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Abstract: This study aims to elucidate the development and construction of a durable induction
cooktop, with key considerations including efficiency, power customization, and safety features.
The intricate processes involved in crafting a 3.5 kW induction burner are thoroughly examined,
encompassing simulations for quasi-resonant inverters, the meticulous selection of induction coils and
capacitors, the implementation of practical Analog-to-Digital Converter (ADC) filtration, pulse width
modulation (PWM) driving techniques, and the integration of protection mechanisms. Leveraging
an ARM-based microcontroller enabled the attainment of diverse objectives such as Zero-Voltage
Switching (ZVS), safeguarding IGBTSs, facilitating user interaction through a user-friendly interface,
and enabling load detection capabilities. Furthermore, the capability to gauge and adjust output
power based on user preferences was incorporated. Subsequently, rigorous testing was conducted to
evaluate the functionality and applicability of the device in real-world scenarios.

Keywords: ARM; ADC; induction cooker; quasi-resonant

1. Introduction

With growing momentum toward full electrification, induction heating presents dis-
tinct advantages over traditional methods, excelling in precision, speed, and overall perfor-
mance. Induction heating (IH) stands as an ideal solution across various applications and
industries, from medical devices to diverse hardening and manufacturing processes [1].
Household induction cookers offer a safer, swifter, and more adaptable cooking experience
with minimal emissions and independence from natural fuels. It is conceivable that forth-
coming government regulations may position domestic induction heating as the preferred
solution in the near-future market [2,3].

Recent advancements in modern induction cookers have prioritized safety, user-
friendliness, enhanced energy conversion efficiency, and improved power factors. Flexible
induction stoves, incorporating arrays of coils, allow users to place cookware anywhere on
the surface without concern for positioning [4,5]. Innovative inverter designs employing
Zero-Current Switching (ZCS) and Zero-Voltage Switching (ZVS) methods have shown
cost and complexity reductions through multi-coil architectures [6]. Further coil reduction
strategies, such as the partial overlap proposed by [6], inspired by wireless power transfer
gadgets and improved through research on unequal gaps between coils [2], offer promising
enhancements.

A novel GaN-HEMT-based inverter introduced in [7] addresses noise and magnetic
decoupling issues. Additionally, Power Factor Correction (PFC) rectifiers [8] promise
increased efficiency, reduced fabrication costs, and mitigated Electromagnetic Compatibility
(EMC) challenges. Enhanced load detection and management solutions, like the one
proposed in [9], minimize the need for additional sensors, optimizing power transfer by
recognizing pot characteristics. Ref. [3] presents a sensorless safety solution leveraging
load material property variations due to temperature changes. Moreover, advancements
in cookware design, exemplified by [10], result in improved temperature distribution
across loads.
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This paper focuses on recent advancements in induction heating systems and quasi-
resonant inverters, particularly in induction cooktop designs [11]. Recent innovations
have centered on efficiency optimization through improved coil designs, advanced heating
materials, and optimized switching frequencies, significantly reducing energy losses. Elec-
tromagnetic Compatibility (EMC) remains crucial, with new shielding techniques, active
filters, and modulation schemes addressing electromagnetic interference while maintaining
performance standards [12-14]. Advanced inverter technologies have seen developments
in Zero-Voltage Switching (ZVS) techniques to minimize switching losses, as well as modu-
lar multi-level inverter topologies that offer scalability and enhanced power control [15,16].
Additionally, load sensing technologies have emerged, featuring adaptive control algo-
rithms that adjust power output based on load characteristics, thus improving cooking
precision and energy efficiency [16]. Noteworthy studies have highlighted dynamic fre-
quency modulation for better load matching and intelligent induction cookers that detect
pot sizes and materials, further optimizing heating processes [17].

This paper aims to furnish a practical guide for designing a cost-effective induction
burner using quasi-inverter technology, offering insights into circuit design and man-
ufacturing processes. Section 2 introduces fundamental IH principles, followed by an
exploration of quasi-resonance inverter workings. Subsequently, limitations and power
potential are discussed. Section 3 delves into the key electrical components of an induction
cooker, including the inverter circuit and spiral coil. Required peripheral circuits for reliable
operation, alongside the microcontroller unit (MCU), are detailed in Section 4. Section 5 ad-
dresses safety measures, hard-switching avoidance, and power output control procedures.
Finally, Section 6 presents prototype experimentation results compared with theoretical
expectations. The experimental results of the proposed solution in this paper subtly un-
derscore the ways in which the proposed solution stands apart from existing commercial
alternatives, with the unique aspects of the approach being particularly evident.

