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Abstract: Induction heating (IH) technique has been widely used in industrial and domestic heating applications. In IH
cooking applications, multi-output IH systems are increasing in demand. In this study, an inverter configuration is
proposed for two-output IH cooking applications. The objective of this proposal is to reduce the component count and
thereby the size of the circuit and cost. In this proposed configuration, two IH loads are connected to a full-bridge
inverter output and these loads are sharing a common resonant capacitor. The output power is controlled using on-off
control. Switching losses are reduced due to zero voltage switching operation. The two loads are independently
controlled with high efficiency. The control logic of the proposed system is described in detail and prototype is

designed, implemented and the validity is verified through experimental and simulation results.

1 Introduction

Induction heating (IH) plays a major role in industrial heating
applications. It is a non-contact heating process and the heat is
generated in the material itself [1]. IH technique is rapidly
replacing the conventional heating methods used in industrial
heating processes like welding, annealing, melting, surface
hardening, and also in domestic cooking [2]. IH works on the
principle of electromagnetic induction. In IH, an alternating
magnetic field is produced by a high-frequency current carrying
coil, placed around or below the specimen to be heated. This
alternating magnetic field induces emf and thereby eddy currents
in the specimen. These eddy currents are heating the specimen due
to I°R losses [1-3].

The IH system is modelled as a transformer with short-circuited
single-turn secondary winding. Hence, the IH load can be
represented as a series combination of equivalent inductance Leg
and resistance R.q, where L.q and R., are the equivalent
inductance and resistance of the load as seen from the work coil
[4]. Electromagnetic field analysis softwares can be used in
modelling the IH load system [5, 6]. IH applications are operated
with high-frequency inverters. The frequency range used in IH
cooking applications is 20-150 kHz. Power metal-oxide—
semiconductor field-effect transistors (MOSFETs) are preferable
switching devices in this range. IH load has inherently a poor
power factor. For this reason, the load is resonated by adding a
resonant capacitor in series with IH load to improve the power
factor. Hence, resonant inverters are used in supplying power to
the induction coil at the desired frequency [7-9].

The commonly used inverter topologies in IH cooking applications
are half-bridge [10-12] and full-bridge [13]. In some IH inverter
circuits, output power is controlled by varying the switching
frequency [14]. Variable frequency control is not a good solution
in IH applications. It has several limitations like electromagnetic
interference (EMI), low efficiency of the inverter and so on. These
problems can be overcome by using fixed frequency control. The
control techniques used with constant frequency operation are
phase shift control (PSC) [15], asymmetrical duty cycle (ADC)
[16], asymmetrical voltage cancellation (AVC) [17] and pulse
density modulation (PDM) control [18, 19]. Among the above
control techniques, PSC, ADC and AVC are duty cycle control
methods, whereas PDM technique is on—off control [20].
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In IH cooking applications, one load is powered by single inverter.
Hence, for multiple loads, multiple inverters may be required.
Disadvantages of this method are larger size, more number of
components and high cost. An alternative solution for multiple
loads is using a single inverter topology which can supply
multiple loads. This method will be cost effective. Hence, for
multi-output IH applications, there is a need for development of
inverter topologies and control techniques. In the literature, some
single inverter topologies are available for multi-output IH system.

In [21], a multi-load single converter system is proposed for
low-power IH application. Single inverter is powering two
series-resonant loads consisting of IH coils and resonant capacitors.
First load is considered as master load and its power control is
achieved by varying the switching frequency. Power in second load
is controlled by changing the value of resonant capacitor. This is
done by changing the number of capacitors connected in parallel
by activating corresponding electromechanical switches. However,
variable frequency control and use of electromechanical switches
may lead to acoustic noise and EMI problems. A two-output
series-resonant inverter has been proposed in [22]. The load powers
are controlled by asymmetric voltage cancellation control method.
Simultaneous and independent output control is achieved. In [23],
two topologies for frequency synchronised resonant converters are
proposed for multi-winding IH applications. In the first topology, a
half-bridge inverter configuration with three switches is proposed to
control two IH loads. Power in first coil is controlled by variable
frequency control method and the second coil output power is
controlled by duty cycle control. In the second topology, two half
bridges are associated in a full-bridge configuration in order to
reduce switching device stresses. Both loads are operated at
constant frequency. However, the presence of average current in
the induction coil and losses due to diode conduction makes these
topologies suitable only for low-power applications. A two-output
full-bridge high-frequency inverter is proposed with power factor
improvement in [24]. Boost circuit in discontinuous conduction
mode operation is used as power factor correction unit. Two
switches of the inverter are shared by this boost circuit. AVC
control is used for output power control. In [25], multi-load control
is achieved using electromechanical relays which leads to EMI and
acoustic noise problems. In [26], matrix converter is proposed for
multi-output IH applications. PDM control is used for individual
load power control. This topology has the combined advantages of
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Fig. 1 Proposed dual-output capacitor-sharing inverter

