for the different command to make the system more

understandable and user-friendly.

When the system is turned ON the buzzer sounds beep sound until the metal plate is placed
over the system and if there is no metal the system automatically turns OFF the system after

10 seconds to save the power.

(a)

Figure 3.9: Stainless steel plate of 35 cm diameter

Figure [3.9a shows the 35 cm diameter stainless steel plate being heated and the temperature
sensors placed along the diameter of the plate to measure temperature at each point shown

in Figure [3.9b] The sensors are placed 7cm apart from each other along the diameter of the
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plate and the temperature data at each point is plotted on Matlab to analyze the heat pattern

on the plate. Figure [3.10a] shows the 45 cm diameter cast iron plate being heated and the

4 whuars
©® 2880 60

20
(a) (b)

Figure 3.10: a) Cast iron plate of 45 cm diameter b) Temperature measurement

temperature sensors placed along the diameter of the plate to measure temperature at each
point as shown in Figure [3.10b] The sensors are placed 9cm apart from each other along the
diameter of the plate and the temperature data at each point is plotted on Matlab to analyze

the heat pattern on the plate.
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CHAPTER FOUR
RESULTS AND DISCUSSIONS

This chapter presents the simulation and hardware results to assess the effectiveness of the
proposed system for distributing heat uniformly along the radial direction of induction mi-
tad. In this section, a graphical representation presents the result of calculated quantitative

performance measures from analytic and numerical simulation.

4.1 Power Conversion Result
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Figure 4.1: Switching signal

Figure shows the switching pulse applied to the switching device (IGBT) generated by
the PWM generator. The switching pulse is generated by a pulse width modulation mecha-
nism in which a low-frequency sinusoidal signal is compared to a high-frequency saw-tooth
signal to generate a switching frequency of 24KHz, to generate high-frequency voltage and
current applied to the induction coil.

The LC filter shown in Figure[3.5] filters the rectified output voltage of the full bridge rectifier
and generates smooth DC voltage shown in Figure The filtered DC voltage from the full
bridge rectifier has been sent to the FB-SRI to be converted to high-frequency AC. Finally,
the FB-SRI produces 230V and 8.73 A RMS high-frequency voltage (Vout) and current

(Iout). The waveforms of Vout and Iout are shown in Figure 4.3 The FB-SRI switching
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frequency has been determined as 24 kHz using the relationship f, = 3 1
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Figure 4.2: Filtered DC voltage
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Figure 4.3: Wave form of output Voltage and Current
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4.2 Heat Distribution Result

Eddy current distribution in the plate
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Figure 4.4: Eddy current distribution of 35 turns coil

Figure {.4] shows the eddy current distribution along a radial direction which generates heat
in the plate by the joule effect. This eddy current is generated by applying high-frequency
AC to 35 turns coil winded uniformly with 8mm spacing between each turn as shown in
Figure .6] The thickness of the stainless steel plate and the gap between the coil and plate
is Smm and 6mm respectively with a 24KHz frequency. From the figure, it can be observed
that the eddy current distribution along the radial direction is uniformly distributed with a

magnitude of around 2x107A.

25 X 107 Skin depth at r=0.15m
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Figure 4.5: Eddy current penetration depth

48



Figure {.5 shows the skin depth at r=0.15m of eddy current shown in Figure #.4] The pene-
tration depth (skin depth) is similar along the radius of the plate and this improves the eddy
current distribution and makes the heat distribution uniform. Since the skin depth of the eddy
current is similar along the radius of the plate, the current penetrates the plate uniformly and
the heat generated in the plate also become uniform. As discussed in chapter two, the skin
effect which is determined by the skin depth depends on the magnetic field frequency, con-

ductivity, and permeability of the working plate.

