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Abstract—Induction heating (IH) systems are emerging as an
alluring solution to the domestic heating appliances market.
Heating multiple loads and loads of different materials is often
required. It is challenging to heat ferromagnetic as well non-
ferromagnetic materials simultaneously due to their different
heating requirements. Classical IH solutions consist of two power
conversion stages which reduces the overall efficiency of the
system. In order to overcome this, a direct ac-ac multiple
load inverter for different materials is proposed in this paper.
Dual frequency approach is used to meet different heating
requirements of the ferromagnetic and non-ferromagnetic ma-
terial loads. Asymmetric duty cycle control (ADC) is used to
obtain independent control of each load. The performance of
the proposed direct ac-ac multiple load inverter is verified by
simulations in MATLAB/Simulink environment.

Index Terms—induction heating, soft switching, multiple loads,
dual frequency approach, asymmetrical duty cycle

I. INTRODUCTION

Induction heating (IH) systems are gaining popularity in the
market primarily due to their advantages over other conven-
tional heating systems [1]. IH systems are highly efficient as
the heat will be produced directly into the vessel. IH offer a
clean and fast heating solution which is very much desirable
in heating applications.

A converter with wide bandwidth and high output power
levels is required to implement such IH system [2], [3]. Tradi-
tional IH converter consists of two stages namely rectification
and inversion [4]-[8]. A full-bridge rectifier with four diodes
along with dc link capacitor is used to convert input ac voltage
into pure dc voltage. Then a high frequency resonant inverter is
used to feed IH loads. Due to more stages of power conversion,
such solutions suffer more power loss. This problem can be
overcome with direct ac-ac converters which will help in
reduced component count and dc link filter requirement. In
the literature, ac-ac converter based IH systems are proposed
in [9]-[14]. Most of these existing topologies are suitable for
single IH load and only for ferromagnetic loads.

In this paper, a direct ac-ac converter for multiple loads
is proposed for different material IH loads. The proposed
converter offers high efficiency due to reduction in conversion
stage and reduced component count per load. In the proposed
topology, MOSFETs are used for control in positive and
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negative half cycles whereas, diodes are used in the existing
topologies. Existing ac-ac inverter topologies use two diodes
to obtain control over positive and negative cycles of ac supply
voltage. Due to higher current requirements of IH systems, the
losses in the diodes are high which leads to reduced efficiency.
To overcome this problem, in this paper MOSFETSs are used
which reduces the losses significantly and increases the overall
efficiency of the system.

Ferromagnetic and non-ferromagnetic loads have differ-
ent heating requirements. The resistances offered by these
loads are varying with frequency. Non-ferromagnetic materials
offer very low resistance at lower frequency range while
ferromagnetic material offers high resistance in that range.
So, ferromagnetic material can be heated at low range of
frequencies typically of 20 kHz-30 kHz but non-ferromagnetic
materials require higher frequency operation typically in the
range of 100 kHz-200 kHz. In order to heat these two different
material, dual frequency approach is used in this paper. The
concept of variable impedance of inductor and capacitor is
used to heat loads at different frequencies. Asymmetric duty
cycle (ADC) control is used to obtain independent control of
different loads.

II. PROPOSED AC-AC INVERTER CONFIGURATION

Fig. 1 shows circuit of the proposed ac-ac multi-load in-
verter. It uses two full-bridges which are powered respectively
during positive and negative half cycles of the supply voltage.
Switches S7, So, S3 and Sy constitute one full-bridge which
is powered in positive half cycle while S5, Sg, S7 and Ss
constitute another bridge which is powered during negative
half cycle. Switch ), will conduct during positive half cycle
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Fig. 1. Proposed ac-ac multi-load inverter
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Fig. 2. Principle of operation

to power the first bridge and switch S,, will conduct during
negative half cycle to power the second bridge. Induction
heating load which is the combination of IH coil and the
vessel, can be modelled as series combination of R and L.
Where R and L are equivalent resistance and inductance of
IH load as seen from the IH coil. R;, Ry, R3 and R, are
equivalent resistances of the four IH loads respectively. L,
Lo, Ls and L4 are equivalent inductances of the four IH loads
respectively. Resonant capacitors Cyq, Cre, Cr3 and C,4 are
selected to resonate the four IH loads at respective frequencies.
The indicated conventions of voltages and currents in Fig. 1
are taken as reference for further analysis.