a Circuit diagram
b Equivalent circuit

matrix converter and series-resonant multi-inverter. The limitation of
this circuit is increased current harmonics under unbalanced operation
of the circuit. Hence, proper design of electromagnetic compatibility
filter is required. Discontinuous mode operation based control
strategies have been proposed in [27] to improve converter
performance at light-load conditions for multi-load systems.

There are limited number of circuits available in the literature for
multi-output IH. Each circuit has its own advantages and
limitations. This paper aims at introducing a resonant inverter
configuration for the above said application with low component
count and simple control. In this paper, a series-resonant inverter
configuration is proposed for two-output IH cooking application. In
this topology, a full-bridge inverter is operated with on—off control
strategy and is supplying power to two IH coils. Conventionally,
for each load coil, a resonant capacitor is required in IH
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applications. However, in the proposed topology, a single resonant
capacitor is shared by two loads. Both the loads are operating
simultaneously at same frequency. By using on—off control
technique, wide range of output power control is achieved with
high efficiency. The number of devices used in the proposed
topology is less compared with the existing two-output IH cooking
systems. Thus, cost of the system will be reduced.

2 Proposed inverter topology

The proposed capacitor-sharing dual-output IH system is shown in
Fig. la. Load-1, load-2 and resonant capacitor (C,) are connected
in series across the output terminals (A and B) of a full-bridge
inverter. The output voltage of inverter is v45. S1, S», S5 and Sy are
switching devices of the inverter, Ss and S are back-to-back
connected switches and this switch pair is named as S, and
similarly S7 and Sg switch pair is named as S,,. These switch pairs
S, and S, are connected across load-2 and load-1, respectively. S,
and S, can conduct in either direction when the corresponding
switches S5 and S¢ or S; and Sg are on. Also they do not conduct
when the corresponding switches are off. In the proposed
configuration, the switching devices used are power MOSFETSs
with low on-state resistance.

The equivalent circuit of the proposed configuration is shown in
Fig. 1b, where L.y and R.q are equivalent inductance and
resistance of the IH coil and vessel of IH load-1 referred to coil
side, respectively. Similarly, L., and R.q, are, respectively, the
equivalent inductance and resistance of the IH coil and vessel of
the IH load-2 referred to the coil side. A single capacitor C; is
connected in series with two loads. In the proposed configuration,
IH load-1 and IH load-2 are selected to be identical. Hence, the
equivalent inductance of the IH loads are Leq; =Leqp =Leq and
resistance of the IH loads are Reqi =R.q> =Req. IH load-1 and
capacitor C, are forming resonant load-1 and IH load-2 and same
capacitor C, are forming resonant load-2. As the load parameters
are equal, the resonant frequencies of load-1 and load-2 are same
and is expressed as

1
2 JL..C.

eq T

Resonant frequency, f, =

IH coil-2

Resonant Load-1

IH coil-1

IH coil-1

__Rcsonant Load-2
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Fig. 2 Load equivalent circuit during different modes of operation

a Mode-1
b Mode-2
¢ Mode-3
d Mode-4
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Fig. 3 Control circuit
a Block diagram
b Switching pulses
¢ Experimental switching pulses vg,, Vs, vi and v,
IET Power Electron., 2016, Vol. 9, Iss. 11, pp. 2240-2248
2242 © The Institution of Engineering and Technology 2016