In this study, the frequency of the current supplied to the coil is 24kHz and if a stainless-steel
plate which has 10°mho conductivity and 1000-1800 relative permeability is used, by taking

the average value of relative permeability the skin depth is calculated as:
_ 2 _ 1

6= \/m - \/71 fuc
1

_ 1 _
0= \/ﬂ?fllG - \/3.14x24x103x1400x4x3.14x10*7x106

& = 8.687x10 > mm ~ 0.1mm

Also, from the numerical result of the eddy current shown in Figure [4.12a] the eddy current
skin depth is around 0.1mm as shown in Figure[d.5] Therefore, the analytical and numerical
solutions are similar and verified.

Uniform spiral coil
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Figure 4.6: Uniformly spaced induction coil

Figure [4.6|shows the uniform spiral coil placed under the plate to generate a high-frequency
eddy current. The coil arrangement is the base for eddy current density and heat distribution.

To have uniform heat distribution, the coil span has to be arranged optimally.
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55 X 107 Eddy current at z=0, down boundary
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Figure 4.7: Eddy current distribution along radial direction at lower boundary

Figure shows the eddy current at the lower boundary which penetrates the plate and
generates heat in the plate. The fluctuation at the top of the graph is due to the space between
each coil. As the coil span increases the eddy current becomes more fluctuating and similarly,

when the coil is very dense the eddy current will be smooth.

Temperature distribution in the plate
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Figure 4.8: Temperature distribution in the whole plate

Figure[d.8] shows the simulation results for temperature distribution in the radial direction of
a plate and along the thickness of the plate. As it can be seen from the figure, the temperature
difference between the maximum and minimum value is less than 15% which is very small
as compared to other literature values. From the figure, the yellow color shows the high-

temperature area while the blue color shows the area with low-temperature.
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Temperature along radius at upper boundary
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Figure 4.9: Temperature distribution on the top of the mitad plate.

Figure [4.9) shows the temperature distribution at the upper boundary (at z=0.005) which is
the temperature needed to bake injera along the radial direction. From this figure, it can be

seen that the temperature of the plate varies by less than 15%¢ from center to edge.

Circular temperature distribution
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Figure 4.10: Circular temperature distribution

Figure {4.10| depicts the circular temperature distribution of the induction plate. Rather than
concentrating in a tiny ring, the temperature dispersion covers a larger region of the induction

plate, considerably improving the induction mitad’s heating efficiency.

Figure d.T1| shows the thermal flow at the boundary of the system and it depicts there is very
small heat transfer to the environment from the upper and right boundaries. The thermal

flux is zero at lower and left boundaries due to insulation and axis of symmetry respectively.
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Figure 4.11: Heat transfer at boundaries

Therefore, at these boundaries, the heat transfer is very small(order of 10_7) as can be seen

from the figure.

Eddy current distribution in the plate 200 65 turns of spiral coil with uniform spacing
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(a) Eddy current distribution (b) 65 turns coil

Figure 4.12: 65 turns coil and corresponding eddy current distribution

Figure[4.12a)shows the eddy current distribution along a radial direction which generates heat
in the plate by the joule effect. This eddy current is generated by applying high-frequency
AC to 65 turns coil winded uniformly with 4.4mm spacing between each turn as shown in
Figure 4.12b] For the same thickness of the plate, the gap between the coil and plate and
frequency, as in the previous problem the eddy current magnitude is increased due to the
densely winded coil. The top of the eddy current is smooth as compared to the previous one.

This is due to magnetic field concentration resulting from many numbers of turns. From
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Figure, it can be concluded that the coil span affects the eddy current distribution. When the
coil is winded with many numbers of turns, the eddy current becomes smooth and there is

no fluctuation on the top of the eddy current along the radial direction.

