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Abstract

The single-switch quasi-resonant inverter topology is typically favored for low-cost and low-output-power applications among
the resonant inverters used in induction heating systems. 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 addition, to ensure safe operation in induction cookers, it is important to know the properties of the material from
which the pan is made, the diameter of the pan, and the coverage ratio between the pan and the coil. Especially in the single-
switch quasi-resonant topology, it is complicated to determine pan size and pan position compared to other topologies. On
the other hand, closed-loop power control algorithms are essential for single-switch inverter applications. A big relationship
exists between pan detection algorithms and closed-loop power control methods used. This study proposes six alternative
methods of determining the pan—coil coverage ratio for the single-switch quasi-resonant topology used in domestic induction
heating cooktops. Unlike state-of-the-art methods, the proposed methods do not increase the system’s cost since they use the
processor for power control, are not complicated, and provide ease of application. Each method is examined in a simulation
environment and experimentally for different coverage rates and compared. As a result of the comparison, the diode conduction
time method in single-switch quasi-resonant systems is the most appropriate regarding reliability and applicability.

Keywords Coil pan coverage - Domestic induction cooktops - Single switch topology - Pan detection methods

1 Introduction

Induction heating (IH) technology is widely used in many
applications, especially domestic, industrial and medical,
due to its features such as high reliability, high efficiency
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and rapid heating [1, 2]. The general power flow diagram of
domestic induction cooktops (DIC) is given in Fig. 1a. Firstly,
AC grid voltage is converted into DC voltage with the help
of a rectifier. The rectified grid voltage applied to the input
of the inverter is converted into a high-frequency AC volt-
age at the output of the inverter. By applying this voltage to
the induction coil, a current that changes with time passes
through the coil. With the current passing, a magnetic field
creates in the coil that cuts the bottom of the pan. The voltage
induced by the magnetic field in the pan causes eddy currents
to flow through the bottom of the pan.

High-frequency current in induction hobs is obtained
using different inverter topologies. In domestic IH applica-
tions are generally used half bridge series resonant (HBSR)
and single-switch quasi-resonant (SSQR) topologies. HBSR
topology is preferred in high-power home applications due
to its design and control simplicity. In low-power applica-
tions, the SSQR topology, which has a lower cost compared
to HBSR, is the best solution [3, 4].
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The pan and induction coil pair are modeled as equiva-
lent resistance Rgq and equivalent inductance Lgq in the
equivalent electrical circuit of the induction cooker [5].

IH system performance; the diameter of the pan depends
on many parameters such as the relative coverage ratio
between the pan and the coil, the operating frequency of the
circuit and the properties of the material from which the pan
is made [6-8]. DIC are commonly designed for ferromag-
netic cookware [9, 10]. In Fig. 1b, the frequency-dependent
change of the switch current for pans using different materials
is given at constant power and constant main voltage. Here,
it is seen that currents can damage the switch, especially if
there is no pan and when aluminum and copper pans are
used. Using a non-ferromagnetic pan with high inductance
and low resistance value may cause overheating and damage
to the system. Therefore, for the electronic circuit to work
safely, it is very important that it includes a control method
that can detect the material properties of the pan (resistivity,
magnetic permeability), the coverage ratio between pan and
coil, the diameter of the pan, and the presence or absence of
the pan.

In DIC, the presence of the load is determined by measur-
ing the damping factor. Long oscillation signals are detected
when there is no load on the coil. A few cycles damped oscil-
lation signal is detected when the metal load is placed on the
coil [11]. This method is useful for detecting the presence
of a load. However, this method cannot determine load exact
position between the load and the coil.

