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Abstract: In recent years, induction heating (IH) applications aided by electronic power control
have gained significance. Particularly, for cooking applications, an appropriate control technique
is required to feed power from a single source to multiple loads with minimum switching losses.
Additionally, when multiple loads are used, it requires independent control and operation for each of
the loads. The main idea of this work is to develop a single-stage AC-AC converter topology to feed
power to multiple loads independently with a single source, with a reduced number of switching
devices and with minimum switching losses. The proposed topology uses a frequency bifurcation
concept to feed power to multiple loads by placing the transmitting coil and work coil at a distance
of 3 cm. The source is resonated at a 25 kHz switching frequency, with the designed bifurcated
frequencies of 20 kHz and 33 kHz. The resonant capacitors are appropriately chosen to operate
at those frequencies. For real-time applications, simultaneous and independent power control are
inevitable in multi load-fed IH applications. This is achieved through a pulse density modulation
scheme with minimum switching losses. The simulation of the proposed system is performed in
MATLAB/Simulink, and also the 1 kW system is validated using a PIC16F877A microcontroller. The
real-time thermal variation in the load is also recorded using a FLIR thermal imager. The experimental
and simulation results are observed, and the obtained efficiency of the system is plotted for various
duty cycles of pulse density modulation control.

Keywords: frequency bifurcation; induction heating; independent power control; pulse density
modulation; single source multi-frequency

1. Introduction

In the new era, domestic Induction Heating applications are replacing the traditional
electric and gas heating technology. The induction heating system has the inherent benefits
of higher conversion efficiency with a lower time constant to achieve the required cleaner
heating. Based on the IH application, it requires a high bandwidth inverter ranging from
20 kHz to 100 kHz. A typical IH system has a very high-power handling capacity of up
to 500 kW [1,2]. In two-power conversion, commercial 50 Hz AC is rectified, filtered, and
converted into High-Frequency AC (HFAC). This results in more power losses, and further,
the bulky capacitor increases the system time constant with a lesser source side power
factor [3,4]. Thus, a selective harmonic elimination control technique is used to improve
the source side power factor [5].

Various converter topologies, such as class E, class D, and full-bridge inverter fed
topologies, were proposed in [6,7] and various power control techniques were used to
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control the output power [8,9]. The choice of the inverter depends primarily on the cost and
the selected application. These topologies resulted in more losses due to AC-DC-AC power
conversion. Thus, direct AC-AC converter topologies were proposed with a lesser number
of components and with DC-link storage requirements [10,11]. The IH system’s efficiency
depends not only on the topology, but also on the control algorithms used for regulating
the output power [12]. It plays a crucial role in regulating the temperature according to the
load requirements. This can be accomplished by adjusting the angle of current or phase
angle between voltage and current or the frequency of the supply.

The most widely used method to control the output power is the Pulse Width Modu-
lation (PWM) technique [13,14]. This technique is very simple and gives a cost-effective
solution for controlling the output power. Hard switching is the key downside to these
control systems, which increases switching losses. Thus, this problem is overcome by a
variable frequency control scheme with Phase Locked Loop (PLL) for regulating the output
power [15]. PLL helps in tracking the resonant frequency as and when the load varies.
However, this control scheme results in acoustic noise and EMI problems in the system.
Hence, the converter is manufactured using GaN devices [16]. The operating frequency
is varied from 20 kHz to 500 kHz. The system possesses fast switching transients with
high reliability.

Phase Shift Control (PSC) is constant frequency control, in which output power control
is performed by adjusting the phase shift of the inverter pulses [17,18]. Though this method
possesses smooth power control without an EMI problem, the source side power is found
to be much lesser. This problem is resolved by using the Asymmetrical Voltage Cancelation
(AVC) technique [19,20]. In this method, the output voltage waveform is made asymmetric
by adjusting the duty cycle of the inverter. This results in the larger dead band either in
the positive or negative cycle for the zero crossings of the current. Due to the asymmetric
voltage, the DC components are injected into the system. This issue was overcome by Pulse
Density Modulation (PDM) control [21,22]. The output power is controlled by varying the
density of the switching pulses without distributing the switching frequency. This method
guarantees reliable and seamless output power control with lesser switching losses.

In a recent scenario, IH systems with multi burners (more than two) are preferred for
cooking applications. The selection of appropriate control techniques for feeding power to
multiple loads remains a typical problem in real time. A two-load IH system is proposed
by Forest F et al. in [23] by considering one load as a master and the other load as a slave.
The resonant frequency of the load was varied by connecting additional capacitors using
electro-mechanical switches to control the output power. This resulted in higher costs with
a complex control. Sarnago et al. proposed an AC-AC converter for feeding power to two
loads. PWM and PDM control techniques were used to control the output power and it
was varied from 20% to 80% of the rated power [7]. The converter was tested with different
frequencies which resulted in switching losses. In [24], a two-output Series Resonant
Inverter (SRI) was proposed by Burdio et al. A high-frequency inverter was developed to
feed power to two loads with the output power control using the AVC control technique.
The main drawback of this scheme was cross interference as two loads were used. Hence,
it is necessary to develop a simple control technique for mitigating the interference issue
when multiple loads are used.

