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This paper investigates the behavior of a high frequency parallel quasi-
resonant inverter fitted domestic induction heater with different switching
frequencies. The power semiconductor switch Insulated Gate Bipolar
Junction Transistor (IGBT) is incorporated in this high frequency inverter
that can operate under ZVS and ZCS conditions during the switching
operations at certain switching frequency to reduce switching losses.The
proposed induction heating system responds to three different switching
frequencies with providing different results. An Insulated Gate Bipolar
Junction Transistor (IGBT) provides better efficiency and faster switching
operations. After the complete study of the proposed induction heating
system at the selected switching frequencies, the results are compared and it
is decided that most reliable, efficient and effective operations from the
proposed induction heater can be obtained if the switching frequency is
selected slightly above the resonant frequency of the tank circuit of the
resonant inverter. The proposed scheme is analyzed using Power System

Simulator (PSIM) environment.
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1. INTRODUCTION

Induction heating technology is widely used in induction based cookers for its cleanliness, pollution-
free, very fast heating, high efficiency and safety [1-3]. It is a contactless heating process, in which a very
high frequency current is sent to a working coil through power semiconductor switches, which produces an
eddy emf in the working coil [3]. This emf produces a very high frequency alternating magnetic field in the
coil and sufficient heat will be generated in the work piece. The frequency of the inductor current depends on
the size of the heating coil, penetration depth and the electromagnetic coupling. In induction heating process
a pot is directly heated by the induced eddy current produced by this magnetic field. Induction heating
process is very much suitable for domestic cooking, melting, surface hardening, brazing and soldering [6-9,
15]. Now a day, it is also applied to hyperthermia treatment and blood reheating under medical application
[3, 9].

In this paper an IGBT based parallel quasi resonant inverter is proposed and implemented for
induction heating application and its performance and behaviour are analyzed using PSIM software
simulation under three different switching frequencies, which are 15kHz, 32kHz and 45kHz respectively. The
incorporated resonant inverter has the resonant frequency of 30kHz. It is found that maximum energy transfer
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to the work piece from the working coil occurs whenever the switching frequency is set closer to the resonant
frequency.The proposed quasi resonant inverter control scheme is based on variable frequency or Pulse
Frequency Modulation (PFM) control method. A typical induction heating system is shown in the following
figure.

col and load system

rectifier inverter

Figure 1. Basic Induction heating system

2. MERITS OF IGBT OVER OTHER POWER SEMI-SEMICONDUCTOR SWITCHES IN
QUASI-RESONANT INVERTER
The power semiconductor switch like IGBT is preferable over other power semiconductor switches
in parallel quasi resonant inverter due to the following reasons [4-5, 14-18]:
. IGBT has less switching loss [10-13].
. It provides faster switching speed.
. It has less ON state drop.
» Itis abetter voltage controlled device.
. It provides better energy efficient operation.

3. PARALLEL QUASI-RESONANT CONVERTER TOPOLOGY

The following figure 2 depicts a certain topology of a parallel quasi resonant inverter using single
IGBT.
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Figure 2. IGBT based parallel quasi resonant inverter

Quasi-Resonant (QR) converters are widely used as high frequency AC power sources in induction
heating applications. Such converters are very cost effective for the domestic appliances because it requires
only one IGBT, and only one resonant capacitor C. Quasi-Resonant converters might be considered as a
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reasonable compromise between cost and effective performance. Only one drawback of this family of
converter is that it has limited regulation range. Besides it is desirable to operate in the ZVS mode, induction
heating based cookers are normally allowed to operate at power levels at which the resonant voltage does not
quite reach zero. At power levels lower than this, the overall power modulation is pulse-width-modulated at a
very low frequency to limit the losses. In this low power mode of operation, the unit may operate at the low
power level for very small time duration and then it will be OFF for small time duration. This is much shorter
than the thermal time constant of the pan and its contents, and has no negative effect of the cooking
operation; however, it does help to maximize the performance of the power stage and limit the temperature
rise of the IGBT switch. For a given loading condition (i.e. a certain pot), maximum power level and
maximum supply voltage, the peak voltage rating for the switch and resonant capacitor, can be calculated
from Quasi- Resonant theory and can be approximated by the following equation.

1
ELZ CVrzes (1

Where, E is the energy stored in the inductor coil during the on period Ton. C is the capacitance of
the resonant capacitor and Vres is the resonant voltage.

