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Abstract: Induction heating (IH) technology is widely recognized and utilized in residential applications due
to its high efficiency and safe operating characteristics. Resonant inverter circuits are widely used in IH systems
because of their high efficiency and ability to perform soft-switching. Among the various resonant inverters
used in IH systems, the single-switch quasi-resonant (SSQR) inverter topology is typically preferred for low-
cost and low-output-power applications. Despite its cost advantage, the SSQR topology has a relatively narrow
soft-switching range, which can be unstable depending on the electrical parameters of the load and the resonant
converter circuit. Accurately determining the capacitance value of the resonant capacitor and the inductance
value of the induction coil, which are the key circuit elements of the SSQR induction cooker, is crucial for
designing a reliable, efficient, and durable cooking system. In other words, there exists a critical relationship
between the resonant converter circuit parameters, load characteristics, and safe operating conditions.
Additionally, when considering closed-loop control methods used for power control and safety, selecting
appropriate resonant circuit elements becomes vital in ensuring both reliable and efficient operation. This
paper focuses on a novel and simplified design method for the SSQR inverter utilized in household appliances.
The proposed method and its advantages in terms of the safe operating area of the switch are theoretically
investigated and verified through simulations and prototype circuits.

Keywords: home appliances; induction cooking systems; induction cooker design; resonant
converter circuit parameters; single switch quasi resonant inverter

1. Introduction

Induction heating systems have gained significant popularity in industrial, domestic, and
medical applications over the past few decades due to their notable features including user safety,
efficient and rapid heating, and easy maintenance [1-4]. The advancements in power electronics as
well as electronics have contributed to the progress of induction technology [5-8]. In domestic
induction cooking appliances, one or more induction coils are positioned beneath a vitro ceramic
glass surface to heat up pans placed on top of it [9-11]. The induction coil is supplied with an
alternating current, generating a magnetic field at the same frequency as the coil current in order to
heat the pan. This heating process occurs through the induction surface by inducing eddy currents
in the pan [2,12]. The main components of induction heating systems consist of a rectifier unit for AC-
DC conversion and resonant inverter units [13,14]. Figure 1 illustrates a general power-transfer loop
for domestic appliances.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. General power transfer loop.

Power converters, which are a crucial component of Induction heating systems, employ either
single-stage or double-stage structures [15]. Double-stage systems involve both AC to DC and DC to
AC conversions within IH systems [13,14]. In contrast, single-stage AC to AC systems lack a rectifier
stage. These systems can be categorized into two groups: those that directly convert the input AC
voltage and those that boost it.

Furthermore, Induction heating systems are composed of either single or multiple loads/coils.
In the past years, single coil systems have been extensively utilized in both industrial and domestic
induction applications. Recent advancements in multiple output induction heaters suggest
enhancing performance through adjustable cooking surfaces [16-18]. The selection of different coil
models depends on factors such as design requirements, cost, output power, and hob geometry.
Various approaches are employed to configure cooking surfaces based on the pan size and coil design
[16,19]. While pans made of ferromagnetic material are commonly used as loads, recent studies have
also explored heating pans made of all metal materials [20-24].

Different resonant inverter topologies have been proposed based on the trade-off between cost
and performance, which needs to be evaluated for each specific application. The most common
inverter topologies in induction heating (IH) systems are half-bridge series resonant (HBSR) [25-28]
and single-switch quasi-resonant (SSQR) [29-31] inverters. The SSQR inverter topology provides a
reliable solution for low-power and low-cost IH applications. However, the main drawback of the
quasi-resonant inverter circuit is its inability to control the power transferred to the load in a
frequency-controlled manner, as in HBSR inverter circuits. This limitation stems from the fact that
the working modes of the SSQR inverter switch between RL and RLC circuits [11,32]. Consequently,
closed-loop control algorithms are employed to determine the turn-on and turn-off times of the
semiconductor switch.

In IH systems utilizing SSQR inverters, a significant correlation exists among the resonant
converter circuit, load parameters, current and voltage limits of the semiconductor switch, turn-on
and turn-off times of the semiconductor switch, and closed-loop power control methodologies.
Furthermore, when assessed in conjunction with the closed-loop control techniques employed for
power regulation and safety purposes, the selection of resonant circuit elements assumes critical
importance in guaranteeing a reliable and efficient operation.

Coil equivalent inductance and resistance values, which form the electrical model of the system
comprising the coil and the pan, are challenging to determine during the modeling of resonant circuit
elements. Additionally, these values are subject to variations based on factors such as the operating
frequency of the resonant circuit, ambient temperature, and air gap between the pan and the coil. As
a result, there exists a wide range of academic research focusing on pan and load recognition
[11,29,33-36]. However, the design of the coil itself necessitates a comprehensive academic
investigation. Numerous studies have been conducted on coil design, particularly in the context of
magnetic fields [37-39].

The wide range of electrical loads associated with pans used in domestic induction hob
applications with SSQR inverters allows for customization of the electrical circuit parameters based
on user preferences. Furthermore, the heat generated in the pan affects the values of circuit variables
such as resistance and inductance, and potential variations due to the electrical network necessitate
certain assumptions to be made in the design of the heating system with SSQR inverter.
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In [40,41], a Class E inverter design utilizing one inductor and one capacitor is presented. During
the initial stages of the design, semiconductor losses are disregarded, and it is assumed that the pan
resistance remains constant. Additionally, the coil design precedes the circuit design, and the
equivalent inductance (L) and equivalent resistance (R) values are determined based on the operating
frequency (f). Similarly, in [42], prior to the implementation of the related design, the input voltage
(Vs), work coil parameters (Q, Ry, L), water mass (m), and required boiling time (t) must be defined.
In [43], the design process requires the specification of inverter output power (P), DC input voltage
(Upc), resonant frequency (f), as well as various other load and coil parameters. In [44], the inductance
value is calculated based on the number of turns N, wire diameter W, and space S between
consecutive turns. In [45], the finite-element method is employed, utilizing the coil's geometry. It is
noted that the inductance value varies due to the physical interaction between the coil and the
ferromagnetic pan; however, there is no provided data regarding the specific inductance value for
the pan.

