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Series and Parallel Resonant Inverter for
Induction Heating application

Saichol Chudjuarjeen and Vichian Hathairatsiri
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Abstract

This paper presents the series and parallel resonant configuration of a full-bridge inverter for
induction heating applications by using asymmetrical voltage cancellation control. The proposed
control method is implemented in a full-bridge inverter topology. The operating frequency is
automatically tracked to maintain a small constant lagging phase angle when load parameters change.
The output power is controlled using the asymmetrical voltage cancellation technique. The validity of
the proposed method is verified hardware experiment at the operating frequency of 52.63 to 53.8 kHz.

Keywords: resonant inverter, induction heating, series and parallel resonant, phase lock loop

1. Introduction

Induction  heating 15 a  well-known
technique to produce very high temperature for
applications like steel melting, brazing and
surface  hardening. In each application,
appropriate frequency must be used depending
on the work-piece geometry and skin-depth
requirement [1, 2]. This technique requires high
frequency current supply that is capable of
inducing high frequency eddy current in the
work piece and thus results in the heating effect
[1]. A large number of topologies have been
developed in this area. Current-fed and voltage-
fed inverters are among the most commonly
used types [3]. One of the important advantages
of current-fed inverter is the short-circuit
protection capability. However, the current
source inverter can only be controlled by using
phase-controlled rectifier for adjusting the
voltage at the dc link. This differs from voltage
source inverter which has various controls.
Recent developments in switching schemes and
control methods have made the voltage-source
resonant inverters widely used in applications
that require output power control. In pulse-
frequency modulation (PFM), the output power
can be controlled by varying the switching
frequency while the inverter operates under
zero-voltage switching scheme. The pulse-
density modulation (PDM) method regulates the

$TJSWB 2009

output power by varying the period in which the
mverter supplies high-frequency current to the
induction coil. The phase-shift (PS) control
technique in varies output power by shifting the
phase of the switch conduction sequences.
Asymmetrical  duty-cycle (ADC) control
technique employs an unequal duty-cycle
operation of the switches in the converter. The
asymmetrical voltage-cancellation (AVC) is
proposed in where the authors describe voltage-
cancellation for conventional fixed-frequency
control  strategies. In  induction heating
application, the output power control using the
mentioned techniques in fix frequency and
optimum duty cycle for ZVS operation are
rather difficult due to variation of parameters in
the resonant load. In, the AVC is implemented
in a full-bridge series resonant inverter. The
series-resonant  inverter needs an output
transformer for matching the output power to the
load.

In this paper, an improved LLC resonant
inverter with AVC control technique 1s
proposed. The aim is to control the output power
for high temperature application including steel
melting, brazing and hardening where the load
parameters and resonant frequency vary
throughout the system operation. The operating
frequency 1s controlled using phase-locked loop
to track for the resonant frequency. The output
power is controlled by adjusting the switch duty
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cycle in the event of load parameter variation.
The LLC resonant tank is designed with the
matching transformer in between the series
inductor and paralleled LC tank. The important
advantage of the proposed topology is the short
transformer

of

circuit protection the and

induction coil.

2. Circuit Description

%]
o]
L

gl
S

Fig. 1. Full-bridge series and parallel resonant
inverter.

Fig. 1 shows an LLC resonant inverter
configuration for induction heating applications.
The inverter consists of four switches with
antiparallel diodes, a resonant capacitor, a series
inductor (L) and an induction coil that

comprises of a series combination of resistor
(Rey) and induction coil inductor (L.i). A DC
blocking capacitor (C,) is inserted in series with
the transformer primary. An equivalent circuit of
the full-bridge LLC inverter system in Fig. |
Note that C, with a negliglble value of G, L and
R represents the Req, L., and C, refered to the
primary of the transformer, respectively. The
total impedance to the asymmetrical voltage
source (v,) is denoted by Z,,.. i; and i, are the
input current and load current, respectively.

2.1 Modes of operation

As shown in Fig. 3, five modes of
operation exist within one switching cycle. The
corresponding circuit topology for each mode of
operation is illustrated in Fig. 4. The analysis is
as follows.
1) Mode 1 (z,—t,): While switches S, and S; are
off, at ¢ = 1, switches S, and S; receive positive
gating signals. The negative input current (i)
flows through diodes D; and D,.
2) Mode 2 (t;—t): At t = t;, as soon as the
antiparallel diodes D, and Dy are off, switches S,
and S; conduct and ZVS operation is achieved.

STISWB 2009

During this mode, the positive input current (i)
flows.

3) Mode 3 (,—13): At ¢ = 15, While the switch §,
still conducts, the switch S, is turned off and the
antiparallel diode D; conducts. At the same
instance, the switch Sy is turned on for the

purpose of conduction loss reduction in the
diode D;.

Slll |

0 T 2.1‘!_’; 0
s, : :

0 I I >()
R R

>0
I >0
; b
'oc
Bo_ |55 [958 68 | s
Mode 1 | Mode 2\ Mode 3| Mode 4 Mode 5

Fig.2. Typical voltage, current and gate signals

4) Mode 4 (5—t): At t = 13, the switche S, 1s
turned off. Similar to that in Mode 1, and the
diode D, starts conducting positive is together
with the diode D;.

5) Mode 5 (t4—ts): At t = t,, when the antiparallel
diodes D; and D; are off, the switches S, and S;
conduct and the ZVS condition is achieved.
During this mode, the input current i, becomes
negative. Therefore, the one-cycle operation of
the full-bridge inverter is completed. The next
operating cycle continues to repeat from modes
1 tos.
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ModeS(l-t) =

Fig. 3. Operation modes of the Inverter

3. Experimental

The following  parameters are used
V, =254V L =161uH R =0024Q and
L, =100 uH . set of parameters as provided in
the simulation study. The load is a 30-grams
aluminum workpiece in a graphite crucible. The
IRFP460 MOSFETs are used as switching
devices. The switching frequency varies from
52.63 to 53.8 kHz. under load parameter
variation. Fig. 4 shows the measured v, and i
waveforms when the inverter operates at 52.63
kHz with no phase shift. This operating
condition is considered as the full-load
condition. The induction coil voltage and current
waveforms are shown in Fig. 5. The load power
is at 1250 W. Once the work piece temperature
increases, the induction coil impedance changes
in a way that the resonant frequency increases.
The phase-locked loop control then increases the
switching frequency to track the resonant
frequency. It is noted that the operating
frequency is maintained at a little higher than
the resonant frequency. This is to ensure the
zero voltage switching (ZVS) operation. In
addition, the shifted angle is adjusted to 90" in
order to control the output power to the load.
The v, and i; waveforms are shown in Fig. 6.
The switching frequency is automatically
increased to 53.10 kHz. Fig. 7 shows the v¢ and
i, waveforms. The output power is reduced to
646 W.
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CH1= 1.90U/ CH2= 2.80U/

S.886us/ 20.8MSa/s

Fig. 4. v, and i, waveforms at 52.63 kHz (i;: 8.4
A/div, v,: 100 V/div and Time: 2 g5/ div.)

STOP I

A=

IEERREEERREE IR,

CH1= 1.80U/ CH2= 20.6U/ S.088us/ 26.8MSa/s

Fig.5. vcand i ,; waveforms at 52.63 kHz ({0
100 A/div, ve: 50 V/div and Time: 2 ps/ div.)

CHi= 1.80U/ CH2= 2.00U/

5.0008us/ 28.8MSa/s

Fig. 6. v, and i, waveforms at 53.10 kHz (i;: 8.4
A/div, v,: 100 V/div and Time: 2 gs/ div.)
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