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ABSTRACT Induction heating (IH) technology is very popular in domestic applications because of its
efficiency and safe operating properties. Resonant inverter circuits are widely used in IH systems owing
to their high efficiency and soft-switching capability. Among the resonant inverters used in IH systems,
the single-switch quasi-resonant inverter topology is generally preferred for low-cost and low-output-power
applications. Despite the low-cost advantage of the quasi-resonant inverter, the soft-switching range is quite
narrow, and it is not stable depending on the electrical parameters of the load that is desired to be heated.
In other words, there is a critical relationship between the electrical characteristics of the pan, turn-on,
and turn-off times, which are the control parameters of the semiconductor switch, and the safe working
conditions. In addition, when the importance of closed-loop control methods is evaluated together with the
selection of resonant circuit elements, it is essential to determine whether the load is suitable for heating, and
to determine the electrical properties of the load to provide both reliable and efficient operating conditions.
This study focuses on a new load-detection method based on circuit analysis for quasi-resonant induction
hobs. After determining the load parameters, the turn-on and turn-off times of the semiconductor switch
were determined to obtain the lowest possible switching loss. Therefore, the boundary conditions of the
semiconductor switch are maintained within these limits. The proposed method and its advantages for
the switch safe operating area were theoretically examined and proved through simulations and prototype
circuits.

INDEX TERMS Home appliances, induction cooking systems, induction cookers, load detection methods,
resonant converters, single switch quasi resonant inverter.

I. INTRODUCTION

Induction heating systems are mainly used in industrial,
domestic, and medical applications owing to their user safety,
efficient heating, easy cleaning, and fast heating features [1],
[2], [3]. Domestic induction cooking apparatuses comprise at
least one induction coil placed beneath the in vitro ceramic
glass surface to heat up pans placed on top of the surface [4],
[5], [6], [7], [8], [9]. To heat the pan, the induction coil is
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supplied with an alternating current that generates a magnetic
field at the same frequency as the coil current. This induces
eddy currents that cause heating through the pan disposed on
the induction surface [4], [6], [10]. The main components of
induction heating systems are the rectifier unit, which is used
for AC-DC conversion, and resonant inverter units [1], [11],
[12]. A general power-transfer loop for domestic appliances
is shown in Fig. 1.

Depending on the balance between cost and performance,
which must be evaluated for each application, different reso-
nant inverter topologies have been proposed [13], [14].
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FIGURE 1. General power transfer loop.

The most common inverter topologies in IH systems are
half-bridge and single-switch quasi-resonant inverters. The
single-switch quasi-resonant inverter topology offers a reli-
able solution for low-power, low-cost IH applications. The
main disadvantage of the quasi-resonant inverter circuit is
that it cannot control the power transferred to the load as
frequency-controlled, as in half-bridge inverter circuits. The
main reason for this is that the working modes of the quasi-
resonant inverter switch between RL and RLC circuits. There-
fore, closed-loop control algorithms are used to determine the
turn-on and turn-off times of the semiconductor switch.

In IH systems that use quasi-resonant inverters, there is
an important relationship among the load parameters, current
and voltage limit values of the semiconductor switch, turn-on
and turn-off times of the semiconductor switch, and closed-
loop power control methods. When the importance of closed-
loop power control methods is evaluated together with the
selection of resonant circuit elements, it is essential to deter-
mine whether the load is suitable for heating and the electrical
properties of the load to ensure both reliable and efficient
operation conditions. Although common induction heaters
are designed to heat ferromagnetic pans, determining the
load conditions for every working case is challenging [15],
[16], [17]. Because of the relationship between the inverter
circuit parameters and the induction loads, load identification
methods are critical in induction hob applications, not only
for accurate power control but also for reliable design [18],
[19], [20], [21], [22], [23], [24], [25], [26], [27].

