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Abstract—The demand for flexible and adaptive power
electronics solutions in industrial as well as domestic
applications, particularly in Induction Heating (IH) with
varying material properties necessitate tailored power
delivery mechanisms. Conventional inverters typically
operate in either full-bridge (FB) or in half-bridge (HB),
limiting their adaptability and efficient operation when
dealing with diverse loads. Different material compatibility is
a desirable feature of the IH system. This paper presents a
reconfigurable inverter tailored for IH applications. The
proposed inverter exhibits the capability to dynamically
switch between FB and HB configurations, offering enhanced
versatility and efficiency in powering both ferromagnetic
(FM) and non-ferromagnetic (NFM) material loads. The
reconfigurable inverter's dual frequency operation enables
independent control of two different material loads. The
proposed inverter operates in HB mode to power FM load at
low-frequency and in FB mode to power NFM load at high-
frequency. Asymmetrical Duty Cycle (ADC) control is used in
HB mode and Asymmetrical Voltage Cancellation (AVC)
control is used in FB mode. Soft switching is accomplished to
provide a greater output power range. The proposed inverter
topology has been verified through MATLAB simulation for
an output power of 1.7 kW and an efficiency of 95.7% is
achieved.

Keywords—  Asymmetrical Duty  Cycle  Control,
Asymmetrical Voltage Cancellation Control, Induction Heating,
Reconfigurable inverter, Series resonant inverter, and Zero
Voltage Switching (ZV'S).

I. INTRODUCTION

Induction heating (IH) is a process that uses
electromagnetic induction to heat electrically conductive
materials. The principle behind IH involves generating
high-frequency alternating currents in a coil, which
produces a rapidly alternating magnetic field. When a
conductive material is placed within this magnetic field, emf
is induced within the material, generating eddy currents
which produces heat due to its electrical resistance. IH has
emerged as an efficient method and versatile for heating
metallic objects in domestic applications [1]. Compared to
traditional heating techniques, IH has a number of benefits
that make it a better option for domestic applications.
Efficiency, cleanliness, quick heating, accurate control,
adaptability, consistent heating, and safety are some of IH's
main benefits [2]. In IH, the skin depth plays a crucial role
in determining the depth of penetration of the alternating
magnetic field into the material being heated. The relation
between switching frequency and skin depth is given in (1).

6= |— €]

979-8-3503-8399-7/24/$31.00 ©2024 IEEE

S. Porpandiselvi
Department of Electrical Engineering
National Institute of Technology Warangal
Warangal, India

selvi@nitw.ac.in

where p is the resistivity of the material, f is the
frequency of the current, and p is the magnetic permeability
of the material.

The efficiency with which series resonant inverters
(SRI) can provide the high-frequency alternating currents
required to heat the workpiece makes them a popular choice
for [H applications. Some commonly used SRIs in induction
heating are full-bridge [3], half-bridge [4], and single-switch
[5] topologies. Power for a single heating element or
cooking zone is supplied via a single-load SRI arrangement.
For residential induction cooktops with a single cooking
zone, the single-load SRI setup is appropriate due to its
affordability and simplicity. Nevertheless, it might not be
adaptable enough to support several cooking zones at a time.
As a result, multi-load configurations are now being
developed in SRIs. Some resonant tank circuits are used in
a multi-load SRI arrangement to supply several heating
elements simultaneously and independently.

Multi-load SRI setup enables the simultaneous heating
of numerous loads made of various materials, such as FM
and NFM materials, at various power levels. When exposed
to the alternating magnetic fields produced by the inverter,
these FM and NFM materials behave differently. For FM
materials, the admittance is high at lower switching
frequencies. For NFM materials, on the other hand, the
admittance is large at higher switching frequencies.

In order to manage the temperature of the workpiece
and adjust the output power, power control techniques are
crucial. Pulse frequency modulation (PFM) [6],
asymmetrical duty cycle (ADC) control [7], phase shift
control (PS), and asymmetrical voltage cancellation (AVC)
control [8] are few of the power control strategies
frequently used in SRIs.

Reconfigurable resonant inverters have a number of
benefits, including increased efficiency, flexibility, and
adaptability. A reconfigurable inverter with series and
series-parallel resonant loads is proposed in [9] for
induction heating. It uses additional components such as
electromechanical switch, an inductor, and a capacitor,
which increases the system's overall size, weight, and cost.