2. Quasi-Resonance Circuit
2.1. Principles of Induction Heating

In accordance with Faraday’s and Lenz’s laws, the introduction of a changing magnetic
field in a conductor results in the induction of electrical currents that oppose the original
changes in the magnetic field. These circular currents, termed eddy currents [18,19], prompt
the material to rapidly heat up upon encountering internal resistance. Illustrated in Figure 1,
an alternating current flowing through the red coil produces a variable magnetic field of
matching frequency. Guided by a ferrite core and influenced by its shape and penetration
depth, this field induces circulating eddy currents within the conductor. In materials
exhibiting relatively high resistance, such currents generate significant heat (RI%), leading
to a swift rise in the material’s temperature. Additionally, depending on the material type,
hysteresis losses [20] stemming from the constant reversal of magnetic fields can further
contribute to temperature elevation.

\ Primary magnetic field
Alternating current | —

Eddy currents

. ‘ Eddy currents
Crack
Secondary magnetic field

Electrical conductive material

Figure 1. Eddy currents with alternating magnetic fields.



Appl. Sci. 2024, 14, 10449

30f20

Also, we can determine the penetration depth of the magnetic fields inside the metals

by the following [21]:
P
0= ,/—= (1)
V urf

where p, 1, and f denote resistivity [().m], magnetic permeability [H/m], and frequency
[Hz], respectively. Equation (1) indicates a reduction in penetration depth as the frequency
of the applied magnetic field increases, and therefore, IH provides a distinctive and im-
portant feature: the desired depths inside metals can be heated remotely by changing
the frequency of the alternating magnetic field [22]. Choosing the right frequency for IH
depends on the type of the material, the gap between the piece and the current-carrying
coil, the working dimensions, and the desired penetration depth. For example, in induction
furnaces for melting different metals, the frequency can range from 50 Hz to 400 kHz
(usually, the smaller the object, the shallower the depth of penetration required, so a higher
frequency should be used). In our intended application (induction stoves), a working
frequency ranging from 25 kHz to 50 kHz can be used [23].

2.2. Operating Principles

Quasi-resonant inverters only require one switching transistor per coil, and they are
also sometimes referred to as QR flyback inverters. QR inverters are popular among single-
coiled burners and are commonly found in Asian burner markets because of their cost
advantage over half-bridge inverters. However, QR inverters have the drawback of not
being able to fully control the transferred power to the load, and because of this, their
frequency control and EMC issues need to be handled.

It is known that an inductor and a parallel capacitor will exchange energy with each
other, and as a result, according to Equation (2), their current and voltage change in a
sinusoidal form with a frequency proportional to the capacitance and inductance of the
circuit. In Figure 2, for simplicity and a better understanding of how this arrangement
works, we consider a situation where the transistor is turned on momentarily only for a
short moment and then stays turned off for a very long time (ignoring the effects that the
freewheeling diode might have for now).

1

where L and C are the inductance [H] and capacitance [F] of the pair, respectively. In a

quasi-resonant circuit, when the transistor is turned on, we can assume that the capacitor

(Cres) quickly gets charged, and the current flowing through the inductor (Lyes) will rise
according to the following:

Vius = L%

I; = Yo At

3)

Equation (3) reveals that the inductor current grows linearly in time with a slope
proportional to % (phase I in Figure 2). Then, when the switch (transistor) gets turned
off, the inductor and capacitor start to oscillate with each other due to the stored energy in
them, in such a way that the current in the inductor will be manifested as the capacitor’s
voltage. And in the next half cycle, the capacitor voltage transforms into the inductor’s
current (phase II in Figure 2). Now, in this oscillating state, the energy of the elements
involved starts to degrade (due to the internal resistance of the elements) until the oscillation
ceases to exist. Our analysis was based on the assumption that we do not consider the
freewheel diode, but the fact is, it will start conducting once the inductor current gets
reversed and the capacitor is able to match the Vp;s (the voltage will eventually surpass
—VBus)- Then, the inductor’s current is no longer being pushed into the capacitor, and
until it gets fully depleted, it will pass through the diode and return back to the source
(phase III in Figure 2).
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Figure 2. Working basis for quasi-resonant circuit.