II. CIRCUIT DESCRIPTION

The circuit diagram and schema of the single-switch quasi-
resonant inverter and its main operation waveforms are pre-
sented in Fig. 2 and 3, respectively. The circuit schema
includes a semiconductor switch T, freewheeling diode D,
equivalent resistance Rggp, equivalent inductance Lgp and
resonance capacitor Crgs. When the switch T is turned on,
the circuit acts as a serial RL circuit. The coil stores energy
through the resistance Rgg for the ton. The coil stores the
energy supplied by the main Vpc throughout the turn-on
time. When the switch 7 was turned off, the circuit acted
as a serial RLC circuit. The coil and capacitor resonate and
exchange energy. The resonance capacitor Cggs charges the
peak voltage Vcpyax and eventually discharges it to zero.
The switch was turned on again shortly after the capacitor
was fully discharged [28], [29], [30].
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FIGURE 3. Current and voltage waveforms of single switch inverter.

A. CIRCUIT OPERATING MODES - WAVEFORM
EQUATIONS
The working modes of the single-switch resonant inverter
shown in Fig. 4 were examined in four main operation stages.
The conduction time of the T semiconductor 14 < t < fy
is modeled as a series RL circuit that consists of Rgp and
Lgg, while the time interval 19 < t < t5 where resonance
occurs between Lgg and Cggs is analyzed as a series RLC
circuit. Finally, the conduction time of the D freewheeling
diode t5 < t < tg is modeled as a series RL circuit. As a
result of the single-switch resonant inverter working as a
series RLC circuit for states 2 and 3 out of 4 operating states
and as a series RL circuit for operating states 1 and 4, the
related circuit is analyzed with the time domain instead of
the frequency domain.

Stage I (¢ — #p) : This interval starts with the 7 semi-
conductor’s turn-on under zero voltage (ZVT) and continues
until the T switch turns off. For the RL circuit operation, the
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FIGURE 4. Circuit operating modes of single switch inverter.

following equations can be defined as in (1)—(3):

ireg (t6) =0 (1)

. ) V _ R0,

ipo (1) = ir (1) = RZ_CQ (- Ty (2
Vboc = Vieo + VrEo 3)

Stage II-III (7o — t5) : This interval starts with the turn-off
of the T semiconductor, and resonance occurs between

Lpp and Cgrgs were analyzed as a series RLC circuit.
In addition, the following equations can be defined for /7o
current, as in (4)—(7).

iLpo (1) = e *(Bjcos (wgt) + Bosin (wgt))  (4)

ditpo(t)/dt = —e *'[(Bjwa + Baa)sin (wqat)
+ (Bia — Bawg)cos (wqt)] ©)
irLeo(to) = B1 =1y (6)

diLEQ(to)/dl —
By = ((Vbc — Replo))/(Legwa) + (alo)/wq
(N
In addition, the above equations and circuit equations

(8)—(11) can be used to calculate the switch collector-emitter
voltage Vg shown in Fig. 3.

v(t) = Vpc +e ¥ (A cos (wgt) + Azsin (wgt)) (8)

dv(t)/dt —e (A g + Arar)sin (wyt)
+ (A1 — Aswg)cos (wat)] )
v(to) = A1 = —Vpc (10)
dv(ty)/dt = Ay = (Io/Cres — @Vpc)/wa (11)

Stage IV (t5 — t¢) : This interval starts with the turning on D
diode, which is connected anti-parallel to T power switch.
As shown in Fig. 3, the freewheeling of current or energy
through the source is handled by a D power diode. For the
RL circuit operation, the following equations can be defined
asin (12)—(15): The diode current conduction time tp(tg — t5)
and the diode peak current are expressed Ippqy-

) Vbce Vpe . —Xeo

irpg (1) = @ + Upmax — @)e Lo (12)
. Vbe Vbe _Reo |
iLEQ (tp) = 0 = Reg + Upmax — @w g™ (13)
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Vv R L
tp = In[——2c/Reo _\_Leo, (14)
Vboc/Reo — Ipmax~ REo
L 1
th=——22 I (1 + Dmax ) (15)
Rgg Vbe/Reg — Ipmax

B. SAFE OPERATING AREA FOR QUASI RESONANT
INVERTER

From the first- and second-order circuit equations given
above, it is determined that the optimum determination of
REg, LEg and Cggs values is highly important for safe oper-
ating conditions of quasi-resonant induction heating appli-
cations. The two main factors that threaten safe working
conditions in power electronic circuits are higher voltage
and current than the maximum working conditions of the
semiconductors used. Although all electronic circuit elements
are affected by the overcurrent and overvoltage stresses,
semiconductor switches are the most sensitive components
in inverter applications. Even if overheating caused by exces-
sive current can be eliminated by forced cooling methods,
semiconductors exposed to voltages higher than the break-
down voltage can become inoperable within a very short
time. Using the PSpice simulation program, the variances of
the semiconductor switch collector-emitter voltage Vcg val-
ues were obtained for different resonant circuit parameters,
as shown in Fig. 5.