To understand the different induction loads, lots of meth-
ods are used and improved in the literature [12, 13]. In [14,
15], temperature sensors and phase-sensitive detector (PSD)
are used for load recognition, respectively. The pan cover-
age ratio is defined in [16] with the help of a convolutional
neural network using the output power, current and qual-
ity factor. In [17], pan type and size recognition based on
equivalent impedance estimation using machine learning has
been proposed. Online impedance estimation based on the
first harmonic coefficients of the discrete-time Fourier series
(DTES) of the measured output voltages and currents of the
converter using FPGA is proposed in [18]. In the load identi-
fication method presented in [19], the quality factor is used,
which is found by analyzing analytical expressions with the
help of FPGA using the resonant capacitor voltage mea-
sured using passive components and ADC. PSD algorithm is
proposed to determine equivalent resistance and equivalent
inductance values from converter voltage and current wave-
forms with FPGA [20]. DTFS coefficients of the converter
output voltage and load current used in the load identifica-
tion are calculated by the FPGA by taking the first-order
¥ — A directly from the analog-to-digital converter output
[21]. In [22], the resonant capacitor voltage is measured, and
the harmonic components of the voltage are obtained with
the help of FPGA to be used in load estimation. Pan recogni-
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tion by such methods increases the cost of the system, while
at the same time complicates the control and is not practical
in industrial application.

Almost all of the studies in the literature are applied to DIC
that HBSR is used [23]. Determining the pan size and pan—
coil coverage ratio in SSQR is more complex than in HBSR,
and therefore there is a few research in the literature [24, 25].
The main reason for this is that the relationship between the
closed-loop power control algorithm and the pot recognition
methods is much more pronounced in the SSQR and the safe
operating limits of the SSQR are very narrow. In [24], the neu-
ral network is applied to estimate the pan size by calculating
the power factor and the absolute value of the impedance for
the first four harmonics of the SSQR converter’s switching
frequency. Since the variation of the equivalent impedance of
the materials is not taken into account here, depending on the
excitation level, problems may occur in the converter under
different operating conditions. In the study proposed in [25],
it is not possible to apply it practically because very small
time intervals need to be determined. However, this study has
some disadvantages compared to the proposed study. At the
beginning of these disadvantages are using some analog and
digital circuit elements, using a highly skilled microproces-
sor or microcontroller, and developing complex algorithms.
Moreover, even if all costs are covered, measurement errors
in the order of nsec may cause the Rgq and Lgg values to be
calculated differently than they should be. As a result, there
is a research gap in the literature on pan detection in SSQR
converters, which are increasingly used in flexible DICs.

The closed-loop power control algorithms are essential
for SSQR inverter applications [26-30], and there is a big
relationship between pan detection algorithms and closed-
loop power control methods used. It means that the controller
has to control not only output power, but also relative posi-
tions between pan and coil. Otherwise, the controller cannot
detect the load change and inverter circuit can be damaged
because of the over voltage, over current or over heat. Basi-
cally, two closed-loop power control methods are used in
SSQR inverter. These control methods are based on control-
ling the maximum switch voltage Vcgmax and the maximum
coil current /L EQmax-

In this study, new three pan detection methods are pro-
posed for SSQR converters. Each of these methods is
available for cases of controlling the output power with the
help of switch voltage or coil current. As a result, six alterna-
tive methods of determination of pan coil coverage ratio are
proposed, compared and analyzed for the SSQR topology
used in a DIC. The main benefit of the proposed methods
is that the SSQR converter is operated with different fer-
romagnetic properties load without problems. In addition,
compared to the limited number of studies on SSQR in the
literature, cost-effective implementation is carried out. The
proposed methods are implemented using existing micro-
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Fig. 1 a Basic principle of IH, b switch current-frequency for various pan materials

controller used for power control and are not increased the
system cost. Here, three pans with different ferromagnetic
properties are used as a load: stainless steel, cast iron and
granite.

All proposed methods for each loads were analyzed
and compared in simulation and experimental. Also, these
methods are examined in terms of ease of application and
reliability. From the results, it has been determined that the
reverse parallel diode conduction time method gives more
accurate results than the switch voltage and input voltage
comparison method, while the maximum switch voltage/coil
current method depends on the operating conditions such as
voltage and power level of converter. Moreover, in order for
the maximum current/voltage method to work properly, some
reference values must be obtained first. In order for reference
values to be formed, the power transferred to the pan must
become stable. Steady-state analysis and determination of
reference values are not easy and require some compelling
software algorithms. In SSQR systems, the reverse parallel
diode conduct time method is the most suitable method for
both power control methods in terms of reliability and appli-
cability, since it gives accurate results without steady-state
formation, does not change according to the input voltage
and power transferred to the pan.