As a result, the studies briefly mentioned above require that critical information such as coil
geometry, coil design and coil inductance value must be defined before starting the circuit design, by
making some assumptions. However, while designing the SSQR inverter system, it is very important
to determine the coil inductance value, as in other converter designs. In other words, the purpose of
the design is to determine the coil inductance value to be used in the SSQR inverter. Defining a certain
value for coil inductance before starting the design will complicate the circuit design process and
prolong the process of obtaining output values such as current, voltage and power at desired values.

Also, in practical circuit design applications, using the inductance value as an input parameter
may not be as practical as described in the references provided. From this point of view, the proposed
method provides a feasible design approach for initial conditions where the critical circuit parameters
of the resonant circuit, namely coil inductance Lgq, equivalent circuit resistance Rgq and resonant
circuit capacitor value Crgs are not known, by utilizing the energy desired to be transferred to the
coil inductor.

Input parameters such as the mains input voltage V,c, the output power P to be transferred to
the pot and the switching times of the semiconductor are determined before the design phase. Then
all circuit parameters including Lgq, Rgq and Crgs can be determined using the proposed
calculation method. In this way, it is aimed to create a reference method especially for practitioners
who are new to SSQR design.

The rest of the manuscript is structured as follows: In Section II, the circuit description of the
SSOR inverter converter is explained. In Section III, the detailed proposed design method of SSQR
inverter is summarized. Section IV shows the calculation, simulation, and experimental results,
respectively. The conclusion of this study is outlined in Section V.

2. Circuit Description

The circuit diagram and schematic of the single-switch quasi-resonant inverter, along with its
primary operational waveforms, are presented in Figures 2 and 3, respectively. The circuit schematic
comprises a semiconductor switch denoted as T, a freewheeling diode labeled D, an equivalent
resistance represented by Rgq, an equivalent inductance designated as Lgq, and a resonance
capacitor denoted as Crgs. Upon the activation of the T switch, the circuit behaves analogously to a
series RL circuit. During this phase, the coil accumulates energy through the resistance Rgq over a
duration labeled as tgy. Throughout the turn-on time, the coil accumulates energy provided by the
primary voltage source Vpc.
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Figure 2. Single switch inverter (a) circuit diagram (b) circuit schematic.
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Figure 3. General power transfer loop.

When the T switch is closed, the circuit starts to work as a series RLC circuit. In this
configuration, resonance is established between the coil and the capacitor, facilitating energy
exchange. The resonance capacitor, Crgs, charges to the peak voltage, Vcgmax, and eventually
discharges to zero. A short time after the capacitor has completely discharged, the switch is promptly
reactivated, in accordance with references [1,46,47].

3.1. Circuit Operating Modes — Waveform Equations

The operational modes of the single-switch resonant inverter, depicted in Figure 4, are examined
across four primary operational stages. The conduction period of the T semiconductor, denoted as
te <t <ty is mathematically modeled as a series RL circuit incorporating components Rgq and
Lgq. Simultaneously, the time interval t, <t < t5, characterized by resonance interactions between
Lgq and Cggs, is subjected to analysis as a series RLC circuit. Lastly, the conduction duration of the
D freewheeling diode, t5 <t <tg, is depicted through a series RL circuit model. Owing to the
behavior of the single-switch resonant inverter as a series RLC circuit during states 2 and 3 among
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the four operational states, and as a series RL circuit during states 1 and 4, the associated circuit is
evaluated in the time domain as opposed to the frequency domain.

Figure 4. Circuit operating modes of single switch inverter.

Throughout the analysis, particular attention is directed towards steady-state analysis, with a
focus on the initial operational stage. Potential phenomena like resonance capacitor discharge current
and analogous transient states are deliberately disregarded for the sake of analytical simplicity.

Stage I(ts — to): This interval commences with the initiation of the T semiconductor under zero
voltage conditions (ZVT) and persists until the T switch deactivates. Regarding the operation of the
RL circuit, the subsequent equations can be formulated as illustrated in equations (1)-(3).

ipe(te) =0 )
RE
g (®) = (D) = 25 (1~ o Tee') @

LEQ

Voe = Vigg + Vreg 3)

Stage II-III(t, — t5): This interval initiates with the deactivation of the T semiconductor, and
the resonance phenomenon between Lgq and Cggs is scrutinized through analysis as a series RLC
circuit. Furthermore, the subsequent equations can be established to characterize the current I gq, as
depicted in equations (4)-(7).

ipo(t) = e"*(Bycos(wgt) + B,sin(wgt)) 4)
dipge(t)/dt = —e~*[(Bywg + Bya)sin(wgt) + (Bia — Bywg)cos(wgt)] 5)
iLge(to) = B1 = I (6)

digo(t)/dt =
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By = ((Vpc — Reglo))/ (Lgewg) + (alp)/wg (7)