In the same manner, Crgs capacitor discharge currents,
which are frequently observed in quasi-resonant inverter
circuits, threaten the reliable operation conditions of both
semiconductors and power electronics circuits. These instan-
taneous currents, also called light load currents, can be three
to four times larger than the nominal maximum current of the
semiconductor (or coil current I;gp), and they cause over-
heating, stress, and similar problems. As in the Vg voltage
example, the semiconductor switch current I7 is obtained
with the help of the PSpice simulation program, depending
on different resonant circuit parameters, as shown in Fig. 6.

However, closed-loop power control techniques and the
evaluation of input parameters are important for reliable
working conditions. When the quasi-resonant inverter is ana-
lyzed, it can be observed that the working modes switch
between RL and RLC circuits. Therefore, closed-loop control
techniques used to determine the turn-on and turn-off times
of semiconductor switches are essential. Depending on the
material characteristics, AC supply conditions, and inverter
circuit element parameters, calculating the semiconductor
switch turn-on or turn-off times with an error greater than 1 s
can rapidly increase switching losses. As a result, the switch
is inoperable owing to overheating or overvoltage.

In the next section, a new analysis method is proposed for
the identification of the load to be heated.

Ill. QUASI RESONANT INVERTER ANALYSIS FOR
PROPOSED LOAD RECOGNITION METHOD

Similar to other inverter topologies, it is necessary to have
knowledge of certain predefined circuit parameters to start
the analysis of a quasi-resonant power inverter. By the help
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FIGURE 5. V¢ voltage value variances in PSpice. (a) Rgg =3 @,
Lgg = 80 uH and depending on Cggg values. (b) Cgps = 270 nF,
Lgg = 80 pH and depending on Ry values. (¢) Rgg = 32,Cggs = 270 nF
depending on L values.

of these predefined circuit parameters, and using equations
(1)-(54), different inverter analysis methods can be iteratively
improved. In this section, a new analysis methodology for
calculating the circuit parameters and a new load identifi-
cation method are proposed. The remainder of this paper is
organized as follows.

First, the equations for the time intervals 7y to fg shown
in Fig. 3, are defined. Afterwards the damping coefficient «
and damped resonant frequency wy, are obtained from time
interval values. Subsequently, the resonant frequency wy is
derived from « and wy values (50). Then, with the help of

wp and Cggs, equivalent inductance Lo is calculated (51).
Finally, the equivalent resistance Rgp was calculated using
the Lgg and o (52).
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FIGURE 6. I current value variances in PSpice. (a) Rgg =3 2,
Lgg = 80 pH and depending on Cgg values. (b) Cgrgs = 270 nF,
Lgg = 80 uH and depending on Rp values. (c) Rgg =3 @,
CREes = 270 nF depending on Lg values.

A. DEFINING TIME INTERVAL EQUATIONS
In working stages II-I11, the coil current I; gg and switch turn-
off voltage Vg reach their maximum values. Knowledge of
these two parameters and their boundary conditions is very
important and useful for designers not only for reliable work-
ing conditions but also for controlling system parameters such
as the magnitude of the power transfer to the load. Moreover,
the maximum current and voltage values of these quantities
are functional in determining the time intervals that are used
for the load identification method.

As shown in Fig. 3, when the coil current /; go reached its
maximum value I7 ggmax, the derivation of the I7gp current
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was zero (t = t1). Consequently, the maximum coil current
I1 EQmax can be derived using (16)—(18).

difpg(t1)/dt = 0 = iLgg (1) = ILEQmax (16)
n = tan”' [~(Bja — Bywa) /(Bywa + Bra)/wa
(17)

ILEQmax = iLEQ (t1) = e~ *"'(B)cos (wat1)

+ Bosin (wgty)) (18)

The maximum power level of a single-switch induction
cooker is limited by the maximum breakdown voltage level
of the power switch. When the switch voltage Vg reaches
its maximum value Vcgnax, the I gg current is zero (¢ = 13).
Consequently, the maximum switch voltage Vcgmay can be
derived as (19)-(21).