The rest of this article is organized as follows. Section 2
details the basic principle of induction heating systems. The
circuit of the SSQR inverter used in the DIC, operating
modes and the main equations describing the circuit oper-
ation are given in Sect. 3. In Sect. 4, proposed pan detection
methods are given for both closed-loop power control meth-
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ods. A detailed system control of the DIC with pan detection
methods is given in Sect.5. Section 6 details simulation and
experimental results. The main experimental waveforms are
presented and discussed, proving the feasibility of the pro-
posed methods. Finally, Sect.7 concludes this article.

2 Basic principle of induction heating
systems

When an alternating current is applied to a coil, a magnetic
field is created around the coil according to Faraday’s law
given in (1)—(3).

F=/H~dl

Here, magneto motor force (F), magnetic field (H), length
of the infinitesimal line element (d[).

ey

p=n-H-A (2)
Here, magnetic flux (¢), permeability of material (w),

cross-section area (A).

E =—N -dg/dt (3)

Here, electromotive force (E), number of turns (V).

The velocity of the magnetic movement changes due to an

object placed in a magnetic field. The magnetic field density
decreases as the object moves away from the surface toward
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the center. Faraday’s law states that there is an inverse rela-
tionship between the current produced on the surface of a
conductive object and the current in the inducting circuit.
Currents passing through the surface of the object create an
eddy current [5]. Due to the skin effect, which is formulated
in (4)—(6), the penetration current through the bottom of the
pan will be decreased. The current density (i, ) at the X point is
given in (4). It is seen that the current density depends on the
current density at the surface (ip) and frequency-dependent
skin depth factor (dp). The expression of the skin depth factor
is given in (5). In this expression, w is angular frequency of
current, p is resistivity and p is relative magnetic permeabil-
ity. The expression of the penetration depth § is given in (6).
It varies greatly depending on the current frequency (f). The
equation expressing the surface resistance of the pan (Rp) is
given in (7).

iy =ip-e 4)

2.

do= [—L2 5)
W

_ ! [7

=N 07 Vo ©

RP=§=W-m @)

In order to simulate DIC systems, a model should be cre-
ated by assuming that there is a cooking pan on the coil.
Transformer is generally used as the equivalent model of this
system [31].

A physical model of the induction coil with pan is given
in Fig.2a. Here, resistance and inductance of the induction
coil are indicated by Rc and Lc, respectively. Magnetic cou-
pling between the coil and the pan is defined with mutual
inductance M. Resistance and inductance of the pan are rep-
resented with Rp and Lp, respectively [31]. The simplified
model when all the quantities are referring to coil side is
given in Fig. 2b. Here, Rpg and Lps indicate that coil side pan
parameters. The equivalent electrical circuit of the induction
cooktop is given in Fig.2c. The equations of Rgq and Lgg
are given in (8) and (9).

Reo = Re + Res = Ro 4 4" M" R ®)
EQ = IXC PS = IC RP+4JT2f2L]23
472 f2M2Rp

Lgg = Lc+ Lps = Lc — 9)

Rp + 472 f2L3

The value of M varies depending on the coverage ratio
between pan and coil. As can be seen from (8) and (9), when
the M value increases, the Rgq value increases, while the
Lgq value decreases. The opposite is true when M value
decreases.
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Fig. 2 Models of pan and induction coil a physical, b simplified, ¢
equivalent

3 Circuit description

The equivalent circuit of the SSQR inverter used in a DIC is
presented in Fig. 3. The inverter circuit consists of the switch
T, adiode in reverse parallel to the switch (called a freewheel-
ing diode) D, resonance capacitor Crgs, equivalent series
resistance Rgq and inductance Lgg.

Four stages occur in one switching cycle of SSQR inverter
in the steady-state operation. In Fig.4, the equivalent cir-
cuit schemes of the operation modes are given, respectively.
The waveforms concerning the operation stages are shown in
Fig.5. A detailed analysis of every stage is presented below.

Stage I (tg—to: Fig. 4a): At the beginning of the interval the
switch T is off state. When the control signal of the switch is
applied, T is turned on with zero voltage (ZVT) transitions.

Cres REQé Cres
Voc > T Vo Iy gl |
COIL Q ¢ ylikg
@) @)
‘ TID
T b T D Ve
1 1
LI
(@ (b)

Fig. 3 a Circuit scheme of DIC with SSQR inverter, and b equivalent
circuit
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Fig.4 Equivalent circuit schemes of the operation modes of SSQR

can be written as in (10)—(12).