85UB017 SUOWILIOD 3A 181D 3|qedljdde aup Aq pauenob ae sl O ‘88N JO s3I 10} AeIg1T 8UINUO AB|IA UO (SUORIPUOD-PUR-SWISH W00 A3 | 1M ALIq 1 RU1|UO//SANY) SUORIPUOD PUe SWB L 8U3 89S *[5202/2T/20] U0 A%eiqiauliuo A8|IM ‘JO @iniisul euolieN A ¢TT0'9T0Z" RA-1e /60T 0T/I0p/Wo A8 | IM* AReiq1)BUI U0 Yo essa.1B |//SAIY Wwo.y pepeojumoq ‘TT ‘9T0C ‘€rSrSSLT



Vea
>t
T
Vab
-t
T/2
Vi
toni ton2 -
Vs ’7
-1
e
e NI CERRAOIORTXRACRIORRTY
Load-1 Load-2 Load-1 Load-2
lo1
io2
a
Vea
T t
vgb_ B
=t
T2
Vi
-t
Lonl ton2
— —_—
V2 r
-t
+V
vo_ I (R [ |
voe UMM AT O |
m Load-2 Load-1 (Iiad-Z
) Wﬁ,_.t

Fig. 4 Waveforms JOr Vgq, Vap, Vi, V2, output voltage and load currents

ad =
bd =

cd1=

IET Power Electron., 2016, Vol. 9, Iss. 11, pp. 2240-2248
© The Institution of Engineering and Technology 2016

2243

85U8D 17 SUOWWOD 3ATea1D 3|qed!|dde ay) Aq peupAob 8 e S9Ie YO ‘88N J0 SN 104 Axig1 3UlUQ A3|IAM UO (SUOTIPUOD-pUR-SWLS)/WI0D A8 1M ARe.q Ul |uo//SAnY) SUONIPUOD pUe SWS 1 84} 89S *[5202/2T/20] Uo Akiqiauliuo A3 |1 ‘4O 8Iniisu| euoiieN Aq #TT0'9T0Z" ed-181/610T OT/I0p/W00 A8 | Im A g1 pulu0 Yo eesa.ie //sdny Woly papeoumod ‘TT ‘9T0Z ‘EvGreS.LT



Vga
1 =1
T
€ >
Vgh
A >t
T/2
€ 4
Va
2 =1
Lont ton2
4
>t
VaB ‘ - ¢
-Vbe [ ............ 0 1 AR uuuoul j “
Load- Load-2 Load-1 Load-2
i W T
1, JLLARRRIAILA i AL ::f.'f':. ':"s: -E:: I -
ok LT L t

AR

AR AR AT Wil

lg2

TR i
c

Fig. 4 Continued

The inverter switching frequency (f;) is selected to be slightly above
the resonant frequency (f;) in order to achieve zero voltage switching
(ZVS) and hence high efficiency. In the proposed configuration,
inverter is operating at a constant frequency of 30 kHz.

3 Modes of operation

Switching devices of the inverter are controlled by high-frequency
switching pulses vg; — Vg4 and generate a square wave output
voltage. The load control switch pairs S, and S, are switched at
low frequency. Their switching pulses v,, and v, are generated at
900 Hz with 0.5 duty cycle and they are complementary to each
other. The proposed inverter operation can be divided into four
modes. The equivalent circuits of the inverter load circuit during
different modes are shown in Fig. 2.

Mode-1: During mode-1, switch pair S, is on and switch pair S}, is
off. Hence, load-2 is short circuited and load-1 and C, are
connected across the inverter terminals. Series combination of
load-1 and C, forms resonant load-1. High-frequency inverter
output voltage is applied across resonant load-1 and it draws a
sinusoidal current. Hence, IH coil-1 is powered during this mode.
The amount of power supplied to IH coil-1 depends on the
duration of this mode. i, is the load-1 current in this mode.
Mode-2: During mode-2, S, and S), remain in same switching states
as during mode-1. Before powering load-2, the energy stored in Leq,
should be transferred to the load. To achieve this, inverter switches
Sy and S3 are kept in ‘on-state’ while S, and S4 are in ‘off-state’.
Inverter output voltage v,z=0. Energy in L.q is free wheeled
through S, and S;. The current in IH coil-1 becomes zero during
this mode.