ireg (13) = 0 = v (t3) = VCEmax (19)
t3 = tan~' (=B1/B2)/wa (20)

VeEmax = v (13) = Vpe + e *B(A cos (wqt3)
+ Ajsin (wqt3)) 21

When serial resonance occurs between Lgg and Cggs, the
switch voltage Vg passes the DC bus voltage Vpc twice

(> and t4). Using (22)—(25), Tres and wg can be derived as
follows:

v(t2,14) = Vpc (22)
V() = Vpc + e “2(Ajcos (watr) + Aasin (wat2))

(23)
= tan" (—A;/A2)/wy (24)
ty =t +7/wg (25)

In addition to the above equations, an approximate
approach should be used to calculate #5. Referring to (8), the
following equation is valid for v (#5).

v(ts) = 0= Vpc + e 5 (A cos (wgts) + Assin (wgats))
(26)

Following transformations are applied according to Pythago-
ras theorem.

y1 = Ajcos (wgts) + Azsin (wgts) 27
Az = /AT + A} (28)
According to (27), (28) can be rewritten as following.
I AL s (ats) + 22 sin (wgts) (29)
A A q15 A ats
where,
A A A
2 cosf, 22 _ §in 0,6 = atan® 22 (30)
Aj A3 Ay

Equation (45) can be obtained by organizing Equation (29)
with the transformations defined in Equation (30).
Y1

i cos 6 cos (wgts5) + sin 6 sin (wgts5)

(3D
3
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Cosine theorem can be used to obtain a compact representa-
tion as follows.

y1 = Az.cos (0 — wgts) (32)
Substituting (32) to (29) ends up with following equation.
Ve + e %5 .A3.cos (6 — wats) =0 (33)

Following variable is defined to study on frequency analysis.

Vbc
Ay = ——— 34
4 A (34)
cos (6 — wgts) = 14460”5 35)
fi (t5) = cos (6 — wats) — Age®S  (36)

The period of fj (t5) is exactly equal to the period of
cos (6 — wqts). Owing to the nature of the cosine term, the
x-axis intersection points can be defined as follows:

1 rm 1 [37
xl_w—d[5+e], xz—w—d|:7+9:| 37)

To obtain an appropriate solution, fi (5) is linearized around
x1 point as follows.

d
ﬁmm=m—m~ﬁﬁ) (38)
1 I5=Xx]
As = [wgsin (0 — wqx1) — aAg4e™™ ] (39)
Jiin (t5) = As (t5 — x1) (40)

The intersection points with the x-axis of fj;, (t5) term can be
defined as tg‘ and are derived as follows:

1
15 =x1 — —f1 (x1) 41)
As
1w Ay o« [z4g]
t*:—[— 9] —e@d'? 42
il CId v (42)

Because the descending edge of f (¢5) is sharp, an approxi-
mate solution of 5 is appropriate to satisfy the design require-
ments. Fig. 7 shows the approximate ¢5 calculation. For the
proposed method, it was appropriate to assume f5 = 5.
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Then, using (4) and (42), the diode current peak value
Ipmax and diode conduction time interval 7p can be deter-
mined, respectively.

Ipmax = iLEQ (t5) = €~ (Bycos (wqts)

+ Bysin (wqts)) 43)
L 1
=2 1 (1 + Dmax ) (44)
Reo Vboc/Reo — Ipmax
Ip =1t —1I5 (45)

B. DEFINING RLC CIRCUIT PARAMETERS
a,wq and oy The time intervals obtained from circuit oper-
ation modes such as #,, 3 and #4 can be determined using
digital measurement methods. For this purpose, it is useful
and practical to use microcontrollers or similar digital circuit
components. In addition, provided that the resonant capacitor
CRrEgs is known, the unknown circuit parameters can be calcu-
lated using Equations (49)—(52).

The resonant period Tgrgs value can be found using with
tp and t4 time intervals.