Vearel r ) lLEQ(O) =0 (10)
Vi REQ

iLEQ(1) = ir () = —2=. (1 — eTEQ ’) (11)
RiEqQ

Vbc = VLEQ + VREQ (12)

. . Stage II-1II (tp—t5: Fig.4b, c): A series resonant occurs
Ip [\ between Rgq, L and Crgs in this stage, when the control
t signal of the switch T is removed. The circuit formed in this
T stage can be examined as a series RLC circuit. Energy trans-
LQEmax fer occurs between the resonant capacitor and the coil. The
resonant capacitor voltage Vcrgs reaches its maximum value
VcEmax and discharges to zero with continued resonance. The

equations of I gq are given in (13)—(20).

lieq

t
R
o= (13)
/ 2LEqQ
1
w) = —— (14)
Vee V LEQCRES
wq =\ wf — a2 (15)
“—Toepc— TRES =2r vV LEQCRES (16)
Here, o is damping coefficient, wq is resonant frequency,
t wq is damped resonant frequency and Trgs is resonant period.
tht, b Lt ty
Fig.5 Current and voltage waveforms of SSQR iLEQ (1) = e~ “ (B cos(wqt) + By sin(wat)) (17)
diLpo(1)/dt = —e “'[(Biwd + Baa) sin(wqt)
In general, the circuit behaves like a series RL circuit while + (Bioe — Bawqg) cos(wqt)] (18)
the T switch is on state. During time fon, energy is stored iLeQ(0) = B =1 (19)

in the coil due to the current flowing through the RL circuit.
For this stage, the current equations of equivalent inductance
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(a) (b) (©) (d

Fig. 6 Coverage ratio between pan and coil a 100% coupling. b 75%
coupling. ¢ 50% coupling. d 25% coupling

diLgg/dt =
By = (Vbc — Reqlo)/(Leqwa) + (aly)/wq (20)

In addition, (21)—(24) can be used to calculate Vcg,

v(1) = Vpc + e ¥ (A} cos(wgt) + Az sin(wqt)) 1)

dv(t)/dt = —e ¥ [(A1wg + Ara) sin(wqt)

+ (Aja — Arwq) cos(wat)] (22)
v(0) = A1 = —Vpc (23)
dvg/dt =

Ay = (Ip)/(Cres — aVpc)/wd (24)

Stage 1V (t5—t¢: Fig. 4d): This interval starts with the turn-
ing on D diode which is placed the switch. The remaining
energy in the equivalent inductance is transferred to the
source with the help of the diode D. The switch is ideally
turned on again when the diode is on state.

4 Pan detection methods

The relative positions between the pan and the coil used in
this study are given in Fig.6. Regardless of the ferromag-
netic character of the pan used, to ensure reliability of the
inverter circuit and reliable power control, the coverage ratio
between the pan and the coil must be greater than a speci-
fied value. Otherwise, if the coverage ratio is smaller than
the specified value during the operation, the current passing
through the switch or the voltage values across the switch
can be increase and the inverter circuit may be damaged. It
is not easy to determine and control the boundary conditions
in practical life, as the position of the pan on the coil, which
is the complementary of the circuit in DIC, is determined by
the user. As a result of this, the boundary conditions for each
pan detection method are evaluated independently and trying
to find best method for each kind of pans.

@ Springer

4.1 Power control with constant voltage Vcemax

The resonant capacitor voltage provides essential informa-
tion regarding the output power and soft switching conditions
[27, 32]. In SSQR inverter used in induction cooktop appli-
cations, monitoring Vcgmax can be selected to control output
power. When the monitoring Vcgmax to control output power,
three different pan detection methods can be used to under-
stand relative pan position.

