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Preface

There are large amount of salts or organic acids are present as electrolyte in liquid food
conducting materials. If the electric current passes through these liquid foods, electrical
energy will be changed into heating energy by using the electrical conductivity of liquid
food conducting materials, which is called ohmic heating. Ohmic heating overcomes the
deficiency of traditional heating as it realizes material heating without temperature gradient,
and the purpose of uniform heating throughout is achieved directly. It has advantages of
rapid heating; no heating surface is required, easy control and environment friendly. It can
achieve high temperature sterilization rapidly for liquid-solid mixing foods containing
particles. So, the ohmic heating technology is considered to be one of the most potential
heat treatment technologies in food processing, but it has serious problem associated with
electrode corrosion and contamination into the processed liquid food conducting material

under power frequency alternating current (50/60 Hz) heating.

In the literature review, an ohmic heating experiment using a continuous ohmic heating
device to heat skim milk was also discovered. The results showed that while pollution and
corrosion on electrode surfaces were not significantly reduced when liquid flow rate was
increased, they were reduced when power frequency was high. Therefore, it has been
determined that using high frequency alternating current the corrosion problem can
eliminate in ohmic heating process. Hence to minimize this corrosion of electrodes a high
frequency power source instead of 50 or 60 Hz is being proposed here. The variable high
frequency power source is not readily available in market; also it is not established at what
frequency is required to stop the electrode corrosion, so a research in this field is needed. In
view of this, a novel high frequency square wave inverter (H-bridge and Push-pull using
ferrite core transformer) with a variable frequency provision has been developed using solid
state components and power switches such as MOSFETSs for heating a liquid non-linear
load-resistance (R) of liquid-food conductor (Green Coconut water, orange juice, sugar cane
juice etc.). Finally the simulated liquid food is being heated by this high frequency ohmic
heater and it has been found increasing the frequency reduces the electrode corrosion.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)
analysis were used to look at deposits that developed on the electrode surface and metal ion
migration into the heating solution. Inverter driver finally was modified with a
microcontroller (Arduino Uno) to generate precise Pulse Width Modulation (PWM) signals

for controlling the power switches. The inverter’s design and implementation process



typically follows a two-phase approach: software simulation of driver circuit and hardware
realization. This ensures that the circuit functions optimally before physically constructing
the system. The primary objective of the simulation phase is to verify the feasibility of the
inverter’s operation under different conditions. When preparing food using ohmic heating,
electrical conductivity can be utilized to track significant changes in the product. The
electrical conductivities of a few chosen liquids and fruit juices—apple, orange, and sugar
cane were measured while they were being heated. A wide range of processing
temperatures, from 20 to 50°C, was used to measure the various characteristic of different
food samples reported here. Experimental analysis has been done that how the electrical
parameters of various food materials change with the supply frequency. Mathematical
model and simulation of the push-pull inverter developed using a ferrite core transformer,
have also been carried out for the system to compare simulation results with the practical

output.
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Chapter-1
INTRODUCTION

1.1 General introduction
Ohmic heating, in which liquid food is heated using electrical energy, is essentially a form of
resistive heating. If R is the resistance of the food solution or liquid beverages, then electrical
power dissipated in the beverage is-
Pelectrica= I°R (1.1)
Where, I= Electrical current passing through liquid food material.
Heat balance equation is as given below:
I’Rt = mS(6,-01) (1.2)
Where,
m= Mass of the food or liquid beverages
S=Specific heat
0:=Initial temperature of the beverages
0,= Final temperature of the beverages

t= Time period of heating

The presence of salts and acids in liquid food products enhances electrical conductivity,
enabling efficient ohmic heating [1]-[7]. However, electrode corrosion is a challenge,
particularly with low-frequency AC currents. Research suggests that:

a) Higher frequencies reduce corrosion.

b) AC-induced electrolysis contributes to corrosion.

¢) Voltage frequency and amplitude impact corrosion behavior.

Understanding these factors is crucial in designing effective and safe ohmic heating
systems for food processing exploring electrode materials, frequency optimization or
corrosion mitigation strategies which aids further to this work.

Ohmic heating is an innovative technique gaining momentum, especially in food processing
technique. Its potential benefits include:

i) Rapid heating

ii) Uniform temperature distribution



iii) Energy efficiency

The significance of frequency is in ohmic heating performance, particularly regarding
electrolysis and gas evolution. Researching optimal frequency range could enhance the
effectiveness of the technique and safety prospects to explore applications, benefits or
challenges of ohmic heating further. Therefore, research regarding how frequency affects
ohmic heating performance must be prioritized. The effectiveness of the technique depends
on factors like electrical conductivity, which varies with salt content in juices. This work aims
to develop an electrical power supply for ohmic heating, which could largely benefit the food
industry by a study to design considerations, applications or potential challenges in
implementing ohmic heating for liquid beverages [8]-[16].

Latest studies have emphasized system scale-up operation at higher frequencies (in the
kHz range), the development of corrosion-resistant electrode materials, and the use of
predictive computational tools to support continuous industrial-scale processes. Despite these
advances, electrode degradation and the risk of metal leaching remain the major challenges
preventing broad commercial adoption in this sphere [17]-[35]. Even though low frequency
ohmic heater is common and easier to design, the use of heavy transformers and expensive
inert electrodes are required in order to prevent electrolysis to happen. On the other hand, the
high frequency ohmic heater allows the use of much more light weight magnetic devices and
cheaper electrodes. In this study, it has been discovered that increasing the frequency
minimizes the corrosion in the process of ohmic heating of liquid conducting system for a
particular electrode.

1.2 Objectives of the work
This study and design considerations, applications and potential challenges in implementing
ohmic heating for liquid beverages needs the following-
e Study and design considerations, applying a higher frequency greater than 50Hz
power inverter is suggested here for experimenting in ohmic heating to reduce electrode
corrosion and the size of power supply.
e Study and design considerations, application of different driver circuit for
experiment in switching operation of MOSFET-inverter at various frequencies for stable

operations.



e Study and design considerations, applications and experiment to find out the
frequency where the corrosion of electrodes in ohmic heating for liquid beverages is
totally eliminated.

1.3 Contribution of the thesis

The following works have been performed under this thesis:

1. Different variable high frequency gate drivers has been designed and developed with

various integrated circuits (IC) and solid-state components for inverter.

2. Two different types of power inverters having variable frequency ; one is half bridge
(H-bridge) and another is push-pull inverter using ferrite core have been designed and

developed with various integrated circuits (IC) and solid-state components.

3. Designed and experimented Arduino Uno based driver using microcontroller
ATmega328P, 8-bit AVR (Advanced Virtual RISC) for push-pull inverter which
offers significant advantages including higher precision, faster switching speeds,
lower power consumption and better noise immunity.

4. The study of electrical conductivity in different liquid samples, including fruit juices:
Conductivity measurement is done and analytical method is adopted to understand
the ionization and conductivity properties of different liquids which are necessary
for ohmic heating process using developed high frequency inverter supply.

5. A mathematical model of push-pull inverter is designed and developed using a
ferrite core transformer used in high-frequency applications. This non linear model
has been implemented in MATLAB (Matrix Laboratory) and results and analysis are

computed for different frequencies to find solutions of experimental difficulties.
1.4 Thesis organization

The thesis is organized as follows and the research work outline is divided into seven

distinct chapters.

Chapter 1: The procedure of ohmic heating liquid beverages has been briefly described.
Ohmic heating is thoroughly reviewed in the literature, covering both contemporary and
conventional control techniques as well as heuristic approaches. The goal of the dissertation

(Design a high frequency power inverter having variable frequency provision), the rationale



behind the current endeavor, and the extent of the thesis' organization are all covered in this
introductory chapter.

Chapter 2: The objective of this chapter is to explain different approaches associated
with designing inverter driver circuits to control the MOSFETSs. A variable high frequency
gate driver has been designed and developed with various integrated circuits (IC) and solid-
state components. The salient components and features of this driver circuit developed are
discussed in this chapter. Power inverter (H-bridge) is proposed here.

Chapter 3: The design of high frequency power inverter having variable frequency
provision has been developed applying the gate driver signal. This power supply unit is
designed along with the copy of the data sheet style. Power inverter push-pull type using
ferrite core is proposed in this chapter. Details of the design calculations and experimental
results are also discussed in this chapter.

Chapter 4: The objective of this chapter is to design digital driver using microcontroller
for push-pull inverter which offer significant advantages including higher precision, faster
switching speeds, lower power consumptions and better noise immunity. Their ease of
integration with modern digital systems and reduced component complexity make them the

preferred choice for efficient and reliable circuit design.

Chapter 5: The study of electrical conductivity in different liquid samples, including
fruit juices is a significant tool across multiple fields. Conductivity measurement is a non-
destructive, quick and cost-effective analytical method making it widely applicable in
laboratory research and industrial applications discuss in this chapter. It is also an essential
tool in scientific experiments, where understanding the ionization and conductivity
properties of different liquids is necessary for ohmic heating processes using high frequency

inverter supply.

Chapter 6: The objective of this chapter is to design, develop and model a push-pull
inverter using a ferrite core transformer as this type of inverter is used in high-frequency
applications. The modeling results and analysis at different frequencies are presented in this

chapter.

Chapter 7: This chapter concludes with a summary of the thesis's overall effort and also
makes recommendations for the extent of future research on numerous facets of ohmic

heating using high frequency supply.



Chapter-2

REVIEW AND DEVELOPMENT OF HIGH-FREQUENCY
INVERTER OHMIC HEATING SYSTEM IN LABORATORY

2.1 Introduction

The design of ohmic heaters can be approached in two ways:

i) Low-frequency ohmic heaters: Easier to design, but requires heavy transformers and
expensive inert electrodes to prevent electrolysis.

i) High-frequency ohmic heaters: Allowed for lighter magnetic devices and cheaper
electrodes, reducing corrosion and pollution.

A high-frequency ohmic heater seems to offer advantages in terms of design and cost. The
study suggests that high-frequency (HF) power supplies can minimize electrode corrosion in
ohmic heating systems [36]-[45]. This is a valuable finding, as corrosion can impact system
efficiency and longevity. By adopting high-frequency power supplies, ohmic heating systems
could benefit from: Reduced electrode corrosion, increased system lifespan, improved overall
efficiency. This research aims to investigate the relationship between frequency and corrosion
in ohmic heating systems by designing high-frequency square wave inverter with variable
frequency provision, so that it can determine the optimal frequency to minimize or eliminate
corrosion, enhance the efficiency and lifespan of ohmic heating systems. Testing this inverter
with simulated liquid beverages will provide valuable insights into the corrosion behavior.
The development of high-performance driver circuits for inverter is crucial. Research and
testing are necessary to ensure reliable and efficient operation. Some key considerations for
driver circuit development include: Compatibility with power electronics switches, high-

frequency operations, efficient switching and protection features.

Developing a high-frequency inverter power supply is crucial for ohmic heating systems
to effectively kill bacteria. The challenge lies in creating an inverter with cutting-edge
technical characteristics, specifically: High-frequency AC output (up to several kHz) &
reliable power electronics switches and driver circuits. Laboratory testing and research are
necessary to overcome these challenges and make this technology commercially viable. This
work also discusses the design considerations, potential applications, or challenges in

developing this technology further.



In the field of power electronics, the term inverter refers to a category of power
conversion (or power conditioning) circuits that operate from a direct current (DC) voltage
or current source and convert it into an alternating current (AC) voltage or current. An
inverter performs the inverse function of an AC-to-DC converter. Although the input to an
inverter is typically a DC source, it is often derived from an AC supply, such as a utility
grid. For instance, the primary power input may be an AC utility supply, which is first
converted to DC using an AC-to-DC converter, and subsequently inverted back to AC using
an inverter. In such cases, the final AC output may differ in frequency and magnitude from
the original AC input supplied by the utility.

Inverter can be broadly classified into two types:
a) Voltage Source Inverter (VSI) or Voltage Fed Inverter (VFI)
b) Current Source Inverter (CSI) or Current Fed Inverter (CFI)

The key points of these inverter topologies are, Voltage Source Inverter (VSI): Controls
output AC voltage, suitable for applications requiring voltage regulation. Whereas Current
Source Inverter (CSI): Controls output AC current, often used in applications requiring
current regulation. In VSI design, achieving output voltage waveforms, independent of load

is crucial for stability and performance.

Inverter can also be classified into single phase inverter and three phase inverter.

The three main realizations of inverter are in the following forms:
I) Half —bridge inverter, 11) Full-bridge inverter and I11) Push-pull inverter.

This chapter focuses on the specifics of the half-bridge inverter design, including: Design
procedures, driver circuit details, experimental results. These details will provide valuable
insights into the performance and potential limitations of the half-bridge inverter.

2.2 Single-phase half-bridge inverter (VSI)

The single-phase half-bridge MOSFET-inverter shown in Fig. 2.1 operates by turning on
SW1 (upper MOSFET) for T/2, applying Vpc/2 across the load and turning on SW2 (lower
MOSFET) for the next T/2, reversing current direction where T is the total time period of an
alternating wave. This switching pattern generates an AC output. Key considerations are
preventing simultaneous switching of SW1 and SW2 and generating Vpc from a 50 Hz AC

source using a bridge rectifier and filter circuit.



This work explores the control circuit design, bridge rectifier and filter circuit details
further.
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Figure 2.1: Half bridge MOSFET-inverter circuit.

2.3 Design of driver circuit for half bridge inverter

High-frequency inverter is crucial, and driver circuit design plays a pivotal role in achieving
reliable and efficient operation for ohmic heating process to determine the frequency that
eliminates corrosion. Therefore the key factors to be considered here are driver circuit design
for high-frequency operation and inverter performance and reliability. This work discusses
the driver circuit design considerations or potential experimental approaches further. The
driver circuit needs to be designed or modified to; allow frequency adjustments under load
and enable duty cycle changes under load. This will provide the flexibility to optimize the
inverter's performance for corrosion reduction in ohmic heating application. Hence the key
design considerations include:

a) Dynamic frequency control
b) Duty cycle adjustment

¢) Reliability under varying load conditions

The primary function of a driver circuit is to generate a control voltage signal with varying
frequency and pulse width, switch the power electronics switch on and off efficiently.

Therefore the key design goals are low cost, fast turn-on and turn-off time and minimize



power dissipation during switching. The driver circuit's role in the on-state; providing
adequate drive power (e.g. gate-source voltage for MOSFETS) to minimize conduction
losses, ensuring the power switch remains in the on-state. In the off-state; providing reverse
bias to minimize turn-off time, preventing unintended triggering due to stray transient
signals. This ensures efficient and reliable operation of the power switches. This work
explores specific design considerations or techniques for achieving these goals further [46].
To explore the driver circuit solutions for MOSFETSs or IGBTSs in inverter applications the
key aspects are performance analysis under various conditions, parasitic component effects
and transient and extreme operating conditions. The design procedures cover ground-
referenced gate drive circuits, high-side gate drive circuits and coupled and transformer-
isolated solutions. This research will help optimize driver circuit design for reliable and
efficient inverter operation. This work discusses specific design challenges, component

selections and experimental results further.

2.3.1 Choice of switching device

The selection of power switches depends on various factors:

i) Cost
ii) Availability of suitable ratings
iii) Ease of switching (on/off control)

iv) Forward voltage drop (impacting efficiency)

Ongoing advancements in power electronics introduces new devices and improve the
existing ones, offering better performance and capabilities. In this work specific power
switch options, application requirements, or design considerations has been discussed
further.



Various solid-state power switches are compared in the table below-

Device Turn -on Turn-off Rating Forward Switching
voltage drop time(ps)
(upper)
Thyristor Short duration gate Zero current or 1200V/1500A 1.5v 20
pulse voltage reversal
Triac As Thyristor As Thyristor 1200V/300A 1.7V 20
GTO As Thyristor Reverse voltage 1200V/600A 2.2V 25
gate pulse
BJT Application of base | Removal of base 400V/250A 1.1v 10
current current
Power As BJT but lower As BJT 900V/200A 1.5V 40
transistor as base current
Darlington
MOSFET | Application of gate Removal of base 600V/40A 1.2v >0.5
voltage voltage
IGBT Application of gate Removal of base 1200V/50A 3.0v >1

voltage

voltage

Table 2.1: Comparison of different type semiconductor switches.

MOSFETs and IGBTSs are suitable for high-frequency inverter applications due to voltage-

controlled operation that can be switched on and off by controlling the voltage across their

gate-source (or gate-emitter) junction, nearly zero gates current during on state and high-

frequency capability (1 kHz to 20 kHz or more). Their limitations include lack of reverse

blocking capability. Despite this, they're ideal for this work due to their high-frequency

performance. The specific design considerations, such as heat management or gate drive

design for MOSFETS or IGBTSs in this inverter application has been discussed further. They

have high input impedance; can switch at high speeds, and support high current capacities.

However, MOSFETs have a relatively high forward voltage drop and lower breakdown

voltage compared to IGBTs. The limitations of IGBTs are discussed below.
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1. IGBTs have lower switching speeds compare to MOSFETS, partly due to the tail current
effect they exhibit during turn-off, as shown in Fig 2.2. Higher switching losses compare to
MOSFETS, causes by the tail current effect.

2. Possibility of uncontrollable latch-up (stay on) under overstress condition (High dv/dt or
di/dt).

turn off
voltage

IGEBT current
MOSFET Current

IGBT tail current

Time

GBT turn off loss

Figure 2.2: MOSFET and IGBT turn off behavior.

Clear selection criterions for MOSFETs vs. IGBTs are MOSFETS Suitable for Low-voltage
(<300V), Low-to-medium power (<10kW) and high-frequency applications whereas IGBT
is advantageous for higher voltage requirements. Therefore for a high-frequency inverter
project MOSFETSs are chosen for their suitability.

2.3.2 MOSFET

Ideal switch characteristics are zero on-resistance, infinite blocking voltage, no parasitic
inductance, instantaneous switching and minimal energy for state change. Solid-state
transistors, like MOSFETS, closely approximate these ideals, enabling efficient power
switching circuits for various applications. Key requirements for switching devices are fast
switching times relative to operating frequency (<5% of period), suitability for high-
frequency operation (MHz range). MOSFETS, particularly n-channel enhancement types,
are well-suited due to fast switching times and majority carrier operation, eliminating
minority carrier recombination delays. Their characteristics make them ideal for high-
frequency switch-mode circuits. A cross-sectional view of an N-channel enhancement-type
MOSFET is shown in Fig 2.3.
10
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Figure 2.3: Structure of a vertical n-channel enhancement-type MOSFET and circuit symbol.

Theoretically MOSFET bandwidth limitations are channel length and charge carrier drift
velocity determines switching time. Example; 1-micron channel length vyields 12ps
theoretical switching time. Practical limitations parasitic capacitances (die structure), stray
impedances (packaging) and gate voltage change rate determines actual switching time.
These external factors, rather than inherent physics, limit MOSFET switching speed. This
research discusses gate drive design or parasitic mitigation strategies. Fig 2.4 shows the
approximate equivalent circuit model of a power MOSFET. In the equivalent circuit, the
various parasitic elements of the MOSFET are modeled as lumped components and these
are added externally to an ideal MOSFET.

Gate capacitance and it's Charging

Vos= 400

(Gate to source

0 12 24 35 48 60
Gate Charge (nC) [Qtotal]

Figure 2.4: Approximate equivalent input circuit of a MOSFET gate.
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Key factors for high-frequency MOSFET operation are gate resistance (Rg); distributed
internal resistance affecting switching speed, gate capacitances Cyq (gate-drain) and Cgs
(gate-source) form an RC (Resistance-Capacitance) network with Rq. Hence optimizing
high-frequency performance requires minimizing the gate resistance (Rgy) and gate

capacitances (Cyqand Cgs). This enables faster switching times and efficient operations.

The short circuit between the source and the substrate gives MOSFETSs an inherent
reverse diode. The inverter is presumed to never function in the capacitive mode (i.e., a
leading load current) in the MHz range. The reverse recovery ratings of the diode are
therefore unimportant because it can be assumed that the MOSFET's integral diode never
conducts at the end of the conduction period. A negative voltage across the MOSFET results
when the midpoint voltage swings below or above the corresponding rail voltage due to
excessive charge extraction from the midpoint during the dead time. At the start of the
conduction period, this can cause the internal diodes to conduct briefly before the current
reverses direction. The quantity of charge that passes through the diode at MHz frequencies
is much lower than the reverse recovery charge. The MOSFET then conducts forward
current normally when the current flowing through it reverses its direction. The charge taken
out of the diode is therefore returned by the forward current. The key points regarding
MOSFET turn-off and diode conduction; MOSFET turn-off dv/dt may be affected by charge
removal from the integral diode during conduction and Non-linear output capacitance
increases rapidly near zero drain-source voltage, preventing reverse diode conduction under
normal load conditions. These factors impact MOSFET behavior and diode conduction in
high-frequency applications. These works explores further the impact of output capacitance
and investigate specific load conditions [46]-[47]. The main objectives are investigating
feasibility of producing high-frequency power in the HF-band; maximize high-frequency
power output using two MOSFETs. Whereas the key considerations are maximize DC
power handling capability (Vps X Ip, Vps Drain to source voltage, Ip Drain current),
optimize MOSFET selection depends on high power ratings (500-600V region) and minimal
capacitances for high-frequency operations. This approach aims to achieve the highest
practical frequency and power output. Discuss specific MOSFET selection criteria and
design optimization strategies in more detail. Trade-offs in MOSFET selection depends on
higher current rating (larger die size) increases parasitic capacitances and Larger output
capacitance which is decreases upper operating frequency, reduces power output and
increases capacitive switching losses (non-zero voltage switching). Therefore balancing

current rating and capacitance is crucial for optimal high-frequency performance.
12



It is always possible to add external discrete capacitance if it turns out to be required.
When a MOSFET is switched at higher frequencies the primary limiting issue is driving the
gate capacitance. The power dissipation in the internal gate resistance and gate-driver
becomes problematic as the switching frequency is raised and the gate drive currents
become excessive. Therefore, for high-frequency operation the internal distribution gate
resistance, reverse transfer capacitance and gate-source capacitance should all be as low as
possible. The MOSFET should have the highest power dissipation capacity because this will
lower its operating temperature and improve its dependability when the load is mismatched.
Another specification of importance is the ability of withstanding large voltage slew rates
(dv/dt) at turn-off, higher operating frequency and higher current and higher supply voltage
[48]. There is a distinction between normal turn-off dv/dt and reverse diode recovery dv/dt,
whereas off-state dv/dt is not typically specified by manufacturers. Therefore, 100 V/ns for a
500 V MOSFET should be adequate for high-frequency operation. These researches discuss
design implications or specific applications requiring high dv/dt capability. The switching
performance will also be significantly impacted by any external stray impedance that is
introduced to the MOSFET as a result of packaging and layout. The packaging should
minimize the inductance of the gate, drain and source leads.

2.3.3 Switching losses

Switching losses in MOSFETs depends on Instantaneous power loss p (t) = Vps X Ip
during transitions, primary occurrence during crossover time (switching intervals) and
increased with frequency, impacting operating temperature. So, minimizing switching losses
is crucial for high-frequency inverter efficiency and maintaining MOSFET operating
temperature within limits. Explore strategies to reduce switching losses or discuss thermal

management for a high-frequency application is necessary [49].
e The sample calculation for switching loss is as follows:
Gate capacitance energy loss:

Energy store in equivalent capacitance Ceq is represented by 1/2(Vg5)2 x Cqq. Energy
dissipated in Ry during charging is same as stored energy. Hence total loss is (Vgs)2 X Ceq
(sum of turn-on and turn-off losses). This highlights the significance of gate capacitance and
resistance in MOSFET switching losses. Now, if the driver's frequency is set to f, the total
power needed (loss) equals (Vgs)2 x Cgq X f. Consequently, the gate drive needs to be

capable of providing this power, which is contingent upon the frequency f. Therefore, the
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need for gate drive power increases along with frequency. No ready-made inverter on the
market can be pushed higher than the frequency at which it was intended.

In another manner, the needed energy (E) is E=Vg*Qotar, Which must be delivered to the
switch's gate terminal by the driver source if Qi Charge is used as the input to turn on the
MOSFET. P= Vg x QuraX f is the power equation for the frequency f. An example of this is

provided below, assuming some random data.

e e.0.: Vg=15V,
Qtotat = 10nC,
f =200 kHz.

Hence required power for the gate of the MOSFET using above data is:
P = 15 x10x10x200x10°= 30mW.

So, it has been seen that if the frequency is increased the power required for the gate from

the driver circuit will also be increased.

2.3.4 Driving the inverter

There are different ways to design a driver circuit for an inverter to control MOSFETs. The
choice depends on factors like power needs, how fast it switches efficiency and complexity.
2.3.5 Principle of PWM

Electronic switches are found in an inverter. Thus, by executing multiple switching within
the inverter with a constant DC input voltage it may optimize the harmonics and manage the
output voltage. PWM works on the o/p voltage control principle.

2.3.6 Pulse Width Modulation (PWM) generator

Triangle AAAAAA
Generator +
PYWM
Modulation % _
Generator

Figure 2.5: Pulse Width Modulation (PWM) generator.
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The modulation generator generates a sine wave signal that controls the width of the pulses
in Fig. 2.5 and, consequently, the RMS voltage output of the inverter, while the triangle
signal serves as the inverter's carrier or switching frequency. Figure 2.6 displays the PWM

generator's output.

Figure 2.6: Output of PWM generator.