A. Principle of operation

Impedances offered by inductors and capacitors are variable
with operating frequencies. At higher frequencies, inductors
offer high impedance and may behave as open circuit. Capac-
itors offer high impedance at low frequencies and may act as
open circuit. This principle is used to obtain control over cur-
rent flowing through magnetic and non-magnetic loads. Load-1
and Load-3 are non-magnetic IH loads. Load-2 and Load-4 are
ferromagnetic IH loads. C}.; and C,.3 are equal and are selected
to resonate Load-1 and Load-3 at higher frequency. C}; and
C.4 are equal and are selected to resonate Load-2 and Load-4
at lower frequency. C,1 and C)o are selected such that C..
<< Cia. At lower ranges of frequencies, resonant capacitor
C,1 will offer very high impedance and do not allow current
flow through Load-1. Now, load-2 offers low impedance and
allows low frequency currents as shown in Fig. 2(a). At higher
frequencies, Ly will offer very high impedance which restrains
current from flowing through the Load-2 branch and it passes
through Load-1 as shown in Fig. 2(b).

Ferromagnetic load is resonated at lower frequency. Non-
ferromagnetic load is resonated at higher frequency as it
offers high resistance at higher frequencies which facilitates
in developing more heat in the vessel. Dual frequency voltage
components across each bridge are obtained by operating each
leg of full-bridge at different frequencies. As per the principle
explained above, high frequency currents will pass through
the non-ferromagnetic load and low frequency currents will
flow through the ferromagnetic load and produce heat in the
respective vessels.

B. Modes of operation and control

In order to obtain dual-frequency voltage component across
full-bridge, the legs are operated at different frequencies. The
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Fig. 3. Key Waveforms of the proposed ac-ac multiple load inverter, (a) low
frequency and high frequency gate pulses, (b) voltage across loads when both
the loads are operated at full duty cycles, (c) Load voltage at D; = 0.5 and
Dpy =1, (d) Load voltage at D;y = 1 and Dpy = 0.5

inverter leg comprising of S; and Sy is operated at lower
frequency while that of S3 and S, is operated at higher
frequency. The switching frequencies are selected slightly
higher than that of the corresponding resonant frequencies
to ensure ZVS operation. The switching pulses and output
voltage waveforms are shown in Fig. 3. When S5;-S3 or Sa-
Sy are ON, voltage across the bridge, V,12 will be zero. With
S1 and Sy ON, positive voltage will appear across the bridge.
Negative voltage across the bridge is obtained with S5 and S5
are ON.

ADC control is used to control powers in the individual
loads. Duty cycle for controlling power of low frequency load,

_ ,‘Tlf,on

l%f—'jh/2 (1)

Similarly, duty cycle for controlling power of high frequency
operated load,

_ Th fion

M T2

)

Where, T;; and Tjs .y, are respectively the time period and
ON duration of low frequency gate pulse. T}y and Tj,r on
are respectively the time period and ON duration of high
frequency gate pulse. The variation range for Tj¢ o, and T}, 1 on
are 0<T;f 0, <T;f/2 and OgThf’ongThfﬂ respectively. The
Output voltage waveform at full power operation of both the
loads is shown in Fig. 3(b). Fig. 3(c) and Fig. 3(d) show output
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Fig. 4. Modes of operation, (a) to (d) operation during positive half cycle of ac mains, (e) to (h) operation during negative half cycle of ac mains

voltage waveform across the bridge for D;y = 0.5, Dpy = 1
and Dy = 0.5, D;y = 1 respectively.

The complete operation of the proposed inverter is depicted
in Fig. 4. Fig. 4(a) to Fig. 4(d) show operation of the proposed
circuit during positive half cycle of the ac input, V4o with
switch .S, is ON. As shown in Fig. 4(a), both the loads are
powered when switches Sy, Sy are ON while S5, S3 being
OFF. With only S7 and S35 are ON, load currents will freewheel
in a loop as shown in Fig. 4(b). The voltage polarity across the
loads will be reversed when only S; and S35 are ON. Both the
loads will be powered in the opposite direction as shown in
the Fig. 4(c). With only S5 and S4 are ON, the load currents
will freewheel in a loop as shown in Fig. 4(d).