Eddy current distribution in the plate
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Figure 4.13: Non uniform coil spacing and corresponding eddy current distribution

Figure [4.13a] shows the non-uniform eddy current distribution. It is generated by dividing
the radius of the plate in to four regions as shown in Figure 4.13b] The coil is spaced in such

a way that the eddy current increases at the edge of the plate to improve the temperature at

that point. The four regions are:
1*" region =0.015+8turns x 0.00325=0.041m
2" region = 10turns x 0.0053 = 0.053m
37 region = 18turns x 0.0064 = 0.1152m
4™ region = 25turns x 0.0036 = 0.09m
Total radius = 0.299m

The thickness of the plate used for this result is Smm with 24KHz frequency. Since 25 turns

of the coil is placed at the edge, the eddy current generated at this point is high which in turn
produces high heat at the 4" region as shown in Figure

Figure {.14] shows the temperature distribution at the upper boundary (top of the plate) gen-
erated by the eddy current shown in Figure d.13al The temperature is high at the edge due
to the high eddy current distribution at this point. From this, it can be concluded that the

temperature distribution is an image of eddy current and is highly affected by coil position.

Figure d.15]depicts the circular temperature distribution of the heat generated by nonuniform

coil spacing. Figure [#.15a) shows the heat distribution of the coil with more turns at the edge
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300 Temperature at upper boundary
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Figure 4.14: Non uniform temperature distribution at top of mitad
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Figure 4.15: Heat distribution for different coil structure

and as a result high heat at the edge of the plate. Figure d.15b| shows another arrangement of
the coil with non-uniform spacing and the heat distribution is like a ring in the middle. This
is due to the greater number of turns of the induction coil and hence eddy current distribution
at that point. The temperature distribution on the plate surface depends on the distribution of

eddy current under the plate.

Figure[d.16a]shows the eddy current generated by 65 turns, Smm spacing, 4mm gap between
coil and plate, and 24KHz frequency. The improvement here is that the diameter of the coil
is greater than the diameter of the plate. This improves the problem of low eddy current
and heat at the edge by increasing the magnetic field linking the plate. The magnetic field

chooses the path with less magnetic reluctance and since the magnetic reluctance of air is
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Eddy current distribution in the plate %107 Eddy current at down boundary
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Figure 4.16: Eddy current distribution in whole plate and at lower boundary

greater than plate reluctance, the field flows to the plate from the side as shown in Figure

M.T7)and this increases the field alternating in the plate and hence increase the eddy current

generated at edge point.

Induction
coil

Magnetic
field

Figure 4.17: Magnetic field flowing toward plate from side

Figure [4.16b] shows the eddy current at the lower boundary which penetrates the plate and
generates heat in the plate. It rises fast and becomes uniform under the plate. It is magnitude
is around 3x107A /m? and almost uniform along the radius of the plate except for the center of
the plate. The fluctuation at the top of the eddy current is due to the space between each coil.
As the coil span increases the eddy current becomes more fluctuating and similarly when
the coil is very dense the eddy current becomes smooth. Figure {.18] shows the simulation
results for temperature distribution in the radial direction of a plate generated by eddy current
shown in Figure[d.16al As it can be seen from the figure, the temperature difference between

the maximum and minimum value is around 2 °C which is very small as compared to other

literature values.
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Temperature distribution in the plate
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Figure 4.18: Temperature distribution along radius
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Figure 4.19: Circular temperature distribution

Figure .20 shows heat distribution on the top of the plate for different materials. It shows
heat generated by 35 turns of the coil, Smm spacing between each turns, and 4mm gap be-
tween coil and plate with 24 kHz frequency of coil current for different material to analyze
the effect of thermal conductivity on heat distribution. From the figure, cast iron with thermal
conductivity of 5S8W/mK exhibits a more uniform heat distribution compared to others. The
difference between the maximum and minimum value is around 2.139°C. Stainless steel pro-
vides uniform heat distribution than pure steel due to its ability to retain heat. The minimum
temperature difference obtained with stainless steel is around 8.21°C and this is less uniform

compared to cast iron with other parameters constant. The last type of metal considered is
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steel with thermal conductivity of 54W/mK as given in Table 2.1 The minimum tempera-
ture difference attained with steel plate is around 21.291°C which is very nonuniform heat

distribution.