If a sinusoidal inverter output is required, PWM technology is applied. For each sinusoidal
positive and negative half-cycle, switches turn on and off several times with varying pulse
widths, resulting in high-frequency switching of solid-state devices (transistors, MOSFETS,
and IGBTSs). For example, for a 50Hz sine wave AC inverter output, the switching

frequency becomes several times higher than 50Hz.

For a very high-frequency sinusoidal inverter (e.g., 20 kHz), the PWM switching frequency
may need to be in the megahertz (MHz) range, making design and development challenging.
To avoid this high switching frequency a high-frequency square wave inverter approach is
adopted here. Since the inverter output is used for ohmic heating of liquid food, harmonics
are less critical compared to applications involving other electrical loads, such as motors.
Some potential approaches for designing the inverter driver circuit include.

2.3.7 Half bridge driver

The high and low-side switches must alternately be turned on and off at the appropriate
frequency and duty-cycle in order for the half bridge inverter shown in Fig. 2.1 to work. The
driving signal of the switch controls its state, which can be either on or off. The load

network and the switches' output capacitance determine the necessary frequency and duty
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cycle, where the duty cycle stays between 0% and 50%. The bandwidth of a half-bridge
inverter can possibly go from DC to its highest practically possible working frequency
because it is essentially an extremely broadband structure. The inverter driving circuitry
must be able to drive the half-bridge inverter with a variable duty cycle and across the

broadest range of frequencies in order to capitalize on this characteristic.

Key aspects of half-bridge inverter control:

i.  Switch control via high and low-side drive signals

ii.  PWM driver IC generates drive signals with variable frequency and duty cycle
iii.  MOSFET gate capacitance charging/discharging crucial for switching
iv.  Direct gate drive minimizes loop inductance, enabling fast switching

v. Independent power supply for gate drivers allows full bandwidth (MHz)

operation

Fast switching times and variable duty cycle are essential for inverter performance.

15V DC SUPPLY

PWM IC

OPTOCOUPLER |
LM 3524

B8N136

555 TIMER =>ou7pu7

Figure 2.7: Block diagram of the driver circuit for MOSFET-inverter

The equivalent gate-source (Cys) and gate-drain (Cyq) capacitance should be charged during
turn on, along with the required charge (Quta) With very short time shown in Fig 2.4. Data
sheets for MOSFETs contain information on how much gate charge (Quta) Should be
applied to the equivalent capacitance (Ceq). Hence, it can be said that gate current,
lg=Ceq*Vgsmax/ton for MOSFET. Where, Vgmax=Maximum voltage across the capacitor Cgys
and, to,= Turn-on time of MOSFET. Depending on the inverter’s power rating, this
necessitates the right design of the driver power supply for this high gate current for a
relatively brief period of time. Block diagram of the driver circuit for the MOSFET-inverter

shown in Fig 2.7. PWM IC LM3524 has been used to construct a driver that controls the
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inverter MOSFETs with the protective system. Isolation is very much needed for safety
purpose of the outputs of PWM IC; optocoupler 6N136 is used to isolate the outputs of
PWM IC from the power circuit. 555 timer is used here to enhance the charging current (ly)
of MOSFET at the time of turning on.

The fastest rise and fall times are possible by integrating the gate driver directly onto the
same chip as the power MOSFET, which results in the lowest loop inductances [50]-[51].
This solution was left for future development because it was outside the project's scope and
budget. Installing the gate driver straight from the gate to the source and designing the
charging and discharging loop with the least amount of leakage inductance is the next best
option. This was the method used for this inverter. The most practical method for creating
the gate driver for this application, both financially and in terms of development time, is to
use a PCB with a PWM IC: LM3524. Circuit diagram of said MOSFET driver is shown in
Fig 2.8.

Tr D1 Tr D3
LM
7815
= (\)
D2 C4 c5
= D4
Tr D5
LM
7815
CgFR
C9
L 2 B
o LM 3524 =
3
NN
B 5 \
VOLTAGE |
[REGULATOR| -
Optocoupler
lll NE555 R13
l R3 R5
L 4
3 } 6 CS--
R4 " R6 + § =
5 \_'__
-
Optocoupler
SHUTDOWN
SECTION NESS5

Figure 2.8: Driver circuit for half bridge inverter.

The various components and their functions in the developed driver circuit above are now
being discussed.
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2.4 Details of driver circuits parameters

Components are used to develop the driver circuit is given below-
2.4.1 Pulse Width Modulator IC LM3524
PWM IC LM3524 is used for the following reason:

¢ In switching regulator power supply, the IC LM3524 regulating Pulse Width
Modulator (PWM) is frequently utilized as the control element.
e The IC LM3524 generates pulses, and its frequency can be adjusted.

e The width of the output pulses is also adjustable.

The internal block and pin diagram of the IC LM3524 are shown below in Fig 2.9, Fig 2.10,
and Fig 2.11. Capacitor Ct and resistor Rt shown in Fig 2.9 are externally connected to pin
numbers 6 and 7, respectively, for frequency control. The other pins perform their usual
operations as per the IC LM3524 datasheet [52]. 15V DC input at pin no. 15 is necessary for
activation of this IC. Pin No. 8 is connected to ground terminal. Pin No. 1 is the inverting
input terminal and Pin No. 2 is the non-inverting input terminal of the internal error
amplifier of IC LM3524. Pin No. 4 and 5 denote +CLSENSE and —CLSENSE terminal
respectively. There is a reference voltage regulator within the IC which gives constant 5V
DC output to its internal circuitry. To generate triangular wave for the internal oscillator of
IC LM3524, a capacitor Cris used. PWM pulses are generated at the output of this oscillator
whose frequency can be varied by varying the value of the resistance R+. Pulse width control
is also possible by controlling the voltage drop across pin 9. Therefore a variable resistance
is connected across pin 9 and pin 16 and variable point of this resistance is connected to
ground pin 8, as pin 16 of IC LM3524 gives stable 5V. Finally two PWM pulses
complementary to each other are obtained at the emitter terminal (pin 11 & 14) of the two

internal transistors with respect to ground (blue and pink color).
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Block Diagram of IC LM3524:

15 REFERENCE

16
In© REGULATOR I 0 Veer
1

INV INPUT © 5V 10
5 INTERNAL CIRCUITRY
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T~ 1>
COMPENSATION O = ) L COLLECTOR A
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4
+ CLSENSE O y
= CLSENSE O 2 ’ g i EMITTER A
1 =
0 1ka 2000 B -
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— — EMITTER B
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Figure 2.9: Block diagram of IC LM3524

PIN Diagram of IC LM3524:

INVERT INPUT | 1 e 16| VREF
NON-INV INPUT | 2 15] vy
0sc ouTpUT | 3 14| EMITTER B
(+)CL SENSE | 4 13| COLLECTORB
(-)CL SENSE | 5 12| COLLECTORA
RT 6 11| EMITTER A
erlT 10| SHUTDOWN
GROUND |8 9| COMPENSATION

Figure 2.10: Pin diagram of IC LM3524

19



Figure 2.11: IC LM3524

Features of LM3524:

e 60V output capability

e Output current to 200mA DC

e Improved max. duty cycle at high frequencies

e Wide common mode input range for error-amp

e +1% precision 5V reference with thermal shut-down
e Double pulse suppression

e One pulse per period (noise suppression)

e Synchronize through pin 3

Absolute Maximum Ratings:

e Collector supply voltage 55V

e Qutput current DC (each) 200 mA

e Supply voltage 40V

e Oscillator charging current (Pin 7) 5 mA

e Operating junction temperature-40°C to +125°C Range

¢ Internal power dissipation 1W
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e Maximum junction temperature 150°
e Lead temperature (Soldering 4 sec.) 260°C

e Storage temperature range —65°C to +150°C

2.4.2 Optocoupler IC 6N136

Isolation is crucial in many applications, and various methods can be employed. When

considering transformer-based isolation, several challenges arise:

e Challenges with transformer-based isolation:
a) Unsatisfactory output at high frequencies
b) High oscillations
c) Design and fabrication complexities

e Optocoupler solution:
A. Adopted 6N136 optocoupler for isolation
B. Avoided transformer-related issues

C. Met project requirements

Hence using of IC 6N136 optocoupler simplifies design and ensures reliable isolation.

C (Vo)
B(Vp)

C (Vo)
E (GND)

|
| = |

S >

[=]jos] fro] j—]
N

[o] [@] [~ [==]

@) (b)

Figure 2.12: (a) IC 6N136 (b) Pin diagram of Optocoupler IC 6N136.
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Basics Optocoupler of 6N136:

IC 6N136 shown in Fig 2.12(a, b) is used for the optical isolation in between PWM output
and MOSFET. Optical isolation basics are light Emitting Diode (LED) and photo-sensitive
detector with insulating gap between elements ensures electrical isolation and prevents
ground looping and equalizes potential differences. This eliminates current flow between
isolated circuits, enables data transmission across different power circuits and reduces noise
and interference. IC 6N136 optocoupler specifically a diode-transistor configuration,
integrated photo detector and separate connections for photodiode bias and output-transistor

collector enhance speed [53].
Features:

e TTL compatible

e Isolation test voltages: 5300 Vrus

e Bandwidth 2.0 MHz

e High bit rates: 1.0 Mbit/s

e Open-collector output

e High common-mode interference immunity
e Lead (Pb)-free component

e External base wiring possible

2.4.3 NE555 Timer

Several timer and multivibrator applications are implemented using the 555 timer, an
integrated circuit (chip). A monolithic timing circuit in this timer may generate precise and
incredibly stable time delays or oscillations. One external resistor and capacitor accurately
control the time in the time delay mode of operation. Two external resistors and one
capacitor are used to precisely manage the duty cycle and the free running frequency for a
steady oscillator operation. The output structure can source or sink up to 200mA, and the

circuit may be activated and reset in response to falling waveforms.
Features:

e Max. operating frequency greater than 500kHz

e Turn-off time less than 2us
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e Operates in both astable and monostable mode
e Timing from microseconds to hours

e Adjustable duty cycle

e High output current

e Temperature stability of 0.005% per °C

e TTL compatible

Pin configuration:

-
GND == 8= vcc
Trigger == 2 3 7 = Discharge
Output ==i 3 m 6 j== Threshold y
Reset =i 4 z 5 = control T ?
Voltage {

Figure 2.13: Pin diagram of 555 timers IC

A highly sophisticated device for producing precise time delays and oscillations is the 555
timer. While a counter timer can have a maximum time range for delay, a single 555 timer
can produce time delays ranging from microseconds to hours. Fig. 2.13 displays 555 timers
with an 8-pin design. A 555 timer can drive a 200mA load and be utilized with supply
voltages between +5V and +18V. Both voltages are compatible with it. 555 timers are
simple to operate and adaptable to a wide range of applications. Oscillators, pulse
generators, ramps, and square wave generators are among the many uses. According to the

IC 555 timer's datasheet, the other pins carry out their typical functions [54].

Key aspects of the H-bridge inverter driver design:

e Isolation: Optocoupler (6N136) ensure safety by isolating PWM IC outputs
from the power circuit.

e Duty cycle adjustment: Additional inversion using 555 timers achieves the
desired maximum 40% duty cycle.

e Miller capacitance mitigation: 555 timers help reduce the effect of Miller
capacitance.

e PCB design: Hardware setup designed on a PCB for reliability and

compactness.
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e Quick switching: Small negative voltage during fall time enhances switching
speed.
These design considerations of the driver circuit shown in Fig. 2.14 ensure efficient and

reliable operation of the H-bridge inverter.

IC6N136 IC LM3524

Figure 2.14: hardware setup of the H-bridge inverter driver.
2.5 Experimental output of the H-bridge driver circuit

i) Frequency (f,sc) Control:

The frequency of the driver voltage waveform is determined by the values of Rt (resistor)
and C+ (capacitor) connected to the IC LM3524. Specifically Rt is represented by (R1 + R2)
Cr is represented by C1 shown in Fig. 2.8. The frequency calculation formula is typically
provided in the IC LM3524 datasheet.

fosc =1/R7Cr (2.1)
e Suppose the desired frequency of the driver output voltage is 10 kHz. For a fixed

capacitor value of 10nF, the resistance value can be calculated as follows:
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Rt = 1/ (fose X C1) = 1/ (10 x 10°x 10 x 10%) Q = 10kQ (2.2)

Now, if the desired frequency of the driver output voltage is 15 kHz, the resistance value

needs to be adjusted to:
Rt = 1/ (fose X C1) = 1/ (15 x 10°x 10 x 10®) Q = 6.66kQ (2.3)

Hence, it is evident from the discussion that a variable resistor (potentiometer) is necessary
for frequency control. This is achieved by connecting (R1) and (R2), a variable resistor, in
series between pin 6 and pin 8 (ground) of the PWM IC LM3524.

il) PWM Control (or Duty cycle control):

The LM3524 PWM IC generates a square wave modulated pulse (PWM) at pins 11 and 14.
This modulation decides the duty cycle of the pulses. The IC has an internal saw tooth wave
generator, whose frequency is controlled by an external resistance (Rt) and capacitance (Cr).
By raising the analog input from 0 to 3.5V, the duty cycle of the MOSFET's 12V gate signal
can be increased shown in Fig 2.15. A DC voltage power supply is applied to pin 9, and a
triangular pulse is generated when capacitance Ct is connected to pin 7. These pins are
connected to an internal comparator, which produces a variable pulse width output when the
DC voltage at pin 9 is varied. This process generates a square wave PWM pulse at a particular
frequency, making the IC LM3524 suitable for various applications.

Internal sawtooth

0-3.5V adjustable
' ' ' ' ' ( ' analog input
0 0 0 0 0 0 0
' ' ' ' ' ' '
09 (3} (3} : (] : (] : (] : (]
Odtpaut WN! éhip, ¢ ' ' '
v ll_!} q..:D M_? p'_' . Comparison yields 0-5V
control input to drive chip
Ouip‘lt of:ir=ver=ir=g dRivier club go:e§ to MOSFET gate
12V (I} (I} (I} (I} (I} " (I}

Figure 2.15: Output of inverting driving chip goes to MOSFET gate with controlled duty.
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For the H-bridge inverter shown in Fig 2.1, the two MOSFETs should not conduct
simultaneously. A dead band is required to prevent short circuits, depending on the MOSFET
rating and load type. During operation, the maximum duty cycle is limited to 40% for each
Power MOSFET, with a 20% dead band to avoid common conduction. Fig 2.16(a, b)
illustrates the parameters for dead band generation, where a fixed resistor (R3) and variable
resistor (R4) are connected in series across pins 16 and 8 for PWM control. This setup
requires 3.2V at pin 9 for a maximum 40% duty cycle, obtained from the IC's 5V DC output
at pin 16.

50
10 g pin 16
Duty 4, =
Cycle 20
(%) = .
1o pin 9 -z R4
ﬂ .
1 15225335 4 pin 8
Voltage (V) on pin 9
(a) (b)

Figure 2.16 (a, b): Arrangement of duty cycle control of IC LM3524
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2.5.1 Driver output voltage at various frequencies and duty cycle

The H-bridge driver outputs were tested and captured using a Digital Storage Oscilloscope
(DSO) at various frequencies and duty cycles. These results are presented in Fig. 2.17 to

2.21.
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Figure 2.18: H-bridge driver output voltage at 7.5 kHz with 43% duty cycle.
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Figure 2.19: H-bridge driver output voltage at 10 kHz with 43% duty cycle.
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Figure 2.20: H-bridge driver output voltage at 15 kHz with 43% duty cycle.
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Figure 2.21: H-bridge driver output voltage at 20 kHz with 43% duty cycle.

2.6 Block diagram of high frequency square wave H-bridge inverter

The discussion now shifts to the power circuit for a half-bridge inverter, which includes
various components. This follows the earlier exploration of the driver circuit for high-
frequency operation. The power circuit's design and component selection are crucial for
efficient energy conversion, reliable operation, safe functioning of the inverter. The half-
bridge inverter's configuration and component choices will likely impact its performance,
efficiency, and applications. Block diagram of complete high frequency half-bridge square

wave inverter is shown below in Fig. 2.22.

AUTO
50 Hz AC POWER AND Rl;CLEEIER C.:):Alé:tlrié) i
SOURCE ISOLATION
TRANSFORMER

DRIVER
CIRCUIT FOR r—
HIGH MOSFET-INVERTER
HALF BRIDGE FREQUENCY
FREQUENCY AC OUTPUT
OPERATION
a

Figure 2.22: Block diagram for high frequency square wave inverter.
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2.7 High frequency inverter along with components

The development of inverters involves several key blocks. These likely include driver
circuit, power circuit, control circuit, protection circuitry. Each block plays a crucial role in
the inverter's overall performance, efficiency and reliability.

AC Power Source; 220V, 50Hz.

An autotransformer for variable voltage.

T &

A power isolated transformer.
A full bridge rectifier block

a o

@

Stored energy element, a capacitor bank

=-h

Power MOSFETS in push pull configuration
g. A driver cum control circuit for the power MOSFETs

The high-frequency inverter was designed and developed in the laboratory, then tested
thoroughly under various conditions. The key components used are described below. This
practical implementation and testing likely ensured verifying the inverter's performance,
evaluating the inverter's behavior under different conditions. The description of key
components provides insight into the inverter's design and capabilities. These researches

explore the components and their test results.
2.7.1 Auto transformer

Auto Transformer is otherwise called variable voltage transformer and its schematic
diagram is shown in Fig 2.23(a, b).

i

PRIMARY SIDE

—o
o

SECONDARY SIDE

!

(@) (b)

Figure 2.23: (a) Winding diagram of auto transformer (b) Practical Auto transformer.

30



The autotransformer serves as a variac, allowing for adjustable voltage output. This is useful
for providing different supply voltages to enable various test conditions. The variac's role is

crucial in facilitating experimentation and testing.

2.7.2 Isolation transformer
The isolation transformer plays a crucial role in:
a. Electrical isolation: Separating primary and secondary circuits.
b. Noise reduction: Eliminating interference caused by ground loops.

c. Safety precaution: Protecting the inverter circuit from the main utility supply.

An isolation transformer completely encloses the shock hazard within the device and

removes the bonding; practical isolation transformer is shown in Fig.2.24.

Figure 2.24: Isolation transformer.

2.7.3 Diode rectifier

The process of changing an alternating voltage or current into a direct voltage or current is
called rectifying. The rectifier is the name of the apparatus used for rectification. There are
primarily two types of rectifiers: half wave rectifiers and full wave rectifiers.
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The diode bridge, also known as a bridge rectifier, converts AC input voltage to DC
output voltage, regardless of input polarity. Diode bridges are commonly used in power
supplies and rectification applications. The bridge rectifier circuit and pulsating DC output

from the rectifier are shown in Fig. 2.25(a, b).

PULSATING 4

VOLTAGE
+

0

TIME

(@) (b)
Figure 2.25: (a) Bridge rectifier circuit (b) Pulsating DC output of rectifier.

The bridge rectifier offers advantages like full-wave rectification, Cost-effective, Fewer
wires and no center tap needed hence size and weight reduces. Bridge rectifiers are widely
used in power supplies and applications where efficient AC-DC conversion is crucial. The

practical diode bridge rectifier used in this work is shown in Fig. 2.26.

Figure 2.26: Practical diode bridge rectifier.

2.7.4 DC link capacitor
A filter or DC link capacitor is positioned across the output terminals of the bridge rectifier,
as shown in Fig. 2.27, because the rectifier's output is a pulsing DC voltage, as seen in Fig.
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2.25(b), rather than a pure DC voltage. DC link capacitors are typically made using
electrolytic capacitor technology, which offers a low cost per farad, making it an attractive

choice.
‘ RECTIFIED & FILTERED
A 1 i - OUTPUT
fln:lj ? E & 3 = C Ve——=—
T — T {
. |
—
TRANSFORMER _—
220V, 0 T /2 T
50Hz BRIDGE RECTIFIER DCLINK
AC CAPACITOR

Figure 2.27: Diode bridge rectifier circuit with bus rectified and filtered output.

2.7.5 Selection of DC link capacitor

The choice between aluminum and tantalum electrolytic capacitors depends on factors like
cost and application requirements. In this project, an aluminum electrolytic capacitor was
chosen for the DC link due to its cost-effectiveness; Less expensive than tantalum capacitors
and meeting required specifications. Aluminum electrolytic capacitors are widely used in
power supply applications.

This aluminum electrolytic capacitor can generally be classified into following three main

types.

a. Snap-in capacitor,
b. plug-in capacitor,

c. Screw-terminal capacitor.

Screw terminal capacitors are chosen for their superior features likely due to high current
handling, reliability, and suitable for demanding applications. The selection of screw
terminal aluminum electrolytic capacitor for the DC link ensures robust performance. The

practical screw terminal aluminum electrolytic DC link capacitor is shown in Fig. 2.28.
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Figure 2.28: Screw terminal aluminum electrolytic DC link capacitor.

2.7.6 Calculation of the capacitance value
kVA (kilo volt-ampere) rating of the isolation transformer:
=400x50 VA
= 20kVA
Whereas kVA rating of auto transformer (Source):
=230x28 VA
= 6.44kVA
So, output KVA of the isolation transformer
= 6.44kVA
Now, consider Power factor = 0.8
Therefore output KW of isolation transformer = 6.44x0.8 kW
= 5.152kW
Supply frequency = 50 Hz = 50 cycles/second
So, energy stored in capacitor in 50 cycles/second = 5152 Joules
Energy stored in capacitor in 1 cycle/second = 5152/50
=103.04 Joules
Therefore, 1/2xCV? = 103.04 Joules
Let, V= 200V
For high-frequency drive applications, although the MOSFET is capable of withstanding
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higher voltages, the practical operating voltage of the MOSFET has been intentionally
limited to 200V in this work. This ensures reliable performance, thermal stability, and

optimal switching behavior under high-frequency conditions.

Hence, C = (103.04x2)/ 200° F
=5.15x10°F
=5000 WF (approx.)

Peak voltage Vp across capacitor C = 200 x\2
So, Vp = 282.84V

Therefore, the voltage rating of the capacitor must be greater than or equal to this voltage. In
this research, capacitors with a voltage rating of 450V DC are used, and multiple screw

terminal aluminum electrolytic DC link capacitors are used to meet the required rating.

2.8 Power switches

Ongoing research and development lead to new devices and improved power handling
capabilities. MOSFET is identified as suitable for high-frequency applications due to its
characteristics. The discussion focuses on MOSFETs used in the project, including

datasheet analysis.

2.8.1 Different types of MOSFET used in this work

2SK727

Features:

Low on-resistance.

T &

High speed switching.

Low driving power.

o o

No secondary breakdown.

e. Avalanche- proof

f. High voltage.
The schematic diagram and packaging of 2SK727 MOSFET are shown in Fig. 2.29(a, b).
Table 2.2 shows the absolute maximum ratings of MOSFET 2SK727 [55].
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Figure 2.29: (a) Equivalent circuit schematic (b) Packaging of 2SK727 MOSFET.

Absolute Maximum Ratings (T.=25°C):

Items Symbols Ratings Units
Gate —source peak voltage Vass +20 \Y/
Continuous Drain Current Io 5 A
Drain Source Voltage Vbss 900 \Y/
Continuous reverse drain current | Ipr 5 A
Pulsed drain current Ip(puts) 20 A
Max. power dissipation Pb 125 W
Operating and storage temperature | Ty 150 °C
range Tstg -55 ~ + 150 °C

Table 2.2: Absolute maximum rating of 2SK727 MOSFET.

IRF840

Gate g /
Drain s

Source
Figure 2.30: Symbol and packaging of MOSFET IRF840.
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The schematic diagram and packaging of IRF840 MOSFET are shown in Fig. 2.30. Features
and absolute maximum ratings of MOSFET IRF840 are given below [56].

Features:
1. Maximum continuous drain current is 8A; drain to source voltage is 500V.

On state drain to source resistance Rps (on) = 0.850€.
Single Pulse Avalanche Energy Rated.

SOA is Power Dissipation Limited.

Nanosecond Switching Speeds.

Linear Transfer Characteristics.

High Input Impedance.

© N o 0o B~ w N

Fast Switching.

Absolute Maximum Ratings at 25°C (T¢):

Drain to Source Voltage. Vps=500 V

Drain to Gate Voltage (Res= 20kQ) , Vpgr =500 V
Continuous Drain Current. Ip =8.0 A

Pulsed Drain Current. Ipy =32 A

Gate to Source Voltage. Vgs =20V

Maximum Power Dissipation. Pp =125 W

Single Pulse Avalanche Energy Rating.Eas=510mJ

Operating and Storage Temperature. T;=-55°C to 150°C

© 0o N o g B~ w DN PE

Maximum Temperature for Soldering. T, =300°C

IRF P460

The Packaging and terminals of MOSFET IRFP460 is shown in Fig. 2.31. Features and
absolute maximum ratings of MOSFET IRFP460 are given below [57].
Features:

1. 20A, 500V

2. Rps (ony=0.270Q

37



Single pulse avalanche energy rated
SOA is power dissipation limited
Nanosecond switching speeds

Linear transfer characteristics

N o a W

High input impedance

SOURCE

DRAIN

GATE

Figure 2.31: Packaging and terminals of MOSFET IRFP460.

Initially, this project utilized IRF840 and 2SK727 MOSFETSs. Later, the IRFP460 was
introduced due to its higher current rating, as specified in the datasheet, to enhance the overall
current-handling capability and reduce thermal stress. Note that stresses beyond the 'Absolute
Maximum Ratings' may cause permanent damage, and operating beyond these conditions is

not recommended.