Furthermore, the mentioned equations, along with the circuit equations (8)-(11), can be
employed to compute the switch collector-emitter voltage V¢g as illustrated in Figure 3.

v(t) = Vpe + e * (A cos(wgt) + Azsin(wgt)) (8)

dv(t)/dt = —e~*[(A 04 + A,@)sin(wgt) + (A;a — Aywg)cos(wyt)] )
v(ty) = A = —Vpe (10)

dv(to)/dt = A, = (Io/Crgs — @Vpc)/waq (11)

Stage IV (t5 — t¢): This interval initiates with the activation of the D diode, which is connected
in anti-parallel to the T power switch. As depicted in Figure 3, the dissipation of current or energy
through the source is managed by a D power diode. Regarding the operation of the RL circuit, the
ensuing equations can be formulated as demonstrated in equations (12)-(15). The duration of diode
current conduction, tp(ts — ts), and the peak diode current are denoted as Ipyay.

, v, Vpe. -TEQ,

iLee(t) = E + Upmax — RL;Z)e LeQ (12)
VDC VDC —Rﬂ'tu
iLEQ(tD) =0= R_ + (Upmax — R_)e LEQ (13)
EQ EQ
VDC/REQ LEQ

tp,=In[———F—|(——— 14
o= R e — Iomar . Reg) (14)

LEQ ( IDmax )
t)= ——2.In(1+—Dmax 15
P Rgg Voc/Req — Ipmax (15)

3.2. Safe Operating Area for Quasi Resonant Inverter

From the provided first- and second-order circuit equations, it is evident that the precise
determination of Rgq, Lgq and Crgs values hold paramount importance for ensuring the secure
operational conditions of quasi-resonant induction heating applications. The chief threats to safe
functionality within power electronic circuits encompass both elevated voltage and current
surpassing the maximum operational thresholds of the employed semiconductors. Although all
constituents of electronic circuits can be influenced by overcurrent and overvoltage stress,
semiconductor switches stand out as the most vulnerable elements in inverter applications. Even if
excess heat generated by excessive current can be mitigated through enforced cooling methodologies,
semiconductors subjected to voltages surpassing their breakdown thresholds can promptly render
them non-operational. By employing the PSpice simulation program, variations in the collector-
emitter voltage (Vcg) of the semiconductor switch are assessed across diverse resonant circuit
parameter configurations, as visually depicted in Figure 5.
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Figure 5. Vg voltage value variances in PSpice. (a) Rgq = 3 Q, Lgq = 80 pH and depending on Cggs
values. (b) Cgrgs = 270 nF, Lgqg =80 uH and depending on Rgq values. (c) Rgq =38, Cggs =
270 nF depending on Lgq values.

Similarly, discharge currents of the Crgs capacitor, frequently observed within quasi-resonant
inverter circuits, pose a threat to the reliable operational conditions of both semiconductors and
power electronics circuits. These instantaneous currents, also referred to as light load currents, can
exceed the nominal maximum current of the semiconductor (or coil current I;gq) by three to four
times, resulting in issues such as overheating, stress, and similar challenges. Just like the Vg voltage
example, the semiconductor switch current I is derived using the PSpice simulation program,
contingent upon resonant circuit parameters, as depicted in Figure 6.
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Figure 6. It current value variances in PSpice. (a) Rgq =3, Lgqg = 80 pH and depending on Cggs
values. (b) Cgrgs =270 nF, Lgqg =80 uH and depending on Rgq values. (c) Rgq =39, Cggs =
270 nF depending on Lgqg values.

Nonetheless, closed-loop power control techniques and the assessment of input parameters play
a pivotal role in ensuring dependable operational conditions. When scrutinizing the quasi-resonant
inverter, it becomes evident that its operating modes oscillate between RL and RLC circuits.
Consequently, the implementation of closed-loop control methodologies to ascertain the turn-on and
turn-off timings of semiconductor switches emerges as indispensable. Depending on the material
characteristics, AC supply conditions, and parameters of inverter circuit elements, miscalculations in
semiconductor switch turn-on or turn-off times exceeding 1us can swiftly escalate switching losses.
This outcome can render the switch inoperative due to either overheating or overvoltage occurrences.

In the next section, a new simplified design method for SSQR inverter used in household
appliances is examined.
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3. Proposed Design Method For Quasi Resonant Inverter

Before starting the inverter design, the circuit variables that we use as input variables and known
before the design should be defined correctly and the related design should be guided by using
known circuit variables. In this study, the dc source voltage Vp¢ that obtained as a result of rectified
of ac mains voltage, the average input power Ppyg drawn from the main source, the semiconductor
switch turns on time Toy and turn off time Topp variables are used as the initial conditions. The
method to be followed in the design can be summarized as follows:

e  The dcsource voltage Vpc, the average input power Payg, the switch turns on time Toy and the
switch turn off time Typp variables are defined.

e The maximum value of the coil current I;gquax is calculated with the help of the relevant circuit
equations.

e By detecting the 1st harmonic component of the voltage applied to the resonant circuit, the load
resistance Rgq is calculated.

e  After calculating the load resistance R gq, the equivalent inductance value Lgq is calculated
with the help of the RL circuit equations.

e Itis determined the a, wy and wy of the series RLC circuit with the help of calculated variables.

e  The resonant capacitor value Cgrgg is calculated with the help of resonant frequency w, and
inductance value Lgq.

e  The design is verified by calculating the coil current and capacitor voltage boundary conditions.