Therefore, in short, it can be argued that the system contains only the energy of the
capacitor after the first cycle because the energy of the inductor has been discharged in
the third phase (Figure 2) [24]. This means the majority of the energy transfer takes place
only in the first cycle after switching, so theoretically, with the start of the second cycle,
switching can be initiated once again [25].

2.3. Constraints

In Figure 3a, before switching the transistor, Vp;s is placed across the collector-emitter
junction of the transistor (Vcg), and when it gets turned on (moment 1 in Figure 3b), the
current of the inductor increases linearly with time (according to Equation (3)), and when
the switching stops, the oscillation between the inductor and the capacitor causes the
energy of the inductor to be stored in the form of capacitor voltage. Depending on its
polarity, this voltage can inflate Vg (moment 2) or reduce it to the point of the reverse
conduction threshold at which the freewheeling diode gets activated (moment 3). After
that, the circuit continues to oscillate with the energy that has been left in the capacitor (in
Figure 3b, the difference between the peak voltages of the first period and the subsequent
ones indicates an energy discharge during the diode conduction phase).

Figure 3. Transistor voltage during circuit excitation (a) circuit (b) IGBT PWM output.
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In Figure 3, moment 2 is the maximum voltage that the transistor will experience, and
we can express it as the sum of the source voltage (Vpy;s) and the capacitor voltage (Vc ymax),
since the total energy of the system, including the capacitor and inductor, is cumulated
solely in the capacitor.

E, =1L
Ec = 5CV¢ @
EC [max] +0= Ec[t] + EL [t} (5)

Equation (5) shows that, at this particular moment, the energy of the system is com-
pletely stored in the capacitor and is equal to the sum of the energy from the inductor and
the capacitor, at all times (only the first cycle is considered here). Since their energy at
moment 1 is known according to the following equations, the maximum voltage of the
capacitor can be calculated:

\%
I = bL”SAt, Ve = Viys (6)
2
1172 _ 172 17 ( Vous
QCVC,max - QCVbus + §L< % At)
Vi 2
LB At) +CV2,,
Ve max = w (7)
v 2
L(-fAt) +CV2
VCE,1GBT = w + Vius

In the above equations, At denotes the time period in which the transistor is conducting
and charging the inductor [Sec]. The obtained formula expresses a direct relation between
the transistor’s maximum voltage (during switching) with At. And if it exceeds more than
the permissible limit, it will lead to permanent damage to the transistor.

The transferred induction power can be assessed by considering one switching cycle
of the transistor. During this time, the energy is conveyed from the source to the inductor,
which is then absorbed by the metallic load during oscillation. This statement heavily relies
on the condition that the coil winding and the metallic recipient form a decent enough
imperfect transformer [26,27]. This means that all the magnetism produced by the primary
coil gets lost in the core, which is of course our desired purpose in induction heating since
it will maximize the magnetic engagement between the coil and the load. In induction
heating systems, the transistor functions as a crucial switching element that controls the
flow of current to the inductor. The time period At during which the transistor is in a
conductive state is essential because it directly affects how much energy is transferred from
the power source to the inductor. During this conduction phase, the inductor accumulates
energy in the form of a magnetic field. The relationship between the maximum voltage
across the transistor, VCE, max, during switching and At is critical; if the maximum voltage
exceeds the transistor’s breakdown voltage, which is the highest voltage the transistor
can withstand without failure, it can result in irreversible damage. Therefore, effectively
managing At is vital for ensuring the reliability and longevity of the device. Therefore,
according to this ideal assumption, we can conclude the following:

1 1
w— 2LIE+3CVE ®)
Ton + Toff

To fully understand the energy transfer process in an induction heating system, one
must consider a complete switching cycle of the transistor. During this cycle, energy flows
from the source to the inductor while the transistor is conducting. Once the transistor
turns off, the energy stored in the inductor is released and subsequently transferred to the
load (usually a metallic object) during the oscillation phase. This transfer mechanism is
central to achieving efficient induction heating. The effectiveness of this energy transfer is
significantly influenced by the coupling between the coil winding (the primary side) and
the metallic load (the secondary side). For optimal performance, the system is designed to
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function as an “imperfect transformer”, allowing a considerable amount of the magnetic
flux generated by the primary coil to interact effectively with the load, maximizing energy
transfer. In the above equation, Ty, is the same as At, and T, ff s the time taken for a
complete energy transfer to load, which, with a good approximation, the oscillation period
can be substituted for. Also, as we will show later, during the operation of the system, the
energy of the inductor is much higher than the energy of the capacitor, and therefore, by
ignoring it, and with the help of Equation (3), the above can be rewritten and simplified

as follows: )
Vius
31 (Ypear)