Mode-3: Switch pair S, is turned off and switch pair S, is on. Hence,
load-1 is short circuited and load-2 and C, are connected across the
inverter terminals. Series combination of load-2 and C, forms
resonant load-2. High-frequency inverter output voltage is applied
across resonant load-2 and it draws a sinusoidal current. Thus,

2244

during this mode, high-frequency current flows through IH coil-2
and load-2 is powered. i, is the load-2 current in this mode.
Mode-4: Mode-4 operation is similar to that of mode-2. S, and S,
remain in same switching states as during mode-3. S; and S5 are in
‘on-state’ and S, and S; are in ‘off-state’. Inverter output voltage
v45=0. During this mode energy stored in L.y, is transferred to the
load through S; and S;. The current in IH coil-2 reduces to zero.

4 Control circuit design

The block diagram of the control circuit is shown in Fig. 3a. UC3875
PWM integrated circuit (IC) is used to generate the inverter switching
pulses. This IC generates switching pulses at a frequency of 30 kHz.
The switching pulses vy, and v, for load control devices S, and S,
respectively, are derived from another control IC SG3525 at a
frequency of 900 Hz. These pulses are complementary to each other
with 50% duty cycle. On—off control pulses v; and v, are derived
from 555 timer ICs. These pulses v, and v, are synchronised with
Vga and Vg, respectively. The on duration of v, and v, are #,,, and
ton2, Trespectively. The durations for which load-1 and load-2 are
powered is controlled by #,,; and t,,,, respectively. v; and v, are
logically combined with 3875 output pulses to generate switching
pulses of inverter devices (Vg1, Vg2, Vg3 and vg4). IR2110 and HCPL
3120 are the driver ICs used. Switching pulses to inverter devices,
load control devices and on—off control pulses are shown in Fig. 3b.
Experimental switching pulses v,, and v, and on—off control pulses
v1 and v, are shown in Fig. 3c.

As shown in Fig. 3b, when vy, and v; are high, inverter switching
pulses are generated corresponding to mode-1 operation. In this
duration, load-1 is powered by the inverter. When v, is high and
vy is low, the switching pulses generated are corresponding to
mode-2 operation. Now Vg, and vg4 are low, and v, and v, are
maintained at high level. With this switching pattern upper
switching devices S; and S5 are on and lower devices S, and S,
are off. Inverter output voltage v43=0 and energy in load-1
freewheels through S, and S;. When v, and v, are high, the
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Fig. 5 Experimental setup and waveforms showing ZVS

a Experimental setup for two-output IH cooking system
b Experimental waveforms of inverter output voltage and output currents

Outpﬁt voltage fv,m)

Table 1 Parameters of proposed dual-load configuration
Description Symbol Value
source voltage Vbe 25V

equivalent resistance of each Reqq1 = Req2 = Req 1.96 Q
load
equivalent inductance of each Leq1=Leqz=Leq 68 uH
load
resonant capacitor of the C, 0.44 uF
circuit (2 x 0.22 uF = 0.44 uF)
resonant frequency of the each f. 29.09 kHz
load
switching frequency of the fs 30 kHz
circuit
MOSFETs used IRFP4110PbF 100V, 180 A,
Ibs = 3.7mQ

control ICs UC3875, SG3525 and

555 timer
driver IC IR2110 and

HCPL3120

switching pulses are generated corresponding to mode-3 operation
during which load-2 is powered. When vy, is high and v, is low,
the switching pulses are generated for mode-4 operation which is
identical to mode-2 operation. Inverter output voltage v,5=0 and
energy in load-2 freewheels through S and S;.