2.9 Snubber circuit

At the beginning of the switching cycle, the switch is open and no current (Ip) flows through
it. As the switch turns on, the current gradually increases while the voltage across the switch
begins to fall. At turn-off, the situation is reversed. During switching on, the current (Ip),
and during switching off, the voltage do not immediately reach their final values. As a

result, switching losses occur. This is illustrated in Fig. 2.32.

DRAIN-SOURCE
VOLTAGE DRAIN-SOURCE
/ VOLTAGE u
DRAIN CURRENT T <« CURRENT
I
W
G-5 VOLTAGE
GATE VOLTAGE
GATE-SOURCE | [ "OPEN CIRCUIT" & eving 1
VOLTAGE DRIVE PULsE‘_’\ v
[ — TH
- I
t
ot t, J, 4

Figure 2.32: Voltage and current waveforms of the switch during turn-on and turn-off.
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To increase performance and provide protection, circuits known as snubbers are placed

across semiconductor switching devices. Snubber has numerous uses, such as:

a) Reduce total losses due to switching

b) Limit di/dt or dv/dt

c) Transfer power dissipation from the switch to a resistor or a useful load
d) Shape the load line to keep it within the safe operating area (SOA)

e) Reduce or eliminate voltage or current spikes

f) Reduce EMI by damping voltage and current ringing

The purpose and types of snubbers are to limit peak voltage and reduce switching losses
during turn-off. There are two types of snubbers mainly RC damping network and RCD
turn-off snubber mostly used. RCD snubber is selected for its advantages over RC snubber
in the inverter circuit. RCD snubbers are often preferred for their effectiveness in reducing

voltage spikes and losses.

2.9.1 RCD snubber design

An RCD snubber is a circuit typically used in power electronics to protect switching devices
(like transistors) from voltage spikes caused by inductive loads. It consists of a resistor (R),
capacitor (C), and diode (D) shown in Fig 2.33. The RCD snubber offers several advantages
over a basic RC snubber, particularly in applications where energy dissipation and voltage

clamping are important.

DIODE

A

. RESISTANCE
J ‘
H RESISTANCE

MOSEET CAPACITOR |

Figure 2.33: RCD snubber.
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The RCD snubber likely offers advantages such as:
a. Much better load lines can be achieved, allowing the load line to pass well within the
SOA.
b. In addition to peak voltage limiting, this is reduction of the total circuit loss,
including both switching and snubber losses.
c. The shunt capacitance across the switch is a useful part of the snubber
d. Less loss.

These benefits contribute to enhanced circuit performance and reliability.

2.10 Development and observations on high frequency inverter

The half-bridge inverter, which generates the high-frequency power supply, operates on a
230V, 50Hz source that is controlled by an autotransformer. Electrical isolation from the
main supply is guaranteed by an isolation transformer. An electrolytic capacitor is used to
lessen ripple in the DC output after converting AC to DC using a diode rectifier bridge. By
restricting di/dt or dv/dt, RCD snubbers placed across the drain and source of MOSFETS
reduce switching losses. In order to investigate the thermal properties of MOSFETSs under
different loads; a tungsten filament lamp was tested using the designed inverters and
experimental setup. Stabilization of the temperature was noted at various frequencies.

2.10.1 Experiment on half bridge inverter

To investigate the thermal characteristics of MOSFETs for different load currents and
temperature stabilization, the Ohmic heating unit configuration complete with an half bridge
inverter has been designed and tested as shown in Fig 2.34. A tungsten filament lamp load

setup is employed as shown in Fig 2.35.

40



o
V.

PARALLEL
PLATE
ELECTRODES
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DRIVER CIRCUIT WITH PWM POWER CIRCUIT
ICLM3524

Figure 2.34: Half bridge inverter setup.

Figure 2.35: Tungsten filament bulb load.

2.10.2 Thermal performance of Half-bridge inverter using IRF840 MOSFET

The experimental results of the thermal characteristics of the half-bridge inverter using
IRF840 MOSFET as a switch are presented in Tables 2.3 to 2.6 for different frequencies.
The switching frequency is given by the equation: f= 1/Ct .Rt. The capacitor (Cy) and
resistor (Rt) are connected to pins 7 and 6 respectively, of the PWM IC LM3524.
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f Cr Ry Supply Input Time Temp. of Temp. of Load
Voltage Current Lower Upper
DC DC MOSFET MOSFET
(SW2) (SW1)
f =5.0kHz 150V 0.1A 5 min. 31°C 32°C
C+=4.7nF 150V 0.1A 30 min. 34°C 34°C 600W
(Bulb)
Ry =37k 150V 0.1A 60 min. 34°C 34°C

Table 2.3: Thermal analysis of an inverter MOSFET operating at 5kHz using IRF840 as the switching device.

Temperature (°C)

Temperature Vs Time

34
33
32
31

5 30

Time (min)

—0—Lower MOSFET(SW2)
—&— Upper MOSFET(SW1)

60

Figure 2.36: Temperature rise versus time of two MOSFETSs (SW1 and SW2) of H-bridge inverter at 5kHz

operation.

2.10.2.1 Inverter output voltage wave across the tungsten filament bulb load at 5 kHz

[ 500mY v B

Main : 125 k

L

T

100us/dv |

Max(C1) 1010my

.8103:

Mean(C1) 4 AmY Fred| 01}
AvgPeriod(C1)  12.1077us

Min(C1) ~770mY

2.192982MHz
49.1%

P-P(C 18 1780mY
Period(C1) 0.456us
Duty(C1

Rms(C1) 236.738mV
AvgFreq(C1)

82 .59238kHz

Figure 2.37: Inverter output voltage wave across the tungsten filament bulb load for Table 2.3.
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f Cr Rt | Supply Input Voltage Time Temp. of Temp. of Load
Voltage Current Across Lower Upper
DC DC the load MOSFET MOSFET
(SW2) (SW1)
f =8kH; 200V 1.4A 78.4V 10 min. 28°C 42°C
900w
C+=4.7nF 200V 1.4A 78.4V 25 min. 35°C 45°C (Bulb)
Ry =27k 200V 14A 78.4V 35 min. 35°C 47°C
f=5.9kH; 200V 1.8A 75V 10 min. 28°C 37°C 1100W
(Bulb)
Cy=4.7nF 200V 1.5A 75V 20 min. 34°C 46°C
900w
Rr=37k 200V 1.5A 75V 40 min. 35°C 46°C (Bulb)

Table 2.4: Thermal analysis of an inverter MOSFET operating at 8 and 5.9kHz using IRF840 as the switching
device.

Temperature Vs Time

50

45 A
_ 40
Y 35 ®
£ 30 /
=
= 25
g
2 20
E 15
st

10

10 25 35
Time (min)
=—@— Temp. of Lower MOSFET(SW2) —@—Temp. of Upper MOSFET(SW1)

Figure 2.38: Temperature rise versus time of two MOSFETSs (SW1 and SW2) of H-bridge inverter at 8kHz

operation.
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Temperature Vs Time
50
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—@— Lower MOSFET(SW2) —@— Upper MOSFET(SW1)

Figure 2.39: Temperature rise versus time of two MOSFETs (SW1 and SW2) of H-bridge inverter at 5.9kHz

operation.
f Ct Rt | Supply Input Voltage Time Temp. of  Temp. of Load
Voltage Current Across Lower Upper
DC DC the load MOSFET MOSFET
(SW2) (SW1)
f=10kH;, 180V 1.7A 74.5V 10 min. 26°C 41°C
C+=10nF 180V 1.7A 74.5V 20 min. 26°C 45°C
R=10k 200V 1.8A 94V 25 min. 25°C 48°C 1100W
(Bulb)
200V 1.8A 94V 35 min. 27°C 54°C
200V 1.8A 94v 50 min. 27°C 55°C

Table 2.5: Thermal analysis of an inverter MOSFET operating at 10kHz using IRF840 as the switching device.

Temperature Vs Time
__ 60
OU 20 //___‘
o 40
5 30 [ o— —C 9
= —C—
s 20
2 10
g 0
5]
= 10 20 25 35 50
Time (min)
—8— Lower MOSFET(SW2) —&— Upper MOSFET(SW1)

Figure 2.40: Temperature rise versus time of two MOSFETs (SW1 and SW2) of H-bridge inverter at 10kHz

operation.
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2.10.2.2 Inverter output voltage wave across the tungsten filament bulb load at 10 kHz
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Figure 2.41: Inverter output voltage wave across the tungsten filament bulb load for Table 2.5
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Figure 2.42: Rising part of the driver circuit output voltage during loading condition for Table 2.5.
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Figure 2.43: Falling part of the driver circuit output voltage during loading condition for Table 2.5.
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f Cr Rt | Supply Input Voltage Time Temp. of Temp. of Load
Voltage Current Across Lower Upper
DC DC the load MOSFET MOSFET
(SW2) (SW1)
f=10kH;, 180V 1.7A 78V 10 min. 29°C 39°C
C;=10nF 180V 1.7A 78V 30 min. 32°C 52°C
1100W
R;=10k 180V 1.7A 78V 50 min. 32°C 56°C
(Bulb)
180V 1.7A 78V 70 min. 32°C 56°C

Table 2.6: Thermal analysis of an inverter MOSFET operating at 10kHz using IRF840 as the switching device.

Temperature Vs Time
~ 60 —0 °
OU /
~ 40
; ® == ® °
s 20
St
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= 10 30 50 70
Time (min)
—e— Lower MOSFET(SW2) —@—Upper MOSFET(SW1)

Figure 2.44: Temperature rise versus time of two MOSFETs (SW1 and SW2) of H-bridge inverter at 10kHz
operation.
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Figure 2.45: Inverter output voltage wave across the tungsten filament bulb load for Table 2.6.
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The developed inverters and experimental setup were tested using a tungsten filament lamp
load setup to study the thermal characteristics of the MOSFETS under varying load currents.
Table 2.3 to 2.6 and Fig 2.36 to 2.45 illustrate the loading characteristics. When the
inverter’s input voltage was set to 200 V DC, the current through the load was 1.4 A, and the
load voltage was 78 V with a 900 W lamp load switched on at 8 kHz. After a few minutes,
the lamp load was increased to 1100W, resulting in a current draw of 1.8A. It was observed
that the temperature rapidly increased from 47°C to 70°C, potentially risking damage to the
MOSFETSs due to thermal instability. To prevent damage, the lamp load was reduced back
to 900W, bringing the temperature to a safer range. This indicates that the current-carrying
capability of the MOSFET is frequency-dependent in this case, 1.8A at 8 kHz, despite the
device being rated for 8A. Similarly, the frequency was set to 10 kHz by adjusting the C+
and Rt values. Initially, the inverter input voltage was 180V (DC), and the output was
connected to an 1100W load, resulting in a load current of 1.7A as shown in Table 2.6.
When the load was increased to 1200W and the input voltage increased to 200V (DC), the
current draw rose to 2.2A. However, at this point, the MOSFET failed due to excessive
heating, reaching approximately 85°C. This highlights the importance of thermal
management and MOSFET selection for reliable operation under varying conditions. From
these experimental results, it is evident that the IRF840 MOSFET cannot reliably handle
currents greater than or equal to 2.5A in the given inverter circuit in this system. Therefore,
the rating of the MOSFETs must be carefully considered to ensure safe and reliable
operation. This is essential for the final design of a half-bridge inverter intended for ohmic

heating applications at high frequencies up to 20 kHz.

Fig 2.45 shows the inverter output voltage wave across the tungsten filament bulb load for
Table 2.6. From this figure it is observed that the area of the upper half is higher than the
area of lower half which is giving a slight difference of current conduction between the
upper and lower. So higher current conduction gives higher temperature rise in the upper
MOSFET. This may be due to manufacturing dissimilarities of source capacitor practically
used both are not identical. These are the practical difficulties of half bridge inverter (Fig
2.1).

2.10.3 Thermal performance of Half-bridge inverter using 2SK727 MOSFET

Similar experiments were conducted using the MOSFET 2SK727 in the half-bridge inverter,

with performance results shown in Table 2.7 and Figures 2.46-2.47.
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f Ct Ry | Supply Input Voltage Time Temp. of Temp. of Load
Voltage Current  Across MOSFET Upper
DC DC the load Lower MOSFET
(SW2) (SW1)
f =10kH; 200V 2.2A 9oV 5 min. 35°C 49°C
- 200V 2.2A 9oV 20 min. 40°C 50°C
C+=10nF . 1100W
R=10K 200V 2.2A 9oV 30 min. 42°C 51°C (Bulb)
200V 2.2A 90V 40 min. 42°C 51°C

Table 2.7: Thermal study of inverter MOSFET (2SK727) at 10 kHz.
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Figure 2.46: Temperature rise versus time of two MOSFETSs (SW1 and SW2) of H-bridge inverter at 10kHz
operation.
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Figure 2.47: Inverter output voltage wave across the tungsten filament bulb load for Table 2.7.
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At a frequency of 10 kHz, the experimental data in Table 2.7 shows that with a 200V DC
input, the 900W load results in comparatively lower load current and MOSFET temperature.
Increasing the lamp load from 900W to 1100W raises the current from 1.6A to 2.2A.

One of the key limitations of the half-bridge inverter is the requirement for a high-
voltage DC bus and a voltage divider across the DC link capacitors, which can lead to
voltage imbalance and capacitor stress over time. Additionally, half-bridge inverters are
more sensitive to shoot-through faults and require more complex gate drive isolation.
Thermal stress on the MOSFETSs also tends to be higher due to uneven current sharing
during high-frequency switching, especially under varying load conditions. These issues are
less prominent in push-pull inverters, which allow for transformer-based isolation, simpler
drive circuitry, and better thermal distribution between devices. As a result, to overcome
these challenges and ensure stable operation under higher loads and frequencies, the push-
pull inverter topology is considered a more robust alternative. Replacing optocoupler with
totem pole circuit improved performance. The totem pole circuit likely offered improved
signal integrity and reduced delays, thereby enhancing overall system reliability, as

discussed in Chapter 3.

2.11 Summary

The use of optocouplers for interfacing power and driver circuits initially seemed like a viable
solution, but it presented significant challenges. At higher frequencies, the optocouplers
introduced uneven delays and signal distortion, leading to MOSFET failures. Moreover,
maintaining the precise dead time required for safe switching of the MOSFETs became
increasingly difficult. This resulted in cross-conduction, where both MOSFETS in the half-
bridge configuration were inadvertently turned on simultaneously causing a short circuit and
subsequent failure. These issues highlight the limitations of optocouplers in high-frequency

applications.
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Chapter-3

DESIGN AND DEVELOPMENT OF HIGH FREQUENCY
PUSH-PULL INVERTER USING FERRITE CORE
TRANSFORMER FOR OHMIC HEATING AND
EXPERIMENTS ON LIQUID CONDUCTORS-FOODS

3.1 Introduction

In the half-bridge inverter configuration discussed in chapter 2, the temperature rise of the
upper and lower MOSFETS is unequal, with the upper MOSFET typically exhibiting higher
temperatures. This can lead to failure of the upper MOSFET at high currents below its
rating, highlighting a significant drawback of the half-bridge design. This issue may be
exacerbated when driving liquid conductor loads. To address this limitation, a modification
to the half-bridge inverter has been undertaken, incorporating a push-pull operation with a
ferrite core transformer.

This chapter explores the design and implementation of a push-pull inverter utilizing a
ferrite core transformer. The push-pull topology offers advantages in terms of efficiency,
power density, and simplicity, making it suitable for various applications. The ferrite core
transformer plays a crucial role in stepping up or down the voltage, while also providing
electrical isolation. By utilizing a ferrite core transformer, the system achieves improved
magnetic coupling, reduced core losses, and higher switching frequencies compared to
conventional iron core designs. The focus of this chapter is to present the working
principles, advantages, and implementation considerations of the push-pull inverter, with
special attention to the role of the ferrite core in optimizing performance. This chapter will
discuss the theoretical aspects, design considerations, and practical implementation of the
push-pull inverter with a ferrite core transformer, highlighting its potential benefits and
limitations.

3.2 Push-pull inverter
The push-pull inverter's key characteristics include:
i.  Circuit configuration: Two semiconductors and a center-tapped transformer.
ii.  Operation: One semiconductor conducts per half-cycle, reducing voltage drop.
iii.  Simplified drive circuit: Common ground for both power semiconductors

eliminates need for insulated voltage sources.
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This design offers advantages in terms of simplicity and efficiency. The center-tapped
transformer enables efficient voltage transformation, while the push-pull topology allows
for balanced operation, where circuit of push-pull inverter showed in Fig 3.1. This work
explores more about push-pull inverter applications, design considerations and transformer
selection.

When Gate-Source voltage is greater than the threshold voltage the upper MOSFET (SW1)
conducts for the time duration as decided by the on-time of the driver pulse voltage
waveform. At the same time the lower MOSFET (SW2) should be turned off, else there will
be a direct short circuit of the supply terminal via the upper and lower MOSFET. In the
push-pull inverter when the upper MOSFET (SW1) conducts, the lower MOSFET (SW2)
experiences a peak inverse voltage (PIV) of twice the supply voltage. A suitable dead time
is introduced when SW1 turns off, ensuring both MOSFETSs don't conduct simultaneously,
preventing shoot-through and potential damage. The dead time depends on MOSFET
ratings and power circuit parameters. A gate-source voltage greater than the threshold
voltage is applied to the lower MOSFET (SW2), causing it to conduct for a duration
determined by the on-time of its driver voltage waveform. In this case, the lower MOSFET
conducts and the PIV (Peak Inverse Voltage) of upper MOSFET gets equal to twice of the
supply voltage. Thus, a square wave voltage pulse is obtained at the secondary terminal of
the center tapped ferrite core transformer and the inverter output is a square wave power
output. Operational frequency of the inverter is high, matching the frequency of the driver

signal, and is practically compatible with the associated MOSFET and power circuit.

D1

G1

LOAD

Vdc

FERRITE CORE
TRANSFORMER

swz2

Figure 3.1: Push-pull inverter circuit.
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3.3 Requirements of high frequency ferrite core transformer

Iron and its magnetic alloys were used to meet the demand for magnetic materials in the
early days of the electrical industry [58]. But when higher frequencies were introduced, the
conventional methods of lowering eddy current losses such as lamination or iron powder
cores were no longer practical or economical. According to S. Hilpert's 1909 publication in
Germany, this insight sparked a resurgence of interest in "magnetic insulators." The
combination of necessary magnetic properties and the high electrical resistance of oxides
was easily understood to produce a magnetic material that was especially well suited for
high frequency operation.

An example of a magnetic core is a ferrite core, which is used to form the windings of
electric transformers and other wound components like inductors. High frequency
applications are better suited for ferrite cores [59], whereas low frequency applications are
best suited for steel laminations. Both materials come in different grades, each of which is
best suited for a particular use. Ordinary laminated cores made of steel lamination can only
be used under specific operating conditions and within the working frequency range of 50 to
60 Hz. For high frequencies in the range of kHz, however, the laminated core cannot be
used because core loss, which is comprised of eddy current loss and hysteresis loss, varies
with frequency and frequency squared, respectively. The supply frequency to the
transformer in this research work varies between 1 to 20 kHz, so ferrite cores must be used

for such a frequency range.

3.3.1 Ferrite core transformer in push-pull inverter

In high-frequency push-pull inverters, a ferrite core transformer is commonly used because
ferrite materials have low eddy current and hysteresis losses at high frequencies (typically
tens to hundreds of kHz). This makes them well-suited for compact, efficient power
conversion. The push-pull topology drives the transformer alternately with two switches,

allowing efficient AC signal generation from a DC source shown in Fig 3.1.

3.3.2 Design of ferrite-core transformer

The operating frequency and power decide the operation of transformer according to their
wide band pulse etc. The design of transformer for a specific cooling system depends on
maximum magnetic flux density, maximum current density and maximum voltage per turn.
If the function of the transformer exceeds these limits, then it may destroy the transformer.

But pulse transformer is designed for high frequency and low power signal. So, the input to
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an inverter transformer for higher frequency and higher power, one should design with the
combined objectives of both power and pulse transformer which is called wide band
transformer. As frequency raises the required laminations thickness becomes extremely thin
which is impracticable to reduce the eddy current. So, transformer core material should be
made up of selected ferrites having low eddy current loss. Ferrite cores can be designed in
various shapes and geometries to suit specific applications. The choice of core geometry
depends on factors like frequency, power handling, and space constraints. The Dimension of

ferrite core transformer consider in this work is shown in Fig 3.2.

Figure 3.2: Dimension of ferrite core transformer.

The following factors listed in the equations here that determine the ferrite core
transformer’s performance [60]-[62], which are important to design the high frequency
transformer:

Voltage induced in a coil is-

_ do_ . a8
V—nclt = nA, " (3.2)
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Where,

n=No of turns in a coil

@= magnetic flux

Ac= Cross section area of the core
B= Magnetic flux density

From (3.1), the change in flux density i.e. AB can be derived as-

[Vdt=nA, [ dB (3.2)

Or

V.At = nA,AB (3.3)

Or

AB = V. At (3.4)
nA.

Here, V.At is known as volt-second. This volt-second is the key to determine AB, both for
symmetrical and asymmetrical operation. In this work symmetrical operation of maximum
magnetic flux density (B) has been considered. Size of the core of high frequency
transformer in the push-pull inverter has been designed by using the area product (Ap)

mentioned below-

V1.Don 211 rms
Ap = AcAy == fS.AB.]L (3.5

Where,

V1= Input voltage

l1rms= Input rms current

Aw= Window area of the core

Don= Duty cycle

fs= Switching frequency

J= Current density of the conductor

k= Filling factor

The product of switching frequency fs and allowable AB for a particular ferrite core is
known as figure of merit which decides the size of core Ap. In high frequency operation the
magnetic losses (P) in a core material decided by-
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P =K.f". (AB)™ (3.6)

Where, K is proportionality constant, 'n' and 'm' are the given numbers for a particular
material. In this work the aim of the variation of supply frequency to the transformer is up to
several 100 kHz. Hence the optimum choice of the ferrite core material is Manganese-Zinc
ferrites. Any core has a limited frequency range because higher frequency causes a rise in
copper losses and core losses, which reduces efficiency of the transformer because larger
core can handle the losses when there is high frequency range. Higher flux densities are
constrained by core loss, which increases the core material temperature and the core may
also go into saturation. In order to achieve an acceptable temperature rise over ambient, the
peak flux density must be such as overall total (core and copper) losses becomes small
value. The transformer was designed with a core made of Manganese Zinc ferrites for an
operating frequency up to 100 kHz. The dimensions of the core are shown in Fig 3.2.
Furthermore, it is assumed that iron loss in the core contributes to half of the temperature
rise, while copper loss in the winding contributes for the other half [60]-[63].

A sample calculation of power handling capacity (P,) [64]-[66] of the above mentioned

transformer for 20 kHz frequency is shown below-

Po — AP-Ktopology -Bmax fs (37)

Dcma

Where,

Kiopology= 0.001 for push-pull inverter
Bmax= maximum flux density in Gauss
Dcma= Cir.mils/amp

Hence,

Ap=A..A,=21.93cm’

Bobbin area of the winding should be included with the area product. Therefore, the
approximate area product can be consider as,
Ap=21.93x1.5=32.89cm*

So power handling capacity using (3.7) P, will be-
Po,=2.02kW
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For Bmax = 2000 Gauss, taken from the frequency vs. maximum flux density plot for L-type
ferrite material at 20 kHz, and D¢ma = 650 cir.mils/amp, respectively. The L material is
formulated for high-temperature and high-frequency applications, designed for power
supplies operating from 0.5 to 3 MHz. The Curie temperature is high for this ferrite
material, at 300°C.

3.4 Driver circuit using totem pole

The driver power supply must be properly designed to handle the high gate current for a
shorter period of time, based on the inverter's power rating, especially in high switching
frequency applications. Some limitations regarding high-speed operations have been
observed in the half-bridge driver discussed in the previous chapter during inverter
operation. These issues are overcome by designing the driver circuit with a higher charging
current and a totem-pole setup. For faster switching operation, the gate capacitance of the
MOSFET needs to charge and discharge quickly. Hence, a higher charging current is needed
at the input side of the MOSFET during turn-on, while a faster discharge is required during
turn-off. A brief discussion of turn-on and turn-off process of MOSFET considering its gate
capacitances shown in Fig 2.4, hence a design calculation are being presented below, which
helps to develop the driver circuit for high frequency requirement. During turn-on, the
equivalent circuit of the gate-source (Cgs) and gate-drain (Cyg) capacitances must be charged,
and the total amount of charge (Quotar) required for this must be supplied from control circuit.
When the driver supplies the maximum gate pulse voltage (Vgsmax = 15V), it rises to the
threshold value of around 4V by charging the gate-to-source capacitance, enabling the
MOSFET to start conducting. This initiates a rise in drain-to-source current from zero. The
high voltage of drain swings to ground and during this time heavy charging occurs to gate-
drain capacitance [67]-[68], which is nonlinear in nature. This gate-source voltage (Vs)
known as Miller-voltage remains almost constant shown in Fig 2.4. As the drain voltage
drops to near ground, the gate-source voltage (V) rises to its maximum value (Vgsmax =
15V) due to the charging process. The total gate charge (Quwt) required charging the

equivalent capacitance (Ceq) of the MOSFET can be found in the device's datasheet.