3.1. Defining of the Time Intervals Toy and Topg, the Source Voltage V¢ and the Input Power P gy¢:

In order not to operate at the audible frequency value, the operating frequency values of
household induction hobs are not preferred below the 20kHz threshold frequency value [48-50]. On
the other hand, to increase the switching frequency will increase the switching losses of the used
semiconductors [4,48,51].

Psw = fs-Eofr (16)

For these reasons mentioned above, SSOR inverters used in induction cookers are operated in
the range of 20 — 40kHz. It should also be noted that SSQR inverter circuits cannot be operated
directly with frequency control as with half-bridge inverters. Togr time is determined by controlling
the resonance oscillation of the energy transferred to the load during the Toy time. The predefined
values for starting in this design study are Toy = 15uS and Topr = 25uS. The source voltage Vpc
is obtained by rectifying the AC mains voltage, as shown in Figure 7.

ITgA)

Time (mS)

Figure 7. Vpc and switch current It as a function of time for the case where the source voltage Vpc
is the DC voltage source.

The purpose of the capacitor used at the output of the rectifier is to provide the instantaneous
currents demanded by the inverter circuit and act as a filter. Therefore, the DC voltage obtained
follows the form of the main. In order to make the calculations easy and understandable, first of all,
Vpc voltage will be accepted as a DC voltage source, and then the calculation values will be updated
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for the case where Vp¢ voltage follows the mains voltage form. The case where the source voltage
Vp¢ is the DC voltage source is shown in Figure 7, and the case where Vp¢ follows the mains voltage
form is shown in Figure 8. Finally, the predefined average source power for this design study is

defined as Py = 1250W.

L1 (A)

il

0 2 4 6 8 10 12 18 20
Time (mS)

AEN DA R1IA \
)
[ I ‘
+

Figure 8. Vpc and switch current It as a function of time for the case where the source voltage Vpc

follows the mains voltage form.

3.2. Calculation of the Maximum Coil Current Iygomax:

In the case of quasi resonant inverter circuit operating in RL operating mode, the coil current
ipgq(t) equals the semiconductor switch current ir(t) (i gq(t) = ir(t)). When the operating states of
the quasi-resonant inverter circuit are examined, finding the maximum value of the switch current
it(t) means finding the approximate maximum value of the coil current iygq(t).

17)

Iipomax = Irmax

When the source voltage Vpc is considered constant as the DC voltage source, the power-time
graph becomes the multiplier of the current-time graph. The switch current ip(t) and input power
P(t) graphs as a function of time t are shown in Figures 9 and 10 respectively. The variation of RL
circuit switch current ir(t) with time t depends on the values of R and L and is defined by

equation (18) in case i gq(0) = 0.

60

A IT (AX
45 / /

30 7[ Tavg 7[

15

It (A)

0 Ton T ON+OFF)
Time (1S)

Figure 9. Switch current i(t) as a function of time t.
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Figure 10. Input power P(t) as a function of time t.
, , Vbe 2EQ.,
ipo(t) = ir(8) = 57— (1—e ') (18)

LEQ

From equation (18) it is clear that the graphs of i(t) —t and P(t) —t cannot be linear and will
behave variably depending on the RL circuit values. However, since the resistance values created by
the pots used in induction heated cookers in the primary circuits are in the range of 1Q —5Q,
accepting these graphs as linear will be very useful for finding the Ityax current. For the case where
the average power transferred to the RL circuit is defined as Payg and the instantaneous maximum
power is defined as Py,x, the following equation is obtained with the help of Figure 10.

PMAX'TON VDC'ITMAX' TON
Payg = = 19)
2.(Tox + Torr)  2.(Ton + Torr)
As a result of equation (19), Ityax value can be easily calculated (20).
Paye-2.(Tony + T, P,
Ipppay = -2V8 (Ton + Torr) _ Pmax (20)

VDC' TON VDC

On the other hand, for the case where the source voltage Vp¢ follows the mains voltage form,
let's define the switch current and power variables as shown below:

ITMAX > ITMAXZ

PMAX > PMAXZ
PAVG > PAVGZ

Voc 2 Ve

Equation (21) is written for the case where the average power drawn from the source during the
/2 interval is accepted as Payg,, and the average power drawn from the source only at the time of
/2 is accepted as Ppyga—max-

1(" .
Puvez = ;f PavGa-max - sinwt d(wt) (21)
0

And then the equation (21) is simplified, equation (22) is obtained.

2
Pavez = Pavea-max-— (22)
When the equations (19) and (20) are rearranged,
P — PMAXZ'TON — VDCZ'ITMAXZ'TON (23)
AVGETMAY 2 (Ton + Torr) 2. (To + Torr)
Payg-2.(Ton + Topp) T
Itmax2 = ) (24)

Vbcz-Ton 2

As can be easily seen from the equations (23) and (24), the switch current Ityax, and the
instantaneous maximum power value Pyax, to be obtained for the case where the source voltage
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follows the mains voltage will increase by m/2 compared to the case where the source voltage is DC.

This is because the same P,yg value is desired to be drawn from the source, regardless of the source
voltage form.

3.3. Calculation of Rygq Value by Determining the 1st Harmonic Component of The DC Voltage:

Assuming that the resonant circuit current iy gq(t) is sinusoidal, the 1st harmonic component of
the voltage applied to the resonant circuit is obtained. In this way, the value of resistance R is
reached by using the maximum value of the resonant circuit current. According to the Fourier
theorem, any practical periodic function with an angular frequency of w, can be expressed as an
infinite sum of sine or cosine functions that are integer multiples of wqy [52]. Thus, f(t) can be
expressed as:

f(t) = ag + a; coswyt + by sinwyt (25)

The value a, is the mean value of the function f(t) and is indicated by the below equation.