W= ——+— 9
TOH+TT€S ( )

Equation (9) takes this analysis a step further by simplifying the relationship by
neglecting the energy contribution from the capacitor. In many high-frequency applications,
the energy stored in the inductor often far exceeds that of the capacitor, making it a
dominant factor in the system’s energy dynamics. This simplification allows for a clearer
understanding of the system’s performance without the additional complexity introduced
by the capacitor’s behavior. Based on Equations (7) and (9), the Vg ;4 of the transistor
is limited by At, but on the other hand, the power is directly increased by raising At, so
the maximum power that the device can transfer is limited by the breakdown voltage
of the transistor. For instance, if the breakdown voltage is considered to be 1200 V and
VBus =220V, then by introducing C = 440 nF and L = 80 pH, for the maximum power, the
device can roughly handle 3.5 kW [21].

Vi max + 220V = 1200V
L( Yo ar) 12
< L C) bus =980V (10)
Abmax = 2515 — Winax ~ 3.5kW

The breakdown voltage of the transistor is a critical parameter that dictates the op-
erational limits of the system. If the VCE, max surpasses this threshold, it may lead to
transistor failure. Consequently, effective power management becomes essential. While
increasing At can enhance the energy transferred to the load, the maximum power that can
be handled by the system is constrained by the breakdown voltage of the transistor.

3. System Design in Component Level

The electrical elements of the system, such as the inverter and coil, should be designed
so that, in addition to the appropriate dimensions of the coil, the inductance variation
after placing the load is not too severe. In [10], cookware enhancements are shown to
deliver a uniform temperature across the workpiece. Induction burners usually operate
at frequencies between 25 kHz and 30 kHz for switching so that the requirements for the
penetration depth and inaudibility of the device can be met.

According to Equation (2), by choosing 27 kHz for the no-load oscillation frequency
and fixing the appropriate dimensions of the coil, an inductance value of 76 pH for the coil
and capacitance of 440 nF for the capacitor are chosen. The durability of the capacitors in
handling high voltages along with temperature swings should be considered during the
selection process, since when the energy of the inductor is transferred to the capacitor, it
will cause a great surge in the capacitor’s voltage. Another factor worth mentioning is that
during the heavy operation of the inverter, the current constantly fluctuates between the
inductor and capacitor, thus causing the capacitor to heat up. Therefore, film capacitors
with polyester dielectric or polypropylene are selected [28,29].

In induction stoves, the ferrite cores under the main coil provide a low-reluctance path
for the magnetic field, thus acting as a shield so that the magnetic flux can be concentrated
on the load above. By neglecting their effect on the net inductance, we consider only the
coil itself for now. In [6], the use of overlapped coils is discussed, which allows for a flexible
working surface and simplicity of production. Generally, induction cooker coils comprise
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spiral, flat windings [30]. To calculate the inductance of such a coil, parameters such as the
wire diameter, number of turns, distance between wires, and inner radius are introduced to
the existing calculators [31]. A good estimation for making a viable coil is a 12 m long wire
with a 2 mm diameter. High-copper alloys should be used in fabrication, since copper is
not considered a suitable host for eddy currents due to its low electrical resistance. Figure 4
shows that the inductance measurement of the coil by the LCR meter is manifested. As can
be seen, there is little difference between the theoretical and practical values [32].

MEASUREMENT MODE
0#CRTaam Exror

79.920 pH
5.3079 kQ

Figure 4. Coil’s inductance measurement.

Due to heavy noise in the inverter, during switching and rapid capacitor charge,
IGBTs are a better choice since MOSFETs are more sensitive to momentary changes in the
working voltage, which can cause them to get damaged. IGBTs, on the other hand, are
more tolerant of these changes and are therefore less likely to be damaged. Additionally,
IGBTs have higher current ratings, which means that they can deliver more power. The
STGWT20IH125DF IGBT from STMicroelectronics, with a breakdown threshold voltage of
1200 Volts and a current rating of 15 Amperes, was chosen due to its suitable price and heat
tolerance [33].

4. Peripheral Circuits

For feasible IGBT switching, the PWM signal from the microcontroller must be am-
plified and be able to supply enough current to the gate to ensure the transistor’s smooth
operation. Also, without proper isolation, the high voltages in the inverter will make their
way into the electronic circuits. In this case, the possible damage will be irreparable. For
this reason, the TLP250 chip [34] was used, as shown in Figure 5. The TLP250 chip is an
opto-electronic power driver with internal isolation capabilities [35].

