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Abstract

This thesis presents a design and development of an induction forging process using a full-bridge
Current-Fed Inverter. The inverter was implemented using IGBT in series with diodes as switching
devices. There are two controllers in this system. The first controller controls the operating
frequency of the inverter at a frequency slightly over the resonant frequency throughout the heating
cycle. Another controller controls the dc input current in order to adjust the output power at a level
suitable for any change in the parameter of workpieces. The load voltage is controlled by an over
voltage protection circuit to protect the switches. The prototypes were tested with steel workpieces
15 mm in diameter and 100 mm in length. The temperature of the sample was increased from room
temperature to 1050 © C within 20 seconds. The system has been operated at a switching frequency
varies between 15.5 kHz-16.5 kHz with 1.75 kW-2.52 kW input power and 0.90-0.97 leading power

factor on the input side.

Keywords : Induction Heater / Forging / Current-fed Resonant Inverter
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in Fig. 2 an'd'Fig. 3, respectively. It assumed that all
components are ideal. The operations of each mode are
. explained as following

i) Lr . Lr
v 7/ i(t)
do ’ de TR
: = — = L} v
T o A} v, T cr £
Mode 1 Mode 2
T Lr ity
[_rv-wx_ e
vy it l Vdc' )
i = L. g gl
s -[ Cr Vee T Cr Vee
Mode 3 M;de 4

Figure 2. Equivalent circuit of each mode of operation.
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Figure 3. Ideal waveform of quasi-resonant converter.

operations of each mode are explained as following:

ode 1: Switch Q, is turn on by Vgg. Current is biased in
forward direction between the coliector and emitter of Q.
current flows in the right direction through L. The
Ctor starts to store the energy which makes it possible to
zero voltage turn-on switching,

Mode 2: when the switch Q1 is turned off, the current keeps
incrementing to reach its maximum at t0. At this point, the
energy stored in L, move to C,.

Mode 3: Conversely with mode 2. After the current decrease
to zero where the voltage S1 reaches its maximum. C, starts
discharging the energy to L., which causes the current flowing
in inverse to decrement,

Mode 4: In this mode the voltage of L, converted to
polarity and exceeded the voltage at Vi The current of 1
flows through diode until this current reach the zero,

The used IGBT’s is from International rectifier and
IRGPH4UD device. The photo coupler TLP250 is used to
drive gate of IGBT. To drive the gate of IGBT on at voltage
+15 'V this is a suitable value to minimize losses. When IGBT
Is drive off -5V, sell-conduction due to external noise is
prevented,

B.  Filter

The quasi-resonant converter takes the energy from the
mains veltage, which is rectified by a full bridge of diodes. A
bus filter is designed to allow a big voltage ripple getting a
consequence input power factor near to one.

C. Heating coil and load

The coil is a flat pancake with litz wire in order to reduce the
losses due to skin effect.” The pancake coil is placed undemeath
a conductive cooking vessel with a thermal insulator between
them. The ferrite plates beneath the coil with the work piece (a
stainless vessel used for cooking) are intended to obtdin a
proper shaping of the magnetic field, A thermal insulator is
placed underneath stainless vessel to prevent coil damage by
heat. The heating coil is air cooled to circulate heat away from
it. Fig. 4 represents the equivalent circuit model of the heating
coil and stainless vessel. The induction heating lvad parameters
(R,and 7, ) depend on the inverter operating frequency, the
position of the load, the distance between the heating coil and
vessel. The parameters R, and [ _are respectively 4.3 € and

120 uH. (3]

[ —

o

—)

O_

o

Figure 4. Equivalent circuit mode] of the heating coil and load.
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A High-Frequency Induction Cooker using
Quasi-resonant Converter

Saichol Chudjuarjeen’ and Chayant Kumpa;i®

- 'Department of electrical engineering,
2Department of electrical engineering,

Abstract-The paper describes an induction cooker using a quasi-
. parallel resonant converter. Converter is implemented by using
2. IGBT as its switching. The switching loss is minimized by
0 operating the IGBT in the zero voltage resonance modes. The
. output power can be adjust by varying the switching frequency of
i converter. The prototype is rated at approximately 650 W, with
i operating frequency ranging from 25-31 kHz. It ean heat the
1 water about 0.5 kiters from room temperature to approximately
S 100°C within 6 minutes with the input power factor about 0.99.