1 T
ag = T.L f@®dt (26)

The variation of Vp¢ voltage applied to the quasi-resonant circuit as a function of time is shown
in Figure 11. The value of a, is found with the help of equation (26) so that the Toy + Topr value is
the period of the function.

400

300

Ve )
(5]
(=3
=l

100

0 Toxn T on+OFF)
Time (uS)

Figure 11. Input voltage Vp¢ as a function of time t.

1 (7 1 (Ton Voe-Ton
ap=— dt=—| Vpedt =7
0 TJ; f® Tfo pe Ton + Torr
And then, a; and b; values of the related Vp¢ voltage waveform will be found respectively.

_E ' t tdt 27
a =7 | r@eosa, @)

2 T 2 rTon
a, =7f f(t) cos wytdt =7j Vpe cos wot dt
0 0

2V, vV 2n. T
a; = —<|sin wotlgo"’ = sin—2%
T(IJO Y3 TON + TOFF
2 T
b= j F£(t) sin wot dt (28)
0

2 T 2 rTon
b, = —J f(t)sinwytdt = —f Vpe Sin wyt dt
Ty Ty
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2Vpc Ton _ VDC ( 2m.Toy )
= el = — 1 —_ _—
by Ty |—cos wyt|, - (1 - cos Tow T Torr
It is also possible to represent the equation in (25) in amplitude-phasor form [52].
f() = ay + A; cos(wpt + @) (29)

A = faf + b2 (30)

In (30) A; is the amplitude value of the 1st harmonic component of the f(t) function. And so,
the next steps are to find the amplitude, in other words, the peak value of the 1st harmonic component
of the Vp¢ voltage applied to the quasi-resonant circuit, and to reach the Rgq value by proportioning
this value to the maximum value of the coil current I;gqmax-

S

2

T Ton + Torr Ton + Torr

Pyyg-2.(Ton + Torr)
Vpe-Ton

lLEQmAax = Irmax =

4,

e
LEQMAX

Rg (31)

3.4. Calculation of the Equivalent Inductance Value Lgq:

In order to calculate the Lgqg inductance value, 3 different methods are used, and the results are
compared with each other and verified. The first of these is to use the current equation of the series
RL circuit, the second is to use the voltage at the inductor ends, and the third is to calculate the
inductance value by using the energy accumulated in the inductor.

3.4.1. Lgq calculation using series RL circuit switch current iy value:

As mentioned earlier, the series RL circuit switch current ir(t) as a function of time t, depends
on the Rgq and Lgq values and is defined by equation (32) for ijgq(0) = 0.

Rg
4% =2

ineq() = ir(t) = 225 (1= Te) (32)

LEQ

Since the source voltage Vpc, equivalent resistance Rgq, maximum value of coil current I;gqmax
and time information Toy are now known, Lgq value can be found by using equation (33).

Rigo-Ton

_ Rygo. ILEQMax) (33)
Vpe

LEQ = -
Ln (1

3.4.2. Lgq calculation using inductor voltage Vi gq value:
Equation (34) is obtained by using Kirchhoff’s voltage law in series RL circuit.
Vbc = Vieg + Vreg (34)

And also, the voltage Vigq at the inductor ends is presented by the below equation (35).

dipgo(t)

vigo = Lo — (35)

We will also make the linearity assumption that we used when finding the Iryax currentin the
series RL circuit. The inductance value for this range where the semiconductor switch and coil
currents are equal to each other indicated by the below equation.
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_ At Ton
Lgg = VLEQ'E = (Vpc — VREQ)M (36)

Although the Vp¢ voltage is constant, the Vggq voltage is expressed as (37) for the case where
the current is considered linear.

I .R
VREQ _ TMA); EQ 37)

When this expression is substituted in (36), the equation (38) is reached.

Irmax- REQ) Ton
2

LEQ = Vpc — (38)

ITMAX

3.4.3. Lgq calculation using inductor energy Wi gq value:

The energy accumulated in the inductor is expressed by the equation (39) in terms of inductance
and inductor current.

Wigomax = 2 LEQ-ILEQMAX2 (39)

When the area under the P(t) —t graph shown in Figure 10 is integrated, the total energy
transferred to the series RL circuit is found. Assuming the P(t) —t graph as linear (40) is found.

_ Puax-Ton (40)
To find the total energy transferred to the inductor, the energy dissipated in the resistor is
subtracted from the total energy transferred to the series RL circuit.
WLEQMAX = Wyax — WREQMAX (41)
Equation (42) is obtained as a result of equations (40) and (41).

Puax-Ton  (Irmax\’
Wieomax = 5 —< > ) Rgq (42)

After the energy accumulated in the inductor is reached, equation (43) is used to arrive at the
Lgq equivalent inductance.

1 Pyax-Ton Irmax 2
ELEQ-ILEQMAXZ = 2 _( 2 ) -Req (43)

And finally, it is getting the equation (44) by the help of equations (39) and (43).

2 PMAX' TON ITMAX 2
ITMAX 2 2

3.5. Determination The Series RLC Circuit Parameters:

Since the Top time, which is the turnoff time of the semiconductor switch, is defined and
known before the design, and the Lgg and Rgq values are calculated, the damping coefficient a,
resonant frequency wq and damped resonant frequent wg values of the series RLC circuit can be
calculated easily. First, the damped resonant frequency wq is calculated by using the relationship
between the Togr time and the resonant frequency Tggs of the series RLC circuit.