Tres =2.(t4 — ) = 2.7 /wq (46)

By the help of the equation (46), the damped resonant fre-
quency wy value is obtained from #, and #4 time intervals (47).

wg =27/Q2. (14 — 12)) 47

Through the rearrangement of equations (4) and (5) and
equation (48), the damping coefficient « is found.

o = wg.cot(wy. (t — 13)) (48)

It is not easy to measure the #; time intervals practically.
Fortunately, from the circuit equations mentioned previously,
it is clear that the #; value can be obtained from the #3 and the
t4 time intervals.

tHH=23—14 (49)

Alpha can also be found using the following equations: One
of these equations can be selected according to the controller
abilities.

wg.cot(wg. (13 — 1))
o = wg.cot(wy. (13 — 1))

o

For the serial RLC circuit, o and wy values are very beneficial
for finding unknown circuit parameters, such as equivalent
resistance Rgp and equivalent inductance Lgg. The resonant
frequency wy is derived from o and w, values (50).

2

wg = a)(z) — o~ (dampedres. frequency) (50)

The equivalent inductance Lgg is calculated by using
w( and C RES -

wo = 1/y/LggCres (resonant frequency) (629

And the equivalent resistance R is calculated with using the
LEQ and o (52).

a = Rgg/2Lgg(damping coefficient) (52)
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Finally, t¢ — 7, time interval can be found by the help of (2).

V, _Reg ., _
Io = irgg (t6 — 10) = DC (l _ ¢ Iio (te to)) (53)
Reo

L I
—ZE (1 - —°> (54)
Reg Vbe/REg

IV. PROPOSED LOAD RECOGNITION METHOD

After analyzing the time intervals of the quasi-resonant
inverter operation, a new load recognition method is proposed
using the relevant time intervals, which are the outputs of
the analysis studies. In the proposed method, 7, 73 and #4
time intervals were considered sufficient for the load recog-
nition method. However, considering that the time intervals
obtained with the help of the analyses in the first chapter will
shed light on different studies on the subject, all the equations
obtained in the study are preserved.

In quasi-resonant inverter circuits used in domestic induc-
tion heating hobs, the determination of the turn-on and turn-
off times of the semiconductor switch is important for opera-
tion under soft-switching conditions. Because the load to be
heated is variable and unknown, the electrical parameters of
the load should first be determined correctly, and then the
turn-on and turn-off times suitable for these characteristics
should be determined. For this purpose, a small amount of
energy is transferred to the coil by turning the semiconductor
switch on so that the inverter circuit can operate safely and
the time intervals required by the proposed method can be
determined. In practice, the initial turn-on time of the switch
is of the order of 2us. Depending on the resonance that
will occur between the coil and capacitor, the time intervals
2, t3 and t4 are measured. The electrical parameters of the
load to be heated were determined using the proposed analyt-
ical method. Finally, with the help of the proposed analysis
method, the turn-on and turn-off times (tpy and torp) of the
switch are determined, and operation under soft-switching
conditions is ensured.

The visual algorithm, shown in Fig. 8, was developed to
understand the process more clearly. At the end of the process,
which starts with the input pulse signal, both load parameters
are determined, and the semiconductor switch turn-on and
turn-off times that provide the soft switching positions are
determined.

The quasi-resonant inverter analysis method, which is ana-
lyzed in detail in this section, is verified by simulation and
induction hob implementation in the next section. Although
the proposed analysis method to determine the equivalent
resistance Rgp and equivalent inductance Lgg with the help of
the time intervals is very useful for practical implementation,
the accurate determination of « and wy is very important.

e — 1o

V. VERIFICATION OF PROPOSED LOAD RECOGNITION
METHOD

The results obtained from the analysis are confirmed by sim-
ulation and application studies in this section. After the com-
pletion of the theoretical background studies developed for
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FIGURE 8. The visual algorithm of determining circuit control parameters.

use in load identification studies, the outputs of the relevant
analysis methods were first run in the simulation environment
and then applied with the help of a practical application
circuit.

To make an accurate comparison, four different ferro-
magnetic pans were used as loads in the simulation and
experimental studies. When Table 1 is examined in detail,
it can be observed that each pan has different ferromagnetic
characteristics. The pans used were selected from different
points in the ferromagnetic spectrum. Thus, we attempted
to prove that the proposed method is suitable for all pans
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used in practice. The values obtained from the simulation and
application were compared, and the reliability of the analysis
was proved.