5 Output power control

In the proposed capacitor-shared dual-output IH system, on—off
control is used to control load power. The loads are alternatively
supplied, for duration of 7/2, where T is the switching period of
the devices S, and S,. These devices are switched at 900 Hz.
When S, is on, load-1 is connected to inverter output voltage vp
and when S, is on, load-2 is supplied with v,z The load output
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Fig. 6 Simulation and experimental waveforms at d; =d, = 0.45

a Simulation waveforms of v, and iy,
b Experimental waveforms of v, and i, (scale: voltage: 25 V/div, current: 10 A/div)
¢ Simulation waveforms of v,z and iy,
d Experimental waveforms of v,z and iy, (scale: voltage: 25 V/div, current: 10 A/div)
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powers are independently controlled by on—off control technique.
The duration for which voltage is applied to loads is controlled by
the on duration of control pulses v; and v,. The duty cycles of
load-1 and load-2 are expressed as d;=t,,,/(T/2) and d = t,n/(T/
2), respectively. During 7,1, S, is on and load-2 is bypassed
through S,. Hence, load-1 is connected to the inverter output and
output current i,; flows through load-1. In the next half cycle, S,
is on and during 7., Vagp is applied to load-2 and a current of iy,
flows through load-2. By varying f,,; and #,,,, respective duty
cycles d; and d, are varied, thereby the output powers of load-1
and load-2 can be controlled accordingly. The waveforms of vy,
Vg, V1, V2, corresponding inverter output voltage V,z and load
currents are shown in Fig. 4 for different combinations of duty
cycles d; and d,. For d) =d,=0.48, the output powers to load-1
and load-2 are maximum as seen in Fig. 4a. Fig. 4b shows the
outputs for d;=0.2, d,=0.48 and Fig. 4c shows outputs
corresponding to d; =0.48, d,=0.35. From this figure, it is seen
that the density of output voltage pulses and current to the loads
are changing according to corresponding duty cycles of the loads.
This shows that independent output power control is possible with
this proposed topology.

In the proposed circuit, load-1 and load-2 currents become zero
during #,e and f.ep, respectively, where #.p =(7/2)~t,n and
totr = (T/2)~tonp. The condition for this operation is, #,¢ > 7 and
toip > 7, Where characteristic delay time of load circuit
T=2Le1/Reqi = 2Legp/Reqp. With on-—off control [18], output
power is proportional to the pulse density duty cycle when 7>> 7.

The peak value of fundamental component of inverter output
voltage (v,p) is expressed as

4
Vap = Vbe (D

Average power of load-1, P,, = I2, “Reg1 - d,

2
VaB
<\/§Zeq1) eql®1 ( )

Average power of load-2, P, = Ifz “Regp - d,

2
V4B
(ﬁzeqz) eq2™2 ®

Total output power of the inverter, P, = Py + Py,
P, =1 “Req1 - d, +15, ‘Regp - dy 4)

where /,; is rms load current of load-1 during mode-1, /,, is rms load
current of load-2 during mode-3. d; and d, are duty cycles of load-1
and load-2, respectively.

6 Experimental and simulation results

A 138 W prototype of dual-output inverter with capacitor sharing
has been implemented for IH cooking application. The
experimental setup is shown in Fig. Sa. The circuit parameters
used are shown in Table 1. The input voltage Vpc=25V. The
equivalent load-1 and load-2 parameters are measured from the
coil side with the vessels kept over the IH coils. The load
parameters are chosen to be identical. Hence, the resonant
frequencies of resonant load-1 and resonant load-2 are same. The
inverter switching frequency is 30 kHz and resonant frequency of
the load is 29.09 kHz. As f;>f;, the series-resonant load circuit
operates effectively in inductive mode. Hence, load current lags
behind the output voltage and makes turn off current positive in
the switching devices. This ensures ZVS in each cycle of
operation in the proposed inverter configuration. Fig. 5b shows
experimental waveforms of output voltage and load currents when
load-1 is on. It is observed that ZVS is maintained during the
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Fig. 7 Simulation and experimental waveforms at d; =d,=0.25

a Simulation waveforms of i,; and iy,
b Experimental waveforms of i,; and iy, (scale: current: 10 A/div)

operation. During load-2 operation also ZVS exists due to the
similar load parameters.