4

Tres = TOFF'§ (45)
1

fres = fa =7— (46)

TRES
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2
wg =20fg = —— (47)
TRES
_2m 3 48
g = Torp 4 (48)
And then, the damping coefficient a of the series RLC circuit is found by the equation (49).
R EQ
a = % (49)
Finally, the resonant frequency w, is calculated with the help of the equation (51).
Wg =/ we? — a? (50)

wp = w42 + a? (51)

3.6. Calculation of the Resonant Circuit Capacitor Value Inductance Value Cggg:

After calculating the resonant frequency w, and the equivalent inductance Lgq values, the
resonant circuit capacitance value Cggs is found by using equation (52).

1
r— 52
VLEQCRES (52)

1
C R
RES LEQ (wp)?

Wy =

(33)

3.7. Calculation of Current and Voltage Boundary Conditions of Semiconductor Switch:

Defining boundary conditions for the single switch inverter design is very important. In working
stage II and stage III (series RLC circuit mode) the coil current I;gq and switch voltage Vg values
reach their maximum values. Knowledge about these two parameters is very important and valuable
for the designer not only for reliable working conditions but also to control system parameters such
as power. As it can be seen from Figure 3 that when the coil current I gq reach its maximum
value I ggmax, the derivation of the I gq current is zero (t = t;). As result of this the maximum coil
current I;gouax can be derived by the help of (54)-(56).

dippo(ty)/dt =0 = ipe(t) = Igomax (54)
t; = tan"[—(Bia — B,wg)/(Biwg + Bya)])/wqy (55)
I gomax = igo(t1) = e *1(Bycos(wqty) + Bpsin(wgt;)) (56)

Single switch induction cooker’s maximum power level is limited by power switch maximum
breakdown voltage level. When the switch voltage Vcg reach its maximum value Vegmax, the Ijgq
current is zero (t = t3). As result of this the maximum switch voltage Vcgmax can be derived by the
help of (57)-(59).

iLpe(ts) = 0 = v(t3) = Vepmax (57)
t; = tan"'(= B;/B;)/wq (58)

Vegmax = v(t3) = Vpe + e 3 (A cos(wqt3) + Azsin(wgts)) 59)
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3.8. The Flowchart of the Proposed Design Method

The flowchart shown in Figure 12 is developed to understand the determining of the Lgq and
Rgq more clearly. It determines the boundary conditions of the semiconductor switch with the help
of the same flow chart. If the boundary conditions are not within the defined safe limit values of the
semiconductor, the design is started from the beginning.

START

l

DEFINE
Ton-Torr - Vbc - Pave

!

CALCULATE
Itvax

l

CALCULATE
Ay

|

CALCULATE
Rgq (FA1/ ILEQMAX)

l

CALCULATE
Lgo

l

CALCULATE
Cres

l

CALCULATE
I eomax & VcEmax

l

ARE

BOUNDARY NO
» CHECK THIS DESIGN
CONDITIONS

IN LIMITS

YES l

RESUME THIS DESIGN

B

Figure 12. Flowchart of proposed method to determine Lgq, Rgq, ILgqmax and Vcemax-

4. Verification of Proposed Analysis Method

In order to prove the accuracy of the proposed design method, first of all, critical circuit
parameter values are calculated using predefined input parameters depending on the design
requirements. By using the circuit parameters obtained as a result of the calculation, simulation
studies are carried out and the boundary conditions required to ensure reliable operation of the
inverter circuit are measured.
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4.1. Calculation Results

As a result of the proposed method and calculation tools, a standard design example has been
carried out and the calculated results are listed in Table 1. Firstly, the initial values are defined and
then the critical circuit elements’ values are calculated. As previously mentioned, the average source
power for this design study is defined as the Payg = 1275W. And also, the switch turn-on and turn-
off times are defined as the Toy = 15puS and Topr = 25uS. The source voltage Vp is obtained by
rectifying the AC mains voltage.

Table 1. Calculating circuit parameters.

Pre-Defined Circuit Parameters

Ton 15 uS
Torr 25 pS
Pye 1275 W
Vac 230 VAC
Ve 325,27 VDC
Calculated Circuit Parameters
Paver 1275 W
PAVGZ—MAX 2002,77W
Praxz 10681,42W
Lryaxa 32,84A
a, 121,97
a, 73,21
b, 176,75
Ay 191,31
Rgq 5,83 Q
Lgq 98,5 puH
TRES 33, 33 |,lS
fRES 30 kHz
wy 188495,56
a 29570,68
Wy 190800, 95
Cres 278,86 nF
Calculated Boundary Conditions
Iipomax 33,574
Vemax 834,49V

The critical circuit elements values are calculated as Rgq = 5,83Q, Lgg = 98,5uH, and Cgrgs =
278,86nF. In addition to circuit parameters Lgg and Rgq, the current and voltage boundary
conditions of the semiconductor switch are calculated to check design reliability. As can be seen from
Table 1, depending on the input values defined for this study, the maximum value of the switch
voltage Vcgmax is calculated as 834,49V, and the maximum value of the switch current Ijgomax is
calculated as 33,57A.

4.2. Simulation Results

A simulation prototype circuit has been developed using the predefined and calculated circuit
parameters from Table 1, and it is shown in Figure 13. The OrCAD PSpice software program has been
used for the simulation, with a particular emphasis on ensuring that the maximum coil current
(Itggmax) and maximum switch voltage (Vcgmax) values align with the values calculated in the

previous section.
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Figure 13. Prototype simulation circuit for proposed converter.