In this paper, a reconfigurable resonant inverter is
proposed to power two different material IH loads i.e.,
aluminum (NFM) and iron (FM) loads operating in FB and
HB modes respectively. During high state of the control
pulse, the inverter configures to FB mode and powers the
aluminum load. And during the low state of the control
pulse, the inverter configures to HB mode and powers the
iron load. ADC control is used to control the power in iron
load and AVC control is used to control the power in
aluminum load.

This paper is organized as follows: The proposed
reconfigurable resonant inverter is presented in Section II.



The inverter output power and its control are described in
Section III. In Section IV, the operating modes of the
reconfigurable inverter are presented. Section V presents the
simulation results to wvalidate the proposed inverter's
feasibility. Finally, Section V concludes the paper.

II. CIRCUIT DESCRIPTION AND ITS OPERATION

Circuit diagram of the proposed resonant inverter is
shown in Fig. 1. A DC voltage source, Vs, and four
MOSFET switching devices, M4 to Mp, form a full-bridge
circuit. Load-1 is treated as a NFM load and Req 1 and Leg 1
represent the load-1 equivalent resistance and inductance,
respectively. The resonant capacitor C; ; is employed in
order to resonate the load-1. Load-2 is treated as a FM load
and its equivalent resistance and equivalent inductance are
represented by Req 2 and Leq 2 respectively. C; 2 serves as the
load-2 resonant capacitor.

The load-1 is powered by high switching frequency of
fu as the NFM material has high admittance at higher
frequencies. Whereas the load-2 is powered by a low
switching frequency (fi) since the FM material has high
admittance at lower frequencies. The MOSFETS Mc and
Mp remain always in the OFF and ON positions,
respectively, during the FM load's powering period (t,) and
MOSFETS M4 and Mg are switched at a frequency of fi.
The circuit operates as a half-bridge inverter in this mode.

The proposed inverter can be reconfigured to operate
both in HB and FB modes to power load-2 and load-1 with
low and high frequencies respectively. This reconfiguration
operation is governed by a control pulse, Gc. When the state
of G is high, high-frequency pulses are generated and the
inverter operates in full-bridge mode. When the state of Gc¢
is low, low-frequency pulses are generated and the inverter
operates in half-bridge mode. Fig. 2 shows the gating pulses
of the switching devices.
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Fig. 1. Proposed Reconfigurable Resonant Inverter.
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Fig. 2. Switching pulses.

However, in order to supply the load-1, all MOSFETS
from Ma to Mp are switched at a frequency of fy during t;.
Ma and Mg are operated complementary. In a similar way,
Mc and Mp are complement to each other. There is
sufficient dead time in between each leg's switching to keep
the inverter from sustaining a shoot-through current. The
circuit operates as a full-bridge inverter during this mode.

Th-on, Th-otf, and Ty are respectively the ON period, OFF
period, and total time period of the high-frequency pulse.
Similarly, Tr-on, Tr-ofr, and Tp are the ON period, OFF
period, and total time period of the low-frequency pulse
respectively. T and Ty are expressed in (2). The duration
of the control pulse during its high and low states are
denoted by t; and t, respectively. Thus, the powering period
of the particular load can be controlled by varying t; and t,
of Gc. If the FM load is to be powered alone, then t; of G¢
is set to minimum. In contrast, if the NFM load is to be
powered alone, then t, of G¢ is set to minimum.
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Fig. 3. Resonant load operation.

Load-1 resonant frequency is expressed as f,q =
1

21, [Leq 1Cr 1
frequency of 220 kHz in FB mode. The j:—” ratio is selected

. During t;, the inverter is operated at a high

1
to be 1.02 in order to make the circuit slightly lagging which
facilitates ZVS.

Load-2 resonant frequency is expressed as f,, =
1

21, [Leq 2Cr 2
frequency of 30 kHz in HB mode. The ;—L ratio is selected

. During t,, the inverter is operated at a low

T2
to be 1.1 in order to make the circuit slightly lagging which
facilitates ZVS.

During t; and t; the equivalent circuit of the resonant
loads are shown in Fig. 3. During t the inverter is operated
at fy which is closer to the resonant frequency of load-1.
Load-1 offers low impedance path for high frequency
currents. Whereas in load-2, Leq » offers a high impedance
at fy and hence acts as an open circuit. Hence the entire high
frequency inverter current flows through load-1 only.