T °C for different metals with different thermal conductivity
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Figure 4.20: Heat distribution for different thermal conductivity

Figure [4.2Ta) shows the eddy current distribution of double layer winding generated by 66
turns of the coil. The eddy current strength is very high compared to the single-layer winding
discussed above. From the figure, the eddy current magnitude is around 13x10’A/m? which
is much greater than the eddy current generated by single layer winding. This high magnitude
of eddy current improves high heat generation in the mitad plate which in turn improves the
heating time. However, due to the high heat generated in the plate and the small thickness of
the plate, it may cause bending of the plate or might be beyond the curie temperature value
of the plate and may result in the destruction of the plate. To eliminate over heating of the
plate efficient temperature control system is required. And also, due to the many numbers of

turns winded, the cost of production increases and it is not economical to use it.

Figure [4.21b| shows the eddy current at the lower boundary (bottom of the plate) generated
by 66-turn double layer winding. As it can be seen from the figure the magnitude of eddy
current at the bottom of the plate is high as compared to single-layer winding. This enhances

the system to attain high temperatures within a short period.

Figure {.22] shows the upper boundary temperature of 66 turns double layer winding with
Smm thickness of plate, 4mm gap between coil and plate, and 24KHz frequency. From the

figure, it can be seen that the temperature value is increased to around 725 °C which is more
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Figure 4.21: Double layer eddy current in whole plate and at lower boundary

than three times the single layer winding. It is better for fast heating but it is beyond the
required temperature value for baking injera and this may cause the destruction of the plate

depending on the type of material due to very high temperature beyond curie temperature

value.
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Figure 4.22: Double layer winding heat distribution along radial direction

Figure 4.23] depicts the double layer winding circular temperature distribution in the induc-
tion plate. Rather than concentrating in a tiny ring, the temperature dispersion covers a

larger region of the induction plate, considerably improving the induction mitad’s heating

efficiency.

Figure 4.24] shows the temperature distribution at the upper boundary for the 3mm distance

between the induction coil and plate and the 3mm thickness of the plate. From the figure,
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Figure 4.23: Double layer circular temperature distribution
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Figure 4.24: Upper boundary temperature for 3mm distance between coil and plate

the temperature distribution is less uniform compared to the 6mm gap with a Smm thickness
of plate discussed before. As shown in the figure the difference between the maximum and
minimum temperature value is 18 °C and also the temperature value is decreased below the
required value. This is due to magnetic field distortion caused when the coil and plate are
very close to each other and magnetic field opposition caused by eddy current to the original
field. Figure[d.25] presents the temperature distribution for a large distance between coil and
plate. When the distance between the induction coil and plate is 8mm the temperature value
decreases to 129 °C due to the weak magnetic field linking the plate and it is not enough to

bake injera with this temperature. From this, it can be concluded that the eddy current and
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temperature distribution are affected by the distance between the coil and the workpiece.
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Figure 4.25: Temperature distribution for 8mm distance between coil and plate
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Figure 4.26: Temperature distribution for 8mm thickness of plate

The thickness of the plate has a great impact on the temperature and eddy current distribu-
tion. Figure [4.26] shows the effect of the thickness of the plate on temperature distribution.
The thickness of the plate simulated here is 8mm and when the thickness increases the tem-
perature distribution becomes more uniform as the plate heats up slowly. However, the value
of temperature decreases as the eddy current penetration is small when compared to plate
thickness and this increases the time to heat up and the weight of the system which is not

desired.
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4.3 Experimental Results
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Figure 4.27: Temperature measurement from five sensors for 100 sec

Figure shows the temperature data measured for 100 seconds from five sensors placed
along the diameter of the stainless steel pan. The system is turned on simultaneously to plot
live data on Matlab and from the figure, the temperature rises with fluctuation initially and
becomes uniform as the time increases.
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Figure 4.28: Temperature measurement from five sensors for 300 sec

Figure [4.28| shows the temperature data measured for 300 seconds(5 minutes) from five sen-
sors placed along the diameter of the stainless steel pan. The system hardware and Matlab
code are turned on simultaneously to read and plot live data on Matlab. And from the figure,
the temperature rises with fluctuation initially and becomes uniform as time increases. When

compared to 10 seconds and 100 seconds the heat distribution uniformity is better for 300

seconds.
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Figure 4.29: Temperature measurement from five sensors for 600 sec