3.4.1 Design and calculation of gate current (lg) for turning on the MOSFETSs
The design of the gate current (lg) required turning on the MOSFETS is proposed in this
work. The following symbols are considered from the Fig 2.4 and named as:

Vgs= Voltage across the capacitor Cgs
56



Vgd=Voltage across the capacitor Cyq

Vgsmax=Maximum voltage across the capacitor Cgs
Vin=Voltage applied across drain to source

AV gs=Voltage change across the capacitor Cgs

AVyq = Voltage change across the capacitor Cyq

Now,

at t=0 ,V¢gs=0 and AV gs =Vgsmax for t = oo;

at t=0, Vega = - Vin and AVgg = Vgsmax for t = oo;

Total charge stored by the input capacitance of the MOSFET:-

Quotal = Vigs* Cgs + (Vgs + Vin)Cyd (2.4)
and,

Ceq = Quotal/ Vgsmax = Cgs + Meffect (2.5)
Where,

Meftect = Cgd(1 + Vin/Vgsmax)=Miller effect

Similarly,

Qtotal = lg* ton = Ceg* Vgsmax (2.6)
Hence,

lg = (Ceq* Vgsmax/ton) (2.7)

e A sample design calculation performed for the driver developed in laboratory referring
the datasheet of 2SK727 MOSFET as below: |

Vin = 100V;

Qtotal = 28nC;

Qgs =17nC;

Qgd = 11nC;

Let, Vgsmax =15V and V=100V,

Junction capacitance of the MOSFET will be-

Cgs = (17%10°)/15 = 1133pF. (2.8)
and

Cgd(1 + Vin/Vgsmax)*Vgsmax = Qga = 11*10™ (2.9)
Hence,

Cga = 95pF.

So equivalent capacitance will be:-

Ceq = Cgs + Cyaf1 + (Vin/Vgsmax)} = 1228pF (2.10)
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Therefore the required gate current for turning on the MOSFETS taking the turn-on time
100nS will be-

lg = (Ceq *Vgsmax)/ton = (1228*15*107'%)/100+10° = 0.184A (2.11)

Therefore it is found in gate drive calculation that gate current (lg) equal to 0.184A, has to be
supplied for very small time in 100nS. This requires proper design of driver power source
for this high gate current within a very small time, depending on power rating of inverter.
Hence, a similar PWM IC LM3524 with some modification of H-bridge driver circuit is
used for development of driver for controlling the MOSFETSs. A totem pole circuit and a
separate transistor as current booster are used to speed up the turning on and off process of
inverter-MOSFETs which finally reduces switching losses at higher frequency. The block

diagram of the driver circuit using totem-pole is shown in Fig 3.3.

1 CURRENT BOOSTER

POWER PWM TOTEM-POLE CIRCUIT :b DRIVER OUTPUT
SOURCE H IC

Figure 3.3: Block diagram of the driver circuit using totem pole.

A novel high-frequency driver using a totem-pole configuration has been
designed and developed in the laboratory, featuring popular driver circuit
solutions that have been tested and analyzed for their performance. The design
of the driver circuit is crucial for high-frequency inverters, and the salient
components of this developed driver circuit are shown in Fig 3.4, with symbols

representing their usual meaning. The power source block provides the required
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voltage to the PWM IC and current booster transistor, ensuring proper
functionality.
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Figure 3.4: Driver circuit using totem pole for inverter-MOSFETS.

3.4.2 Module and components used for the gate driver

The main components of the developed driver circuit, as illustrated in Fig 3.4, are discussed

in detail below.

1. A DC regulated power source of 15V DC across capacitor (C3) using LM7815 having
sufficient capacity of current by a paralleled transistor (Q1) is incorporated to cater the
demand of high charging current initially to the gate-source capacitor of the MOSFETSs

for turning on the switch.
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2. A totem pole circuit is used for having speedy switch-off of the MOSFETs from
conducting state providing active grounding of gate to ensure the transition time as low

as possible to avoid the cross conduction of the inverter switches [49].

3.4.3 Frequency & duty cycle control of the driver

Frequency (fosc) Of the driver circuit output is obtained by foc =<1 / RC7, where R= (Ry4 +
Ri3). Thus frequency is controlled by the resistance R14 and Ri3 connected to pin 6 whereas
a fixed capacitance C; is connected to pin 7 of IC LM3524 and duty cycle of the driver
output pulses is changeable; this control is done by varying voltage on pin. 9 by a variable
resistance Ris connected to the IC LM3524 shown in Fig 3.4. The hardware setup of the

driver circuit using totem pole, including all the components, is shown in Fig 3.5.

TRANSISTOR USE
FOR
CURRENT BOOSTER}

Figure 3.5: Hardware setup of the driver circuit using totem pole.

3.5 Driver output voltage using totem pole at various frequency and duty

cycle

The driver circuit designed and fabricated in the laboratory has undergone thorough testing,
and its performance has been documented using a Digital Storage Oscilloscope (DSO). The

DSO captures crucial characteristics, including voltage pulses, rise time, fall time,
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frequency, and duty cycle. The results show sharp rise and fall times for the gate signal
voltage, even at high frequencies, which is vital for efficient switching of high-speed power
semiconductor devices like MOSFETS. Fig 3.6 to 3.9 illustrates the driver output voltage for
various frequencies and duty cycles when the MOSFET's gate-source terminals are not
connected to the driver output. Output-voltage pulses across Gi-S; and G,-S, of the totem-
pole driver are displayed in blue and pink color.

500 Voso SR AT .

Main 1 125 X 50us/dv
D — e et ——
L
e \ \
Max(C1) 131V Ma(C1) 0.3V P-H{(C1 134V RnﬁCl) 8.3154 V
Moan(C1) 5.45590 V Frog(C1) 5.026843%Hz Petiod(C1) 198.932us Avghrog(C1) 5.026490kHz
Dul{(C') 40.9% Ri 1 0.472us w(" 0.2%us Mux(c(?}; 13.2V
C2) 04V P-P(C2 136V (3 1.956525 V Moar{C2) 4.95598 V

Figure 3.6: Driver output voltage using totem pole at frequency 5 kHz with 40% duty cycle.
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C1) 4.72864 V Froo(C1) 10.04306kHz Poriod(C1) 99.571us AveFreg(C1) 10.04362kHz
Duty(C1) 37.2% Reso{C1 0.464us Fall(C1 0.246us Max(C2) 3.2V
Mad(C2) 06V P-P(C2, 138V (2 7.74113 v Maon(C2) 4.70521 Vv

Figure 3.7: Driver output voltage using totem pole at frequency 10 kHz with 37.2% duty cycle.
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Figure 3.8: Driver output voltage using totem pole at frequency 15 kHz with 37.5% duty cycle.
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Figure 3.9: Driver output voltage using totem pole at frequency 20 kHz with 36.7% duty cycle.
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3.6 Driver output voltage with MOSFET Connection

Fig 3.10 to 3.15 illustrates the driver output voltage for various frequencies and duty cycles
when the MOSFET's gate-source terminals are connected to the driver output, showcasing both

'off' and 'on' conditions.

00 Voot SRR 7
Main 1 125 k S0us/div

IN
|- | -
| ——
PN i N NAAAAA,

Max(C1) 35V Man(C1) 0.2V P-P(CY 3.7V Rm;éCi) 7.98682 V
Moan(C1) 522524 V FrogfC1) 5.0712T6kHz PetioC1) 196 956us Avglreq(C1) 5.0771018kH2
Dul((Cl) 36.7% Ris 1; 0.508us Fall(C1 0.468us Max(C2 138V

in(C2) 0.6V P-P(CZ, 144V Rmes(G2 7.46003 V Moon(C2) 4.42689 V

Figure 3.10: Driver output voltage at frequency 5 kHz when gate-source terminal is connected.
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Ma(C2) 0.6V P-P(C2 144V Ry 8.08085 V 5.15531 v

Figure 3.11: Driver output voltage at frequency 10 kHz when gate-source terminal is connected.
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Figure 3.12: Driver output voltage at frequency 15 kHz when gate-source terminal is connected.
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Figure 3.13: Driver output voltage at frequency 20 kHz when gate-source terminal is connected.
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Figure 3.14: Driver output voltage pulses across gate-source while MOSFETS are conducting (on) at 10 kHz.
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Figure 3.15: Driver output voltage pulses across gate-source while MOSFETS are conducting (on) at 20 kHz.
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The impact of parasitic components, transient, and extreme operating conditions in
the test of above driver is displayed in Fig 3.15. A high frequency oscillation in the
turn on and turn off duration is being observed which is detrimental for the reliable
operation of the driver MOSFETS. So a compact PCB design can minimize this.

3.7 Experiment on push-pull inverter

The complete setup of push-pull type inverter with ferrite core transformer and pressurized
vessel for liquid conductor load is shown in Fig 3.16. Ferrite core transformer is designed by

3:1 ratio having higher current in the secondary side for the push-pull setup.

PRESSURIZED VESSEL FERRITE CORE
FOR | TRANSFORMER
LIQUID CONDUCTOR 7 ;

Figure 3.16: Push-pull inverter setup with ferrite core transformer.
3.7.1 Thermal performance of push-pull inverter using IRF840 MOSFET
The experimental results of thermal characteristics of the push-pull inverter using IRF840
MOSFET as a switch are presented in Tables 3.1 to 3.4 and Fig 3.17 to 3.24 for different
frequencies. The switching frequency is given by the equation: f= 1/C;.R:. The capacitor (C;)
and resistor (R;) are connected to pins 7 and 6 respectively, of the PWM IC LM3524. Where

C. is considering as C; and R is the addition of (R14 + Ry3) shown in Fig 3.4.

3.7.1.1 Thermal analysis of the IRF840 MOSFET in inverter operation at 10.5 kHz

f C R Supply Input Voltage Time Temp. of Temp. of Load
Voltage Current ACross lower Upper
DC DC the load MOSFET MOSFET
(SwW2) (Sw1i)
100V 1.5A 75V 10 min. 44°C 46°C 1000W
(Bulb)
f=10.5kH; 120V 1.7A 90V 10 min. 52°C 64°C
C=10nF 140V 1.7A 112v 10 min. 60°C 65°C 900W
(Bulb)
R =10k 140V 1.7A 112v 20 min. 68°C 73°C
' 140V 1.8A 109V 15 min. 56°C 60°C 1000W
(Bulb)
140V 1.8A 109V 30 min. 76°C 80°C

Table 3.1: Thermal study of inverter MOSFET (IRF840) at 10.5 kHz.
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Temperature Vs Time
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Figure 3.17: Temperature rise versus time of two MOSFETs (SW1 and SW2) at 10.5 kHz operation.

3.7.1.2 Inverter output voltage wave across the tungsten filament bulb load at 10.5 kHz

["Main = 125 k 20us/div |

Max(C1) 2540mY Min(C1) -2520mY Rms(G1) 699.695mY Mean(C1) 86.2394mY
Freq(C1) 4.528986MHz AvgFreq(C1) 64.31364kHz AvgPeriod(C1)  15.5488us Duty(C1) 13.8%

Figure 3.18: Inverter output voltage wave across the tungsten filament bulb load for Table 3.1 (1000W).

High frequency oscillation found during the turn on and turn off of the push-pull inverter
MOSFETSs displayed on Fig 3.18. This may be due to the oscillation in the driver circuit as
well as use of ferrite core. However push-pull technology avoids any possibilities of cross
conduction. This is a more prominent if the operating frequency increases to very high value.
So the development of high frequency inverter requires more care than the low frequency

inverter.
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f C Ry Supply Input Voltage Time Temp. of Temp. of Load
Voltage current Across lower Upper
DC DC the load MOSFET MOSFET
(SW2) (SW1)
f=10.5kH; 110V 1.5A 98v 10 min. 38°C 40°C
= 110V 1.5A 98V 20 min. 43°C 46°C
C=10nF 400W
R, =10k 110V 1.5A 98v 30 min. 43°C 47°C
‘ (110v-
110V 1.5A 98v 50 min. 44°C 49°C Bulb)
110V 1.5A 98V 60 min. 44°C 49°C

Table 3.2: Thermal study of inverter MOSFET (IRF840) at 10.5 kHz.
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Figure 3.19: Temperature rise versus time of two MOSFETs (SW1 and SW2) at 10.5 kHz operation.

Figure 3.20: Inverter output voltage wave across the tungsten filament bulb load for Table 3.2.
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3.7.1.3 Thermal analysis of the IRF840 MOSFET in inverter operation at 7.5 kHz

f C R Supply  Input Voltage  Time Temp. of Temp. of Load
Voltage current  Across lower upper
DC DC the load MOSFET MOSFET
(SW2) (SW1)
f=7.5kH; 110v 1.5A 97V 10 min. 44°C 44°C
C=10nF 110v 1.5A 97V 20 min. 45°C 46°C 400W
. o . 110V-
R, =14k 110V 1.5A 97V 40 min. 51°C 49°C (Bulb)
110V 1.5A 97V 60 min. 51°C 49°C

Table 3.3: Thermal study of inverter MOSFET (IRF840) at 7.5 kHz.
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Figure 3.21: Temperature rise versus time of two MOSFETs (SW1 and SW2) at 7.5 kHz operation.
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Figure 3.22: Inverter output voltage wave across the tungsten filament bulb load for Table 3.3.
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3.7.1.4 Thermal analysis of the IRF840 MOSFET in inverter operation at 15 & 5 kHz

f C R Supply  Input Voltage Time Temp. of Temp. of Load
Voltage current  Across lower upper
DC DC the load MOSFET MOSFET
(SW2) (SW1)
f =15kH;, 110V 15A 94V 10 min. 40°C 43°C
gt:_lgg:: 110V 1.5A 94V 30 min. 42°C 50°C
e 110V 15A 94V 50 min. 42°C 50°C
f =5kH, 110V 1.5A 94V 10 min. 40°C 44oc A0OW
C=10nF . . . (110V-bulb)
Rt o0k 110V 15A 94V 30 min. 44°C 49°C
' 110V 15A 94V 60 min. 45°C 53°C
110V 15A 94V 70 min. 45°C 53°C

Table 3.4: Thermal study of inverter MOSFET (IRF840) at 15 and 5 kHz.
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Figure 3.23: Temperature rise versus time of two MOSFETs (SW1 and SW2) at 15 kHz operation.
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Figure 3.24: Temperature rise versus time of two MOSFETSs (SW1 and SW2) at 5 kHz operation.

70



The push-pull inverter experiment (Table 3.1) shows both MOSFETs reaching a stable
temperature. Thermal stability is observed, unlike in previous experiments (Half bridge).
Similar temperature stability is seen in Tables 3.2-3.4 for supply voltage: 110V, load: 400W,
110V tungsten bulb. Voltage across the load varies with frequency (Tables 3.1-3.3), despite
constant load and supply voltage. Oscillations at the beginning of inverter output observe due

to the presence of loop inductance and ferrite core transformer.
3.7.2 Thermal performance of push-pull inverter using 2SK727 MOSFET

The experimental results of thermal characteristics of the push-pull inverter using 2SK727
MOSFET as a switch are presented in Tables 3.5 to 3.7 and Fig 3.25 to 3.32 for different

frequencies.

3.7.2.1 Thermal analysis of the 2SK727 MOSFET in inverter operation at 15 & 7.5 kHz

f Ci Ry | Supply Input Voltage Time Temp. of Temp. of Load
Voltage current Across lower upper
DC DC the load MOSFET MOSFET
(SW2) (SW1)
f =15kH; 170V 2.19A 157V 10 min. 41°C 43°C
CFlOﬂF
R; =6.6k 170V 2.19A 157V 30 min. 45°C 50°C
170V 2.19A 157V 40 min. 45°C 50°C 800W
f =7.5kH; 170V 2.19A 157V 10 min. 43°C 47°C (220V-
C=10nF Bulb)
R, =14k 170V 2.19A 157V 20 min. 45°C 50°C
170V 2.19A 157V 30 min. 45°C 50°C

Table 3.5: Thermal study of inverter MOSFET (2SK727) at 15 and 7.5 kHz.
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Figure 3.25: Temperature rise versus time of two MOSFETSs (SW1 and SW2) at 15 kHz operation.
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Figure 3.26: Temperature rise versus time of two MOSFETs (SW1 and SW2) at 7.5 kHz operation.

3.7.2.2 Inverter output voltage wave across the tungsten filament bulb load at 15 kHz

M = 125 k Psddiv

(3] 163 133:! -2 v 3 1303 ¥ 3 i, EYGEmY
F m} 1% 0056kHE lil’ht %!3) Bl Gk :%re%{ﬂ) 15, T96TAkHE Eﬂm&l{ﬁ} il BBt
Dty (i 5018 3 i s FarlH¥3] [T

Figure 3.27: Inverter output voltage wave across the tungsten filament bulb load for Table 3.5(15 kHz
frequency).
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3.7.2.3 Thermal analysis of the 2SK727 MOSFET in inverter operation at 15 & 10 kHz

f C R Supply Input Voltage Time Temp. of Temp. of Load
Voltage current Across lower upper
DC DC the load MOSFET MOSFET
(SW2) (SW1)
f =15kH; 120V 2.5A 96V 10 min. 43°C 46°C
C=10nF . . .
R, =6.6k 120V 2.5A 96V 35 min. 57°C 63°C
120V 2.5A 96V 50 min. 57°C 63°C
f=10kH, 120V 2.5A 100V 10 min. 44°C 47°C 1200W
Ci=10nF (220V-
R, =10k 120V 2.5A 100V 30 min. 52°C 58°C Bulb)
120V 2.5A 100V 60 min. 55°C 60°C
120V 2.5A 100V 70 min. 55°C 60°C

Table 3.6: Thermal study of inverter MOSFET (2SK727) at 15 and 10 kHz.

Figure 3.28: Temperature rise versus time of two MOSFETs (SW1 and SW2) at 15 kHz operation.
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Figure 3.29: Temperature rise versus time of two MOSFETs (SW1 and SW2) at 10 kHz operation.
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3.7.2.4 Thermal analysis of the 2SK727 MOSFET in inverter operation at 7.5 & 20 kHz

f C R Supply Input Voltage Time Temp. of Temp. of Load
Voltage current  Across lower upper
DC DC the load MOSFET MOSFET
(SW2) (SW1)
f =7.5kH; 110V 2.5A 95V 10 min. 44°C 46°C 1200w
C=10nF 110V 2.5A 95V 30min.  47°C 53°C (220V-
R; =14k Bulb)
110V 2.5A 95V 40 min. 50°C 57°C
110V 2.5A 95V 50 min. 50°C 57°C
f =20kH; 200V 3.7A 130V 10 min. 56°C 63°C 1400W
C=10nF (220V-
R, =5k 200V 3.7A 130V 20 min. 58°C 65°C Bulb)
200V 3.7A 130V 30 min. 58°C 65°C

Table 3.7: Thermal study of inverter MOSFET (2SK727) at 7.5 and 20 kHz.
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Figure 3.30: Temperature rise versus time of two MOSFETSs (SW1 and SW2) at 7.5 kHz operation.
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Figure 3.31: Temperature rise versus time of two MOSFETSs (SW1 and SW2) at 20 kHz operation.
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3.7.2.5 Inverter output voltage wave across the tungsten filament bulb load at 20 kHz

Main_= 125k 20us/div |
i . { f
| \ | ‘ |
| | i f
' ‘ t
. \ .\
|
F | f
u | 1 j
Max(C1) 1.88 ¥ Min(C1) -1.92 ¥ Rms(GP 1.41531 ¥
Mean(G1) =3.7721TmY Freq(C1) 20.09452kHz Period(G1) 49.76bus
fveFreq(C1) 20.33992kHz AvePeriod(G1)  49.1644us Duty(C1) 51.0%
Rise(C1) 7.901us Fall(C1) 8.058us

Figure 3.32: Inverter output voltage wave across the tungsten filament bulb load for Table 3.12(20 kHz
frequency).

The MOSFET IRF840 was replaced with the 2SK727 to enhance current handling capability.
With a supply voltage of 170V and a current of 2.2A through the switches, the setup was
tested with an 800W lamp load. After one hour, both MOSFETS stabilized at a temperature of
50°C, demonstrating reliability superior to the previous half-bridge inverter design. To further
test the setup, the current was increased by adjusting the load and supply voltage, with the
frequency set to 20 kHz. At this frequency, the supply voltage was increased to 200V (as
shown in Table 3.7), resulting in a current of 3.7A through the switches and a lamp load of
1400W. Under these conditions, the temperature stabilized at 65°C after half an hour of

operation.
3.8 Study on ohmic heating's impact on liquid food materials

The physical and chemical characteristics of the metal electrodes have a significant influence
on electrochemical reactions at the electrode/solution interface in this method. Various
electrode materials have been used for ohmic heating studies up to this point. In the current
study, a variety of simulated liquid samples were processed by ohmic heating in order to
investigate the impact of heating on the quality of the final product. To begin, experiments

were conducted using available power supplies and four different types of metal electrodes,
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stainless steel 304 (SS304), stainless steel 316 (SS316), titanium and gold plated silver
electrodes. Secondly, a high frequency power supply unit was developed to reduce the DC

effect and prevent electrode corrosion during heating.

Ohmic heating treatment was first initiated using a stainless steel 304 electrode and an
electrical source that was available (50Hz). After heating, the solution's color changed when
treated with an SS304 electrode at a low concentration of NaCl, or less than 1% NaCl. The
identical electrode was also tested with KCI and Na,SO, solutions at varying concentrations,
and the results revealed a striking color shift with suspended particles in the test sample. The
samples were then processed using SS316 electrodes, and a noticeable color shift was seen.

3.8.1 Electrode details

There are over a hundred different kinds of stainless steel. Stainless steel (304) and 316 are
iron-chromium alloys with at least 11% chromium that are resistant to corrosion and high
temperatures. As a member of the austenitic family of stainless steels, grade 316 is primarily
alloyed with silicon (1.5-3%), molybdenum (2-3%), nickel (10-14%), and chromium (16—
18%). Two additional metal electrodes have been tried in this work in addition to SS 304 and
316 electrodes: titanium, which has high corrosion resistance and biocompatibility qualities,
and gold-plated silver electrodes. The electrodes have a parallel plate arrangement and are
rectangular in shape. Every electrode had the same geometric measurements and was
rectangular (5.08 cm x 5.08 cm). The electrodes' thickness was 0.1 cm and the distance
between them was 1.27 cm for all treatments, electrodes are shown in Fig 3.33 & Fig 3.34.

STAINLESS STEEL ELECTRODE (304)  STAINLESS STEEL ELECTRODE (316)

Figure 3.33: Stainless steel electrodes (SS 304, 316).
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Gold Plated Electrode

Figure 3.34: Gold plated electrode.

3.8.2 Analysis of electrode corrosion induced by ohmic heating at 50 Hz AC supply

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)
analysis were used to look at deposits that developed on the electrode surface and metal ion
migration into the heating solution. Initially, EDX analysis was used to assess the
compositions of the electrodes' building materials before the heating. After the sample's
ohmic heating was finished in each experiment, a 10.00 (£ 0.03) ml sample of the processed
material and a 10.00 (= 0.03) ml sample of the corresponding untreated solution were taken
as references. For additional research, all of the samples were aseptically collected in narrow

mouth conical flasks and wrapped with brown paper and cotton.

The electrodes were left to dry for about an hour at room temperature following each
experiment cycle. A piece of stainless steel spatula was then used to carefully scrape off the
deposits of the elements on the surface of both electrodes. An INCA-X SIGHT MODEL
7582 and a JEOL-JSM 6360 Scanning Electron Microscope from Oxford Instruments'
Metallurgical and Material Science Department at Jadavpur University were used to study the
surface of the collected deposit. The green coconut water sample was also subjected to the
"Element Line Scan" (ELS) experiment. A JEOL JSM-6360 scanning electron microscope
fitted with an INCA-X Sight Model 7582 Oxford energy dispersive x-ray analyzer (SEM-
EDX) was used to determine the chemical compositions of electrode deposits. After

mounting each of the deposited samples on the carbon tape, the analysis was carried out at an
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accelerating voltage of 20 kV. INCA Energy+ software was used to obtain the results. For

every deposit sample, just a few replicate measurements were taken.
3.8.3 SEM-EDX analysis of ohmic heating effects

Certain unfavorable events happened during heating, as evidenced by a noticeable color shift
that was most likely caused by electrode corrosion. Therefore, it was thought that the
components of the electrode building material must be added to the processed material if
some electrode material is corroding through it. All of the electrode material was evaluated
using EDX before to heat treatment in order to determine the initial compositions of the metal
electrodes. Following heating, SEM-EDX and ELS were used to further examine the treated
materials. In scanning electron microscopy, molecules in the sample interact with a high-
voltage electron beam in an evacuated chamber to produce a variety of signals that provide
information about the sample surface. These signals are then detected to create an image.
Images from this study's examination of metal ion migration into the heating media and

deposits that developed on the electrode surfaces are displayed below.
3.8.3.1 EDX information on electrodes prior to ohmic heating treatment

EDX information on electrodes prior to heat treatment is presented graphically

Element Weight% Atomic%
CrK 16.64 17.99

Mn K 1.94 1.98

Fe K 67.24 67.69

Ni K 10.56 10.11
CuK 0.36 0.32

Mo L 3.26 1.91
Totals 100.00

Table 3.8: 304-grade stainless steel electrode (control)
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Figure 3.35: Stainless steel 304 electrode EDX graph (Control)

Element | Weight% | Atomic%
SiK 0.90 1.75

SK 1.08 1.84
CrK 16.57 17.42

Mn K 2.27 2.26

Fe K 67.60 66.16

Ni K 11.02 10.26

Mo L 0.57 0.32
Totals 100.00

Table 3.9: 316-grade stainless steel electrode (control)
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Figure 3.36: Stainless steel 316 electrode EDX graph (Control)
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Element Weight% Atomic%
CK 8.90 15.48

N K 23.46 34.99
OK 21.88 28.58

Al K 3.21 2.48
TiK 40.67 17.74
VK 0.54 0.22

Fe K 1.35 0.50
Totals 100.00

Table 3.10: Titanium electrode (Control)
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Figure 3.37: Titanium electrode EDX graph (Control)
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Element | Weight% | Atomic%
Ni K 71.59 89.37
AgL 0.17 0.12
AuM 28.24 10.51
Totals 100.00

Table 3.11: Gold plated electrode (Control)
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Figure 3.38: Gold plated electrode EDX graph (Control)
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3.8.3.2 Graphical presentation of SEM-EDX results for electrodes after heat treatment

Figure 3.39: SEM image of a 0.5% NaCl solution.
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Figure 3.40: SEM image of a 0.5% NacCl solution.