2E

Thus, Vres = [= Q)

Similarly, when this energy is exchanged to the resonant capacitor, then it can be represented by the
equation

1

E:E LrIIZ)eak (3 )
And the I, is directly proportional to Ton and dc bus voltage Vy. by the following equation
[peak = Ton—== @)

The resonant voltage V.5 can be expressed as

. . T
Vees=aVy. Where, o is the duty cycle. So, it can expressed as o = 2" %)

And if wybe the resonant frequency, then w, _\/L—!lc_%
T

T
S0,V,.¢s can be expressed as,V,qs = ﬁvdc (6)
T
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4. OPERATIONAL MODES OF PARALLEL QUASI-RESONANT CONVERTER

The main quasi-resonant power circuit contains a parallel converter. It consists of full bridge diode
rectifier, a passive LC filter and an anti-parallel diode connected across the IGBT. The circuit generates high
frequency switching by turning ON the IGBT under ZVS condition while the diode is in the conducting state.
The resonant circuit consists of resonant inductor Lr (coil inductance and resistance) and a resonant capacitor
C. There are four modes of operation exist within one switching cycle as follows:

(i) Mode-1 IGBT on, Diode off

In this mode as shown in figure 3, switch Q1 is switched on with suitable gate voltage and current
flows from the collector to the emitter of Q1. The current through the L gradually rises so that it is storing
energy providing ZVS turn on of the IGBT switch Q1 following the diode conduction. In this mode, current
passes through a simple R-L circuit.

Mode -1 can be expressed by the following equation

Ri+ L S = Vae (7
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Figure 3. Mode 1 equivalent circuit

(i) Mode-2 IGBT off, Diode off

When the switch Q1 is turned off, the current will still be increasing and finally attains the peak
value. At this instant, the energy stored in L begins to transfer to C. This mode is a self-resonating mode of
LC oscillating circuit which is shown in figure 4.
Mode -2 can be expressed by the following equation

Ri+L, S+ [ idt =0 (8)

Va L@

Figure 4. Mode 2 equivalent circuit

(iii) Mode-3 IGBT off, Diode off

In this mode as shown in figure 5, after the current through L becomes zero, the capacitor C begins
to discharge through L and a current in the reverse direction flows. The voltage across L increases and
polarity is reversed.
Mode -3 can be expressed by the following equation

S fidt=Ri+L ©9)

Tdt
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Figure 5. Mode 3 equivalent circuit

(iv) Mode-4 IGBT off, Diode on

In this mode as shown in figure 6, when the reversed polarity across L exceed Vg4, the diode
becomes forward biased and the current of L flows through this diode until this current reaches the zero.
After mode-4, mode-1 starts with IGBT on under ZCS condition.

Mode -4 can be expressed by the following equation

di
Tt

L V4e = Ri (10)
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Figure 6. Mode 4 equivalent circuit

At the end mode-4, one cycle operation of the quasi-resonant converter is completed. After that the
circuit operation repeats from mode-1 and so on.

In the following figure 7 different voltage, current and Gate signal waveforms are shown for the
proposed system at different modes.
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Figure 7. Typical voltage, current and gate signals

Where, Vgg= Gate voltage of IGBT, Ic= IGBT collector current, I; z= Inductor current, Vo= voltage
across IGBT, I¢,p= Capacitor current,Ip= Diode current.

The collector current of the IGBT can be expressed as If% (11
T

Where, T,= rise time.
And the collector voltage can be expressed as,

Vee= Vee(1+521) (12)
ZTf

Where Tg= fall time.

From the above mentioned four modes of operations, the operation over a switching period can be
described by two circuit modes.

First mode begins when the IGBT switch is turned on at ZVS condition with initial conditions V.(0)
=0 and iy g(0) = 0, the inductor current iLR at any instant can be expressed as

iLR(t) = “2 (1 — e™™) (13)

Lr . . .V .
Where, T = Er =time constant of the circuit. Peak value of the current is % at t= t2. This mode

continues till the switch is turned off at t=t1

The second mode starts at t=t1 when the IGBT is turned off at t=t1. Considering the mesh formed by
the source voltageVy., inductance L.and resistance R with initial conditions V.(0) =0 and i;g(0) =I;r4, the
corresponding equations are
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i = (%) (e™) [(Vdc - V(;)\/LEr sinwt + I r;cos(wt + 6)] (14)
V.(t) = Vi + (%) (e™) [(Vdc —V.) cos (wt—0) + ILRl\/% sinoot] (15)
for during the resonant cycle. where, o, ® and 0 are constants and are given by a:%, wo = +/L;:C,

— (o4
o=y wg — o, 0=tan™*()

5. TOTAL HARMONIC DISTORTION (THD)
It is the measure of harmonic presence in a non-sinusoidal periodic waveform. It is represented by
the following expression

NI

2 2
THD — Z(lorms IlrmS) (16)

Ilrms
where, [y is the root mean squared (RMS) value of any non-sinusoidal current and I, is the root

mean squared (RMS) value of the fundamental harmonic present in that current. THD gives an idea about
how close a non-sinusoidal waveform close to its fundamental in shape.