A. SIMULATION RESULTS

The simulation circuit application achieved using the PSIM
program is shown in Fig. 9-a. It includes the AC main source,
induction hob resonant tank, related current and voltage mea-
surement tools, and a circuit parameter calculator. As shown
in Fig. 9-b, the logic gates and flip-flop circuits are used to
determine the t,, t3 and 74 time intervals. As described above
section, time intervals are used as input values to calculate
other circuit parameters such as o, wo, Rgp and Lgg. As an
output of this simulation circuit, Vg, is the semiconductor
switch gate voltage, Vpc is the DC bus voltage, Vg

B. EXPERIMENTAL VERIFICATIONS

The circuit scheme of the induction cooktop with quasi-
resonant topology is shown in Fig. 11. The experimental
circuit prototype is shown in Fig. 12. The main supply voltage
Vac = 230 VAC and rectified DC bus voltage Vpc =
320V. A GSIB2560 bridge rectifier was used in the rectifier
circuit. Because the IHW20N135R5 IGBT with the body
diode is used as a switch, an additional diode is not used in
the circuit and Crgs = 270 nF. An advanced ARM-based
32-bit MCU STM32F100R8 microprocessor is used in the
prototype application circuit. The operating frequency of the
processor was 16MHz. The I;go coil current readings were
made using a 10m<2 shunt resistor and an op-amp circuit. The
switch turn-off voltage, I;gp coil current, and defined time
interval values are shown in Fig. 10.

Voltage readings are obtained with the help of the voltage
divider resistor circuit and the ADC channel of the processor.
The coil current and switch voltages are read in multiples of
10ms and placed in the array, the highest and lowest values are
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TABLE 1. Si mulation and experimental results for Req and Lgq.

Simulated Results Experimental Results Measument Results obtanied from LCR
Meter at 20kHz
Pan Type
Riq Lo Rpo Lgg Rgg Lo
Stainless
Steel 120m 3,06Q 89,97uH 2,4Q 92,70uH 3,05Q 92,65uH
Silargan 1,11Q 70,76uH 2,4Q 74,75uH 1,28Q 74,75uH
Stainless
Steel 18em 2,99Q 85,30puH 4,33Q 86,24uH 3,96Q 88,85uH
Iron 5,29Q 89,04uH 5,3Q 94,74uH 4,96Q 95,24uH

VPWM

VDC__ VCollectorEmiter
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FIGURE 10. PSIM simulation circuit application results.
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FIGURE 11. The experimental circuit implementation.
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eliminated, and the average value of eight current and volt-
age data is used. The experimental prototype circuit results
are shown in Fig. 13 and 14. The results were measured
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FIGURE 13. Blue signal: 1 coil current (20A/div), purple signal: ¢35 time
interval value (1V/div), yellow signal: inverse of V ;y gate voltage (5V/div).
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FIGURE 14. Blue signal: t3 time interval value (1V/div), purple signal: t»
time interval value (1V/div), yellow signal: t4 time interval value (1V/div),
and green signal: V ¢ switch voltage value (200V/div).

using simulations, and the prototype circuits are compared
in Table 1 for four different ferromagnetic pans. When a
visual algorithm is used to determine the Lgp and Rgp load
parameters, the quadratic circuit parameters are determined.
Afterwards the load parameters Lgg and Rgg are found with
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TABLE 2. Si mulation and experimental results for I; rquax and Vegpyax-

ILEQmax = iLEQ (t1)

Simulated Results Experimental Results Differences Between Simulated and Experimental
Pan Type P Results
ILEQMAX VCEMAX ILEQMAX VCEMAX % ILEQMAX % VCEMAX
Stainless 40,12 4 939,75V 40,27 A 976,38V %0,3 % 3,7
Steel 12cm
Silargan 41,74 A 950,18 V 40,83 A 902,79V % 2,2 % 4,9
Stainless 40,29 A 925,59 39,614 861,18V % 1,7 % 6,9
Steel 18cm
Cast Iron 39,73 4 930,71V 39,28 4 877,03V % 1,1 %5,7
Iy, Vpe, t
l N\ Pl Vi
Bl — 10 / \.\ 74 \‘ /
By = ((Vpe — Reglo))/(Lpowa) + (alp)/wq \ / \
7 \.\/// \ /

= e %1 (B cos(wgty) + Bysin(wgty))

l

Ay =—Vp
Ay = (Io/Cres — aVpc)/wq
Veemax = U(ts)