3.8.3.3 Results of the 0.5% NaCl solution's EDX (SS 304) after heating

Element Weight% Atomic%
Na K 38.72 49.77
PK 0.00 0.00

SK 0.20 0.19
CIK 59.43 49.53

Fe K 0.49 0.26
AgL 1.13 0.17
AuM 0.03 0.08
Totals 100.00

Table 3.12: Results of the 0.5% NaCl solution's EDX (SS 304).
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Figure 3.41: 0.5% NaCl solution's EDX (SS 304).

3.8.3.4 Results of the 0.5% NaCl solution’s EDX (SS 316) after heating

Element Weight% Atomic%
OK 29.58 44.01
Na K 29.74 30.79
Mg K 0.09 0.09
Al K 0.19 0.16
CIK 32.29 21.68
KK 0.29 0.17
CaK 0.45 0.27
CrK 0.76 0.35
Fe K 4.55 1.94
Ni K 1 0.3
Mo L 1.17 0.24
Totals 100.00

Table 3.13: Results of the 0.5% NaCl solution's EDX (SS 316 electrode).
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Figure 3.42: 0.5% NaCl solution's EDX (SS 316 electrode).

3.8.3.5 EDX result of the 0.5% NacCl solution's rough surface (unclean electrode).

Element Weight% Atomic%
Na K 43.99 55.58
CIK 52.73 43.20
CaK 0.08 0.06
Sc K 0.13 0.09
CrK 0.28 0.16
Fe K 0.42 0.22
CuK 0.74 0.34
Ag L 1.02 0.28
Pt M 0.60 0.09
Totals 100.00

Table 3.14: EDX result of the 0.5% NaCl solution's rough surface (unclean electrode).
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Figure 3.43: 0.5% NacCl solution's rough surface (unclean electrode).

3.8.3.6 EDX result of 0.5% NacCl solution’s flat surface (SS 304).

Element Weight% Atomic%
Na K 39.84 51.05
CIK 57.67 47.92
Sc K 0.11 0.07
CrK 0.17 0.10
Fe K 0.39 0.21
Ni K 0.48 0.24
CuK 0.26 0.12
Ag L 0.68 0.18
CdL 0.39 0.10
Totals 100.00

Table 3.15: EDX result of 0.5% NaCl solution's flat surface (SS 304).
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Figure 3.44: 0.5% NaCl solution's flat surface (SS 304).

3.8.3.7 EDX result of 0.1% NacCl solution for gold plated electrode after heating

Element Weight% Atomic%
Na K 41.97 53.01

Al K 0.18 0.19

CIK 56.49 46.28
KK 0.20 0.15

Fe K 0.45 0.23
AgL 0.27 0.07
AuM 0.45 0.07
Totals 100.00

Table 3.16: EDX result of 0.1% NaCl solution for gold plated electrode.
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Figure 3.45: 0.1% NacCl solution for gold plated electrode.

3.8.3.8 EDX result of 0.1% NaCl solution for gold titanium electrode after heating

Element Weight% Atomic%
Na K 40.27 51.15
CIK 58.33 48.04
CaK 0.30 0.22

Sc K 0.32 0.21

TiK 0.79 0.25
Totals 100.00

Table 3.17: EDX result of 0.1% NaCl solution for gold titanium electrode.
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Figure 3.46: 0.1% NaCl solution for gold titanium electrode.

Sample: 1% NaCl solution, AC supply (50 Hz) and unclean electrode.

Final Colour: Deep Brown

Figure 3.47: SEM image of a 1% NacCl solution
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1,888 18mm BEB9

Figure 3.48: SEM image of a 1% NacCl solution.

The components of the electrode building material are present in the processed material,
according to the SEM-EDX results for each electrode. The EDX table revealed the presence
of Mn, Si, Cu, Mo, Ni, Co, and other elements during processing with SS 304 & 316
electrodes (Table 3.8-3.17). After heating with titanium electrodes, a considerable amount of
titanium was found in the processed sample. Because the processed material is enriched with
electrode construction material, the electrode material is corroding through the processed

material, according to the overall electrode corrosion study.
3.9 Liquid sample heating using push-pull inverter

The experimental investigation successfully demonstrated the thermal characteristics of
MOSFETs in a push-pull inverter setup, providing valuable insights into temperature
stabilization and thermal behavior under various load conditions. Finally, different liquid
samples are heated, and corrosion at different frequencies and duty cycles is examined. The
experiment was conducted using Parallel plate electrode setup shown in Fig 3.49 with
different frequency supply system (push-pull inverter), different time of operation, different
concentration of salt and acid etc. The study of inverter outputs for heating at different type
liquid loads (1%, 2% NaCL solution) show that the effect of the corrosion of electrode is
minimized when frequency is increased from 50 Hz to 20 kHz.
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Figure 3.49: Parallel plate electrode setup

Salts and acids are present in the majority of semisolid foods and liquid drinks. The
following is revealed by the experimental results for various liquid conductors with varying
combinations of electrodes, time duration, acid and salt concentrations, and regulated and
unregulated electrical supply. All the solution even containing a little % NaCl showed colour
changes whether it is regulated AC or unregulated AC. Various electrodes like stainless steel
304, stainless steel 316, titanium and gold plated stainless steel 316 are used to perform the
heating process in the laboratory. Parallel plate electrode of stain less steel (316)
configuration shown in Fig 3.49, has been used to heat liquids. The electrodes are spaced 1/2"
apart in all treatments, and their dimensions and thicknesses of 6" x 6" and 1mm are taken

into account.

Liquid (1 or 2% NacCl solution) is heated by this ohmic heater and the temperature rises as
current passes through it. It is observed that initial current changes at a low voltage, as
time passes temperature of liquid rises and current also changes, does not remain constant.
There is a gradual increase of the current with rising temperature in time. This shows that the
conductivity depends on temperature and it increases non-linearly with temperature. So the
control of the current is required to limit the current with the specification of power supply;
otherwise, it will be damaged. Also the timing of the rising temperature can also be
controlled by voltage and current control. Using this experimental setup electrode corrosion
was studied at different frequencies, conductivity and temperature characteristics of the liquid
with respect to time for different solution were observed, which is shown in Table 3.18.
The push-pull inverter's output, with its variable frequency range, is designed to heat liquid
conductors (such as salt water) for ultra-high temperature heating applications, including

sterilization of liquid beverages. It has been shown that, in comparison to power frequency
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sine wave alternating current, the corrosion phenomenon of the electrode would significantly
decrease. Similarly, it is discovered that 10 kHz alternating current would result in a more
noticeable improvement than 5 kHz alternating current when compared to other high
frequency alternating current waveforms; the heated liquid conductor would no longer be
discolored. The conditions of electrode at various frequencies are shown in Fig 3.51 and 3.55
and the voltage wave for NaCl solution at 10 and 20 kHz is shown in Fig 3.50 and 3.54.
These findings suggest that increasing the frequency further could potentially eliminate
corrosion entirely. The high-frequency power inverter developed in this study shows promise
as an ohmic heater for sterilizing liquid food conductors at ultra-high temperatures. Notably,
the results indicate that ohmic heating at frequencies above 5 kHz preserves the color of
liquid solutions with lower NaCl concentrations, highlighting the potential benefits of this
technology. Fig 3.52(a, b, ¢) and Fig 3.53(a, b, c) shows the various curve of Current vs.
Time and Temperature vs. Time for different solution and frequency where it is clearly seen
that the current is changing non linearly with time as the temperature increases. It was also
found that conductivity of coconut water respectively higher than others, which is also heated
into the pressurized vessel for liquid chamber connected at the output terminal of the push
pull inverter shown in Fig 3.16. The high frequency inverter voltage wave across coconut
water when being heated, raising the temperature of the liquid in a pressurized vessel shown
in Fig 3.56. It can be said that the continuous load current at high frequency through the
liquid load power heating be similar to the voltage wave as because of the load is resistive

type.

3.9.1 Ohmic heating of 1% & 2% NaCl solution at 1kHz, 5kHz & 10 kHz frequency

Sample Time Temp Freq. /P Current Color Corrison
(min)  (°C) (kHz)  Voltage (Amp)

1% 31 97°C 1kHz 28V 11.2Amp. Tinge Occur on edge

Nacl min. Yellow Of electrode

1% 32 96°C 5kHz 28V 11Amp No Not

Nacl min. Change Visible

1% 35 98°C 10kHz 28V 11.5Amp No Not

Nacl min change Visible

2% 14 97°C 1kHz 28V 18Amp Tinge Occur on the

Nacl min. Yellow Edge of electrode

2% 15 97°C 5kHz 28V 18Amp No Not

Nacl min. Change Visible

2% 15 97°C 10kHz 28V 18Amp No Not

Nacl min. Change Visible

Table 3.18: Results for 1% & 2% Nacl solution at different frequencies.
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Figure 3.50: Output voltage wave across NaCl solution for 10 kHz.

3.9.2 Corrosion of electrodes made of stainless steel (SS 316) for different frequency

(50 Hz- 5kHz- 10kHz) after ohmic heating treatment
"! I I
®) ©

Figure 3.51: Corrosion of electrodes made of stainless steel for different frequency (50 Hz- 5kHz- 10kHz).
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Figure 3.52: (a,b,c): System Current vs. Time & Temperature of liquid (1% NaCl solution) vs. Time for
variable operating frequency
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Figure 3.53: (a,b,c): System Current vs. Time & Temperature of liquid (2% NaCl solution) vs. Time for
variable operating frequency

3.9.3 Voltage across NaCl solution during heating at 20 kHz.
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Figure 3.54: Output voltage wave across NaCl solution for 20 kHz.

93



3.9.4 Corrosion of electrodes made of stainless steel (SS 316) for different frequency
(50Hz-20kHz) after ohmic heating treatment

At 50 Hz At 20 kHz
' \Frequency Frequency

Figure 3.55: Corrosion of electrodes made of stainless steel for different frequency (50 Hz- 20kHz).

3.9.5 Voltage across coconut water during heating treatment at 10.36 kHz.
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Figure 3.56: Output voltage wave across coconut water at 10.36 kHz frequency.

3.10 Summary

It is observed that there is no longer any discoloration in the heated liquid conductor while
the inverter is operating beyond 5 kHz, though frequency is increased and operated the
inverter about 20 kHz. It follows that this corrosion can be totally eliminated if the frequency
is raised even further. Therefore, in the future, this high frequency power inverter will be a
promising ohmic heater to sterilize the liquid food conductor at ultra-high temperature in

food processing industry.

When the concentration of the solution increases as shown in Table 3.18, the heating rate
becomes faster and the time required for reaching the same temperature is shorter compared
to a lower concentration. This happens because higher concentration allows more current to

flow. However, the corrosion effect remains the same with respect to frequency.
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Chapter-4

DESIGN AND DEVELOPMENT AND SOME STUDIES ON
HIGH FREQUENCY POWER INVERTER USING ARDUINO
MICROCONTROLLER

4.1 Introduction

Unlike traditional inverters discussed in the earlier chapters, this inverter uses a
microcontroller to generate precise Pulse Width Modulation (PWM) signals for controlling
the power switches. The Arduino Uno, based on the ATmega328P microcontroller, is a
widely used platform due to its ease of programming, affordability, and versatility in
handling digital control operations. An inverter using Arduino Uno is a circuit designed to
convert DC power into AC power using digital control techniques. Initially, the inverter is
tested in simulation software like Proteus where the circuit design, pulse width modulation
(PWM) signals, and optocoupler response are analyzed without hardware components. The
Arduino Uno, which serves as the core microcontroller (ATmega3285P), generates PWM
signals to drive MOSFETSs in an H-bridge or push-pull topology. These switching signals are
used to convert DC input into a modified or square wave AC output. Once the software
simulation confirms proper functionality, the design is implemented in hardware using
components like transformers, power transistors, and filters to achieve the desired AC output.
Finally hardware prototype is tested under various load conditions to ensure efficiency and
stability, making it a cost-effective and scalable solution for small-scale power conversion
applications. The inverter’s design and implementation process typically follows a two-phase
approach: software simulation of driver circuit and hardware realization. This ensures that the
circuit functions optimally before physically constructing the system. The primary objective
of the simulation phase is to verify the feasibility of the inverter’s operation under different

conditions.

4.2 Simulation and testing of microcontroller based driver using software

The Arduino Uno is programmed to generate high-frequency PWM signals using its built-in
Timerl module. These PWM signals drive MOSFETs or IGBTSs in an H-bridge or push-pull
configuration to create an AC waveform from a DC source. The output waveform
characteristics, such as frequency and duty cycle are analyzed using simulation tools. The

simulation helps in identifying the potential issues such as switching losses, dead time
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requirements, and overheating risks, allowing for necessary optimizations before hardware
implementation. First of all, the technical specifications must be discussed in detail to ensure
a clear understanding of the system's capabilities and limitations. This includes key
parameters such as operating voltage, power consumption, speed, and performance
characteristics. Analyzing these specifications is crucial for selecting the right components

and ensuring compatibility with the intended application.

4.2.1 Technical specifications

Arduino Uno is one of the most popular microcontroller boards in the Arduino family. It is
based on the ATmega328P microcontroller and is widely used for prototyping, embedded
systems, 10T (Internet of Things) applications and power electronics projects. Its ease of use,
open-source nature, and extensive community support make it a favorite among beginners

and professionals alike. Details of technical specifications are mentioned below.

Feature Specification
Operating Voltage 5V
Microcontroller ATmega328P (8-bit AVR)
Input Voltage (Limits) 6-20V
Analog Input Pins 6
Digital 1/0 Pins 14 (6 PWM)
DC Current per 1/O Pin 20mA
Input VVoltage (Recommended) 7-12V
SRAM 2 KB
Clock Speed 16 MHz
Power Consumption ~50 mA
Flash Memory 32 KB (0.5 KB used by boot loader)
EEPROM 1 KB
USB Connectivity Yes (USB Type B)
Communication UART, I2C, SPI
Dimensions 68.6mm x 53.4mm
Weight ~25¢g
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The ATmega328P is an 8-bit microcontroller from the Atmel AVR family (now owned by
Microchip Technology). It is the core microcontroller used in Arduino Uno, Arduino Nano,
and other development boards. It is known for its low power consumption, high performance,
and ease of use in various projects. The ATmega328P comes in different packages (DIP,
TQFP, QFN), but the most common is DIP-28 (used in Arduino Uno). Pin descriptions of
ATmega328P IC shown in Fig 4.1.

ATMega328P and Arduino Uno Pin Mapping

Arduino function Arduino function
reset (PCINT14/RESET) PCsC]t = |0 PCS (ADCSISCL/PCINT13)  analog input 5
digital pin 0 (RX) (PCINT16RXD) POO: z7l] PC4 (ADC4/SDA/PCINT12) analog input 4
digital pin 1 (TX) {PCINT17/TXD) PD12 z6]] PC3 (ADCI/PCINT11} analog input 3
digital pin 2 {PCINT18/NTO) PD2[]+ 201 PC2 (ADC2/PCINT10) analag input 2
digital pin 3 (FWM)  (PCINT19/0C2B/NT1) PD3 s 2] PC1 (ADC1/PCINTS) analog input 1
digital pin 4 {PCINT20/XCKITO) PD4 6 2] PCO (ADCO/PCINTE) analog input 0
VCG veedr 2] GND GND
GND GND[# #I[] AREF analog reference
crystal {PCINTE/XTAL1/TOSCH1) PB6[]s 2| AVCC VCC
crystal (PCINTT/XTAL2/TOSC2) PBT 10 1] PB5 (SCK/PCINTS) digital pin 13

digital pin 5 (PWM)  {PCINT21/0C0B/T1) PDS]
digital pin & (PWM)  (PCINT22/0COA/AING) PD&]
digital pin 7 (PCINT23/AIN1) PD7 ]
digital pin 8 (PCINTO/CLKOACP1) PBO]

] PB4 (MISO/PCINT4) digital pin 12
(] PB3 (MOSVOGZAIRCINTS) digital pin 11(PWM)
] PB2 (SSIOCIBIPCINTZ)  digital pin 10 (PWM)
(] PB1 (QCT1APCINTT) digital pin 9 (PWM)

2

=

3

o

E
in

Digital Pins 11,12 & 13 are usad by the I(CSP haader for MOS)
MISD, SCK conmactions |Atmaga 188 pins 17,18 & 1) Avoid low-
impadance ioads on thesa ping when using tha ICSP header

Figure 4.1: Pin descriptions of ATmega328P IC.

Pin Function
VCC Power supply (1.8V - 5.5V)
GND Ground
AVCC Analog power supply (for ADC)
AREF Analog reference voltage
RESET Active low reset
PBO - PB7 Digital 1/0, SP1 (MISO, MOSI, SCK)
PCO - PC5 Analog inputs (ADCO - ADC5)
PDO - PD7 Digital I/0, UART (RX, TX), I12C (SDA, SCL)
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1. Timers & PWM
e Timer0 & Timer2 (8-bit) — Used for delays, PWM, and time-based operations.
e Timerl (16-bit) — Used for precision timing, frequency measurement, and PWM.
2. ADC (Analog-to-Digital Converter)
e 10-bit resolution.
e 6 input channels (PCO - PC5).
o Supports differential measurement and adjustable voltage reference.
3. Communication Interfaces
o UART: Serial communication (RX, TX).
e SPI: High-speed data transfer (MISO, MOSI, SCK).
e 12C (TWI): Interfacing with sensors, displays, and peripherals (SDA, SCL).

Finally, the program was developed and uploaded to the Arduino Uno using the Arduino
IDE. The corresponding software and driver circuit diagram are shown in Fig 4.2; outputs at
different frequencies and duty cycle have been generated, captured using a virtual
oscilloscope (DSO), and are presented here for analysis. These outputs demonstrate the
system's ability to produce variable pulse signals, at the end which can be utilized in pulse-

width modulation (PWM) techniques for operation of inverter-MOSFETS.

ARDUINO UNO With
ATmega328P

Microcontroller IC
Virtual

6N136 8 Oscilloscope
OPTOCOUPLER =+~ P (Ds0)
p =

R2
PBSISCK Py
PBAMISO
- PBIMOSIOC2A
| -peaocs 1

~PBIOCIA —

PBOACPYICLKO 6N136
POTIANI OPTOCOUPLER | 1%

o o @ >

5 ~PDTIAINY A

i3
PCOADCO O ~ PDSIT1/0C0B
PC1ADC1 2 5 PD4TOIXCK
PCADC2 n ~ PDIINT1/0CZB 2
L]
n
]

PCIADC3 PD2INTD 8
VG
Bl 7
6
P
1

PCAADCHSDA PDUTXD

PCIADCSISCL,

U
2 A
X

R1

Figure 4.2: Driver circuit design in Proteus software.
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4.2.2 Driver output voltage pulses in simulation at different frequency (1kHz, 3kHz,
5kHz, 10kHz, 12.5kHz and 16kHz)

Several outputs i.e. alternate pulses with varying frequencies and duty cycles that were
recorded in a virtual oscilloscope (DSO) are produced and provided here from Fig 4.3 to Fig
4.8.

DSO Output

g Y e e ———— e ——— —]‘_______‘_______j T

I | ‘ |

| | | |

| | | |

| | | |

| | | l

| | | !

I
N N I N [ [ [T i
0
Channel A Channel B Channel C Channel D
V/Div 500.00 mV 500.00 mV 2.00V 2.00V
Offset 10.00 V 10.00 V -21.60V -22.00V
Invert Normal Normal Normal Normal
Coupling AC AC AC AC
Horizontal Trigger
Source Trace Source Channel A
Position 800.00 uS Level 0.00V
S/Div 100.00 uS Coupling DC
Edge Rising
Mode Auto

Figure 4.3: 1 kHz frequency alternate pulse voltages before the optocoupler (yellow and blue) and after the

optocoupler (red and green).
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DSO Output

(71, RO RSl FRRR] v . 15 SRR RN ) (e 1 RS RSN SR 52 1) ol [BRL [ SRR 11 H
4

y_____] 71

=1 il — 1=

| | | | |

| | | i | |

| | | | | |

| | | | | |

| | | I | |

[ ) I |
| | S | S St | M |

0
Channel A Channel B Channel C Channel D
V/Div 500.00 mV 500.00 mV 200V 200V
Offset 10.00 V 10.00 V -21.60V -22.00V
Invert Normal Normal Normal Normal
Coupling AC AC AC AC
Horizontal Trigger
Source Trace Source Channel A
Position  400.00 uS Level 0.00V
S/Div 50.00 uS Coupling DC
Edge Rising
Mode Auto

Figure 4.4: 3 kHz frequency alternate pulse voltages before the optocoupler (yellow and blue) and after the
optocoupler (red and green).
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DSO Output

=== R T S RS [ b ez | | T SR ESSa] -

| | | T
| | | ||
| | | |
| l l | |
| | | |
| | | |
e . o s e : e e s e L e e e | o e |
0
Channel A Channel B Channel C Channel D
V/Div 500.00 mV 500.00 mV 200V 200V
Offset 10.00 V 10.00 V -21.60V -22.00V
Invert Normal Normal Normal Normal
Coupling AC AC AC AC
Horizontal Trigger
Source Trace Source Channel A
Position  160.00 uS Level 0.00V
S/Div 20.00 uS Coupling DC

Edge Rising
Mode Auto

Figure 4.5: 5 kHz frequency alternate pulse voltages before the optocoupler (yellow and blue) and after the
optocoupler (red and green).
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DSO Output

| WP T 17 T W T T T T
| \ I |
l ‘ | |
l l | |
| | | |
l | \ \
| ‘\ \ \
- L AN el ol ot -8 - .
0
Channel A Channel B Channel C Channel D
V/Div 500.00 mV 500.00 mV 200V 200V
Offset 10.90 V 10.80 V -21.60V -22.00V
Invert Normal Normal Normal Normal
Coupling AC AC AC AC
Horizontal Trigger
Source Trace Source Channel A
Position  100.00 uS Level 0.00V
S/Div 10.00 uS Coupling DC

Edge Rising
Mode Auto

Figure 4.6:10 kHz frequency alternate pulse voltages before the optocoupler (yellow and blue) and after the
optocoupler (red and green).
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DSO Output

P e S e e o M T S S e
\ | \ l |
\ | | \ |
l \ | l l
| | | l |
l \ \ | |
| | | | |
|
T T T P e i
0
Channel A Channel B Channel C Channel D
V/Div 500.00 mV 500.00 mV 200V 200V
Offset 10.00 V 10.00 V -21.60V -22.00V
Invert Normal Normal Normal Normal
Coupling AC AC AC AC
Horizontal

Trigger
Source Channel A
Level 0.00V

Source Trace
Position  80.00 uS
S/Div 10.00 uS

Coupling DC
Edge Rising
Mode Auto

Figure 4.7:12.5 kHz frequency alternate pulse voltages before the optocoupler (yellow and blue) and after the
optocoupler (red and green).

103



DSO Output

A R | B B 2, ] ) [ |
\ \ \
\ \ | \
\ \ | \
\ \ | \
\ \ \
\ \ \
| \ \ \L.._.
| SRS R B B SR e | B B8 5, S8 ISR X5, Bl I (P P
0
Channel A Channel B Channel C Channel D
V/Div 500.00 mV 500.00 mV 200V 200V
Offset 10.00 V 10.00 V -21.60V -22.00V
Invert Normal Normal Normal Normal
Coupling AC AC AC AC
Horizontal Trigger

Source Trace
Position  40.00 uS
S/Div 5.00uS

Source Channel A
Level 0.00V

Coupling DC
Edge Rising
Mode Auto

Figure 4.8:16 kHz frequency alternate pulse voltages before the optocoupler (yellow and blue) and after the
optocoupler (red and green).
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4.3 Hardware design and implementation of driver output voltage pulses
After achieving satisfactory simulation results, the inverter driver is implemented using
physical components. The key hardware elements are included here in the Fig 4.9 shown
below. A real Arduino Uno, along with other components like a variable resistor for
frequency control, has been incorporated into a zero PCB board. The compiled program built
on a PC using the Arduino IDE software is interfaced with the Arduino Uno board. Finally, a
digital storage oscilloscope (DSO) was used to record the alternating output pulses at various
frequencies shown in Fig 4.10 to 4.16, which are presented below.