When the critical circuit element values obtained from measurement results were directly used
in the designed circuit for simulation, some deviations were observed in the Ijgquax and Vcgmax
values. The measured switch voltage was found to be 760V instead of the expected 835V, resulting
in an error of approximately 9%. Similarly, the maximum coil current, which should have been
33.57A, was measured as 30.85A, indicating an error of approximately 8%.

Although the deviation values might be acceptable for many designers, the root cause of the
discrepancy has been investigated to continue the simulation studies. It was hypothesized that the
deviation arose from the proposed design method, which assumed a linear current-time graph by
neglecting the resistance value in the RL operating mode of the SSQR inverter. Based on this
assumption, a sweep analysis method has been employed in the relevant simulation program,
scanning Rgq resistance values between 4Q and 6Q with a precision of 0,1Q. The resistance value
that yielded the same current and voltage values as the calculated ones has been determined. Figure
14 illustrates the graph of the obtained current and voltage values from the scanning process. It has
been observed that when a resistance value of 4,3Q was used instead of the calculated resistance
value of 5,839, the calculated values matched exactly with the simulation results. All the results
obtained from the scanning process are presented numerically in Table 2.

(A) Quasi Param (acti ve)

/f;’}%

2

.‘m

R
=
.

ﬁ
3

>
)

\ AT N % ’ 3
VAN NA TN N
U N \ pd

5.0in  5.02s  5.03ns  5.04ns 5.05ns

4.9505  4.96ns  4.9705  4.98ms 4.99ms 5.00m
o L V(VGE) v fa oL -I(L1)*10
Tine

Figure 14. Coil current I;gq and switch voltage Vg for sweeped Rgqvalues as a function of time t.

Table 2. Simulation circuit results.

Input Circuit Parameters Output Boundary Parameters Output Power
Rgq Lgg Cres I gomax Veemax P av62
4,0 Q 98,5 uH 278,86 nF 34,204 852V 1060 W
4,10 98,5 uH 278,86 nF 34,00 A 846V 1080 W
4,20 98,5 uH 278,86 nF 33,804 842V  1100W

4,3 Q 98,5 uH 278,86 nF 33,604 835V 1110W
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4,4 Q 98,5 uH 278,86 nF 33,40 A 832V 1120 W
4,5Q 98,5 uH 278,86 nF 33,304 826V 1130 W
4,6 98,5 uH 278,86 nF 33,104 821V 1140 W
4,7 Q 98,5 uH 278,86 nF 32904 815V 1150 W
4,8 Q 98,5 uH 278,86 nF 32,70 A 810V 1155w
4,9 Q 98,5 uH 278,86 nF 32,504 805V 1160 W
500 98,5 uH 278,86 nF 32,304 800V 1165W
510Q 98,5 uH 278,86 nF 32,10 A 795V 1170 W
520 98,5 uH 278,86 nF 31,90 4 790V 1180 W
530 98,5 uH 278,86 nF 31,75 A 785V 1190 W
540Q 98,5 uH 278,86 nF 31,604 780V 1200 W
550 98,5 uH 278,86 nF 31,45 A 775V 1210 W
560 98,5 uH 278,86 nF 31,204 770V 1215w
57Q 98,5 uH 278,86 nF 31,054 765V 1220 W
58Q 98,5 uH 278,86 nF 30,854 760V  1225W
590 98,5 uH 278,86 nF 30,70 A 755V 1230 W
6,0 98,5 uH 278,86 nF 30,50 4 750V 1235 W

To compare the results from the simulation circuit with the application circuit under the same
conditions, the coil current (I gq) and switch voltage (Vcg) graphs are separately presented over a
20ms time interval in Figures 15 and 16. The primary advantage of this representation is to provide
a comprehensive and detailed understanding of how these variables change over time for those
examining the study. By placing the simulation and application circuit results side by side,
researchers can directly compare them and assess the accuracy or deviation between the simulated
and actual circuit performance. This comparative analysis allows for a better understanding of the
similarities and differences, enabling researchers to gain insights into potential factors that may affect
the circuit's behavior. Furthermore, by examining the variation of coil current and switch voltage
over time, researchers can gain valuable insights into the dynamic behavior of the circuit. This
information can be used to optimize the circuit's performance, identify potential issues such as
transient spikes or oscillations, and make informed design decisions to ensure the circuit operates
within desired parameters.

(A) 100us (acti ve)

M\ . 1)
il w\\h M\L\H\HM

2
o -1(L7)

Figure 15. Coil current I;gq as a function of time t obtained using the simulation circuit.
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(A) 100us (active)

o V(Co:1)

Figure 16. Switch voltage Vg as a function of time t obtained using the simulation circuit.

4.3. Experimental Results

Once the theoretical calculations and simulation studies developed for the calculation of critical
circuit parameters are completed, the outputs of the proposed calculation method are tested using a
practical application circuit. Before examining the results of the application circuit, it is beneficial to
review the technical specifications of the induction coil and the heated pans used in the application
circuit. This will facilitate the interpretation of deviations between the practical application results
and the theoretical calculations and simulation circuit results.

As described in detail in the introduction of the study, a wide range of pan types are used in
household induction cooktops. The electrical effects of these pans on the electronic circuitry are
particularly critical due to their ability to change the equivalent resistance and equivalent inductance
values. However, it is not feasible to test all possible pan models in practical applications. Therefore,
in the experimental implementation of the proposed method, three different pan models with
different electrical and magnetic characteristics, as shown in Figure 17, have been used. These pan
models include cast iron, stainless steel, and specially designed alloy pans for induction heating.