=Vpe + e7%3(4;cos(wgts) + Arsin(wgts))

FIGURE 15. Green signal: V ¢y switch voltage value (200V/div). Visual
algorithm for determining 7 £gyax and V cgmax-

the help of the obtained circuit parameters. The same method
is valid in both simulation and experimental studies. How-
ever, we cannot easily provide these details in the simula-
tion and experimental result tables. Therefore, we directly
obtained the final load parameter results. As a result, when the
differences between the simulation and experimental results
were examined, the equivalent inductance deviation was less
than %6. Although the equivalent resistance deviation was
not as low as the equivalent inductance, the comparison
results were sufficient for the proposed load identification
method.

C. BOUNDARY CONDITION ANALYSIS

Despite the benefits of the quasi-resonant inverter, there is
a critical relationship between the load parameters and the
current and voltage limits of the semiconductor switch. After
defining the load parameters using the proposed method, the
simulation and experimental results are compared in terms of
the boundary condition. As a result of obtaining Lgg and Rgg
values using the proposed analysis method, semiconductor
switch boundary conditions were also analyzed. The coil cur-
rent I; gp and switch turn-off voltage Vg are very important

89384

FIGURE 16. Stainless Steel pan circuit waveforms. Blue signal: IGBT
collector emitter voltage V cr (200V/div), purple signal: coil current 17 59
(10A/div), yellow signal: IGBT gate control signal (5V/div).
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FIGURE 17. Cast iron pan-circuit waveforms. Blue signal: IGBT collector
emitter voltage V ¢z (200V/div), purple signal: coil current I,z (10A/div),
yellow signal: IGBT gate control signal (5V/div).

and useful for the designer not only for reliable working con-
ditions, but also for controlling system parameters such as the
magnitude of the power transfer to the load. The visual algo-
rithm developed to determine the Iy ggmax and Vcgmay values
is shown in Fig. 15. While determining the circuit parameters
with the help of the proposed method, the relevant time inter-
vals and other circuit parameters were first determined. When
the proposed method is used, the circuit is maintained within
safe operating limits, and a satisfactory difference is mea-
sured between the simulation and application results. For this
purpose, simulation and application results are presented. For
this purpose, a comparative study was conducted for the safe
operating limits listed in Table 2. The boundary conditions
obtained with the boundary conditions obtained with the help
of the measured results from the simulation and prototype
circuits are compared in Table 2 for four different ferromag-
netic pans. When the differences between the simulation and
experimental results were examined, it was observed that the

VOLUME 10, 2022
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maximum semiconductor current deviation was <%3 and the
maximum semiconductor collector voltage deviation is less
than %7. Similar to previous results, the comparison results
were sufficient for the proposed load identification method.

Some experimental results are shown in Fig. 16 for the
stainless-steel pan and in Fig. 17 for the iron pan. When
the experimental results were examined, it was observed that
the quasi-resonant inverter remained in the safe operating
area when the load detection parameters obtained using the
proposed method were used.

VI. CONCLUSION

The proposed method focuses on a new load detection method
based on circuit analysis for quasi-resonant induction hobs.
The time intervals obtained from circuit operation modes
such as #,,13 and 4 can be determined using digital measure-
ment methods. As a result of obtaining Lgg and Rgp values
with the help of the proposed analysis method, the turn-on
and turn-off times of the semiconductor switch, as well as
the boundary conditions, are analyzed. For this purpose, it is
useful and practical to use microcontrollers or similar digital
circuit components. In addition, if the resonant capacitor
Crgs is known, unknown circuit parameters can be calcu-
lated. Although the proposed analysis method to determine
the equivalent resistance Rgp and equivalent inductance Lgg
with the help of time intervals is very useful for practical
applications, the accurate determination of o and wy is very
important.

After the completion of the theoretical background studies
developed for use in load identification studies, the outputs of
the relevant analysis methods were first run in the simulation
environment and then applied with the help of a practical
application circuit. The results measured from the simulation
and the prototype circuits are compared in terms of circuit
parameters, such as the equivalent resistor, inductor, and
boundary conditions for four different ferromagnetic pans.
The values obtained from the simulation and application were
compared, and the reliability of the analysis was proved.
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