V-
/ ]

f=/

I
4 y =] ]
—=r j L
4 1 L/ PROGRAMMING Il
s ON
ARDUINO IDE

ARDUINO UNO

Figure 4.9: Testing of driver circuit using Arduino Uno.

q Zdd SHS-/s 200usiliv
: : : TX< Mainz 10k >3 : : : CH1 1:1

: : Z2.00 Usdiv
0C  Full
CHZ 1:1

Z2.00 Usdiv
0C  Full

Edge CH1 f
Auto
0.04 U

P-P(C1)  5.16667V Prod(C1) 985.6us Avg(CZ)  Z2.00807V
Max(C1) 5.88333V Duty(C1) 49.58~ Freq(C2) 1.014616kHz
Avg(Cl) Z.01818V P-P(C2) 5.00006V Prod(C2) 985.6us
Freq(Cl) 1.914610kHz Max(C2)  4.91667V Duty(Cz) 49.63x

Figure 4.10: 1 kHz frequency alternate pulse voltages from ATmega328P microcontroller IC.
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. S CH1 1:1
2.00 Vsdiv
IC  Full
CAZ 1:1
2.00 Vsdiv
IC  Full

Edge CH1 4
Auto
0.04 V

P-P(C1) 5.16667V Prod(C1) 498.1us Avg(CZ)  1.972479V
Max(C1) 5.88333V Duty(C1) 40.77« Freq(CZ2) 2.008032kHz
Avg(Cl)  2.94455V P-P(CZ2) 5.16667V Prod(CZ) 498.6us
Freq(C1) 2.007629kHz Max(CZ)  4.91667V Duty(Cz2) 40,52«

Figure 4.11: 2 kHz frequency alternate pulse voltages from ATmega328P microcontroller IC.

i 148 10M5-5  100U54div
: : : D4 Maind 10k 3o : : : CH1 1:1
: : 2.00 U-div
nc Full
................................................................................................... e 11
2.00 U-div
.......................................................... DC FUII
Ty
=
................................................................................................... Edge CH1
Auto
................................................................................................... 0.94 U
P-P(C1) 5.16667V Prod(C1) 333.1us Aug (C2) 1.97786U
Max(C1) 5.88333V Duty(C1) 40.77% Freq(C2) 3.602101kHz
Avg(C1) 2 .85540V P-P(C2) 5.88333V Prod(C2) 333.1us
Freq(Cl) 3.9002101kHz Max(C2) 4.91667U Duty(Cz2) 40.89«

Figure 4.12: 3 kHz frequency alternate pulse voltages from ATmega328P microcontroller IC.
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1 26072 ZOMS-s  DOHsAiv
: : D44 Mainzl0k k3ol . : CH1 1:1
: : : : 2.00 Udiv
IC  Full
................................................................................................... AR
R . .y e - 2.00 Usdiu
.................................................................................. ]]C Full
Thl
=
................................................................................................... Edge CH1
Auto
0.04 U
P-P(C1) 5.33333V Prod(C1) 196.25us Avg(CZ2)  1.862890
Max(C1) 5.68333V Duty(Cl)y 46.31~ Freq(CZ) 5.994Z44kHz
Avg(Cl)  Z.17276V P-P(CZ) 5.68333V Prod(CZ) 196.30us
Freq(Cl) 5.995541kHz Hax(CZ) 4.916621 Duty(cz) 40.83~

Figure 4.13: 5 kHz frequency alternate pulse voltages from ATmega328P microcontroller IC.

1 4515 SOMS-s  Z0UsAliv
B B DL MainEl0k 3o : : CH1 1:1
: : : : Z2.00 Usdiv
: c Full
............................................................................... AR EE]
: 2.00 Usdiv
SN S URRUURURE SRV SUUS NUUUESURNPURURE SO NN SUUUUUPURE SORPRUNS US) INUOUERRO OC_ Full
................................................................................................... Edge CH1 §
Auto
................................................................................................... 9.04 U
P-P(C1) 5.25000Y Prod(C1) 98.88us Avg (C2) Z.00004Y
Max(C1) 5.608333V Duty(C1) 40.25x Freq(CZ2) 10.11327kHz
Avg(C1) Z.016a3Y P-P(CZ) 5.88333V Prod(CZ) 98.88us
Freq(C1) 10.11327kHz Max(CZ) 4.91667V DutycCz) 48.51=«

Figure 4.14:10 kHz frequency alternate pulse voltages from ATmega328P microcontroller IC.
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1 5202

ZOM3-s  50psAiv
<4 Maini 10k > : : CH1 1:1
: : 2.00 Usdiv
: DC  Full
................................................................................................... o7 11
N 2.00 Usdiv
........................................................................ DC Full
T
................................................................................................... a - BN
Auto
P-PF(C1) 5.33333V Prod(C1) 79.95us Avg(CZ)  Z.84716Y
Max(C1) 5.88333V Duty(Cl) 41.98:x Freq(C2) 12.50000kHz
Avg(C1) Z.85642U P-P(C2) 5.16662V Prod(C2) 80.00us
Freq(Cl) 12.506782kHz Max(CZ) 4.91667V Duty(cz) 41.81x

Figure 4.15:12 kHz frequency alternate pulse voltages from ATmega328P microcontroller IC.

| 24298 S50M5-5  Z0H5Aliv

T4 Mains 10k »3 CH1 1:1
: 2.09 Usdiv
OC  Full
................... R R e A AT 5
. : i et e : . Z2.00 Usdiv
SO 08 TSUURUUULEN I8 WU UUUUUUOY U1 FNUUUUUUESON I AU SUUURI £30 ISUUUUE SOUS 0 N SOUOOS DC_ Full
T . -
™ i -l wrar
................................................................................................... Fdge CH1 £
Auto
................................................................................................... 9-94 U
P-P(C1) 5.Z25000V Prod(C1) 6Z.22us Avg(CZ2)  2.1147210
Max(C1) 5.88333V Duty(Cl) 39.34% Freq(C2) 16.07717kHz
Avg(C1)  1.86133V P-P(C2) 5.16667V Prod(CZ2) &2.Z20us
Freq(C1) 16.07Z200kHz Max(C2)  4.91667V Duty(C2) 39.74x

Figure 4.16: 16 kHz frequency alternate pulse voltages from ATmega328P microcontroller IC.
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4.4 Testing and performance evaluation

After assembling the hardware setup, the inverter is tested under various loading conditions
to evaluate its performance. 6N136 is used for isolation which is a high-speed optocoupler
designed for applications that require galvanic isolation and fast signal transmission. It
consists of an infrared LED and a photo detector with an integrated high-gain amplifier. It
provides isolation between a low-voltage microcontroller (e.g., Arduino) and high-voltage
circuits. Isolates control logic circuit from Inverter-MOSFETs. The optocoupler not only
isolates the circuits but also enhances the voltage level from 5V to 12V in this driver circuit
which is required to turn-on the power MOSFETS. Push-pull type inverter using ferrite core
transformer including all the components as discussed earlier is being adopted here for higher
frequency operation shown in Fig. 4.17. Various experimental analysis has been done with
and without loaded condition of this microcontroller based inverter and captured different
wave shapes using DSO, shown in Fig. 4.18 to 4.39 where tungsten filament bulb consider as
electrical load. Initially, the inverter is tested at a higher frequency to ensure stability and
proper operation. If the results are satisfactory, the system will then be tested using a liquid
load to evaluate its performance under realistic operating conditions.

MICROCONTROLLER (ATmega328P)

INVERTER BASED DRIVER CIRCUIT WITH ITS
CIRCUIT POWER SOURCE

Figure 4.17: Push-pull inverter setup with microcontroller based driver.
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YOKOGAWA 4 55 1

ZMS-5 500psiiv
<< Mainiilk ¥ :

801 .0us
39.76

12,291V
12.6833V

Prod(C1)
Duty(c1)
P-P(C2)
Max (C2)

12.6833V
11.8756U
4.89939V
1.248439kHz

P-F(C1)
Max(C1)
Aug(C1)
Freq(C1)

AVG (C2)
Freq(cz)
Prod(C2)
Duty(cz)

@)

YOKOGAWA 4 7926 Y

SMS/s 200us/iv
€4 Muin_}lﬂk *r : :

Avg(CZ)

Freq(Cz2)
Prod(C2)
Duty(Ccz)

861 .dus
39.81~

12.29170
1Z.6833V

Prod(C1)
Duty(Cid
P-P(CZ)
Max(CZ)

12,6533V
11.8750U
3.99633V
1.247816kHz

P-P(C1)
Hax (C1)
Avg (C1)
Freq(C1)

(b)

110

CH1 1:1
5.00 Usdiv
DC  Full
CHZ 1:1
5.00 Usdiv
DC  Full
CH3 16:1
1.006 Usdiv
IC  Full

CH4 16:1
1.006 Usdiv
IC  Full

Edge CH1 §
Auto
0.00 U

4 .58083V
1.248439kHz
801.0us
39.95«

CH1 1:1
5.00 Usdiv
ocC  Full
CHZ 1:1
5.00 Usdiv
ocC  Full
CH3 19:1
1.89 Urdiv
IC  Full

CH4 196:1
1.89 Urdiv
IC  Full

Edge CH1 §
Auto
9.00 VU

5.401400
1.248128kHz
801 .2us

40 .91




YOKOGAWA 4 49 | 10MS-s 100p54iy
. 244 Mainz ik 3 o CH1 1:1
: : : 5.00 Vsdiv
oc  Full
CHZ 1:1
5.00 Urdiv
ocC  Full
CH3 16:1
1.90 U-div
OC  Full
CH4 16:1
1.66 U-div
DC  Full

Edge CH1 §
Auto
0.00 U

P-P(C1) 1Z.6833V Prod(C1) seesex Aug(C2)  4.91001V
Max(C1) 11.8756V Duty(Cl) soeseses Freq(C2) sooeee
Avg(Cl)  4.77992Y P-P(C2) 12.291V Prod(CZ) =sescm
Freq(Cl) seoooee Max(CZ) 12.6833V Duty(C2)  sooeee

(©

Figure 4.18 (a, b,c): 1.2 kHz output voltage pulses from secondary side of optocoupler 6N136.

YOKOGAWA $ 1116 T SHS/s Z200psiiv
5 : : D44 Mainzllk 33 : : : CH1 1:1
: : : 5.00 Usdiv
DC  Full
CHZ 1:1
5.00 Usdiv
DC  Full
CH3 18:1
1.00 V-div
DC  Full
CH4 16:1
1.00 U-div
DC  Full

Edge CH1 4
Auto
0.00 U

P-P(C1) 12.6833V Prod(C1) 491.8us Aug(CZ2)  4.886o7V
Max(C1) 11.8756V Duty(C1) 46.42x Freq(CZ) Z2.837490kHz
Avg(C1)  4.63610V P-P(C2) 12.2917V Prod(CZ) 490.8us
Freq(Cl) Z2.633347kHz Max(C2) 12.06833V Duty(Cz) 40.79:2

(@)
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YOKOGAWA 4 127 1 10MS/s 100ps/div
: : : DL MainElok ko : : : CH1 1:1
: : : 5.80 Usdiv
DC  Full
CHZ 1:1
5.00 Ursdiv
DC Full
CH3 16:1
1.66 Urdiv
DC  Full
CH4 19:1
1.88 Usdiv
DC  Full

Edge CH1
auto
0.00 U

P-P(C1) 12.8833V Prod(C1) 491.8us fAvg(CZ)  4.77971V
Max(C1) 11.8756U Duty(C1) 46.53~ Freq(C2) Z2.036245kHz
Avg(Cl)  4.66408V P-P(CZ) 12.291V Prod(CZ) 491.1us
Freq(C1) Z2.036660kHz Max (C2) 12.6833V Duty(C2) 46.81~

(b)

YOKOGAWA 4 131 1 ZOMS-s  SONSHiv
: : : D<{ Mainilok »> : : : CH1 1:1
: : : 5.00 Usdiv
DC  Full
CHZ 1:1
5.00 Usdiv
DC  Full
CH3 18:1
1.0 Urdiv
DC  Full
CH4 10:1
1.88 Urdiv
ODC  Full

Edge CH1 £
Auto
0.60 U

P-P(C1) 1Z.6833V Prod(C1) seoooe Avg(C2)  4.778900
Max(C1) 11.8756V Duty(Cl) seeeoe Freq(CZ)  sooeoe
Avg(Cl)  4.639472V P-P(C2) 12.29172V Prod(CZ) seeeoe
Freq(Cl) sooeoe Max(C2) 12 .0833V DUtY(CZ) oo

(©

Figure 4.19 (a, b, ¢): 2 kHz output voltage pulses from secondary side of optocoupler 6N136.
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CH3 18:1
1.08 U div
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Full
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1.00 U div
IC  Full
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Auto
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1.172499
o=
R

I

Figure 4.20 (a, b, ¢): 3 kHz output voltage pulses from secondary side of optocoupler 6N136.
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7.57639U

ook

P-F(CD)
Max(C1)
Aug(C1)
Freq(C1)

Prod(Cl) s
Duty(c1)
P-P(C2)
Max (C2)

oo

12.6833V
11.8256V

(©

AVG(CZ)

Freq(cz2)
Prod(C2)
Duty(cz)

CH1 1:1
5.0 Uadiv
OC  Full
CHZ 1:1
5.0 Uadiv
IC  Full
CH3 16:1
1.00 Urdiv
IC  Full

CHa 16:1
1.00 Urdiv
IC  Full

Edge CH1 £
Auto
6.68 Y

5.47987U
kT TaTatad
kT TaTatad
oo

CH1 1:1
5.90 YUsdiv
IC  Full
CHZ 1:1
5.90 YUsdiv
IC  Full
CH3 16:1
1.00 Yrdiv
IC  Full

CH4 16:1
1.00 Yrdiv
IC  Full

Edge CH1
auto
6.00 U

£.814930

ToE-E- -
PN
oo

Figure 4.21 (a, b, ¢): 5 kHz output voltage pulses from secondary side of optocoupler 6N136.
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YOKOGAWS 4 41

L4 MainFlOk koo

SOMS,s  Z20usAiv

CH1 1:1
5.00 VAdiv
DcC  Full
CHZ 1:1
5.08 VAdiv

ODC  Full
CH3 19:1
1.069 Urdiv
nC  Full
CH4 19:1
1.606 Vdiv
DC  Full

Edge CH1 f§
Auto
6.60 U

P-P(C1)
Hax(C1)
AUGC1)
Freq(C1)

12.8833V
11.8750U
4.767010
10.31779kHz

57

96 .92us
37.83~

1Z2.2917V
1Z2.8833V

Prod(CL)
Duty(C1)
P-P(C2)
Max(C2)

@)

3

Avg (C2)
Freq(C2)
Prod (C2)
Duty(cz)

4.67451V
16.31992kHz
96 .90us
39.90:

YOKOGAW 4

LA MainzlOk ko

100M3-5  10H54iv

CH1 1:1
5.00 Udiv
DC  Full
CHZ 1:1
5.00 Uiy

ODC  Full
CH3 16:1
1.00 U-div
IC Full

CH4 19:1
1.00 VAdiv
OC  Full

Edge CH1 f
Auto
0.00 U

P-P(C1)
Max(C1)
Avg(C1)
Freq(C1)

1Z.08330
11.8750U
4.34952V

-

Prod(Cl)  wwwesx
Duty(Cl) s
P-P(C2) 12.2917V
Max(CZ) 12.6833V

(b)
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CH1 1:1
5.00 Ursdiv
oC  Full
CHZ 1:1
5.00 Ursdiv
OC  Full
CH3 16:1
1.006 U-div
IC  Full

YOKOGAWA 4 A T 200M3-s  SHSAiv
! EE4 T"lU.ih:}].Uk FE :

CH4 16:1
1.006 U-div
IC  Full

Edge CH1 §
Auto
8.00 U

P-P(C1) 16. 0660V Prod(Cl) sseseses Avg(CZY  9.19479V
Max(C1) 9.79167V Duty(Cl) ssesesex Freq(CZ)  ssseses
Avg(C1) 153.131mV P-P(CZ) 12,291V Prod(CZ) sewsesen
Freq(Cl) oo Hax(CZ) 1Z2.0833V Duty(CZ)  semmesen

(©

Figure 4.22 (a, b, ¢): 10.3 kHz output voltage pulses from secondary side of optocoupler 6N136.

YOKOGAWA 4 50 q SOMS-3  ZOHsAliv
: . . 4L MainFlik 3> . . . CH1 1:1
: : : 5.00 Usdiv
nc Full
CHZ 1:1
5.08 U div
11 Full
CH3 16:1
1.98 Udiv
DC Full

CH4 16:1
1.00 UAdiv
nDC  Full

Edge CH1 £
Auto
8.00 U

P-P(C1) 1Z.9833V Prod(C1) 83.6Zus Aug(CZ)  5.86337V
Max (C1) 11.8750U Dutyc(Cl) 35.52x« Freq(CZ) 11.95886kHz
Avg(C1l)  3.816Z2V P-P(CZ) 12,2917V Prod(CZ) 83.6Zus
Freq(Cl) 11.95886kHz Max(C2) 12.68833V Duty(Cz) 36.63%

(@)

117



YOKOGAWA 4 78 q 160MS/s  10MSAliv
: : ! <4 Nuinlilﬂk b ! ! :

CH1 1:1
5.80 Urdiv
ODC  Full
CHZ 1:1
5.80 Urdiv
ODC  Full
CH3 10:1
1.00 Urdiv
OC  Full
CHa 16:1
1.00 Urdiv
OC  Full

il

Edge CH1 £
Auto
6.00 U

P-P(C1) 1Z.8833v Prod(C1) B8Z.74us Avg(CZ)  4.13867V
Max(C1) 11.87506V Duty(Cl) 36.67x Freq(CZ) 12.08459kHz
Auvg(Cl)  4.16796V P-P(CZ) 1Z.9833v Prod(CZ) 82.75us
Freq(C1) 1Z.08605kHz Max(CZ) 11.8750U Duty(cz) 37.24x

(b)

YOKOGAWD 4 62 1 ZOOM3-s  SHsAliv
; ; : << Maint 10k 3o : : : CH1 1:1
: : : 5.00 Usdiv
nc  Full
CHZ 1:1
5.00 Urdiv
nc  Full
CH3 18:1
1.00 V-div
ncC  Full

CH4 19:1
1.00 Ursdiv
oC  Full

Edge CH1 £
auto
8.60 U

P-P(C1) 11.8750V Prod(C1) semsen Avg(CZ)  2.33293V
Hax(C1) 11.8256V Duty(Cl)  ssesesmen Freq(C2) swesss
Avg(Cl)  6.76880V P-P(CZ) 12.6833V Prod(C2) sesesess
Freq(Cl) sesess Max(CZ) 11.8750U Duty(CZ)  sesesesese

(©

Figure 4.23 (a, b, ¢): 12 kHz output voltage pulses from secondary side of optocoupler 6N136.
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YOKOGANA 4 71

D] MadinElok koo

SOMS s 20054y

CH1 1:1
5.00 Usdiv
DC  Full
CHZ 1:1
5.00 Usdiv

DC  Full
CH3 19:1
1.8 Usdiv
DC  Full
CH4 19:1
1.8 Usdiv
DC  Full

Edge CH1 £
Auto
6.00 U

PPICD)
Max (C1)
Aug(C1)

Freq(C1)

17,9833V
11.8750U
4.22714V

16.25488kHz

36

Prod(c1i)
Duty(C1)
P-P(C2)
Hax (C2)

L

b1.52us
30.95%
1Z.6833V
11.8756Y

@)

Avg(C2)

Freq(C2)
Prod(Cz)
Duty(cz)

100M5-5  10U5Aliv

3.89878V
16.20220kHz
61.72us
33.77«

YOKOGAWA 4

Cas MainzlOk » 0

CH1 1:1
5.00 Usdiv
oc  Full
CHZ 1:1
5.00 Usdiv
oC  Full
CH3 19:1
1.00 Ursdiv
nC  Full

CH4 16:1
1.00 Ursdiv
oC  Full

Edge CH1
Auto
0.60 Y

P-P(C1)
Max(C1)
Aug (C1)
Freq(C1)

12.9833V
11.87500
4.670470
16.20220kHz

Prod(Ci)
Dutycciy
P-P(CZ)
Hax(CZ)

61.72us
31.93~
1Z.8833V
11.8758U

(b)
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Aug(C2)

Freq(Cz)
Prod(C2)
Duty(C2)

Z.889360V
16.31588kHz
61.29%us
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YOKOGAWA 4

Z00MS./ 5

Cas Main:lok ko

SHsAliv

1708330 Prod(CL) =

P-P(C1)
Max(C1)
Aug(C1)
Freq(C1)

Figure 4.24 (a, b, ¢): 16.3 kHz output voltage pulses from secondary side of optocoupler 6N136.

Avg (CZ)
Freq(C2)
Prod(C2)
Duty(Cz)

11.8756U0
4.60131V

E T3

YOKOGAWA 4

Max({C1)
Awg (C1)
FreqiC1)

|oPTOCOUPLER INPUT

100HS-5 10954

CH1 1:1

5.09 U-div

nC  Full
CHZ 1:1

5.60 Urdiv

oC  Full
CH3 19:1

1.80 V- div

IC Full

CH4 19:1

IC Full

1.80 V- div

Edge CH1 £

Auto
9.06 Y

3.67590U

SE-Te- -
-

T Tt

CH1 1:1
5.00 Wadiu
nc Full
CHZ 1:1
5,00 Uadiv
DC  Full
CH3 18:1
1.08 Wadiju
nc Full

CH4 10:1
1.08 Usdiv
OC  Full

EJPTDE:DUPLER oLlTPUT]

f= 16.31kHz

FoPICT) 1208330 A0g (C2)
Freqi(Cz)
Prod(Cz)

16.20220kHZ Duty(CZ)

Figure 4.25: Delay pulse voltage from optocoupler output.

Edge CH1 4
Auto
0.08 U

£ . 88936

16 . 315868kH=
61.23us
33.41x




CH1 1:1
5.00 Udiv
IDC  Full
CHZ 1:1
5.00 Urdiv
IC  Full
CH3 19:1
1.00 U-div
IC  Full
CH4 106:1
1.00 Vadiv
IC Full

YOKOGAWA 4 45 T oMS-s Z00nsdiv
: <4 Muin_:llilk Ed :

Edge CH1 +
Auto
8.60 U

P-P(C1) 12 .5066U Prod(C1) 985.8us Aug(CZ)  4.63629V
Max(C1) 1Z.9833V Duty(cl) 46.29x Freq(CZ) 1.914199kHz
Auvg(Cl)  4.756170 P-P(CZ) 12,2917V Prod(CZ) 986.0us
Freq(c1) 1.914495kHz Max(CZ) 11.8756V Duty(CzZ) 40.00:x

Figure 4.26: 1 kHz alternate pulse voltages across Gate-Source of MOSFET-inverter without applying drain

voltage.

CH1 1:1
5.00 Usdiv
oc  Full
CHzZ 1:1
5.00 Ursdiv
DC  Full
CH3 16:1
1.00 Ursdiv
nC  Full
CH4 16:1
1.00 Ursdiv
OoC  Full

YOKOGAWA 4 2506 | 10M3,5 100psHiv
EE4 Muin_}lﬂk Fr : : :

Edge CH1 §
Auto
6.00 U

P-P(C1) 12.2917V Prod(C1) 484.0us Avg(CZY  4.94878V
Max(C1) 1Z.6833V Duty(Cl) 46.68« Freq(C2) Z.066116kHz
Avg(Cl)  4.75371V P-P(CZ) 1Z.0833V Prod(CZ) 484.0us
Freq(Cl) 2Z.066116kHz Hax(CZ) 11.8756V Duty(C2) 39.88~

Figure 4.27:2 kHz alternate pulse voltages across Gate-Source of MOSFET-inverter without applying drain

voltage.
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YOKOGAWA 4 36 q ZOMS/s  SOUSAiv
: : : : <4 Muin_:ililk B : : : :

CH1 1:1
5.00 Ursdiv
D Full
CHZ 1:1
5.00 Usdiv
o Full
CH3 16:1
1.00 Udiv
IC  Full
CH4 16:1
1.08 Vdiv
IC  Full

Edge CH1 §
Auto
0.00 U

P-PF(C1) 12.29170 Prod(C1) 314.85us Aug(CZ2)  5.92724V
Hax(C1) 12,6833V Duty(C1l) 46.18x Freq(CZ2) 3.174603kHz
Avg(Cl)  3.45911V P-P(CZ) 12.8833V Prod (CZ) 315.60us
Freq(Cl) 3.184206kHz Hax(CZ) 11.8756U Duty(czy 39.57x

Figure 4.28: 3.17 kHz alternate pulse voltages across Gate-Source of MOSFET-inverter without applying drain

voltage.

YOKOGAWS, $ 5819 Y ZOMS-s  DOHsAiv
5 : : DA Maini 10k PR : : : CH1 1:1
: : : 5.00 Usdiv
DC  Full
CHZ 1:1
5.00 Usdiv
DC  Full
CH3 10:1
1.606 Usdiv
DC  Full
CH4 16:1
1.60 Usdiv
DC  Full

Edge CH1 £
Auto
6.66 Y

P-P(C1) 12,2917V Prod(C1) 199.25us Avg(CZ)  3.88092V
Hax(C1) 12,6833V Duty(Cl) 41.03~ Freq(CZ) 5.016303kHz
Aug(C1)  5.99686V P-P(C2) 12 .6833V Prod(CZ) 199.35us
Freg(C1) 5.018821kHZ Max(C2) 11.8756V Duty(Cz) 39.68«

Figure 4.29:5 kHz alternate pulse voltages across Gate-Source of MOSFET-inverter without applying drain

voltage.
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YOKOGAWA 4 397 | 50M3-s  Z0HsAliv
: <4 Huih?lﬂk b : : :

CH1 1:1
5.09 Usdiv
OC  Full
CHzZ 1:1
5.09 Usdiv
OC  Full
CH3 18:1
1.99 Urdiv
IC Full
CH4 18:1
1.99 Urdiv
IC  Full

Edge CH1 f
Auto
6.60 U

P-P(C1) 11.8756V Prod(C1) 99.3Bus Avg(C2Y  4.94463V
Max(C1l) 11.8756V Duty(Cl) 42.56x Freq(CZ) 10.050Z25kHz
Aug(Cl)  5.37365V P-P(C2) 12.6833V Prod(CZ2) 99.50us
Freq(C1l) 10.06239kHZ Hax(C2)  11.8750V Duty(Ccz) 39.04

Figure 4.30: 10 kHz alternate pulse voltages across Gate-Source of MOSFET-inverter without applying drain

voltage.