4.1.1 Maximum coil current /| ggmax

As a result of the usage of Vcgmax for closed-loop power
control, I Egmax value can be used to understand relative
pan position. It is very important to define the boundary con-
ditions in the design process of the SSQR converter circuit.
In stage II and stage III, series resonant circuit, /1 gg and Vcg
reaches their maximum values at = ¢ and ¢ = 13, respec-
tively. Knowing these two values is important in obtaining
safe operation and in controlling system parameters such as
power. As it can be seen from Fig. 5 that when Ij g reach its
peak value /1 EQmax, the derivation of Iy gq is equal to zero
(t = t1). As result of this /L EQmax can be derived by the help
of (25)—(27).

diLeq(t1)/dt = 0 = iLgQ(t1) = ILEQmax (25)
ti = tan"'[—(Bja — Bowa)/(Biwg + Boat)] (26)

ILEQmax = ILEQ(11)
= ¢~ (B cos(wat)) + (Bysin(wat))  (27)

4.1.2 Comparing Ve and Vpc

With the series resonant between Lgqg and Crgs in the circuit,
Vg becomes equal to the DC source voltage Vpc att, and #4.
From (28)—(31) and Fig. 5, Trgs and wq can be derived easily.
So a pan position method can be derived from the compar-
ing Vcg and Vpc [33]. The interval 747 is expressed as the
power switch DC-DC time in (32). If the pan is removed, the
values of the Lgg and Rgq circuit components will change.
The coil’s equivalent inductance Lgg will be increased and
the equivalent resistance will be decreased. In this case, the
effect of equivalent resistance is negligible and the Tpc_pc
is assumed to be approximately half of the resonant period.
Tpc—pc increases with increasing LgQ.

v(t2, 14) = Vpc (28)
v(f2)
= Vpc + e on (A cos(wgty) + Aj sin(wqgt)) (29)
tan_l(_—Al)
n=—>"2" (30)
w4
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b
=1+ — 31 VeEmax = v(f3)
w
dTREs T = Vpc + e "B (A1 cos(watz) 4 Az sin(wat3)) (38)
Tpc-pc = 2 Ter 7/ LEQCRES (32)

4.1.3 Reverse-parallel diode conduction time

The diode D, which turns on when the capacitor voltage drops
to zero at t = fs as seen from Fig.5, ensures the return of
the remaining energy in the inductance to the source. During
the transfer of energy stored in Lgqg, diode D is forward-
biased. The stored energy level changes depending on the
pan feature. Parallel to this, since the conduction time of
the diode will change, it gives important information for the
detection of the presence of the pan.

The following equations are obtained by arranging the
equations in (17)—(20) for the RL operating range of the cir-
cuit. The conduction time of the diode and the maximum
value of the diode current are indicated by Tp and Ipmax,
respectively. Tp highly depends on Lgqg/Rgq ratio. So, Tp
can be used for pan detection in induction cooktops where
SSQR topology is used.

—iLeQ(?)
Vi Vi —ReQ
_ Yoe (iLEQ(ts) - E) ¢! (33)
Req Req
iLeQ(Tp)
1% Vi _ReQ
=0=£+<1Dmax_ﬂ>e £ 7, )
Req Req
L Ji
T = — -2, (1 4 Dmax ) (35)
REqQ Vbc/ReQ — IDmax

4.2 Power control with constant current /i ggmax

In SSQR inverter application, monitoring /i Egmax can be
selected to control output power. In this case, three different
pan detection methods can be used.

4.2.1 Maximum switch voltage Vcgmax

In induction cooktops using an SSQR inverter, the maximum
power level at which the converter can operate is limited,
depending on the breakdown voltage of the switch. When
the I  gq current is zero, the switch voltage Vcg reaches its
maximum value Vcgmax at 3. As result of this, Vcgmax can
be derived by the help of (36)—(38).

iLgo(13) = 0= v(13) = VCEmax
t3 = tan~' (= By /B>) /wq

(36)
(37)

Ve occurs during off period of T and I gq can be measured
continuously (32). It is seen from (21)—(24) that there is a
big relationship between Vcg and Iigqg. As a result of the
usage of /1 EQmax for closed-loop power control, Vcgmax can
be used to understand relative pan position.

4.2.2 Comparing Vcg and Vpc

As in the method of monitoring and controlling Vcgmax,
Ve and Vpc comparison can be used in this method for pan
detection. As given above, it is not described again here. The
applied circuit schematic to compare Vcg and Vpc is given
in Fig.7.

4.2.3 Reverse-parallel diode conduction time
As in the method of monitoring and controlling Vcgmax, the

diode current conduction time 7p can be in this method for
pan detection. As given above, it is not described again here.