I INTRODUCTION

The principles of induction heating are wsed in various
- applications such as brazing, surface hardening, forming and

annealing. Each application uses different appropriate
frequency [3]. The induction cooking is one of many
- applications for induction heating, Tt is designed to replace

‘and the size of the heat sink and PCB should also be larger. In
zddition, the gate operating circuits must be isolated. Due to
the induction cooking is the high cost compared to a
fonventional stove plate. So the quasi-resonant converter is
#nother choice in induction cooking application because it
eds only one switching circuit inside. This enables a

. This paper describes the quasi-paralle} resonant converter
“or induction cooking application. It Operates in zero voltage
witching modes. The Operation principles of quasi-parallel

fsonant circuit are investigated and validity is verified by
‘“perimental results,

1. PRINCIPLE OF INDUCTION CoOKING

: The induction coil is connected o a medium- frequency
Y-100 kilz) power source producing  an alternating
gnetic field, which causes eddy currents to occur at the
omof vessel and these give rise to the heating effect,

Since the spiral current flows at the heating coil side
'y the bottom of the vessel according to the skin effect,

Rajamangala University of Technology Krungthep.
King Mongkut's University of Technology Thonburi.

the current value depends on the skin depth as well as on
the specific resistance of the vessel material.

Skin depth § is determined by the vessel-specific
resistance o , relative magnetic  permeability M., and
frequency f,as shown in the expression-helow.

Ty

The pan skin resistance R 1s determined by the pan skin
depth and specific resistance, as shown in the expression
below.

_ P _ |pou
AR i e @

The parameter of induction heating load ( induction coil and
vessel) depend on several variables including the shape of the
heating coil, the space between the work-piece and coil, their

electrical conductivities and magnetic permeabilities, and the
frequency [3].

M. CirCUIT DESCRIPTION AND OPERATION

The main power circuit features a quasi-resonant converter
as in Fig. 1 It consists of full bridge rectifier diode, a bus filter
(LI, C1), the IGBT and a diode connected 1o it in parallel. The

resonant circuit is comprised of resonant mductor Lr, and a
resonant capacitor Cr.

Q"Tz

Figure 1, Equivaleat circuit of each mode of operation.

A, Converter operation

The quasi-resonant converter has four operating modes. The

ideal waveform and equivalent circuit of each mode are shown
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D, Quasi-resonant Capacitor

The operating frequency is selected at 26 kHz. We can
calculate 1. =120 H from parameter of induction coil
[3].We can select the capacitor which will conmect with
parallel  induction  coil  for required  interval by
C=1/{a"Lp)=0.3 uF.

IV. EXPERIMENTAL RESULTS

A prototype is built and tested by feeding heat 1o a stainless
vessel which contains water about 0.5 liters. The AC input
voltages was 200 V ;.. The resonant frequency was about 26.5
kHz. All measured signals are taken ar around 100°C water

temperature.

igure 5. Experimental waveforms of line voltage and line current, (I: 10
fdiv, V: 100 V/div and Time: 2ms/div.)

Ire 6. The voltage and current waveform of induction coil, (I 10 Aldiv, ¥V;
'V/div and Time: 5 M5/ div.)

§
| PR

Figure 7. The voltage waveform across IGBT and coil current waveform. (I: 10
Addiv, V: 500 V/div and Time: 10 HE/div.)