6. SWITCHING LOSS
Switching operation includes turn-ON and turn-OFF losses respectively. Generally switching losses
need to be estimated. Estimating the IGBT switching loss as given below,

IonVosftswitchfswi
Pswitch — _onYoff swzltch switch (17)

7. PSIM SIMULATION
The developed PSIM schematic circuit diagram is shown in Figure 8, in which four diodes are used
in a full-bridge rectifier and a high frequency inverter using only one IGBT.

Y

Figure 8. PSIM simulation of the proposed parallel Quasi-resonant inverter

8. RESULTS AND DISCUSSIONS

The main equivalent circuit of the proposed parallel quasi resonant inverter is shown in Figure 2.
The different parameters are shown in Table 1. The four modes (from mode-1 to mode-4) will repeat on the
basis of specified IGBT on time and off time. The depth of penetration of the heat in the cooking pan is
inversely proportional to the operating frequency and the operating time period is the inverse of operating
frequency. Thus after changing the on-off time of the IGBT, the operating frequency and the depth of
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penetration of heat can be controlled. In the present work, the proposed parallel quasi-resonant circuit is
tested under three different switching frequencies which are 15kHz, 32kHz and 45kHz respectively. The
resonant frequency of the tank circuit is 30kHz. When the switching frequency is selected at 32kHz close to
the resonant frequency, then from Figure 9 it is shown that switching operations follow the ZVS and ZCS
conditions ensuring less switching loss with higher efficiency. The switching frequency at 32kHz also makes
the input current sinusoidal with less Total Harmonic Distortion (THD) as given in Table 2. The output
power factor is also the maximum at this switching frequency, which is given in Table 3. Besides, greater
Total Harmonic Distortion (THD) at the output current also provides large amount of heat geneartion.
Therefore, the selection of the switching frequency slightly above the resonant frequency is mostly
beneficial. When the switching frequency is selected at 15kHz much less than the resonant frequency, then
from Figure, it is shown that the switching operation does not follow the ZVS and ZCS conditions that causes
high switching losses and efficiency reduces, besides the inverter operates in capacitive mode. Since, the
THD of the input source current is very high at this switching frequency, which makes the input source
current non-sinusoidal and thus the input source voltage may contain unwanted harmonics. As such
installation of an ac filter is required at the input side and this will make the induction heater costlier.
Besides, this low switching frequency may cause an undesirable audible noise. The output current also has a
low THD compared to 32kHz switching frequency as shown in Table 2. So, the selection of switching
frequency at 15kHz is generally avoided. The selection of switching frequency at 45kHz above the resonant
frequency gives a high THD value of the output current and is fruitful for induction heating purpose, but this
is also avoided because of the switching operations do not follow the ZVS and ZCS operations and thus
produce high switching losses that is shown Table 3. The power factors of the output power are less for both
15kHz and 45kHz switching frequencies compared to switching frequency 32kHz as shown in Table 3.

Table 1. Design parameters of Parallel quasi resonant inverter

Parameters

Coil Inductance(Lr)=47uH
Main supply voltage= 230Volts
Internal Resistance of the coil(R)=1ohm
Operating frequency= 30 kHz
Capacitor(C1)=0.5uF
Resonant capacitor(C)= 0.6puF
Inductor(L1)=100uH

Table 2. Input Current THD and Output Current THD versus Switching frequency

Switching frequency(kHz) Input Current THD value (percent) Output Current THD value (percent)
15 kHz 32.00% 93.37%
32 kHz 2.66% 103.13%
45 kHz 1.76% 146.57%

Table 3. Switching Loss and Output Power Factor versus Switching frequency

Switching frequency(kHz) Switching Loss (watt) Output Power Factor
15 kHz 41.43 0.2585
32 kHz 20.33 0.3178
45 kHz 56.27 0.2336
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Figure 11. Voltage across IGBT and current through IGBT at switching frequency 45 kHz

9. CONCLUSION

In this paper, the circuit of a parallel quasi- resonant inverter based induction heating system is
analysed mathematically and also its performance is verified using PSIM software. The principle of inverter
operation has been presented and different simulated waveforms are shown at three different switching
frequencies 15kHz, 32kHz and 45kHz respectively. It is also shown that at switching frequency 32kHz near
to the resonant frequency only provides ZVS or ZCS operation during turn-ON and turn-OFF conditions and
provides the minimum switching losses with an improved output power factor and overall performance is
improved. It can be concluded that parallel quasi- resonant based inverter can be used in cost effective
induction heating applications.
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