TDC-DC

Fig.8 Circuit schematic to get diode conduction time Tp
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Fig.9 Detailed system control loop for DIC

The applied circuit schematic to get diode conduction time
Tp is given in Fig. 8.

5 System control with pan detection
methods

The closed-loop power control algorithms are essential for
SSQR inverter applications, and there is a big relationship
between pan detection algorithms and closed-loop power
control methods used. It means that the controller not only
have to control output power, but also relative positions
between pan and coil. Using the Vg voltage to control the
output power is preferable for its low cost and ease of use.
Additional current reading elements are needed to control
the output voltage using the Iy gq current. Current reading
method can be preferred in usage areas where cost is not
important. Control algorithms in which both /1 gq current

@ Springer

and Vg voltage are used together will be the most reliable
methods. For example, if the control is done with current and
the Vg voltage is above a certain value, it can be an ideal
method to control with voltage. In addition to all this, the
overall control loop of the DIC depends on different param-
eters such as input voltage and temperature, in addition to
metal detection and power control. Detailed system control
loop is given in Fig.9.

With the help of the user interface, the control process
begins with the determination of the power to be transferred
to the pan. If there is no abnormal situation such as high
temperature and high voltage, it is questioned whether there
is a pan with suitable ferromagnetic properties in the product.
With the detection of the presence of the pan, the power
control and pan detection work, which is the subject of the
article, begins. It is extremely important that the pan remains
on the product even after the heating process has started.
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6 Simulation and experimental verifications

The theoretical analysis of six different pan detection meth-
ods proposed for DIC systems using the SSQR inverter
topology is given above. In this section, the theoretical anal-
ysis of the proposed pan detection methods has been verified
with simulation and experimental circuits. The circuit dia-
gram of the induction cooktops using the SSQR topology
is given in Fig.10. Photographs of the circuit board and
experimental setup are shown in Fig. 11. Input AC voltage
and frequency Vac = 230 V, f = 50 Hz, the input power
Pinv = 2000 W and DC voltage Vpc = 320 V. The single-
phase integrated bridge rectifier GSIB2560 is used to convert
input AC voltage to DC voltage. For enhanced reliability,
IHW20N135R5 IGBT with a high breakdown voltage of
1350 V and a rated current of 20 A is used as the main
switch. No additional diode is used since it has a switch
body diode. The reference coil and pan diameter are 180 mm
and Crgs = 270 nF. Three ferromagnetic pans with different

characteristics are used as loads in simulation and experimen-
tal studies. First one is stainless steel pan, second one is cast
iron pan, and the last one is granite pan with stainless steel
base. The inductance Lgq and the resistance Rgg values are
varied according to the relative position between the refer-
ence pan and the coil. Lgg and Rgq values for four different
coverage ratios and three different pans were measured with
the GwInstek LCR-821 LCR meter at a frequency of 20 kHz
and are given in Table 1. Analyses are carried out using the
values in Table 1.

Three different pans that have different ferromagnetic
specifications are analyzed depend on pan position and power
control methods. The main purpose is to determine the safe
working limits for all kind of pans that can be used in
induction hob system. Firstly, the theoretical analysis of the
proposed pan detection methods has been carried out with
simulations and the results are verified with experimental
results.

As shown in Tables 2, 4 and 6, It gQmax, Tpc—pc and Tp
values change at constant Vcgmax are listed to understand the
pan movement from 100% coverage to 0%. Likewise, Tables
3, 5 and 7 show the VcgEmax, Tbc—pc and Tp values change
at constant Iy EQmax-

As with other inverter applications, the semiconductor
collector voltage level must not exceed the breakdown volt-
age given in the catalog for the SSQR inverter application.
Otherwise, the semiconductor and inverter circuit can be eas-
ily damaged. Increasing the break down voltage level helps
to protect the semiconductor from overvoltage, but causes
increased conduction and switching losses. Hence, for every
design there is an optimum point between losses and over-
voltage protection. In SSQR inverter application for home
appliances, 1200 V DC is the optimum breakdown voltage
level and the safe working conditions for all kind of ferro-
magnetic pans are limited with 1200 V DC Vg value.