Figure 8. The voltage waveform and current waveform across IGBT. (I: 10
Afdiv, V: 500 V/div and Time; 5 s/ div)

The experimental waveforms of line voltage and line current
are shown as Fig. 5. The line current is in phase with line
voltage without any sign of dgistortion at zero crossing. Fig. 6
shows the coil voltage and coil current waveforms. Fig. 7
shows the switching voltage across the IGBT and coil current
waveform. Fig. 8 shows the voltage waveform and current
waveform across IGBT at 25.6 kHz, it obvious that zero-
voltage soft-switching and no current spikes. Fig. 9 shows the
voltage and current waveform of induction ecoil where
measured at 2 ms/div. Fig. 10 shows the relative graph of
input power and operating frequency. The parameters of
induction coil are varied by adjust switching frequency. In this
reason, input power decreased due to increasing parameters of
induction coil.
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Figure 9. The voltage and current waveform of induction coil where measured
in 2 ms/div. (I: 10A/div, V: 500V/div and Time: 2ms/div.)

80t

Froquency, £1 18z

Flgure 10. The relative graph of input power and operating frequency

V. CoNCLUSION

The induction cooker has been built with quasi-parallel
'Sonant converter. It can heat the water about 0.5 liters which
Ntain in a stainless vessel from room lemperature to
roximately 100 °C  within 6 minutes. The switching loss is
nimized by operating the IGBT in the zero  voltage
sonance modes in order to avoid g high current. This
nverter topology is simple because it has low number of
'mponents. But its IGBT switch must withstand high voltage.
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Asymmetrical control with Phase Lock Loop for
Induction Cooking Appliances

Saichol Chudjuarjeen' and Chayant Koompai®
"Faculty of elecirical engineering, Rajamangala University of Techuology Krungthep.
*Department of electrical engineering, King Mongkut's University of Technelogy Thonturi.

Abstract-This paper presents an asymmetrical conirol with
phase lock loop for series resonant inverters. This control
sirategy is used in full-bridge topologies for induction cockers.
The operating frequency is automatically iracked to maintain 2
small constant lagging phase angle when load parameters
change. The switching loss is minimized by operating the IGBT
in the zero voltage resonance modes. The output power can be
adjusted by using asymmetrical voltage cancellation control
which is regulated with a PWM duty cycle control strategy.

1.  INTRODUCTION

Induction heating is a well-known technique to produce
very high temperature such as in melting steel, brazing,
surface and hardening. Each application uses different
appropriate frequency [1]. The induction cooking is one of
many applications for induction heating. It is designed to
replace common stove plates. The advantages of induction
cooking are the plate stays cool when the vessel is heated and
less energy is used for cooking. This technique requires high
frequency curent supply that enables te induce high
frequency eddy current to occur at the bottom of vessel and
these give rise to the heating effect.

Recently resonant inverters are widely used in various
applications. The output power in many resonant inverters has
been traditionally controlled by varying the switching and
operates with zero voltape switches for the active devices
when the switching frequency is above the resonant
frequency. The variable-frequency operation has disadvantage
including a low power factor loading of the inverter, more
complex filtering and a wide noise spectrum. The
asymmetrical voltage-cancellation is showed in [2]. They
purpose  control techmique achieves better efficiency
performances than conventional fixed-frequency control
strategies.

This paper describes asymmetrical voltage-cancellation
control with phagse lock loop for wacking frequency to
maintain a small constant leading phase angle when load
parameters change. The output power can be controlied by
output voltage setting. The operation principles of control
strategy are investigated and wvalidity is verified by
experimental results

II. PRINCIPLE OF INDUCTION COOKING [4]

The induction coil is comnected to a medium- frequency
(20-100 kHz) power source producing an  alternating

magnetic field, which causes eddy currents to occur af the
bottom of vessel and these give rise to the heating effect.

Since the spiral cwrent flows at the heating coil side
only the bottom of the vessel according to the skin effect,
the current value depends an the skin depth as well as on
the specific resistance of the vessel material.

Skin depth & is determined by the vessel-specific
resistance p , relative magnetic permeability 4, and
frequency f,as shown in the expression below.

N (1)

e f

The pan skin resistance g is determined by the pan
skin depth and specific resistance, as shown in the
expression below.

The parameter of induction heating load ( induction coil and
vessel) depend on several variables including the shape of the
heating coil, the space between the work-piece and coil, their
electrical conductivities and magnetic permeabilities, and the
frequency [1].