Figure 17. General pan models are used with induction cookers.

On the other hand, Table 3 provides the physical and electrical characteristics of the induction
coil used in the practical application circuit, as well as the measured equivalent inductance and
resistance values when using three different types of pans. In practical application, although an exact
match of the calculated resistance and inductance values obtained through the proposed calculation
method is not achieved, the feasibility of the proposed method has been demonstrated.
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Table 3. Technical specifications of the reference induction coil.
Parameter Symbol Value Unit
Number of turns n 28
External diameter of the coil a, 180 mm
Inner diameter of the coil a, 30 mm
Distance between coil winding and ferrite bars h 4 mm
Distance between coil winding and pan d 4 mm
Strand amount of a litz wire 66
Wire diameter of single strand 027 mm
Ferrite permeability Wy 800

Equivalent inductance with no load LgonoLoaa 110 pH

Equivalent resistance with no load ReponoLoad 0,12 Q

Equivalent inductance with cast iron pan Lggpan 89,76 puH
Equivalent resistance with cast iron pan Reopan 421 Q

Equivalent inductance with stainless steel pan Lgopan 81,81 uH
Equivalent resistance with stainless steel pan Regpan 3,36 Q

Equivalent inductance with silit silargan pan Lggpan 69,07 uH
Equivalent resistance with silit silargan pan Reopan 2,48 Q

The coil current, the switch voltage and the output power values obtained when using three
different pan models are presented in Table 4. In addition, in Table 5, the output results obtained
using the calculation, simulation and application circuit for similar conditions are compared. Upon
closer examination of Table 5, it is evident that the values obtained through the calculation method
closely match the nearest capacitor value used.

Table 4. Experimental circuit results.

Input Circuit Output Boundary Output Power
Parameters Parameters
Rgq Lgq Cres I pomax Veemax P py62
4,210 89,76 uH 270 nF 42,4 A 928V 1276 W
3,36 Q 81,81 uH 270 nF 42,8 A 968V 1270 W
2,48 O 69,07 uH 270 nF 45,6 A 920V 1255 W

Table 5. Comparison of the calculation, simulation, and experimental circuit results.

Input Circuit Output Boundary Output Power
Parameters Parameters
Rgg Lgq Cres I pomax Vcemax Pave2

Calculation Results

5,83 O 98,5 uH 278,86 nF 33,57 A 834,49V 1275 W
Simulation Results

43Q 98,5 uH 278,86 nF 33,60 A 835V 1110w

5,8 Q 98,5 uH 278,86 nF 30,85 A 760V 1225 W

Experimental Results

4,210 89,76 uH 270 nF 42,4 A 928V 1276 W

3,36 Q 81,81 uH 270 nF 42,8 A 968V 1270 W

2,48 O 69,07 uH 270 nF 45,6 A 920V 1255 W

However, the different electrical characteristics of the pans used in practical applications make
it challenging to directly compare the calculation and application circuits. In practical
implementation, a coil current (I gomax) of 42,4A and a switch voltage (Vcgmax) of 928V have
been measured for a resistance of 4,21, while in theoretical calculations and simulation circuit,
these values were 33,6A and 835V, respectively. The deviation is approximately 20% for current
and 10% for voltage. The main reason for this discrepancy is the change in the resistance and
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inductance values measured at the initial conditions when the pan is heated. As a result of these
studies, considering the variety of pans used in practical applications, the proposed calculation
method is proven to be reliable for initiating the design process.

To compare the results from the simulation circuit with the application circuit under the same
conditions, the coil current (I gq) and switch voltage (V¢g) graphs are separately presented over a
20ms time interval in Figures 18 and 19. When comparing these graphs with the results obtained from
the simulation circuit in Figures 15 and 16, it is evident that very similar results can be achieved. Also,
the detailed waveforms of the coil current and switch voltage are shown in Figure 20. Finally, the
experimental setup is shown in Figure 21.
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Figure 18. Coil current I;gq as a function of time t obtained using the prototype circuit.
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Figure 19. IGBT collector emitter voltage V¢ as a function of time t obtained using the prototype
circuit.
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Figure 20. Detailed waveforms obtained using the prototype circuit. Blue signal: IGBT collector
emitter voltage Vcg (200V/div), Purple signal: coil current I;gq (10A/div), Yellow signal: IGBT gate
control signal (5V/div).
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5. Conclusions

This paper is focused on a new design method for SSQR inverter used in household appliances.
Before starting the inverter design, the circuit variables that we use as input variables and known
before the design should be defined correctly and the related design should be guided by using
known circuit variables. In this study, the dc source voltage Vpc that obtained as a result of rectified
of ac mains voltage, the average input power Pyy¢ drawn from the main source, the semiconductor
switch turns on time Tgy and turn off time Type variables are used as the initial conditions. In order
to prove the accuracy of the proposed design method, first of all, critical circuit parameter values are
calculated using predefined input parameters depending on the design requirements. By using the
circuit parameters obtained as a result of the calculation, simulation studies are carried out and the
boundary conditions required to ensure reliable operation of the inverter circuit are measured.

After the completion of the theoretical background and simulation studies developed for use in
critical circuit parameter calculation studies, the outputs of the relevant design method are run with
the help of a practical application circuit. The results obtained from the experimental circuit are also
compatible with the simulation results. The reliability of the proposed design and calculation method
is proven by comparing the data obtained as a result of the simulation and experimental with the
data obtained as a result of the calculation.
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