To measure the pulse width of the Tpc—_pc, a comparator
with input variables Vpc voltage and Vcg voltage can be
used. Similarly, to measure the Tp conduction time, the zero
crossing of the IGBT current (¢ ) and the zero crossing of the
Vcg voltage (#5 ) can be compared using various electronic
methods. On the other hand, the transmission time of the
diode current (fg — t5) can be measured directly.

From Tables 2, 3, 4, 5, 6 and 7, six different pan detection
methods can be used to understand the pan relative posi-
tion, regardless of the control method and pan specifications.
However, the most effective way to understand load chang-
ing is Tp value change ratio at constant I gQmax. To protect
the semiconductor from over voltage ATp = 80% value can
be a boundary condition for different kind of pans. In addi-
tion to use ATp, if the coil current is used as power control
method, the limit value of A7p can be also defined for bound-
ary conditions. ATp < 11 s can be used for safe working
conditions for all kind of ferromagnetic pans.
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Table1 Rgq and Lgq values of

inverter circuit

Table 2 ILEQmax’ TDC—DC and
Tp values change at constant

VCEmax

Table3 Vcgmax, Tpc-pc and
Tp values change at constant

I LEQmax

Table4 I EQmax, Toc—pc and
Tp values change at constant

VCEmax

Table5 Vcgmax. Tpc—pc and
Tp values change at constant

I LEQmax

@ Springer

Pan and coil Stainless steel Cast iron Granite pan

Req (£2) Leq (WH) Req (€2) Lgq (nH) Req (£2) Lgq (nH)
0% 0.16 114.1 0.16 114.1 0.16 114.1
25% 1.03 109.48 0.99 113.85 0.32 103.03
50% 2.35 95.49 3.05 105.47 0.67 93.43
75% 3.12 83.84 3.93 94.07 1.04 73.01
100% 3.36 81.81 4.21 89.76 1.48 69.07
Pan and coil VCEmax ILEQmax ATLEQmax Tpc-pe ATpc-pc Tp ATp
coverage V) (A) (%) (nS) (%) () (%)
Equation and simulation results for stainless steel pan
0% 925 29 27.5% 17.44 17.6% 9.01 54.8%
25% 925 31 22.5% 17.09 15.2% 8.47 45.5%
50% 925 35 12.5% 15.98 7.8% 7.15 22.9%
75% 925 39 2.5% 15.01 1.2% 6.10 4.8%
100% 925 40 REF 14.83 REF 5.82 REF
Pan and coil VCEmax T EQmax ATLEQmax Tpc-pe ATpc-pc Tp ATp
coverage ™) (A) (%) () (%) (LS) (%)
Equation and simulation results for stainless steel pan
0% 1142 40 23.5% 17.44 17.6% 13.18 126.5%
25% 1096 40 18.5% 17.09 15.2% 11.87 103.9%
50% 1000 40 8.1% 15.98 7.8% 8.67 48.9%
75% 928 40 0.3% 15.01 1.2% 6.16 5.8%
100% 925 40 REF 14.83 REF 5.82 REF
Pan and coil VCEmax I EQmax ATLEQmax Tpc-pe ATpc-pc Tp ATp
coverage V) (A) (%) (1S) (%) (1S) (%)
Equation and simulation results for Cast iron pan
0% 870 27.09 26.1% 17.44 12.1% 7.97 77.1%
25% 870 28.21 23.1% 17.42 11.9% 7.66 70.2%
50% 870 31.79 13.3% 16.81 7.9% 6.06 34.7%
75% 870 35.31 3.7% 15.92 2.2% 495 10.0%
100% 870 36.65 REF 15.57 REF 4.5 REF
Pan and coil VCEmax I EQmax ATLEQmax Tpc-pc ATpc-pc Tp ATp
coverage V) (A) (%) (nS) (%) (nS) (%)
Equation and simulation results for cast iron pan
0% 1070 36.65 22.9% 17.44 12.1% 11.81 162.4%
25% 1044 36.65 20.0% 17.42 11.9% 11.06 145.8%
50% 956 36.65 9.9% 16.81 7.9% 7.83 74.0%
75% 892 36.65 2.5% 15.92 2.2% 5.37 19.3%
100% 870 36.65 REF 15.57 REF 4.5 REF
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e beioma, D¢ DC W Panandcoil  Vopwx  heoms  Alsoms  Tocpe  ATbepe  To  ATh