In Figure 6 part 1, the voltages across the two ends of the coil and capacitor are
reduced by a resistor pair and fed to the op-amp in part 2. Because the designed circuit is
not functioning in feedback mode, the output of the op-amp (PULSE-DET) will also change
along with the oscillation, as shown in Figure 7 (blue waveform). Therefore, by observing
the PULSE-DET signal, it is possible to confirm the presence of the load on the coil.

The LM324 chip has four operational amplifiers inside of it, which are used here to
sample collector-emitter voltage fluctuations and the IGBT current and detect the critical
temperature of the heatsink on which the IGBT is mounted. For the sake of simplicity, the
design circuitry is divided into five sections in Figure 7. In the following, their utilization
will be briefly discussed.
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Figure 7. Resonating voltage. (a) Load is present. (b) Without load.

During the excitation of the coil (transistor switching), the operation condition can be
categorized into two types based on the oscillation that takes place. According to Figure 7,
if there is a load present on the coil (a), the oscillation voltage (shown in orange) is damped
out in the first few periods. However, if there is no load present (b), the oscillation continues.
Therefore, this feature can be used to ensure the existence of the load on the coil.

The resistors and capacitors in part 2 provide sufficient filtering for the VIN_DAMP
and VC_DAMP voltages. For example, capacitor C8 and resistor R14 form a low-pass filter
with a specific frequency cutoff of f = =L~ ~ 90 kHz. This removes upper disturbing
frequency harmonics from VC_DAMP. Zener diodes D6 and D7 protect the op-amp input in
the case of an overvoltage surge [36]. In Figure 6 part 3, VC_DAMP (IGBT collector—emitter
voltage) is an input signal for the op-amp, which in this case acts as a follower; then, the
op-amp output (ADC_IGBT_VCE) is sent to the microcontroller for further processing.
Also, an NTC resistor (Figure 8) is placed on the heatsink, which is used to secure the
temperature of the transistor and protect it against overload.

Figure 8. IGBT heatsink and its NTC.

Measuring the system’s current is necessary to calculate the output power. Therefore,
a 150 m(Q) shunt resistor (wire-wound resistor in front of the IGBT in Figure 8) is introduced
to the circuit. The derived voltage as a result of the current passing through it is filtered
by a conjunction of C6 and R13 (Figure 6 part 4). Therefore, it can be assured that the
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ADC_IGBT_CURRENT signal correlates with the average current of the system. This signal
is also passed to the MCU for sampling.

5. Microcontroller

The STM32F103C8T6 microcontroller [37] is used as the main control unit of the
device. It includes a Cortex-M3 processing core from ARM technology, along with 64 kb
of flash memory, a working frequency of 72 MHz, 37 1/O ports, UART, USB, SPI, 12C
communication, DAC and ADC converters, timers, and many other peripherals that meet
the requirements for mid-range systems. Figure 9 depicts the program’s flowchart for the
MCU code. In this section, we try to mention the most important divisions of the program
and avoid the details of the implementation as much as possible. We have divided the
program into five modules, and we will discuss each of them in the following.

State 1: Tum off

Delay Interface
[50m sec] [blinking red]

IGBT Switching
[tum off]

S it been 60se

Interface
[blue] present ?

Interface IGBT Switching
[purple] [Vce max_Tres]

IGBT Switching Interface
[tum on] [white]

State 5: Key han

Fire & control

PWR_KEY
Pressed ?

Figure 9. Flowchart of the main program.



Appl. Sci. 2024, 14, 10449

11 of 20

5.1. Flowchart

Although the selected transistor has a breaking threshold of 1200 volts, At cannot
be incremented too much because of the 600 V practical limit on the capacitor’s working
voltage. Additionally, when the switching takes place, the coil’s drawn current escalates
quickly, and it is important to validate the power source’s ability to provide the demanded
current. Therefore, we have designed the system in such a way that At increases gradually
so that in case of error detection, the system can catch up and act properly. The flowchart
includes the following:

(1) Standby: When the device is turned on, the initialization block performs the initial
settings of program variables and HAL-related handlers. The IGBT switching block disables
PWM generation (transistor shutdown); then, a routine updates the LEDs and the display
module, putting the device in red flashing mode. Consequently, the program waits for the
user to press the power key (PWR_KEY).