HI. CIRCUIT DESCRIPTION AND OPERATION

The main power circuit features a full-bridge seres resonant
inverter as in Fig. [ It consists of full bridge rectifier diode, a
bus filter, the IGBT and a diode connected to it in parallel.
The resonant circuit is comprised of resonant inductor Lr
(Lresonens), and a resonant capacitor Cr (Crosonum). T¥pe of
mverter is used as full-bridge topology because it is the most
complete allowing many confrol possibilities. The output
current of the inverter is sinusoidal, in the case of low
Damping Factor and operating frequency is near rescnant
frequency. The inverter is selected to operate at a litfle higher
inverter frequency thar a resonant frequency, in order to
achieve zerc-voltage soft-switching which reduces loss at
IGBTs switches. Asymmeirical control SW4 is tarned off
before SW1, making the diode of SW3 to conduct. Gale signals
and output voltage and inductor current waveforms are shown in
Fig 2.
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Figure 1. Fullbridge topology for induction cooking appliances.
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Figure 2. Ideal waveform of asymimetrical control.

A, Heating coll and load

The ceil is a flat pancake with litz wire in order to reduce
the losses due to skin effect. The pancake coil is placed
underneath a conductive cooking vessel with a thermal
insulator between them. The ferrite plates beneath the coil
with the work piece (3 stainless vessel used for cooking) are
intennded to obtain a proper shaping of the magnetic field. A
thermal insulator is placed undemeath stainless vessel to
prevent coil damage by heat. The heating coil is air cooled to
circulate heat away from it. Fig. 3 represents the equivalent
circuit model of the heating coil and stainless vessel. The

induction heating load parameters (R, and I, } depend on the
inverter operating frequency, the position of the load, the
distance between the heating coil and vessel. The stainless
vessel uses two sizes for testing. The parameters R, and 7, of
foadl are respectively 21.22 € and 214 gH. The parameters
R, and I of load 2 are respectively 23 €2 and 167 uH. [3]

C_F—

e —

—) ‘

O o

Figure 3. Equivalent circuit model of the heating coil and load.

B.  Series Resonant Capacitor

The operaling frequency is selected at 26-30 kHz. We have
two  vessels, so we can calcolate [ =214 yH and
167 pH from parameter of induction coil [1].We can select
the capacitor which will connect with series induction coil for
reguired interval by € =1/@ Lp)=168nF.

IV, CoNTrROL DESIGN
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Figure 4. Block diagram of proposed.

The vessel geometry, conductivity and permeability of
different metals tend to change the inductance of the heating
coil when inserted into it. Considering the fact that the
resopant capacitance is fixed, the tank circuit is driven to its
new resonant frequency by tracking the switching frequency
of the inverter. The phase-locked loop integrated circuit
device for Joad-adaptive paralle] resonant frequency tracking
is introduced for resonant inverter,

An automatic frequency control is shown in Figore 4, It
comprises voltage sensor at Joad, zero crossing detector, phase
shift circuit, phase detector, VCO and PI controller. The
phase-locked Joop integrated circuit is applied for frequency
conirol at a little higher inverter frequency than a resonant
frequency. By using exclusive-OR gate and VCO in IC 4046
that are the phase locked IC. For voltage fed inverter, gate
drive signal is in phase with signal of load voltage phase.
Hence, we can use gate drive signal instead of load current
pulse. Cwrrent signal was compared with voltage signal in



order to detect the difference of the phase by exchisive-OR
gate, which admires to use to be a phase different detector. In
close loop by using IC phase locked loop, we have to convey
the voltage signal passes a zero crossing detector to shift 90°
of phase origin before bringing it into exclusive-OR gate. The
signal which leaves from exclusive-OR gate was filtered by
RC low pass filter to get an average value of voltage. The
average voltage conformms to different of phase between
voltage and current at load. At that time the voltage is sent
into compare with required phase set. The phase eror from
comparison is the input of constant phase controller to adjust
voltage coatrol oscillation in order to maintain the constant
leading phase angle when parameters of vessel are varied. And
the phase shift for close loop current comtrol, we have to
convey the VCO signal passes ramp oscillator to compare
with the output signzal of current controfler.