Fig. 4(e) to Fig. 4(h) show the operation of the proposed
circuit during negative half cycle of the ac input, V¢ with
switch .S, is ON. As shown in Fig. 4(e), both the loads are
powered when switches S5, Sg are ON while Sg, S7 being
OFF. With only S and Sg ON, loads will freewheel in a loop
as shown in Fig. 4(f). The voltage polarity across the loads
will be reversed when only Sg and S; are ON. Both the loads
will be powered in the opposite direction as shown in the

Fig. 4(g). With only S5 and S7 ON, the loads will freewheel
in a loop as shown in Fig. 4(h). The pair of Load-1 and Load-
2 are powered only during positive half cycle of the AC input
while Load-3 and Load-4 are powered only during negative
half cycle of the AC input.

C. Output Power Expression

The output power expression for the proposed ac-ac inverter
can be expressed as

(o) o0 V02n
Po=) Io,Req = 5" Reg 3)
n=0 n=0 "9

where, n is the harmonic order, I, ,, is the load current, V, ,
is the output voltage of the inverter, Z,,, is the impedance
of the Rey — L.q — C, load. At resonance, considering only
fundamental component, the output power expression can be
written as

=12

PO o,rmsReq (4)

Where, I, s is the rms value of the load current. The ouput
power expression for HB-SRI is derived in [15]. The output
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TABLE I
PARAMETERS OF THE PROPOSED AC-AC INVERTER

@
5
5

@
8

@
2
N
b

Component Value § . . g
Supply volage 230V g 2
IH Load-1 and Load-3 equivalent Giso =3
series resistance,R1 & R3 2.09 Q
IH Load-1 and Load-3 equivalent B o0a : : : 008"
series inductance,[; & L3 44 pH
IH Load-1 and Load-3 equivalent series
resonant capacitors,Cr1 & Chr3 0.1 uF
IH Load-2 and Load-4 equivalent 300
series resistance,Ro & R4 2.05 Q 200
IH Load-2 and Load-4 equivalent series 100
inductance,Lo & L4 10.9 uH
IH Load-2 and Load-4 equivalent series .
resonant capacitors,Cro & Chrg 3 uF o
Switching frequencies for two different
legs of each full-bridge 150 kHz, 30 kHz Gos 005 006 007 008

power of the full-bridge inverter operated in dual frequency
mode is the combination of the output powers of individual
half bridge inverters [16]. So, the total output power delivered
to the loads can be given as

0.06 0.07 0.08

P - (1 — cos2mDyy) RV2
’ 2m? (R} + @nfns i — 5o )] ©
n (1 — COS 271'le) RQVQQC (5) '
272 (RS + 27 fir L = 577,,05)7)
Where, V,. is the rms value of the input supply, fny is the
high frequency and f is the low frequency. :
III. SIMULATION RESULTS oo 255 o0 o o0
(d)
The proposed ac-ac inverter for multiple loads is simulated %00
for parameters mentioned in Table I. The proposed inverter 200
is used to power four loads, each full-bridge powering two 00

0

different material loads. Load-1 and Load-3 are two similar
aluminium vessels and Load-2 and Load-4 are two similar
steel vessels. Aluminium and steel vessel loads are resonated
at 27.27 kHz and 227.27 kHz respectively with suitable values
of resonant capacitors. The quality factor for the series R-L-C ©
load is given as @) = woL/R. The Q factor for aluminium

-100

-200

300 . L L
0.04 0.05 0.06 0.07 0.08

100 ' v

vessel load is (Q,; = 3 and steel vessel load is Qgpee;r = 1.
Switching frequencies are chosen slightly higher than resonant i
frequencies to ensure zero voltage switching in the devices. 0
One leg of each full-bridge is operated at 30 kHz and another

leg is operated at 250 kHz.
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TABLE II
PERFORMANCE OF THE PROPOSED INVERTER