(2) Load check: The IGBT switching block is used to detect the presence of cookware
on the coil [38—-41]. If it does not perceive any magnetic engagement due to the presence
of the load within 60 s, the program will return to its previous state. Additionally, in this
mode, the LED will be changed to blue.

(3) PWM configuration: After detecting the load, it is time to determine the switching
parameters. At this stage, Veramax, Tresonance, and Ato, will be determined by triggering
pulses at low frequencies to excite the coil.

(4) Switching: In this step, the PWM pulse generation process is started by the IGBT
switching unit. At the same time, a routine continuously checks the safety parameters
such as the IGBT temperature, current, power, etc. To ensure the presence of the load
(container), the system returns to load detection (module 2) every 250 milliseconds. This
time, the system will not require confirmation from the user. The display LED will be white
in this state.

(5) User interface: Normally, when the device is in the operating state, it will loop
around module 4. However, pressing any of the following keys, PWR, UP, and DWN, will
execute module 5. Pressing the UP_KEY button will increment At, which will increase
the total output power. On the contrary, pressing the DWN_KEY button will decrease At,
which will decrease the total output power. The PWR_KEY button also shuts down the
system. After this step, the program will go to step 3 and then return to the main module
(switching state) after determining the new PWM specifications.

The fire control block is implemented to monitor the state of the transistor during
switching and estimate the output power. This block keeps track of the IGBT temperature
and system current by sampling the ADC_IGBT_TEMP and ADC_IGBT_CURR signals
(in the ADC1 unit). Then, by comparing the values to pre-defined limits, it controls the
heatsink fan (IGBT_FAN) and shuts down the system if the temperature exceeds the critical
level. Also, with the help of the measured current, the real-time power value is stored in the
SYSTEM_POWER variable to be displayed on the screen using the interface block. In the
microcontroller, timer 3 is responsible for generating the PWM needed to switch the IGBT.
This block transfers the pulse to the corresponding IGBT_PWM port, which is then used to
drive the IGBT using TLP250. The switching parameters can be managed as follows:

TIM3_ARR = Aton + Toff 1)
TIM3_CCR1 = Tyff

For example, Figure 10 shows a PWM pulse with a At period of 5 microseconds and a
period of 35 microseconds. Consequently, if we need to increase the power, we will modify
the registers accordingly.
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Figure 10. ZVS parameters.

By intermittently exciting the coil, we can detect the presence of the load by counting
the periods of the PULSE_DET signal. For this purpose, the PULSE_DET signal is placed in
the timer 2 unit with the Capture input mode, and its changes are measured right after the
transistor turns off (circuit oscillation begins). Ref. [9] suggests an interesting deep learning
solution for material identification. A practical test determined that if this value is more
than three oscillation periods, there is no proper flux interaction between the coil and the
pot [41-45].

5.2. ZV'S Detection

The transistor losses can be greatly reduced if the switching is timed correctly. This
method is known as Zero-Voltage Switching (ZVS). In ZVS, the transistor’s voltage fluctua-
tion is monitored, and the turn-on pulse is not applied until the collector—emitter voltage
reaches zero. This causes the transistor to operate in a soft-switching area, and therefore, the
losses due to switching are significantly reduced. As discussed earlier, in a quasi-resonant
inverter, applying ZVS methods is like swinging a pendulum at the right time, as it re-
quires precise real-time information about the system’s condition. Ref. [4] proposes a novel
multi-coil ZVS inverter that can be used in flexible surface induction cookers.

This feature is implemented in the MCU'’s program, and T, ¢ is calculated by design-
ing an algorithm that measures the blackout time needed for Vr to reach zero. Since the
flux interaction between the coil and the load often changes with displacement on the coil
or the use of different materials, the presumed oscillation frequency is no longer constant
and must be calculated periodically. It is also noteworthy that the oscillation period of the
system is slightly different from Ty .
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The algorithm is written in such a way that after the coil is briefly energized with
specific periods (T,, in Figure 11), the ADC_IGBT_VCE signal (IGBT voltage) is sampled
regularly by the ADC2 unit; then, by applying the differential analysis, the point of ZVS
(zv in Figure 11) is determined. After that, T,¢s gets calculated, and the highest Vg value
is recorded for the given At,, (which should not surpass the rated voltages).