Vebma coverage M @A) (%) (S) (%) (1S) (%)
Equation and simulation results for granite pan
0% 982 32.39 27.5% 17.44 28.4% 10.11 37.9%
25% 982 34.44 22.9% 16.57 22.1% 9.60 30.9%
50% 982 36.69 17.8% 15.78 16.2% 8.99 22.6%
75% 982 42.43 4.9% 13.96 2.8% 7.77 6.0%
100% 982 44.65 REF 13.58 REF 7.33 REF

;aobxlzzllesv gl];:;nr‘ll;e ilt)ggr?s(:t;rid Pan and coil VCEmax TLEQmax AlLEQmax Tpc-pc ATpc-pc Tp ATp

It EQmax coverage V) @A) (%) (S) (%) (1S) (%)
Equation and simulation results for granite pan
0% 1233 44.65 25.6% 17.44 28.4% 14.89 103.1%
25% 1180 44.65 20.1% 16.57 22.1% 13.20 80.1%
50% 1128 44.65 14.9% 15.78 16.2% 11.60 58.3%
75% 1018 44.65 3.7% 13.96 2.8% 8.34 13.8%
100% 982 44.65 REF 13.58 REF 7.33 REF

The waveforms taken from the application circuit for the
use of the I ggmax method and for two different coverage
ratios are given in Fig. 12a—f. In Fig.12a, b, I gq and Vcg
waveforms are given for the stainless-steel pan. The results
obtained for 100% coverage ratio are given in Fig. 12a and
for 25% which is the boundary coverage ratio value are given
in Fig. 12b. In Fig. 12a, it is seen that the conduction time of
the diode is very low. After the capacitor voltage reaches the
Vpbc voltage, the negative coil current drops to zero in a very
short time. As can be seen from figure, the control signal of
the switch is applied in the conduction time interval of the
diode and the switch is turned on under soft switching. The
maximum value of the voltage across the switch is nearly
950V. In Fig. 12b, it is seen that the conduction time of the
diode increases with the decrease of the coverage ratio. In this
case, VCcEmax, Ip and Tpc—pc values increased by 15, 78%,
100% and 13, 80%, respectively.

The I1 gg and Vcg waveforms are given for the cast iron
pan and the granite pan in Fig. 12¢, d and e, f, respectively.
As can be seen from these figures, the conduction time of
the diode increases with the decrease in the coverage ratio
as in the stainless-steel pan case. In case of 25% coverage
with cast iron pan, Vcgmax, Ip and Tpc—pc values increased
by 8, 50%, 133, 33% and 12, 50%, respectively. In case of
25% coverage with granite pan, Vcgmax, Ip and Tpc—pc val-
ues increased by 7, 84%, 75, 80% and 13, 80%, respectively.
These results confirm the results obtained by simulation. It is
seen that the amount of change in Tp is much more than the

other parameters. Therefore, determining the coverage ratio
using the Tp value can be done sensitively.

7 Conclusion

In this study, a performance evolution of pan detection meth-
ods for SSQR inverter topology used in domestic induction
heating is undertaken. Three different pans that have different
ferromagnetic specifications are analyzed depending on pan
position and power control methods. The main purpose is to
determine the safe working limits for all kind of pans that can
be used in induction hob system. Firstly, the theoretical anal-
ysis of the proposed pan detection methods has been carried
out with simulations and the results are verified with experi-
mental results. Six different pan detection methods have been
used to understand the pan relative position, regardless of the
control method and pan specifications. It is found out that the
most effective way to understand load changing is Tp value
change ratio at constant I} Egmax. The aim of this study is
to ensure that the change in the ferromagnetic structure is
reliably detected by microcontroller-based control systems
and that the system continues to operate safely. Pan detec-
tion methods used to understand the pan relative position are
seemed to be one of the promising areas within induction
cooking research field. This study may trigger further works
to increase performance/costs ratio.
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Fig. 12 Blue signal: /i gq coil current (20A/div), green signal: Vpc dc bus voltage (200 V/div), purple signal: Vcg collector voltage (200 V/div),
yellow signal: Vgg gate voltage (10 V/div), time (10 is/div) (color figure online)
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