Figure [4.29 shows the temperature data measured for 600 seconds (10 minutes) from five
points placed along the diameter of the pan. As shown in the figure the temperature at five

points rises with fluctuation at an initial time and becomes uniform as the time increases.
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Figure 4.30: Temperature distribution along the radius of 35 cm diameter plate

When compared to traditional electric injera mitad, within 10 minutes it is impossible to get
injera baking temperature. Figure [4.31] shows the heat distribution along the diameter of 36
cm stainless steel plate recorded by five thermistors and plotted on Matlab. From the figure,
it can be seen that the temperature value at each point increases and fluctuates around 200 °C
and this is due to vibration during a dry test of the plate. When compared to a small diameter
pan the temperature value is decreased as in the case of a small diameter plate the magnetic
field from all directions is concentrated on a small area. But when the size increases the field

is distributed and there is a small reduction in temperature value. Figure [#.32] shows the heat
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Figure 4.31: Temperature distribution along the radius of 35 cm diameter plate
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Figure 4.32: Temperature distribution in the cast iron plate for 100 seconds

distribution along the diameter of a 45 cm cast iron plate recorded for 100 seconds. Here,
the temperature is around 200 0C with sensor inaccuracy. from this, it can be seen that the
system is fast enough to generate the heat required to bake injera within 100 seconds but it
needs more time to be uniform. Figure [4.33] shows the heat distribution along the diameter
of a 45 cm cast iron plate recorded for 300 seconds. As can be seen from the figure, the
heat distribution uniformity increases with time. When time increases the temperature read-
ing from five sensors starts overlapping and reduces fluctuation. Generally, the simulation
and hardware results of the system are presented and analyzed. The system performance
for different parameters and materials is tested and a promising result is obtained. There

are some compromises between simulation results and hardware results due to measurement
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Figure 4.33: Temperature distribution in the cast iron plate for 300 seconds

inaccuracy, lack of exact specifications of materials, and sensor noise. To make the system

(b)
Figure 4.34: Injera baking test a) while baking b) baked injera on the plate

more efficient, it needs special production of materials like plate, Litz wire, and frame. Even
though there is some gap between simulation and hardware results, there are a lot of im-

provements such as low power consumption uniform heat distribution of heat, fast start-up

heating time, and lightweight.

Figure 4.34] shows the injera baking test on proposed system. From the test, it can be con-

cluded that the designed induction mitad can provide required temperature and uniform heat
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distribution and as a result, Injera with its beautiful texture and flavor can be baked by op-
timal induction injera mitad using cast iron work piece provided that the cast iron surface

must be well treated to reduce sticky problem.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION
5.1 CONCLUSION

Injera will continue to be the staple food of Ethiopians for years to come. Nowadays, biomass
is the main energy source used for baking injera followed by electricity. As seen in differ-
ent literature, the energy consumption of existing traditional electric mitad is around 60% -
70% of the total household demand which initiates research and development work for im-
proved injera baking system. Electricity-based mitads are a sound alternative for the energy-
inefficient traditional three-stone open fire mitad. However, also their energy efficiency has
to be improved drastically to prevent an overload on the electricity grid. To improve this
efficiency optimal design of induction injera mitad with uniform heat distribution has been
studied. In this thesis, various aspects related to induction injera mitad temperature distribu-
tion have been comprehensively investigated and studied, including magnetic field, thermal
field, power conversion, and critical radius of insulation. The research provides meaningful
theoretical findings as well as feasible application solutions for induction heating appliances
for baking injera. To develop a uniform heat distribution a numerical optimization has been
applied and the optimal parameter is determined. A good distribution of eddy current and
hence heat along a radial direction of mitad is obtained. The analysis is performed for several
coil arrangements, the gap between coil and plate, and different thicknesses of the plate, and
shows that heat distribution is affected by various parameters. Matlab/Chebfun simulation
is applied to observe the eddy current distribution, heat pattern along the radial direction,
and circular field of the cooking plate. From the simulation result, the heat distribution is
more uniform when the coil diameter is larger than the plate diameter. This is due to the
electromagnetic field linking the plate from the edge in addition to the underside of the plate
and this increases the heat at the edge which is always heated lower than the center due to
diffusion. This thesis also presents the mathematical approach to determine the critical ra-
dius of insulation to reduce heat loss to the environment from the side of the mitad. It is
concluded that the optimal heat distribution is obtained with 65 turns, Smm spacing between