Tek T Trig’d M Pos: =10,00us CH2 Tek AnlL. Trig’d M Pos: §4.00 us CH2
Ve I < Coupling V¢ J Coupling
E | [n
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|CH2+20.0V M 250 us I CH2 ./ 56.8Y [:H2+20.0V M 25.0 us I CH2 / 56.8Y
972.074Hz 372.074H:z

Figure 11. Low switching frequency (no load).

6. Prototype Test

An adequate power supply was used to provide 30 Volts to the switching line (V).
Then, the voltage variation and other control signals were observed and measured using a
digital oscilloscope in the laboratory. The results are discussed below.

6.1. Load-Free Test

At first, we observed the transistor’s Vg and the coil oscillation voltages without
any load, with specifications of T, = 1000 us and At,, = 10 ps. Figure 11 displays the
results on the oscilloscope (the IGBT start-up pulse appears in green). In Figure 11, the
maximum collector—emitter voltage is observed during the first period after the energizing
pulse. This voltage must be managed for each At,, (pay attention to the 90 V peak of the
collector-emitter voltage). In the second part, we will switch the transistor at a higher
frequency with the specifications of T, sy = 24 us and At,, = 20 ps. The resulting waveform
can be seen in Figure 12.
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Figure 12. ZVS.

Here, we resume switching just before the second cycle of oscillation is about to begin.
As expected, the maximum voltage of the transistor increases to 125 Volts. The above
waveform indicates that the device is operating in an optimal state, as the collector-emitter
voltage reaches zero after the inductor’s energy is depleted by the freewheel diode. This is
the ideal moment for the ZVS of the system. Therefore, we can also confirm that our ZVS
algorithm correctly predicted the value of the needed T .

6.2. Loaded Test

The previous test is repeated by placing an iron pot on the coil and observing the
resulting waveforms, shown in Figure 13. It can be seen that after a few cycles (after
which the transistor is no longer conducting), the system stops oscillating due to energy
being transferred to the load. The collector-emitter peak voltage decreases slightly but not
significantly. It is still important to monitor Vg ;. and adjust At,, accordingly.

Next, we observe the behavior of the system when the switching parameters are
changed back to the previous no-load conditions (T,ss = 24 us, Afon = 20 ps). It can
be seen that the system is no longer operating in ZVS, as the T, changes because of
inductance variation due to the load being present. Therefore, it is essential to use the
mentioned algorithm to predict the correct switching time for the optimal operation of the
device. (In Figure 14, the orange waveform shows Vg, and the blue one represents the
IGBT_CURR signal.)
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6.3. Comparison

Table 1 shows that there is a direct relationship between At,, and the critical voltage of
VCE max, as mentioned in Equations (7) and (10), for the inverter. Additionally, the measured
waveforms clearly show the importance of the applied ZVS technique, as it prevented the
additional stress and losses caused by switching.

Table 1. IGBT critical voltage based on switching parameters.

Figure Aton (HS) Toﬁ‘( HS) VCE,peuk (V) Load
12 10 1000 90 Without
14 10 100 80 Present
13 20 24 125 Without
15 20 24 120 Present

In addition, the equipment and components used to ensure and emphasize the re-
peatability and sustainability of this study are given in Table 2. Here, the details are kept
confidential so as not to hinder future studies and for the patent application process. How-
ever, this information will be sufficient for researchers working on this subject because the
original point here is the designed circuit and control software.

Table 2. Setup equipment and components.

Category Equipment/Components
Power MOSFETs and/or IGBTs
Quasi-resonant inverter Inductor and capacitor components for the

resonant circuit
Diodes for rectification
. . STM32 microcontroller
Microcontroller unit (MCU) Development board for STM32
Shunt resistors for current sensing
Control system components NTC thermistors for temperature monitoring
Voltage measurement circuits (operational
amplifiers for scaling)
Adjustable DC power supply for inverter
testing
Resistive load bank or induction heating load
Oscilloscope for monitoring voltage and
current waveforms
Digital multimeter for voltage and current
Measurement instruments measurements
Temperature measurement system (digital
thermometer and data logger)
Calibration sources for voltage and current
Calibration standards for temperature sensors
Breadboard and PCBs for circuit assembly
Soldering equipment and tools for circuit
assembly and modifications
Insulation resistance tester
Safety equipment Thermal imaging camera or infrared
thermometer for safety checks
Fume hood or ventilation for testing
potentially hazardous components

Power supply

Load testing equipment

Calibration equipment

Prototyping tools

To evaluate the feasibility and real operation of our prototype, we increased the input
voltage of the device to 60 V by connecting two 30 V power sources in series, as shown in

Figure 15. Then, we placed an iron piece on the spiral coil and observed the temperature
changes as follows.
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oS

Figure 15. Heating a metallic disk.