YOKOGAWA 4 3611 | SOMS s Z20H54iv
: : : D4 Maimil0k ¥> o B : : CH1 1:1
: : : 5.00 U div
DC  Full
CHZ 1:1
5.00 U div
DC  Full
CH3 16:1
1.00 Ursdiv
DC Full
CH4 16:1
1.00 Ursdiv
DC Full

Edge CH1 £
Auto
8,00 U

PP(CD) 11.87500 Prod(Cl) B83.32us AUG(CZ)  4.27426V
Max(C1)  11.8756Y Duty(C1) 43.37x Freq(C2) 12.01346kHz
Aug(Cl)  6.22615V P-P(C2)  11.8750V Prod(C2) 83.24us
Freq(Cl) 12.00192kHz Hax(Cz) 11.8750V Dutycc2y 39.45x
Figure 4.31: 12 kHz alternate pulse voltages across Gate-source of MOSFET-inverter without applying drain

voltage.
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YOKOGAWA 4 Z7 1 SONS-s  Z0usAliv
: : : £ Nclih.ilﬂk ¥ : : :

CH1 1:1
5.060 Urdiv
DC  Full
CHZ 1:1
5.060 Urdiv
DC  Full
CH3 16:1
1.00 UAdiv
D Full
CH4 16:1
1.00 Vsdiv
D Full

Edge CH1
Auto
0.00 VY

P-P(C1) 11.4583V Prod(Cl1) 61.94us Avg(CZ)  4.85729V
Max(C1) 11.8756U DutycCl) 44.61x Freq(CZ) 16.13424kHz
Avg(Cl)  6.17309Y P-P(C2) 11.8756V Prod(CZ) 61.98us
Freq(Cl) 16.14466kHz Max(CZ) 11.8750V Duty(CZ) 39.46x

Figure 4.32: 16.1 kHz alternate pulse voltages across Gate-Source of MOSFET-inverter without applying drain

voltage.
YOROGAWA 9 90 1 2HS/s S00p5 iy
: . . DL MainEllk o : . . CH1 1:1
: : : 5.08 Usdiv
DC  Fuli
___________________________________________________________________________________________________ B
5.0 Usdiv
DC  Full
___________________________________________________________________________________________________ Edge CH1 &
Auto
................................................................................................... 9.95 U
P-P(C1) 13.75601 Prod(C1) 477.0us AU (CZ) 3.81885V
Max(C1) 11.8750V Dutycci) 37.84x« Freq(C2) 2.094241kHz
Aug(C1) 4 522630 P-P(CZ) 12 56661 Prod(C2) 477.5us
Freq(C1) 2.896436kHZ Max(C2) 104167V Duty(cz2y 37.38=»

@)
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YOKOGAWA 4 4644 T 10M5-s 100U/ div

D44 Mainziok koo CH1 1:1
' ' : 5.00 U/div
................................................................................................... DC Full
CHZ 1:1
5.00 Usdiv
IC  Full
Ta
ms
___________________________________________________________________________________________________ Edge CHL &
Auto
................................................................................................... 9.95 U
P-P(C1)  13.75000 Prod(Cl)  477.6us AUG(CZ)  3.70055V
Max(C1)  11.8756U Duty(C1) 37.74x Freq(C2) Z.094680kHz
Aug(Cl)  4.45712V P-P(C2)  12.5600U Prod(C2) 477.4us
Freq(C1) 2Z.096436kHz  Max(CZ)  10.4167V Duty(C2) 37.43«
(b)
YOKOGAWA 4 127 | 20M5/5  SOUSAiv
R : : D¢ Moins 10k 33 : : : CH1 1:1
: : ' 5.00 U div
................................................................................................... ]]C FUIl
Tz 1:1
5.00 U div
IC  Full
Ty
................................................................................................... Fige CHL 5
Auto
................................................................................................... 6-65 U
P-P(C1)  13.75000 Prod(Cl)  wween AUG(CZ)  3.B3787V
Max(C1)  11.8750Y DUty(CL)  sesesesex Freq(C2) Z.094680kHz
Aug(Cl)  4.26151V P-P(CZ) 12.5000V Prod(C2) 477.46us
Freq(Cl) e Max(C2) 10.4167V Duty(cz) 37.54%

(©

Figure 4.33 (a, b, c): Driver output pulse voltages across Gate-Source while MOSFETSs are conducting (On) in

inverter operation at 2 kHz.
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YOKOGAWA 4 30 | ZHS-5 SO0Usiv

£ Muin_:lﬂk >>
................................................. CHZ 1:1
: : 2.00 Usdiv
SRS LTS IR SURS ULOUNTE VOE SN UUNESOURN FNUUCTNN NURNEINN ANRRESO SUUN AN O OC__ Full
. \1 e P, k"‘j \1 b R,M \.w e e
4] SO U Y O
R 10 0 O 000 OO NSO Y I Fge CHL £
Auto
................................................................................................... BIBEU
PP(CZ)  11.25000 Prod(C2)  477.00s
Max(C2) 5.58333U Duty(Cz) 50.52x
Aug(C2)  20.5896mY
Freq(Cz) 2.096436kHz
(@)
YOKOGAWA 4 94 T SM3-5 Z200usAiv
: : : L4 Nuih.}IUk FF :
.................................................................................................. T
2.00 Usdiu
0C  Full
Edge CH1 &
Auto
................................................................................................. a-aﬁu
PP(CZ) 11,9167 Prod(Cz)  477.00s
Max(C2) 5.91667U Duty(Cz) 50.57x

Aug(CZ) -147.727my
Freq(CZ) 2Z.896436kHz

(b)
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3

10MS-5 100usHin

YOKOGAWA 4

DAL ModinEl0k x: O

PP(CZ)  11.75000 Prod(C2) 493.8us
Hax(C2) 5.91667V Duty(Cz) 56.64x
AVg(C2)  —102.440mY
Freq(C2) 2.066970KkHz

()

CHZ 1:1
2.00 Ursdiv
IC Full

Edge CH1 §
Auto
0.06 U

Figure 4.34 (a, b, ¢): Inverter output voltage for 2 kHz frequency at no load condition.
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YOKOGAWA 4

206

4 Moind10k koo

ZOMS,s  SOHsAiv

CH1 1:1
5.80 Urdiv
IC  Full

P-P(C1)
Hax (C1)
Avg (C1)
Freq(C1)

12.6833V
9.58333V
Z.18169V
16.10101kHz

Prod(C1)
Duty(C1)
P-P(C2)
Hax(C2)

99.00us
20 .00

13.3333V
11.0417V

@)
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Freq(C2)
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CHZ 1:1
5.80 Urdiv
IC  Full

Edge CH1 §
Auto
9.85 U
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16.15228kHz
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YOKOGAWA 4 97 1 SOMS/s  ZOHsAliv
. . . D Moinilok »r oo . . : CH1 1:1

: : : 5.006 Usdiv

DC Full

CHZ 1:1

5.00 Usdiv

ODC  Full

Edge CH1 £
Auto
8.05 U

P-P(C1) 1Z2.291V Prod(C1) 99.86us Auvg(CZ)  2.66278V
Max(C1) 9.79167V Dutyc(C1) 19.95x Freq(CZ) 10.11327kHz
Aug(Cl)  2.183Z6V P-P(C2) 13.1256V Prod(CZ) 98.88us
Freq(C1) 10.09489kHz Max(C2) 10.8333V Duty(CZ) 20.49«

(b)

Figure 4.35 (a, b): Driver output pulse voltages across Gate-Source while MOSFETS are conducting (On) in

inverter operation at 10.11 kHz.

YOKOGAWS, 4 70 T 16MS/s 10015div
: E({ Nuin_:ll]k r :

oHZ 171
2.00 Usdiu
IC  Full
Edge CH1 f
Auto

............................................................................................ a - gE U

PP(CZ) 11.33330 Prodccz) 99.1us

Max(Cz) 5.00000U Duty(Cz) 51.87x

Avg(CZ)  -45.9621mV
Freq(CZ) 10.99082kHz
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q

YOKOGAWS 4

11.68330

A Madinzlok koo

Prod(CZ) 98.550s

ZOMS-/s  S0UsAHiv

PPICD)

Hax (C2) 4.91667V Duty(CZ) 51.80:x
Avg (CZ) 41 .8876nY
Freq(CZ) 10.14713kHz
(b)
7 50M5-5  20p5Aiv

YOKOGAWA, 4 53

D44 Mainz 10k koo

CHZ 1:1
Z.00 Usdiv
DC  Full

Edge CH1 §
Auto
9.06 U

CHz 1:1
2.00 U div
ODC  Full

P-P(C2)
Hax(C2)
Avg(C2)
Freq(C2)

11.06001

4.83333V
-43.5040nY

10.06239kHz

Prod(Cz) 99,3805
51.62

Duty(c2)

(©

Edge CH1 f
Auto
0.06 U

Figure 4.36 (a, b, c): Inverter output voltage for 10 kHz frequency at no load condition.
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Normal

2025,04-05 15:41:13 [ Lok
YOKOQGAWA 4 164 T 10M5-5  100H5/liv
: : Ddd Mainzlok bk oC : : CH1 1:1
: : : Z.90 Urdiv
DC  Full
Edge CH1
Auto
.............................................................................................. g * 66 U
P-P(C1) 13.6833V Prod(C1) 3Z23.1us
Hax(C1) 6.16667V DutycC1) 56.76x
Aug (C1) 6.39936mV
Freq(Cl) 3.095917kHz

Figure 4.37: Inverter output voltage in loaded condition at 3 kHz.

4.4.1 Microcontroller based inverter output voltage in loaded condition at 10.40 kHz

2025/04,05 17:01:45 |

nok  Normal

YOKOGAWA 4 59 T SHS/S 200uSAiv
.................. . CHZ 1:1
b . B o T = : |—- : 1= : 1| 2.80 Urdiv
| TR O T O I T o
ST O S O SN I O 8
_J i Edge CH1
o Auto
O R TS S O SO IFERens SRR o EDUNE DONRN R .65 U
P-P(CZ)  16.6667U Prod(Cz)  95.60s
Max(C2) 8.66667U Duty(Cz) 96.23%
Avg(C2)  105.731mY
Freq(C2) 10 .46025kHz

Figure 4.38: Inverter output voltage in loaded condition at 10.40 kHz.
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20250405 17:03:44 | niok  Normal
YOKOGAWA 4 500 T 16MS.-5  100p5-iv

44 Mainz 10k >

CH1 1:1
5.00 Usdiv
0DC  Full
CHZ 1:1
5.00 VAdiv
OC  Full

Edge CH1 £
Auto
6.05 U

P-P(C1) 6.87500U Prod(C1) 324 .6us Aug(C2)  2.70385V
Max(C1l) 6.66662V Duty(C1y 2§.09x Freq(CZ2) 3.088326kHz
Avg(Cl)  1.97684V P-F(C2) 14.3750V Prod(CZ) 323.Bus
Freq(C1) 3.0864Z0kHz Max(CZ)  11.8756V Duty(C2y 21.96%

Figure 4.39: Driver output pulse voltages across Gate-Source while MOSFETS are not in proper function.

MOSFETs (IRFP460) are used as a switching device in the above mentioned inverter
circuit due to its higher rating. All the experimental results and performance analysis has been
investigated, different voltage wave shapes are captured using DSO as well. It has been seen
that this inverter operates satisfactorily during loading condition in lower frequency (up to 10
kHz) where tungsten filament lamp consider as load. Related output wave shape of the voltages
across load is shown in Fig 4.37 and 4.38. The MOSFETSs tend to fail when the inverter is
operated above 10 kHz under load conditions. The relevant gate-to-source voltage is shown in
Fig 4.39, where it is evident that one of the MOSFETSs has been damaged, this might have
happened due to the delay function of the optocoupler. Hence, further study is required on this

issue; this can be our future scope of work.
4.5 Summary

This chapter presents the design and implementation of a microcontroller based inverter
using Arduino Uno, following a structured simulation-first approach before physical
realization. The software simulation stage allows for early debugging and optimization,
reducing hardware design errors. The final inverter prototype efficiently and reliably converts
DC power into a stable AC output, operating effectively up to 10 kHz. Although the original
target was to achieve very high-frequency operation, this remains a subject for future work.
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Chapter-5

EXPERIMENTAL INVESTIGATIONS ON ACTIVATION
ENERGIES AND ELECTRICAL CONDUCTIVITY IN
VARIOUS FRUIT JUICES-LIQUIDS

5.1 Introduction

Foods carry electricity, especially liquid foods, and the charge carriers in food are ions rather
than electrons as in metals. In most applications, the charges are carried by the ions as their
mass travels along the electrical field. The electrical conductivity is determined by the ion
concentration and mobility. Food ingredients and temperature do have an impact on ion
mobility. lons or molecules can hop electrons when exposed to strong electric fields. During
processing of liquid food using ohmic heating, microwave heating, induction heating or
pulsed electric fields, study of electrical characteristics are crucial. These characteristics can
also be used to detect manufacturing conditions or assess food quality. When preparing food
using ohmic heating, electrical conductivity can be utilized to track significant changes in the
product [69]-[75]. The electrical conductivities of a few chosen liquids and fruit juices—
apple, orange, and sugar cane were measured while they were being heated. A wide range of
processing temperatures, from 20 to 50°C, was used to measure the various characteristic of
different food samples reported here. All products have shown a linear rise in electrical
conductivity as the temperature rises. Change in electrical conductance (Gs) is also studied
with supply frequency at room temperature (20°C) and finally drawn and explain ac
conductivity (o,c) variation with respect to angular frequency (o). The electrical conductivity
of the fruit juices like green coconut water, sugar cane juice, orange juices etc vary depending
on the salt content in them [76], [77]. These juices basically having the salt in them show a
finite conductivity and thereby a resistivity which is inverse of this conductivity. When
current (1) passes through them, for a volume of liquid I°R loss is present in the solution and
its temperature rises, where R is resistance of food sample. Depending on the frequencies
involved, there are two distinct ways to design ohmic heaters from the electrical perspective.
They can be categorized as either high frequency or low frequency ohmic heaters based on
this categorization. Literature survey reveals that high frequency operation is more effective
than lower frequency ac supply for ohmic heating process of various liquid food materials as

discussed earlier; during this processes high frequency ac reduces electrode corrosion [78],
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[79]. Therefore it is necessary to study the variation of electrical conductivity or other
parameters of the food material with frequency of any liquid food sample before going to
develop the high frequency ohmic heater [80]-[82]. Hence considering various food sample
composition like 0.1% KCI, 1% & 2% NaCl solution with distilled water, Coconut water,
Sugar Cane Juice, Orange Juice etc; experimental analysis has been done that how the
electrical parameters varies with the supply frequency. The electrical conductivity of liquid
food materials changes with temperature due to the movement of ions within the liquid [83]-
[86]. Higher temperature causes the ions in the liquid to move more freely, which raises the
electrical conductivity. This is commonly observed in fruit juices, milk, honey solutions, and
other liquid foods. Higher temperatures enhance the dissociation of salts, sugars, and acids,
which increases the number of free ions in the liquid. Simultaneously, the viscosity of the
liquid decreases, reducing resistance to ion movement, further boosting conductivity. Hence,
this study was also conducted at different temperatures, and the activation energy responsible
for ion movement was determined from the data of various materials. These findings, along

with a comparative analysis, are reported in this chapter.

5.2 Materials and methods

Electrical characteristics are crucial when processing food using microwave, induction, and
ohmic heating, among other methods [87]-[89]. These characteristics can also be used to
detect manufacturing conditions or assess food quality. Researcher has just recently become
interested in the electrical conductivity of liquid food, where liquid sample consider as
parallel Resistance (R)-Capacitance (C) circuit. Information on food electrical conductivity is
needed because of the recent focus on electrical resistance heating/ohmic heating used in
pasteurization. An important factor in ohmic heating processes is electrical conductivity.
Process design requires knowledge of a food's electrical conductivity under conditions of
ohmic heating. Apart from temperature, ionic content, moisture mobility, physical structure,
and heating procedure all have a significant impact on food's electrical conductivity. The
electrical conductivity variations of liquid food material during conventional and Ohmic
heating have been investigated by some researchers. When electrically treating items, higher
temperature increases coincide with increased electrical conductivity. Measurements of a few
basic characteristics at different temperatures are used to identify the electrical properties of
liquid samples [90]. In order to analyze the DC conductivity (oq4;) Of the samples, their
resistance is measured. For the investigation of AC conductivity and dielectric properties,
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measurements are made of the capacitance (Cp) of liquid, electrical conductance (Gs), and
dielectric loss angle (tan 8). To study complex impedance, the resistance (Rs), reactance (X),
and impedance (Z) of liquid are measured. Various samples (KCl & NaCl) in different
percentage were prepared using laboratory weighing scale machine shown in Fig 5.1 to make
different solution with distilled water. Varying the concentration of different sample has been
made to create different electrical conductivity. A digital conductivity meter with a
conductivity cell having cell constant K=1 has been used to measure electrical conductivity
shown in Fig 5.2. Electrical conductivity can be measured using conductivity or LCR meter.
In this work electrical conductance of various liquid food samples were tested using
experimental setup shown in Fig 5.3 from lower to higher frequencies. Via the conductivity
cell, the sample is linked to an LCR meter bridge (Hioki-Model No. 3532-50). Here, a GPIB
card is used to interface the LCR meter bridge with a personal computer (PC). Thus, a
computer can be used to operate the LCR meter bridge. Capacitance and conductance
measurements can be made in relation to the frequency of the liquid composition samples.
The frequency range in which the measurements of various electrical parameters are done is
400Hz-140 kHz. This work was carried out at the Composite Materials Research Laboratory,
UGC-MMTTC (Physics), University of North Bengal, West Bengal, India.

The relationship between dc electrical conductivity (c) and temperature (T) of a liquid
conductor can vary depending on the specific properties of the liquid. For many liquid
conductors, particularly electrolytes, the relationship between conductivity and temperature
can be described by an empirical equation known as the Arrhenius equation describes below:

6 = oco.e KT (5.1)
Where,

o = Electrical conductivity

oo = Pre-exponential factor

Ea = Activation energy

K = Universal gas constant, and

T = Absolute temperature (in Kelvin)

Activation energy (Ea) for conduction is a concept often used in physics and materials
science, particularly in the context of electrical conductivity. It represents the minimum

energy required for charge carriers (such as electrons or ions) to overcome barriers and move
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through a material, thereby contributing to its conductivity. In the context of dc electrical
conductivity, activation energy is typically associated with the mobility of charge carriers
within a material. When an electric field is applied, charge carriers experience collisions with
lattice defects, impurities, or other obstacles in the material. To move from one location to
another, charge carriers must overcome these barriers, and the energy required to do so is the
activation energy. The activation energy governs the temperature dependence of the
conductivity. Higher activation energy implies that charge carriers require more energy to
move through the material. This is an important parameter that influences the electrical
properties and behavior of materials, and it is often determined experimentally through

techniques such as conductivity measurements and temperature-dependent studies.

The Arrhenius equation is a simplified model and assumes that temperature affects the
rate of reaction or conductivity through a single activation energy term. While this equation
provides valuable insights into the temperature dependence of various processes, it may not
fully capture the complexities of all systems. However, it serves as a foundational concept in
understanding temperature-dependent phenomena in materials science. Here various material
samples are heated at different temperatures from 20-48°C into the furnace chamber and
measure electrical conductivity using digital conductivity meter at different temperature
shown in Fig 5.4. It is reported that conductivity of different composition increases with
temperature for all the composition (0.1% KCI, 1% & 2% NaCl solution with distilled water,
Coconut water, Orange Juice, Sugar Cane Juice). The activation energy can be estimated by
examining the temperature-dependent variations in conductivity, which provides insight into

how the composition of the liquid affects ionic mobility.

° 010034

/ \

WEIGHING SCALE MACHINE

Figure 5.1: Weighing scale machine.
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DIGITAL CONDUCTIVITY METER

CONDUCTIVITY CELL

Figure 5.2: Digital conductivity meter.
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Figure 5.3: LCR Meter bridge with experimental setup.
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Figure 5.4: Furnace chamber and digital conductivity meter.

5.3 Results and discussion

DC conductivity measurement was done using digital conductivity meter at different
temperature (20-48°C) for different composition reported here. The relation o4. = (1/R)*(/A)
can be used to estimate the DC conductivity of all samples where, ‘A’ and‘t’ cross-sectional
area and thickness of the sample under test. The resistance of the liquid samples is denoted by
R, while the thickness and cross section area of the samples are known from the conductivity
cell's dimensions. Here, DC conductivity values are also derived from measurements of AC
conductivity in the range of 400 Hz-140 kHz frequency. Another way to see the conduction
phenomenon is with a complex impedance map, in which the x and y axes stand for the
complex impedances Z' and Z", respectively known as Cole-Cole plot. Resistivity variation is
replicated by varying compositions of the radius of curvature. As the radius of curvature
increases, the conductivity will decrease since the semi-circular plot's greater dispersion
implies lower conductivity (high resistance). In the parallel RC circuit of liquid sample, the
real (Z.) and imaginary (Zin) impedances can be connected to R as follows: (Z — R/2)? +
Zim? = (R/2)% This implies a half-circle in the complex plane with a radius of R/2, which can

be confirmed by directly measuring R values with an electrometer.
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5.3.1 DC conductivity measurement

The following are some methods for determining the DC conductivity of the prepared liquid
samples:

1. Resistance measurements of the samples at different temperatures
2. from the complex impedance plots
3. Pollution of the frequency dependent conductivity to zero frequency.

Thermally activated nature is demonstrated by the reciprocal temperature dependent DC
electrical conductivity of the current system, as seen in Fig 5.5. As the temperature rises, the
DC conductivity rises as well, exhibiting a nonlinear shape. It is also observed that 2% NaCl
solution with distilled water shows highest DC conductivity among these six compositions.
Coconut water shows better DC conductivity than orange juice and sugar cane juice. Nature
of the DC conductivity changes with temperature is also shown in Fig 5.5 for the entire liquid
food conductor and it has been seen that lowest DC conductivity has been shown by 0.1%
KCI solution with distilled water. 0.1% KCI, 1 and 2% NaCl solution with distilled water has
been prepared to understand a comparative study with other liquid food materials as it is well
known liquids food contains salt in them. Table 5.1 shows DC conductivity of different

composition and their variation with temperature.

5.3.1.1 Variation of DC conductivity of different liquids with temperature

Temperature Composition
TEMP TIN 1000/T 0.1% KCI 1% NacCl 2% NaCl COCONUT ORANGE JUICE SUGAR CANE
IN KELVIN CONDU- CONDUCTIVITY CONDUCTIVITY WATER CONDUCTIVITY JUICE
°C CTIVITY CONDUCTIVITY CONDUCTIVITY
(mS) (mS) (mS) (mS) (mS) (mS)
20 293 3.412969 1.6 10.3 17.1 6.82 2.49 2.38
30 303 3.300330 1.86 12.8 20.7 8.5 3.15 2.88
35 308 3.246753 2 13.6 21.13 8.86 3.48 3.15
40 313  3.194888  2.24 15 23.6 9.7 3.63 3.38
48 321 3.115264  2.46 16.62 25 10.25 3.91 3.72

Table 5.1: Variation of DC conductivity with temperature.
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Figure 5.5: Temperature dependence of DC electrical conductivity.

In Fig 5.5 inverse of temperature is used i.e. 1/T, because this is the standard format used in
Arrhenius equation (Equation 5.1) and multiplied by 1000 for easier plotting.

5.3.1.2 Activation energies (Ea) for different compositions

Composition Slope (B) Activation Energy (JEal)
0.1% KCI -0.69409 0.13742982
1% NaCl -0.66747 0.13215906
2% NaCl -0.52461 0.10387278
Coconut Water -0.65446 0.12958308
Orange Juice -0.63803 0.12632994
Sugarcane Juice -0.72683 0.14391234

Table 5.2: Activation energies (Ea) for different compositions.