each turn,6mm gap between coil and plate, and 24KHz frequency of the current flowing in
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the induction coil with coil diameter greater than plate diameter by three or four turns. And
with these optimal parameters, the temperature difference between the maximum and min-
imum value is reduced to less than 2 °C as well as the power consumption of the system is
reduced by half when compared to traditional electric injera mitad. From hardware result,
the maximum power consumption of proposed system 2KW which is half of the comercial
injera mitad. So, the proposed system power consumption is reduced to 50% when compared
to traditional electric injera mitad and improves the country’s power efficiency. Every house-
hold uses electric injera mitad where there is electricity and if optimal induction injera mitad
is replaced a remarkable reduction in power consumption and hence very low elctricity cost
will be attained. And this improves the life standards of the society and enhances the growth
of country by providing saved energy for other production sectors. Also, the temperature
difference between the maximum and minimum value is less than 10 °C. The difference
between hardware result and simulation result is due to inaccuracy of material used for hard-
ware part and also calibration materials. Additionally, the start-up heating time is reduced to
5-7 minutes to generate the temperature required for baking injera which is fast and makes

the system efficient.

5.2 Recommendation

Injera baking is power consuming activity that needs efficient cooking devices and complex
activity by its nature as it is affected by various parameters. Therefore, it is difficult to
improve all things simultaneously. The thesis focuses more on thermal distribution along the
ray of mitad and most of the analysis performed in this study is on heat distribution. The
power conversion system is not discussed deeply in this study so it is recommended to further
study the power conversion part of the system along with heat distribution. Even though the
uniform heat distribution is achieved with a very minimum temperature difference, the sticky
problem has not been considered in this study. Therefore, future researchers can further
consider the sticky problem to make the system more reliable and preferable. The critical
radius of insulation is determined for the side of the mitad but it is better if determined for

the bottom of the mitad as there is small heat transfer from the bottom.
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APPENDICES

Appendix A: Bessel Functions

Bessel function appears in a wide variety of physical problems. Bessel functions and closely
related functions form a rich area of mathematical analysis with many representations, inter-
esting and useful properties, and many interrelations. In standard form, Bessel’s equation is

either written as

2dy+x Y+ (=) y=0,

dx?

or given as
d 2 0
dx2 )16 di (1 ;2 ) y '

Where the real parameter v determines the nature of the two linearly independent solutions

of the equation. A more general form of Bessel’s equation that arises in many applications is
2d &5 +xdy + (A% =)y =0,
Or equivalently
Ty xdy +(/1 V—2>y:0.
Their general solution is
y = CJ,(Ax) + DY, (Ax)

In which J,(x) is named Bessel functions of the first kind of order v, ¥, (x) is the Bessel
function of the second kind of order v. When the order is an integer (v=n), the following

relationship is true.
J_n(x) = (=1)"J,(x).