Load-1 and load-2 output powers are independently controlled by
on—off control technique. The simulation and experimental results
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Fig. 8 Simulation and experimental waveforms at d; = 0.36 and d, = 0.25

a Simulation waveforms of iy, and i,,
b Experimental waveforms of iy, and i, (scale: current: 10 A/div)
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are shown for different combinations of load-1 and load-2 duty
cycles d; and d,, respectively. Fig. 6 shows the simulation and
experimental waveforms of the inverter at d; =d,=0.45. Fig. 6a
shows the simulation waveforms of v,z and i,;. Fig. 6b shows
experimental waveforms of inverter output voltage v,z and iy;.
Figs. 6¢ and d show the simulation and experimental waveforms
of inverter output voltage v,3 and ;.

Fig. 7 shows the simulation and experimental waveforms of
load-1 current (i,;) and load-2 current (i) for d;=d,=0.25.
Fig. 8 shows the simulation and experimental waveforms for
load-1 current (i,,) and load-2 current (iy,) for dy =0.36 and d, =
0.25, respectively. From Figs. 6-8, it is observed that the
maximum value of the load currents are equal and remaining same
for any value of duty cycle. However, the duration of this current
waveform changes according to the corresponding duty cycle.
Hence, the output currents and corresponding output powers can
be controlled by varying duty cycles. Thus, two loads are
independently controlled by varying corresponding duty cycle. It
is also observed that experimental results are in good agreement
with the simulation results.

7 Analysis of results and overall efficiency

In the proposed single capacitor-sharing dual-output inverter, power
control is achieved through on—off control. The plot of load currents
against load-1 duty cycle (d,) is shown in Fig. 9a. It can be observed
that load-1 current is varying with its duty cycle d; and load-2
current remains almost constant. Simulation and experimental
results are in good agreement with each other. Similarly, load-1
and load-2 currents with varying load-2 duty cycle (d,) are shown
in Fig. 9b. It can be observed that load-2 current is varying with
its duty cycle d, and load-1 current remains almost constant. It is
also observed that simulation and experimental results are in good
agreement with each other. Hence, independent control of load-1
and load-2 currents is possible with this circuit, where single
resonant capacitor is shared by two loads.

The total inverter output power is the sum of output powers of
load-1 (P,;) and load-2 (P,,). The output power is calculated
based on (4). The input power of the inverter is calculated as the
product of input voltage (Vpc) and input current (/pc) of the
inverter. Overall efficiency is calculated from the total output
power and input power.

Overall efficiency curves of the proposed inverter are shown in
Figs. 10a and b. In Fig. 10a, load-1 output power is varied while
load-2 output power is kept constant. In Fig. 105, load-2 output
power is varied while load-1 output power kept constant. It can be
observed that the overall efficiency remains considerably high for
wide variation of duty cycle under both situations.

As the number of resonant capacitors is reduced in the proposed
configuration, cost is also reduced as compared with dual-load IH
inverters which are using two resonant capacitors. The number of
switching devices used is same as that of two inverter circuits.
However, the switching loss in S, and S, is less due to low
operating frequency (900 Hz). Hence, the efficiency is higher than
two inverter topologies for IH applications. The proposed system
is simple, cost effective and also has higher efficiency and wider
range of power control. The proposed configuration can be
extended for more than two loads also.

8 Conclusion

In this paper, a two-load inverter for IH application has been
proposed with a single resonant capacitor shared by both loads.
This proposed IH system possesses many advantages compared
with the existing two-load IH inverter circuits. The number of
passive components used in the proposed circuit is less, as single
capacitor is used for two loads. Reduction in the number of
resonant capacitors used leads to decrease in the cost of the
proposed system. As the switching devices used in switching pairs
S, and S, are operating at low frequency, the switching losses are
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less and can be ignored. The control technique used is also simple
and effective. Independent load power control is achieved in the
proposed circuit. The proposed circuit has been implemented and
the experimental and simulation results are found to be in good
agreement with each other. High efficiency is achieved over wide
on—off control ranges due to ZVS operation of the switching
devices. The proposed system is designed for two-load IH cooking
application but the design can be implemented for higher number
of loads also. It can be used for more number of loads with
considerable reduction of overall cost.

9
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