From Fig 5.5 where all the curves are linearly fitted, values of slope (B) of all the curves
are calculated and shown in tabular form. Activation energy (Ea) for all the compositions has
been calculated from the slope shown in Table 5.2. The ease with which ions can move is
influenced by the activation energy, as higher activation energy implies that more energy is
needed to overcome the forces binding these ions in the liquid. This makes the ions less
mobile and reduces the conductivity. Different liquid food materials (like milk, juice, or
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broth) have different chemical compositions, which affect their ionic content and interactions.
For example, a liquid with higher dissolved salts will generally have lower activation energy
and higher conductivity, as ions can move more freely. Conversely, liquids with fewer ions
(like distilled water or some juices) might have higher activation energy and lower
conductivity. DC conductivity and activation energy for the samples consider here are plotted
in the Fig 5.6. This illustrates that materials with lower activation energy will show a steeper
increase in conductivity as temperature rises, as their ions are more easily mobilized. In
summary, by studying the activation energy of liquid food materials, gain insights into how

their ionic content, structure, and temperature affect their electrical conductivity.
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Figure 5.6: DC conductivity and Activation energy for different compositions.
5.3.2 AC conductivity measurement

Applying Cole-Cole plot analysis to a liquid conducting food material (such as a conductive
food product, like a salty liquid or certain food pastes) can be an effective method for
characterizing its electrical properties, including its conductivity, capacitance, and relaxation
behaviors. Food materials that are conductive (like salty liquids, fermented foods, or certain
juices) often exhibit ionic conductivity due to the presence of dissolved ions (e.g., Na+, K+,
Cl-) and other charged species. The electrical impedance of these materials will depend on
factors like: The concentration of ions, the structure of the material (e.g., viscosity, particle

distribution) and temperature (which can affect ion mobility and relaxation times). Applying

140



an AC voltage across a sample of such a food material; the impedance measure will be
influenced by resistive and capacitive components, leading to the characteristic features
observed in a Cole-Cole plot. Therefore place the liquid food material in a suitable container
and ensure that it is homogeneous and well-mixed. Use two electrodes to measure the
impedance of the sample. These electrodes should be placed in contact with the sample i.e.
conductivity cell and connected to an LCR meter as mentioned earlier impedance that can
apply a range of frequencies. For food materials, anyone may use frequencies from 1 Hz to
10 MHz to cover the relevant electrical behaviors. Here food samples have been tested in the
frequency range between 400 Hz to 140 kHz and Plot the impedance's real part (Z') versus its
imaginary part (Z"), hence semicircular arc (distorted arc) will typically appear, reflecting the
resistive and capacitive properties of the food material shown in Fig 5.7. Real axis (Z')
represent the resistive component, which corresponds to the ionic conductivity of the food
material. Imaginary axis (Z") reflects the capacitive effects (related to the polarizability of
the material), and at low frequencies, may observe a larger impedance contribution from
these effects. The semicircular arc in the Cole-Cole plot is associated with the relaxation time
of the material. The center of the semicircle indicates the characteristic time constant of the
system, which gives insight into how quickly the ions in the conducting liquid can respond to
changes in the applied frequency. The diameter of the arc relates to the resistance (or
conductivity) of the material. The width of the arc in the Cole-Cole plot represents the
distribution of relaxation times of the system. A wider arc may suggest a broader range of
time constants, implying more complex relaxation processes within the food material, such as

different ionic species or varying ion mobility.

Using the Cole-Cole model which can be mathematically expressed as a fractional model
of the impedance which can be fitted the experimental data to obtain parameters like:
Resistivity (p) which directly related to ionic conductivity. Capacitance (C), Relaxation time
(7): The time it takes for the ionic or dipolar response to reach equilibrium with the applied

electric field Etc.
This model is often expressed as:
Z'(0) =Ry, + [(Rs - Rw)/ {1 + (jo1) ] (5.2)

Where,

Z" = complex impedance
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Rs = Impedance at zero frequency (DC resistance)

R., = Impedance at infinite frequency

® = Angular frequency (o=2 = f)

7 = Characteristic relaxation time

a= Cole-Cole parameter

j=1

The Cole-Cole plot of different composition shown in Fig 5.7 describe dc resistance,
material's ionic content, capacitive properties, and relaxation behaviors for different
composition that means this can be a powerful tool for studying the electrical conductivity

and ionic behavior of liquid conducting food materials by analyzing the impedance spectra

and fitting them with appropriate models.

5.3.2.1 Cole-Cole plot of different food samples
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Figure 5.7: Cole-Cole plot of different food samples.

The Jonscher Power Law is widely used to describe the frequency-dependent electrical
conductivity of liquid food materials, such as juices, milk, honey, and edible oils. These
materials exhibit complex electrical behavior due to the presence of water, dissolved ions,

proteins, fats, and sugars, which influence charge transport. The AC conductivity o, of liquid
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food materials follows the Jonscher equation. The following relation can be used to determine

the frequency-dependent AC conductivity at a given frequency,

Oac= Odc + A.(DS (5.3)

Where, A = Material-dependent constant, s = Frequency exponent (typically between 0 and
1) for various juices show high ionic conductivity due to water content and dissolved salts
and s values typically between 0.7 and 1, indicating strong frequency dependence. Fig 5.8(a,
b) to 5.13(a, b) shows how conductivity changes with frequency for the samples consider in
this work. Nature of the graph for all the composition (0.1% KCI, 1% & 2% NacCl solution
with distilled water, Coconut water, Orange Juice ,Sugar Cane Juice, etc.) looks like similar.
The variation of ac conductivity (oac) With respect to frequency is similar in nature, though

their values differ.

5.3.2.2 Frequency dependent ac conductivity of different liquid compositions
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Figure 5.8(a, b): Frequency dependent ac conductivity of 0.1% KCI solution with distilled water.
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Figure 5.9(a, b): Frequency dependent ac conductivity of 1% NaCl solution with distilled water.
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7 2 % NaCl solution with Disstilled Water
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Figure 5.10(a, b): Frequency dependent ac conductivity of 2% NaCl solution with distilled water.
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Figure 5.11(a, b): Frequency dependent ac conductivity of coconut water.
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Figure 5.12(a, b): Frequency dependent ac conductivity of orange juice.

147




Gs (Siemens)

20

Sugar cane Juice
A
1.5 S A
A
A
. A
A
a
1.0 S A
A
‘A
\‘\A
\‘\A\A
054 TA—R—a
0.0 T — T T — T —
0 20000 40000 60000 80000 100000 120000 140000 160000
Frequency (Hz)
(@)
1.0
l Sugar cane Juice

0.5

0.0
‘TE 1
o -0.5 4
" |
< 104
e
© 15
o j
2 204

-2.5 4

T T T T T T T T T
3 4 5 6 7 8
-1
lo g,,0 (s™)
(b)

Figure 5.13(a, b): Frequency dependent ac conductivity of sugar cane juice.
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Electrical conductivity of chosen liquid samples has been recorded for three different
frequencies. Here it has been shown that as the frequency increases the ac conductivity
gradually decreases though the changing pattern for all the composition are not same shown
in Fig 5.14. Three frequency range has been consider; low (800 Hz), medium (100 kHz) and

high (2 MHz) and noted the conductance for the samples mentioned above.
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Figure 5.14: AC conductivity (o4) for low, medium, and high frequencies for all compositions.

The primary reason for the differences of DC and AC resistances in the food material is the
impact of frequency on ionic mobility. lons travel more freely under DC or low-frequency
which reduces resistance. The AC resistance is somewhat larger than the DC resistance as the
frequency rises because the effective ionic mobility falls. Therefore the DC and AC
resistance of different material consider here be mentioned like for 0.1% KCL solution DC
resistance= 0.36 ohm and AC resistance= 1.1 ohm, for 1% NaCl solution DC resistance =
0.30 ohm and AC resistance = 0.59 ohm, for 2% NaCl solution DC resistance = 0.25 ohm and
AC resistance = 0.55 ohm, for coconut water DC resistance = 0.19 ohm and AC resistance =
2.2 ohm, for orange juice DC resistance = 0.31 ohm and AC resistance = 0.61 ohm, for sugar

cane juice DC resistance = 0.8 ohm and AC resistance = 1.1 ohm respectively.

Chemical changes may happen through electrolysis by applying a DC if alternating current is
applied then chemical changes should not occur. As at increasing frequency the ohmic heated
liquid visibly do not shows any change of color before and after. Only this observation has

been made by the test.
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A comparative study of electrical conductivity of chosen liquid samples has been recorded
for three different frequencies. In Fig. 5.14, all the red points represent the conductance
values of the different samples measured at 800 Hz. They are connected to show how much
these values differ from one sample to another. In Fig 5.14 it has been observed that AC

conductivity decreases with frequency it means resistance gets increased.

5.3.3 Graphical presentation of SEM-EDX results for green coconut water, electrodes

after heat treatment

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX)
were performed on green coconut water to study metal ion migration into the heating medium
and the formation of deposits on the electrode surfaces. Although other juices were included
in the study, these specific analysis—including the "Element Line Scan™ experiment—were

conducted only for the green coconut water sample.
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Figure 5.15(a, b, ¢): SEM micrograph of green coconut water.

5.3.3.1 EDX result of green coconut water (Titanium electrode)

Element Weight% Atomic%
OK 23.35 41.71
Mg K 3.01 3.53
Al K 0.26 0.27
CIK 27.52 22.18
KK 36.54 26.70
CaK 4.61 3.29
TiK 3.09 1.84
CrK 0.49 0.27
CoK 0.07 0.04
Ni K 0.06 0.03
Pt M 101 0.15
Totals 100.00

Table 5.3: EDX result of green coconut water (Titanium electrode).
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Figure 5.16: EDX result of green coconut water (Titanium electrode).

5.3.3.2 EDX result of green coconut water (Flat portion, Titanium electrode)

Element Weight% Atomic%
OK 17.82 33.26
Mg K 1.64 2.01
Al K 1.55 1.71
CIK 37.06 31.22
KK 40.51 30.94
TiK 0.97 0.61
Mn K 0.32 0.17
Fe K 0.03 0.02
CoK 0.11 0.05
Totals 100.00

Table 5.4: EDX result of green coconut water (Flat portion, Titanium electrode)




ol Spectrum 2
|
K
0]
Mn
Co
Ti M;" K Mn Fe
flk A° ¥ T MoFe Co Co
0 1 2 3 4 5 6 7 8 9 10
Full Scale 1794 cts Cursor: 0.000 keY ke

Figure 5.17: EDX result of green coconut water (Flat portion, Titanium electrode)

5.3.3.3 Chemical composition of green coconut water

Minerals Concentration (mg 100 ml™)
K 356-164
Cl 108-131
S 4-8
Ca 18-47
Na 4.1-48

Mg 7.8-15
P 6.3-21
Mn 0.08
Al 0.06
Zn 0.03
Fe 16-112
Cu 26-29.3

Table 5.5: Chemical Composition of green coconut water (Pradesh et al., 2012)
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5.3.3.4 Element Line Scan (ELS) experiment on green coconut water

T 40pm ' Electron Image 1

Figure 5.18: Identified elements deposited on the above-mentioned electrode surfaces
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Fig 5.19(a, b, ¢, d, e, f, g, h, i, j, K): Elemental Line Scan of green coconut water (Titanium electrode).

5.4 Summary

Temperature and frequency has a significant impact on the tested samples' electrical
conductivity which is increased with product temperature and decreases with higher
frequencies. Electrical conductivities of the chosen liquid products are observed based on
their temperatures and activation energy. An essential tool for designing and effectively
running an ohmic heating process should be available in this database. Understanding
electrical conductivity temperature relationships, in particular, will help determine the
temperature change (AT) throughout a treatment, improved process control, and can give a

tool for effective food treatment methods.
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Chapter-6

DESIGN AND MODELING-SIMULATIONS OF THE HIGH
FREQUENCY PUSH-PULL INVERTER SYSTEM

6.1 Introduction

High-frequency inverter systems have drawn a lot of interest lately because of their many
uses in contemporary power electronics, such as ohmic heating, wireless power transfer,
renewable energy systems, electric vehicles, and induction heating etc. These systems, which
operate at frequencies significantly higher than the ordinary power grid (usually above 20
kHz), provide a number of benefits, including smaller passive components, larger power
densities, and quicker dynamic response. But these advantages can have drawbacks,
including component stress, switching losses, and electromagnetic interference (EMI) [91]-
[93].

This chapter focuses on using MATLAB/Simulink to develop and model a high-
frequency inverter system. A simulation-based method that allows for in-depth examination
of the inverter's performance under varied operating circumstances and load kinds is what the
goal is. Since the performance of crucial parts like MOSFETS, gate drivers, and optocouplers
has a big impact on the system's overall efficiency and dependability, special attention is paid
to understanding how they behave [94]-[95].

Before implementing hardware, designers can use this modeling technique to find
possible problems including switching losses, gate drive delays, and heat effects.
MATLAB/Simulink is a useful tool in the creation of high-frequency inverters because it
offers a full platform for viewing circuit behavior, evaluating control schemes, and improving
system parameters. High-frequency inverters, which frequently operate in challenging
electrical conditions, need precise control over switching components. Failures may result if
parasitic effects signal delays, and thermal restrictions are not taken into consideration during
the design stage. Specifically, inappropriate switching may lead to device failure or system
instability due to timing delays produced by optocouplers or incorrect gate drive signals.

These dangers can be reduced by evaluating the circuit in a virtual setting using modeling and
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simulation. In addition to aiding in design optimization, the modeling technique shortens
development times by eliminating the need for intensive prototyping. It provides a flexible
environment for iterative improvements, lowers development costs, and enables early
detection of possible design problems. A review of inverter topologies acceptable for high-
frequency operation opens this chapter, which is followed by the choice of relevant parts and
design parameters. The modeling method using MATLAB/Simulink is then explored,
including the creation of control strategies and performance simulation under many

circumstances.
6.2 Materials and methods

The equivalent network of the experimental circuit shown in Fig. 6.1 includes the transformer
for modeling, design, and calculation purposes. For no-load analysis, the series components
Rsand Ls can be neglected. Capacitance appears during transient conditions due to MOSFET
operation; however, it becomes negligible at steady state.

i €S, Rs
il AAVAY,
SQUARE
Vs @ WAVE

AC

Figure 6.1: Equivalent circuit of push pull type MOSFET -inverter.

Let,

V., = Square wave input

Cps = Capacitance due to MOSFETS
= Ceq At transient condition
=0 At steady state condition

Transformer equivalent circuit:

Rs = Series resistance due to transformer windings
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Ls = Series inductance due to leakage flux
Rp = Parallel resistance due to core loss

KVL equation at transient state

VS = VC + VRS + VLS +V (61)
Where,
V¢ = Voltage across capacitance Cpg

Vr,= Voltage across series resistance Ry
V.= Voltage across series inductance Lg

. . dd
V' Is the voltage across parallel branch = Voltage across primary coil= =

Here A is the flux linkage.

Differentiating (6.1) with respect to time-

dv av dVp dvy, dav
S _ C + S + S + hddl
dt dt dt dt dt

(6.2)
Capacitor voltage V, = CLf idt (6.3)
DS

If i is the current flowing in the circuit, it will divide into two parts, ip through Rp and i,
through transformer winding, such that:

I =1ip+1 (6.4)
Then,

. 14
And,

i, =al+ bA’ (6.6)

The last relation can be obtained from the experimental data (open circuit test of the
transformer) as follows; Variation of flux linkages with respect to current passing through the
primary coil shown in Fig 6.2.
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6.2.1 Variation of flux linkages with respect to current

6 T T T

Flux linkage

Current

Figure 6.2: Variation of flux linkages with respect to current passing through the coil.
6.2.2 Modeling design of the system.
The blue curve is experimental and red curve is approximated with a = 0.5 and b = 4 X

107>, The source voltage Vg needs to be calculated from Fourier series analysis. Equation

(6.1) can be written as:

dVS _dVC+dVRS+dVLS+

dt dt dt dt dt 6.7)

Or,

dvs

it R+ (Ls3) + 5 (%) (6.8)

Or,

s @i, an
L+ RS dt + LS dt? + dt? ©9)

dt CDS

L - S (6.10)
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Now,

1

. . . vV da
i=ig+ip =4+ (al +b2A7) = ™ (E) + (ax + b27) (6.11)

Therefore current i can be written as equation (6.11), using this equation the modeling design

of the system has been done in MATLAB. The entire block diagram is shown in Fig 6.3.

ip , ai d?i
b ofe ]| dt ar
+ P du/dt P duldt—
Vs Gain2
Vs de d?A Add1 Derivative1 Derivative2
QOut1 P du/dt >+ m y y 1 ;
— > - > - » - P In1 Out1 A
Source Derivative i s di s
. Integrator 4; Integratori Magnetizing current
-K |=
Gain3 |
Rs|#
Gaind

Ls|<

Gain5

Figure 6.3: Modeling design of the system.

6.3 Results and discussion

The transformer model's performance and behavior were examined by obtaining simulation
results in MATLAB at different operating frequencies considering effects of all the
parameters of the circuit shown in Fig 6.1. The model included crucial characteristics like
magnetizing inductance, leakage inductance, and winding resistance. Changes in the
impedance characteristics were noted when the frequency changed, impacting the waveforms
of voltage and current across the transformer. While parasitic components like capacitance
and leakage inductance were increasingly noticeable at higher frequencies, the output stayed
comparatively constant at lower frequencies. These models demonstrate the significance of
frequency in transformer modeling and aid in the creation of precise designs for power
electronics applications. Simulation results were obtained in MATLAB for the transformer
model under various operating frequencies, shown in Fig 6.4 to 6.15. Fig 6.16(a, b) shows the
practical inverter output voltage wave of ferrite core transformer these are almost similar in

nature to the simulation results.
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Figure 6.4; Square wave AC voltage (Vs) at 5kHz frequency.

Figure 6.5: Secondary side voltage of the transformer at 5SkHz frequency.

Figure 6.6: Square wave AC voltage (Vs) at 10kHz frequency.
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Y

Figure 6.7: Secondary side voltage of the transformer at 10kHz frequency.

Figure 6.8: Square wave AC voltage (Vs) at 20kHz frequency.

Figure 6.9: Secondary side voltage of the transformer at 20kHz frequency.
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Figure 6.10: Square wave AC voltage (Vs) at 25kHz frequency.

Figure 6.11: Secondary side voltage of the transformer at 25kHz frequency.

Figure 6.12: Square wave AC voltage (Vs) at 50kHz frequency.
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Figure 6.13: Secondary side voltage of the transformer at 50kHz frequency.

Figure 6.14: Square wave AC voltage (Vs) at 100kHz frequency.

Figure 6.15: Secondary side voltage of the transformer at 100kHz frequency.

165



The output voltage of the real ferrite core transformer is presented below for comparison with the
corresponding simulation results.

5 5.0 Vsl |
Mokt 1 126 b 20us/dv
A i
e
¥
- "1
Max(C! “Hav () 6.1V P-P(C1 6y C1 3,903 V
C}) 39 555V ;?( ) 993900 Period(C1) 100.010us mw!tcn 13, 2008341
Duty(C1) “unx 0. Wl Fal(C1 39,85
(@)
| S0 var |
LB

Ausdv

5

toict) 08y M) 93 ¥ FreaCl)  HIWOWE  PwedDl)  H.%s
wedc) RolCl)  OXs  FaMCD) Ol
(b)

Figure 6.16(a, b): Secondary side voltage of the real transformer.
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6.4 Summary

To assess the dynamic response of the transformer model, a MATLAB-based simulation was
run over a variety of operating frequencies. Important components including capacitance due
to MOSFETS, winding resistance and leakage inductance were incorporated in the model.
The findings showed that the transformer's voltage-current behavior and impedance vary
significantly with frequency. With little interference from parasitic components, the
transformer operated steadily at lower frequencies. However, the effects of parasitic
capacitance and leakage inductance become more noticeable at higher frequencies,
influencing the impedance characteristics and waveform shape. In order to ensure accurate
design and reliable performance—especially in high-frequency applications such as power
electronics and switching converters results highlight the importance of accounting for

frequency-dependent factors when modeling transformers.

In high-frequency operation using a ferrite-core transformer in a push—pull inverter, studying
the effect of the all parasitic parameters including MOSFETS is essential for system design,
selection of the components and elements into the inverter. Best optimized design could be
done only with a rigorous simulation and observation of the results with these modeling

techniques.
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Chapter-7
CONCLUSIONS AND FUTURE SCOPE OF WORK

7.1 Conclusion

The use of optocouplers operated in the developed inverter for interfacing power and driver
circuits initially seemed like a viable solution, but it presented significant challenges. At
higher frequencies, the optocouplers introduced uneven delays and signal distortion, leading
to MOSFET failures. Moreover, maintaining the precise dead-time required for safe
switching of the MOSFETSs became increasingly difficult. This resulted in cross-conduction,
where both MOSFETs in the half-bridge configuration were inadvertently turned on
simultaneously causing a short circuit and subsequent failure. These issues highlight the

limitations of optocouplers in high-frequency applications.

It is observed that in the developed push-pull high frequency inverter operation there is no
longer any discoloration by electrolysis and corrosion in the ohmic heated food-liquid
conductor beyond 5 kHz, although frequency is increased and operated the inverter up to 20
kHz. It follows that this corrosion of electrodes can be totally eliminated if the frequency is

raised even further.

Therefore, design and implementation of a microcontroller-based inverter using an Arduino
Uno has been carried out, following a structured simulation-first approach prior to physical
realization. The software simulation stage allows for early debugging and optimization,
reducing hardware design errors. The final inverter prototype efficiently and reliably converts
DC power into a stable AC output, operating effectively up to 10 kHz. Although the original

target was to achieve very high-frequency operation, this remains a subject for future work.

Temperature and frequency have a significant impact on the ohmic heated food-liquid tested
samples electrical conductivity which is increased with product temperature and decreases
with higher frequencies. Electrical conductivities of the chosen liquid products are observed
based on their temperatures and activation energy. An essential tool for designing and
effectively running an ohmic heating process should be available in this database.
Understanding electrical conductivity temperature relationships, in particular, will help
determine the temperature change (AT) throughout a treatment, improved process control,

and can give a tool for effective food treatment methods.
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The transformer non-linear model is done by B-H magnetic hysteresis captured by DSO and
then MATLAB-based simulation results was conducted across a range of operating
frequencies to assess the dynamic response of the transformer model and MOSFET-
applications. Important components including capacitance due to MOSFETSs, winding
resistance and leakage inductance of transformer were incorporated in the model. The
findings showed that the transformer's voltage-current behavior and impedance vary
significantly with frequency. With little interference from parasitic components, the
transformer operated steadily at lower frequencies. However, the effects of parasitic
capacitance and leakage inductance become more noticeable at higher frequencies,
influencing the impedance characteristics and waveform shape. In order to ensure accurate
design and reliable performance—especially in high-frequency applications such as power
electronics and switching converters results highlight the importance of accounting for

frequency-dependent factors when modeling transformers.

Based on the findings, it is concluded that ohmic heating overcomes the deficiency of
traditional heating as it realizes material heating without temperature gradient, and the
purpose of uniform heating throughout is achieved directly. It has advantages of rapid
heating, no heating surface, easy control and environmentally friendly. It can achieve high
temperature sterilization rapidly for liquid-solid mixing foods containing particles. So, the
ohmic heating technology is considered to be one of the most potential heat treatment
technologies in food processing. In high power and high frequency application an inverter has
to be modified with protections and measurement scheme. The solutions having different
concentration of salts like NaCL, Na,SO,4, and KCL etc. were introduced in liquid solutions
to achieve the conductivity for proper heating quickly. But a comparative study for various
solution shows that corrosion of electrodes increases with the increase of concentration of
salts in the solution. However, there should be a compromise between the increase in
conductivity and decrease in corrosion and an appropriate concentration of the salts should be
formulated. It may be mentioned here that this is the requirement for the sterilization of foods

(liquid or semisolid) by ultra-high temperature with ohmic heating system.

This research investigates the various aspects of the theory, design and construction using
ferrite core transformer instead of conventional transformer in a high frequency and high-
power DC/AC push-pull type inverter. A comparison of the performance of various
MOSFETSs shows that the push pull inverter is a better one for high frequency ac source.

Direct heating (ohmic heating) can achieve high temperature sterilization rapidly for liquid—
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solid mixing foods containing particles like; orange juice, coconut water, milk etc by ohmic
heater, but in doing so in laboratory it is found that the electrodes used for current flow
through the liquid are getting corroded and thereby damaging itself as well as liquid
conductor as a food contaminating that. To reduce/stop this corrosion of the electrodes a
variable frequency ac power source using power inverter has been proposed. It is expected
that if one increases the frequency in this kind of heating process the corrosion of the
electrode can be completely eliminated and the liquid food conductor easily be sterilized
using ultra-high temperature. One important point to mention here is that in this laboratory
setup, attempts to increase the frequency beyond 20 kHz resulted in the destruction of the
MOSFETS, despite forced cooling using a fan and heat sink. Therefore, it was not possible to
operate above 20 kHz with this ferrite core transformer. It should be noted that the driver
output is not responsible for the observed performance issues with the ferrite core transformer
and inverter, as the gate drive output has been tested and found to be an almost perfect square
wave. The driver circuit for the inverter source has been found to work very satisfactorily.
Though this inverter works perfectly up to 20 kHz, electrode corrosion is reduced drastically
at this frequency. Therefore, in the future, this high frequency power inverter will be a
promising ohmic heater to sterilize the liquid food conductor at ultra-high temperature in

food processing industry up to this range of frequency.
7.2 Scope of future work

The present work has established the potential of high frequency inverter in the system of
liquid food ohmic heating. In high power and high-performance application of this drive
circuit and high frequency inverter has to be modified with protections and measurement
scheme. This has become a challenging task of future as high frequency involved.
Microcontroller with high speed operation will be suitable for those protection and
measurements. This may be another domain of prospective future work. To control the power
during ohmic heating in the liquid foods, it has been observed that conductivity of the liquid
foods increases non-linearly with the increase in temperature of the liquid. An ordinary power
control scheme is not efficient, as the power must be cut off if the current through the liquid
exceeds the system's capacity due to increased conductivity. And it is found that in these
system conductivity increases three times when temperature goes to 100°C and hence the
current drawn is almost 3 times the initial value. To limit the current within the range, duty

cycle should be controlled by using feedback loop with a temperature sensor or current
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sensor. The gate control of the MOSFET/IGBT has been observed as an effective means for
such experiment. Although feedback system has not been developed due to lack of time, but
this may be the future scope of work. The high frequency ohmic heater is still under

development for very high-power application using 3-phase power supply which may also be
another area of future work.
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