On the other hand, during t, the inverter is operated at f.
which is closer to the resonant frequency of load-2. Load-2
offers low impedance path for low frequency currents.
Whereas in load-1, C; ; offers a high impedance at fi and
hence acts as an open circuit. Hence the entire low
frequency inverter current flows through load-2 only.
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III. OUTPUT POWER AND ITS CONTROL

The equivalent circuit during FB and HB operating
modes of the proposed inverter are shown in Fig. 4. The
inverter configures to FB mode to power load-1 and to HB
mode when powering load-2. AVC technique is used to
control the power of load-1 in FB mode and ADC technique
is used to control the power of load-2 in HB mode. To
reduce the switching losses, the inverter is operated slightly
above the respective resonant frequencies of the loads by
facilitating Zero Voltage Switching (ZVS).

Load-1 is powered for a time duration of t;, while load-
2 is powered for a time duration of t,.

Let the maximum power rating of both loads be Pyax.

The average power of load-1 can be expressed as

t1

Pr = 5 Puax 3)
and the average power of load-2 is
Py = —i=P “

(ta+ty) Max
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Fig. 4. Equivalent circuit of the inverter: (a) FB mode (b) HB mode

The total average power is P; + P, = Py
IfPl = PZ = PL(Say), thel’l PL = O'SPMax

The time duration for powering the load-1,

PiT

h= PMax (5)
The time duration for powering load-2,
_ _PT
L= Prtar (6)

where, T = ti+t,, is the time period of the control signal.

Load-1 alone can be powered by making t; as zero and
load-2 alone can be powered by making t; as zero. Thus, the
time durations t; and t, determine the powering period of the
loads.

IV. MODES OF OPERATION

The detailed operating principle of the inverter operating
in FB and HB modes is presented below.

A. Operating principle of FB-mode:

The major modes of operation of the inverter in FB-mode
are shown in Fig. 5. During this operation, all the switching
devices M to Mp are switched at high frequency, fi, during
the high state of the control pulse G¢ and powers load-1.

1) FB mode-1: In this mode of operation, switching
devices Ma and Mp are in on state, powering load-1. The
voltage across the inverter terminals A and B is +Vs.

2) FB mode-2: During this mode, Ma and Mc are in on
state, therefore the load-1 current freewheels and hence the
inverter output voltage is zero.

3) FB mode-3: In this final mode of operation, the
switching devices Mg and Mc are ON and hence Vag=-Vs.

The corresponding output voltage waveform during t; is
shown in Fig. 7.
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Fig. 5. FB mode: Modes of operation
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Fig. 6. HB mode: Modes of operation
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Fig. 7. Control pulse G¢ and inverter output voltage, V ap.

B. Operating principle of HB-mode:

The modes of operation of the inverter in HB-mode are
shown in Fig. 6. In this mode of operation, the switching
devices Mc and Mp are in off and on states respectively.
Switching devices My and Mg are switched at low
frequency, fi, and powers load-2.

1) HB mode-1: During HB mode-1, Ma and Mp are
ON, hence Vag = Vs.

2) HB mode-2: In HB mode-2, Ma turns off and Mg is
about to turn on during the dead time period. As the load-2
is operated to be more inductive in nature, load-2 current
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freewheels through Dg and hence Vag = 0. This ensures the
ZVS of M.

3) HB mode-3: During HB mode-3, Mg is ON, load is
disconnected from the supply and therefore, Vag = 0.

4) HB mode-4: In HB mode-4, Mg turns off, My is
about to turn on and load current freewheels through Da
and hence, Vag = Vs.

The corresponding output voltage waveform during t; is
shown in Fig. 7.

V. SIMULATION RESULTS AND ANALYSIS

The MATLAB® environment is utilized for the design
and simulation of the proposed reconfigurable inverter. The
maximum output power of the inverter, when each load is
powered at 850 watts, is 1.7 kW. Table I provides the
design specifications.

An aluminum vessel is treated as the load-1 which is a
NFM load and an iron pan is treated as the load-2 which is
a FM load. FM load is driven by configuring the inverter in
half-bridge mode whereas the NFM load is driven by
configuring the inverter in full-bridge mode. For inverter
operation mode control, a control pulse G¢ of frequency
20 Hz is selected. To power load-1, the switching
frequency, fy is selected, and to power load-2, a switching
frequency, fi is selected. The FFT of the inverter output
current is displayed in Fig. 8. It indicates that the inverter
is operating with dual frequency. It can be observed from
Fig. 9, that the inverter reconfigures its mode of operation
from a full bridge to a half-bridge and vice-versa during
each 25 msec. The control pulse is high during 25 msec
operating the inverter in full-bridge mode and it becomes
low for 25 msec operating the inverter in half-bridge mode.