The Bessel function of the second kind Y, (x) is defined as

When v is an integer n or zero
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Y,(x) = limY,(x)

v—n
The series expansions for J,(x) and Y, (x) are

Jn( ) =x" Z Zk( l)kXZk
+nj 1
X)=x (= 2 (k)]

(ST
sl\=

—np—1
—k—1)! k
kgo - 7 ) (=52 +2In3J,(x)

() = ¢

1.2

—@;‘) éo{w(kJr 1)+ y(n+k+ 1)}5{!’(5—;))’!‘

Some special values for J,,(x) and ¥, (x) are

lim J,(x) =0, [n=0,1,2..],

x—>00

limY,(x) = —e, [0 =0,1,2...],

x—0

lim ¥, (x) =0, [n=0,1,2..],

X—r00

The Fourier Bessel equation can be expresses as

F(a')= [y F(a) [y Ju(ar)J,(a'r)ardrda

Appendix B: Induction load calculation

The mathematical modeling of the domestic IH coil and its load has been done with the
help of a transformer equivalent circuit in which the IH coil is treated as a primary winding
and the object/pan which is to be heated is treated as a secondary winding with single turn

consideration. By applying KVL at primary and secondary side
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Vin = JOLpliy — jOMI, —V, = — joMI;, + joLgl,
Evaluating Iy in terms of [;,

_ _JjoM g _V
I, = m[m and R; = ”/]m

Substituting the value of [y from equation
Vo= (JoLy+ 5220 ) i
Equation can be written in terms of impedance (Z;;,)
Zin = (ja)Lp+ %)

Since the primary side inductor is non coupled single inductor, expanding second term of

equation we get

2142 2002 ; 2102 2 2
LN o*M? _ o*M? _RL—joL -\ _RpeotM® . 0"LM”
Z(jo) = RitjoL, — R +joL, R, —joL, Z(jo) = R+l 1O\ Rt 02

By equating real part to real part and imaginary part to imaginary part,

R — Ry 0*M? _ _o’LM?
€4 7 Ri24+jo?Ly T T Ri2+jw’L?

Equation and gives the value of equivalent resistance R, and inductance L.,. A resonant

capacitor C,, is connected in series to create resonance condition.

Appendix C: Simulation parameters

No | Parameters Value
1 | Filter inductor ImH
2 | Filter Capacitor 3.8uF
3 | Equivalent load resistance | 24
4 | Equivalent load inductance | 20uH
5 | Equivalent capacitance 0.8 uF
6 | Switching frequency 24KHz
7 | Output power 2.6KW
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Appendix D: Sample Matlab code

hoth
clear all; clc

set (0, 'defaulttextinterpreter','Latex');

tic,
th = 0.005; %» the plate thickness , m
radius = 0.295; %» the plate radius

interRadius = 0.015;

interDis = 0.008;

dis = 0.006; %» the distance (coil, plate), length
fr = 24%10°3; % hz

omega = 2x*pix*xfr;

permVac = 4xpi*x 10°(-7) ; 7 the vacuum permeability
permRel = 1500;

perm = permVacx*permRel;

cond = 10.1°6;

Current = 10; % Coil Currnet

alpha = 10000;

domain = [0 0.28 0 thl;

rl= interRadius: interDis:radius;

oo

alphal = @(x,r,z) sqrt(x.”2 + lj*omega*perm*cond) ;

num = Q@(x,r,z) (exp(-alphal(x,r,z) .*(th-z)) .*x(alphal(x,r,
z)-x) + exp( alphal(x,r,z).*x(th-z)) .*(alphal(x,r,z) + x
)5

den = @(x,r,z) exp(alphal(x,r,z).*th).*x(alphal(x,r,z) + x)

.72 - exp(-alphal(x,r,z).*xth) .x(alphal(x,r,z)-x)."2;
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tic
i
f = @(x,r,z) Dbesselj(l,x*xr1(i)).*besselj(l,x.*r).*exp
(-x*dis) .*x;
Temp = @(r,z) sum(chebfun(@(x) f(x,r,z) .*num(x,r,z)
den(x,r,z), [ 0 alphal));
Flux = chebfun2(@(r,z) perm*xCurrent*rl(i)*Temp(r,z),
domain, 'vectorize','on');
H=H + Flux;
toc
end
coilgretr_bmmthc_6mmgp_48mmspc_24khz= 1j*xomega*cond*H;
plot (abs(coilgretr_bSmmthc_6mmgp_8mmspc_24khz)) ;

save coilgretr_bmmthc_6mmgp_8mmspc_24khz
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