Once the device was turned on, we measured the temperature of the iron disk using a
laser thermometer. As shown in Figure 16, the temperature of the iron piece increased by
34 degrees. The device also displayed the power of the system as 112 W, which accurately
corresponds to the voltage and current drawn from the source. When the piece was
removed from the coil, the device stopped, and the status indicator light turned blue, which
indicates that the load presence procedure functioned correctly when the load was removed
from the system.

Figure 16. Temperature measurement.

In the results shown in Sections 6.1 and 6.2, an academic study was carried out,
especially focused on the thermal values of the laboratory setup, and the electrical efficiency
of the proposed method is shown with successful results in parallel with the given literature
examples. The output that should be mentioned here is the efficient result values in the
loaded and unloaded results of the method used, and this is a result independent of the
heater being next to it. Figures 15 and 16 are given only to visually enrich the visuals of the
heating and measurement values of the system.

However, magnetic losses in ferrite cores are critical factors affecting the efficiency and
performance of high-frequency devices, such as induction cooktops. These losses consist
mainly of hysteresis losses, which arise from the magnetization and demagnetization of the
core material as the magnetic field fluctuates, and eddy current losses, which result from
circulating currents induced within the core due to changing magnetic fields. The Revised
Generalized Steinmetz Model (RGSM) offers a robust framework for estimating these
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magnetic losses under varying operating conditions. The RGSM expresses core losses Pcore
as a function of the peak flux density B and frequency f using the equation Peore = k.B*.fY,
where k, x, and y are material-specific coefficients determined empirically. This model pro-
vides a more accurate representation of core losses by considering the complex interactions
between frequency and flux density, making it particularly relevant for high-frequency
applications [46-48]. By employing the RGSM, the core performance can be predicted
more accurately, design parameters can be optimized, and suitable ferrite materials can be
selected, ultimately leading to more efficient induction heating systems. Understanding
these losses is crucial for enhancing device reliability and longevity, ensuring that modern
applications meet their efficiency demands.

7. Conclusions

This study thoroughly explored the utilization of a quasi-resonant inverter in the
development of an induction cooker, carefully considering critical factors such as circuit
limitations, load detection mechanisms, and durability requirements to optimize the de-
vice’s performance. The analysis provided a detailed overview of the simulation and
implementation of the quasi-resonant inverter (QC inverter), highlighting its role in achiev-
ing efficient power transfer and stable operation. A significant portion of the research
focused on the control system architecture, with an in-depth explanation of the flowchart
program designed for the STM32 microcontroller (MCU), which governed the system’s
key processes. The control scheme included the precise management of peripheral circuits
essential for the system’s operation, such as shunt resistors used for current sensing, NTC
thermistors for real-time temperature monitoring, and voltage measurement circuits to
ensure accurate feedback control. Each component played a vital role in maintaining the
cooker’s safety and functionality, with algorithms tailored to detect load conditions and
adjust power levels accordingly. Additionally, this research delved into the calibration
procedures for temperature and voltage sensors to enhance the reliability of measurements
under varying operational conditions.

This study did not stop at theoretical modeling and simulations; it extended to practical
implementation, where the predicted outcomes were rigorously tested through experimen-
tal evaluation. The experimental setup validated the theoretical models by demonstrating
the device’s stable performance under real-world conditions. The results confirmed that
the system met the anticipated design requirements, ensuring the induction cooker’s safety,
efficiency, and long-term durability. This comprehensive approach to design, simulation,
control programming, and experimental validation provided a robust framework for de-
veloping advanced induction cooking appliances with enhanced capabilities. The results
show that the expected results were obtained, as seen in Table 1. The prototype performed
as intended, as indicated in Section 6. In order to be used for commercial applications,
the laboratory application will be converted to a company application by comparing it
with industrial examples in future studies. For future research, several avenues could
be explored to further enhance the performance and capabilities of induction cooking
technology utilizing quasi-resonant inverters. One potential direction is the development
of adaptive control algorithms that dynamically adjust the inverter’s operating frequency
and power output based on real-time feedback from load conditions, temperature sensors,
and power consumption data. This could lead to improved energy efficiency and cooking
precision, especially for varying cookware types and sizes.
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