P1 P2 P3 P4 THD(%) 20

13376 W 1028.61 V 690 W 480.51 W 1.4
924.69 W 48428 V. 67791 W  1113.88 W 5.12
38543 W 1047.06 V. 384.86 W 820 W 39
1003.3 W 1108.15V  1003.3 W  1108.15 W 0.29
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Fig. 5. Simulation results for variable load operation, (a) source voltage and

source current, (b) V,12,voltage across Load-1 and Load-2, (c) I,1, current
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Load-3 and Load-4, (f) I,3, current through Load-3, (g) o4 current through

Load-4



Source Voltage

Source Current, lac

-
T
\
|

o
©
\

[
o
i
(3
2
o
o 06+
o _
[ 2
‘ Noar P
0.04 0.05 0.06 0.07 00’810O g ,///
i 02 F i 2
)
(a) z )
o . .
0 0.2 0.4 0.6 0.8 1
300
Duty Cycle, D

150

-150

-300
0.04 0.05 0.06 0.07 0.08

“004 0.05 0.06 007 0.08

(C))

®

100

-100
0.04 0.05 0.06 0.07 0.08

(@

Fig. 7. Variation of the output power with the duty cycle

The operation of the proposed inverter at variable duty cycle
is shown in Fig. 5. Load-1 is powered at 133.76 W with 20%
duty cycle, Load-2 is powered at 1028.87 W with 80% duty
cycle, Load-3 is powered at 690 W with 60% duty cycle and
Load-4 is powered at 480.5 W with 40% duty cycle. Fig. 5(a)
shows the source voltage and the source current waveforms.
Total harmonic distortion in the source current is 1.4% for the
considered variable load condition. Fig. 5(b) shows voltage
across Load-1 and Load-2. Currents of 8§ A and 22.4 A flows
through Load-1 and Load-2 respectively as shown in Fig. 5(c)
and Fig. 5(d). Fig. 5(e) shows voltage across Load-3 and Load-
4. Currents of 18.17 A and 15.31 A flows through Load-3 and
Load-4 respectively as shown in Fig. 5(f) and Fig. 5(g).

Fig. 6 limns the full load operation for all the four loads.
Load-1, Load-3 are powered at 1003.3 W and Load-2, Load-
4 are powered at 1108.15 W at full duty cycle operation.
Fig. 6(a) shows the source voltage and the source current
waveforms. Total harmonic distortion in the source current
is 0.29% for the considered full load condition. Fig. 6(b)
shows voltage across Load-1 and Load-2. Currents of 21.91 A
flows through Load-1 and Load-3 as shown in Fig. 6(c) and
Fig. 6(f). Fig. 6(e) shows voltage across Load-3 and Load-
4. Currents of rms value 23.25 A flows through Load-2 and
Load-4 as shown in Fig. 6(d) and Fig. 6(g). The performance
of the proposed inverter for different load condition is shown
in Table II. The normalized output power with the duty cycle
variation is shown in Fig. 7. The normalized output power
has been defined as P, = P,R.,/V2. The output power is
maximum for duty cycle D=1.

CONCLUSIONS

In this paper, a direct ac-ac multiple load inverter for
vessels of different material is proposed. Different heating
requirements of ferromagnetic and non-ferromagnetic loads
is met by using dual frequency approach. Four loads can be
simultaneously powered as well as independently controlled
using this proposed inverter. ADC control is used to gain
independent control over four loads. The proposed inverter
is tested for powering four different loads at 1 kW each
simultaneously. The operation of the proposed ac-ac multiple
loads for different loads is tested and verified by performing
simulations in MATLAB/Simulink enviornment. Use of two

Fig. 6. Simulation results for full load operation, (a) source voltage and source
current, (b) V,12,voltage across Load-1 and Load-2, (¢) I,1, current through

Authorize&-f8€nbebd)sbormrrarentnprmentaLans?itorE or yeltrasocesy WaRANGAL. Downloaded on November 26,2025 at 11:36:59 UTC from IEEE Xplore. Restrictions apply.
Load-4, (f) I,3, current through Load-3, (g) Io4 current through Load-4



MOSFETsS to power two bridges during positive and negative
cycles independently reduces the losses in the inverter signifi-
cantly when compared to that of two diodes approach typically
used in ac-ac topologies. The proposed inverter maintains a
good input current profile during the entire range of power
control of IH loads.
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