It can be observed from Fig. 10 that the load-2 is
powered during the low state of Gc, configuring the
inverter in HB mode and load-1 is powered during the high
state of Gc¢, configuring the inverter in FB mode. A
negligible amount of current flows through the loads during
their respective non-powering period.

TABLE I. CIRCUIT PARAMETERS

Parameters Value
DC Input Voltage, Vpc 110V
Load-1 Switching Frequency, fy 220 kHz
Load-2 Switching Frequency, fi 30 kHz
Control Pulse frequency 20 Hz
Equivalent Resistance of both the loads, Req. 1= Reg- 11 28Q
Equivalent Inductance of Load-1, Ly 543 uH
Equivalent Inductance of Load-2, Leg 65.8 uH
Resonant Capacitance of Load-1, C;.; 10 nF
Resonant Capacitance of Load-2, C,, 0.52 uF

0 0.3 Freqlllency (Hz) 15 2 xzu}‘s

Fig. 8. FFT of the inverter output current

During FB mode, load-1 current is almost zero and is
negligible. This can be observed in Fig. 11. Similarly,

during HB mode, load-2 current is almost zero and is
negligible. This can be observed in Fig. 12. Independent
power control of  load-1 varying the duty ratio of the
inverter, D; during HB mode is shown in Fig. 11. During
this independent control, the inverter is operated at 50%
duty ratio in FB mode. Fig. 14 shows the independent
power control of load-2, varying the ON period duty ratio
of the inverter, D> during FB mode. During this
independent control, the inverter is operated at 50% duty
ratio in HB mode. Hence it is evident that the independent
control of the two loads is possible in the proposed inverter.
A peak power of 1.7 kW is delivered to the loads at the
maximum duty ratio.
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Fig. 9. Simulation waveforms: Inverter output current (Top) and Inverter
output voltage (Bottom).
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Fig. 10. Simulation waveforms: Load voltage (Top), load-2 current
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100 ‘7 “ 7‘ —Load-1 Volta; é
.
- &2
EEH || ] | | |
100 - =
i I 1 ] 2 1 B . -
0 ‘ ‘ ‘ ‘ ‘ ' [—Load-2 Current/

Load-2

Current

(Amps)
>

T T T T T T

. . . .
- E g: 20 ] I |[—Load-1 Current!|
i \
S5E2 ]

I 1 I 1 I h . L I 1
8.778 8.78 8.782 8.784 8.786  8.788 8.79 8792 8.794 8.796 8.798
Time (Sec) x107

Fig. 11. Simulation waveforms during FB mode: Load-1 voltage (Top),
load-2 current (Middle) and load-1 current (Bottom).
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Fig. 12. Simulation waveforms during HB mode: Load-1 voltage (Top),
load-1 current (Middle) and load-2 current (Bottom).

For the peak output power delivered, an efficiency of
95.7 % is obtained, and is depicted in Fig. 15.

Hence, the reconfigurable resonant inverter is versatile
in powering two different types of material loads
independently with high efficiency.
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Fig. 13. Independent power control of Load-1.
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Fig. 14. Independent power control of Load-2.

10 ‘ ‘ ‘ ‘

&

>

=

k) 901 1

2 o

; 85" —— D, is Varying |
—— Dy is Varying

80 ‘ ‘ ‘ ‘
800 1000 1200 1400 1600 1800
Total QOutput Power (Watts)

Fig. 15. Efficiency Vs Total output power.

VI. CONCLUSION

A dual resonant reconfigurable inverter for
different material IH loads is proposed in this paper. A
dual-resonant approach using dual frequency is used to
power the load-1 and load-2. High frequency is used to
power the load-1 in full-bridge mode and low frequency is
used to power the load-2 in half-bridge mode. The
independent power control of load-1 and load-2 is achieved
using AVC and ADC respectively. The proposed inverter
is simulated for 1.7 kW in MATLAB. The inverter operates
at an efficiency of 95.7% and maintains a good efficiency
profile in the entire range of power control of the loads.
Hence, this dual resonant reconfigurable inverter is feasible
for domestic induction cooking applications.
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