V. EXPERIMENTAL RESULT

The power stage is a full-bridge series resonant ipverter,
equipped with four IGBT devices with diede (IRGAPHS0UD).
The inverter is operated with an input voltage v, 140 V, 50

Hz. The test used two loads: load | and load 2 use the stainless
vessel but they have different size and parameters, The load 1
has  the model parameters are R=21.220

and L =214 uH The _resonant  capacitor s
C =168nF. and The load Model parameters of the load 2
are R =23CQand L =167 yH . The series resonant capacitor
is C = 168nF.

series

load 1
CHISEY CHZEBUDY L 10us/div
DG Tl DG 0T L ORussdiv]
: : : NORM: TO0ME F3
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Figure 5. Expetimental wavetorms of output voltage and output current
fullfoad. (load 1, I: 20 A/div, Vi 500 V/div and Time: 10 g5 [ div.)

Fig. 5 shows the measared output pulse voltage and

sinuzseidal cumrent waveforms of the full-bridge inverter at
P=1528 W. The switching frequency f = 28kHz. Fig. 6

shows the measured output veltage and current waveforms of

the full-bridge inverter at P=1451 W The switching frequency
f.=31.25kHz Fig. 7 shows the measured output voltage

and current waveforms of the full-bridge inverter at P=611W.
The switching frequency f, =28.57 kHz. lis experimental
values are a little lower than the fig. 5 because the load

adaptive frequency shifting phase voltage.

load 1
STy CHZ=E00Y I U/
e 1 D& 10051 C(10us/divy

... NORMIIONS /s

Figure 6. Experimental waveforms of output voltage and output current at
73% duty cyele. (load 1, T: 20 A/div, V: 500 V/div and Time: 10 ;{,s'f div.}
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Figure 7. BExperimental waveforms of output voltuge and ocutput current, at
10% duty cycle. (load L, I: 20 A/div, V: 500 V/div and Time: 10 ys/ div.}

Fig. 8 shows the measured output voltage and current
waveforrns of the full-bridge inverter at P=1400 W. The
switching frequency f =30kHz . Fig. 9 shows the measured
output voltage and cument waveforms of the full-bridge
inverter
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Figure 8. Experimental waveforms of line voltage and line current at full
load.{load 2, I; 20 A/div, ¥V: 500 V/div and Time: 10 ys/ div.)

load 2

CHI=EY
Be

1Uusld|v

o
i / Noma1bu /5

CHEFETOY -

E Format :i FiieNa\:me H AUTORIR .‘I
- - W—

Figure 9. Experimental wavetorms of line voltage and line eurrent at 75%
dury cyele. (Joad 2, I 20 A/div, V: 500 V/div and Time: 10 ,LLS‘/ div.}

at P=1330 W. The switching frequency § =34.5kHz Fig
10 shows the measured cutput voltage and current wavelorms
of the full-bridge inverter at P=560W. The switching
frequency f =32.25kHz

From Experimental result it can be seen that the inverter
operates at ZVS conditions every situation which is the lowest
switching frequency. And the output power and output current
can be limited by shifting phase of output voltage.

load 2

CHI=EY
ne 1

CHR=5H00W :
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Figure 10. Experimental waveforms of line voltage and line current at 10%
duty cycle. (load 2, I: 20 Asdiv, V: 500 Vidiv and Time: 10 gis / div.)

VI CONCLUSION

In this paper, an:asymmetrical control with phase lock loop -
for full-bridge series resonant inverter has been introduced.:
This control has two parts: the asymmetrical control loop. !
which regulates output power and the phase lock loop contiol " -

which ensures ZVS, And its operating frequency can track fast. -

to change and to maintain lock at the Little higher than the
natural resonant trequency when the parameter of induction
heating load are varied and the pulse voltage is-adjusted.:
Ensuring maximum power transfer to the load throuvhout the_'_._' '
heating cycle. S
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