In the literature, various methods are used to reduce the cross-interference for wireless
applications. One among them is by configuring the separate magnetic flux path for each
load. This is achieved by designing the secondary receiver with an E-shaped ferromagnetic
core [25]. However, this technique is limited to low-power applications. For high-power
applications, a novel control scheme is developed for extracting the maximum power from
the source with minimum cross-coupling [26]. Though the system works satisfactorily,
designing a control circuit remains complex for real-time applications. Thus, a multi-
source fed system with multi-frequency was developed with various transmitters and
receivers [27]. This resulted in lesser magnetic flux linkage and, due to higher number of
coils, the associated efficiency was also reduced. To avoid cross-coupling across the loads,
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frequency bifurcation phenomena were used in wireless power transfer applications [28,29].
This concept was used in [30] for a wireless power transfer system with double, triple, and
quadruple coils. The expressions for obtaining the coupling distance were obtained for
different coils based on the system.

It is evident from the literature that there is a quest to propose a method to feed power
to multiple loads with a single frequency to avoid the cross inference of supply. Hence,
this work proposes the frequency bifurcation phenomena for feeding power to multiple
loads with an AC-AC converter and controlling the output power with PDM control logic.
The proposed control scheme provides a smooth power control with minimum switching
losses for a multi-load fed IH system. The most significant contribution of this work is
to analyze the performance of the control scheme for the single-stage AC-AC converter
topology with a reduced number of semiconductor switches and to control the output
power simultaneously and independently. The simulation of the system is tested with a 1
kW power rating in MATLAB Simulink and real-time implementation is carried out using
a PIC16F877 A microcontroller. The following points are unique with respect to the work:

> The control algorithm feeds power to two loads with a single frequency source.
> Atrated power, the system possesses 5% lower power losses as compared with the

existing articles [31,32].
> The efficiency of the system is greater than 92% for 0% to 100% of the rated power.
> As switching frequency is not varied, soft switching is realized for the whole operat-

ing range.

The course of this paper is organized as follows: Section 2 describes the system
description of a single-stage AC-AC converter. Simulation and experimental validation of
the control technique are performed in Section 3. The conclusion of the paper is presented
in Section 4.

2. System Description

The circuit diagram of the proposed converter topology and its complete working
details with specifications are described in the following sub-section.

2.1. Circuit Description

The single-stage AC-AC resonant converter proposed in this work converts 50 Hz
AC directly into HFAC without a rectifier unit. This avoids the power conversion losses
and reduces the number of semiconductor switches which improves the system overall
efficiency. For IH application, this topology is most suitable, as power conversion takes
place with higher efficiency. The circuit diagram of the single-stage AC-AC converter is
shown in Figure 1. It has four IGBTs for converting the 50 Hz AC to HFAC. The inductor
Ls acts as the primary coil for transferring power to IH load. The purpose of the source-
side inductor (Ls) is to transmit the HFAC supply to IH coil. To create resonance in the
transmitter circuit, a capacitor (Cs) is used. The transmitter coil is driven with IGBT
switches to produce HFAC. The output voltage of the transmitter is represented as v,},. The
equivalent circuit of a two-load fed IH system with a transmitter is shown in Figure 2. M1,
and M3 represent the mutual inductance of load 1 and load 2 with respect to the source
inductance. The equivalent inductances of load 1 and load 2 are represented as Leq1 and
Leq2, and the equivalent resistances are Req1 and Regz. The resonant capacitors of load 1
and load 2 are represented as C,1 and C,, respectively. The inverter is triggered in such a
manner that 50 Hz AC is converted into HFAC. The switching pulses, typical voltage, and
current waveforms are shown in Figure 3.
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Figure 1. Circuit diagram of single-stage AC-AC converter.
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Figure 2. Equivalent circuit of two loads fed IH system.
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Figure 3. Typical voltage and current waveforms.

2.2. Induction Heating Modeling

The principle of induction heating resembles the operation of a magnetically coupled
transformer where the primary and secondary windings serve to match the source and
load voltage. The primary winding is recognized as a work coil and the vessel pan acts
as the secondary. In the primary of the transformer, a high-frequency AC is fed and thus
eddy currents are generated in the short-circuited secondary side. The heat exerted by
the eddy current is channelized and used in heating applications. In order to minimize
the complexity of testing the load parameters, it can be represented in the analogous
transformer model. The IH cooking system is represented as the reflected parameters of
Req and Leg which are the equivalent parameters of the work coil and work piece. An
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equivalent model of IH for load 1 is shown in Figure 4. The output voltage of load 1 is
represented as v( 1, and Rp1 and Ly represent the work coil resistance and inductance of
load 1. The secondary side (Load) resistance and inductance of load 1 are represented as
Rs1 and Ly, respectively. The mutual inductance of load 1 is denoted as My;.

Rpl Ra is,l

P Reql

U

Figure 4. Equivalent model of IH load 1.
Applying KVL to the equivalent circuit of load 1, which is shown in Figure 3
(Rp1 +jws1Lp1)ion — jwsiMiiis1 = vo1 1
(Rgy +]j wyLa)ig; —jwgioiMi =0 @)
The angular switching frequency of load 1 (wg;) is
wg; = 27ty (©)]
The current flowing through the load 1 is

. jws1M11ig
g1 = —————"+— 4
o1 Rq1 +]wlesl @)

Substituting Equation (4) into Equations (1) and (2),

2 2

w5 ML

Lpl + 2sl 112 521 ])io,l (5)
Rsl + wlesl

2 2
wMi1°Rgp
R2 2 Lz +](,U51

sl + Wi kst

V0,1 = <Rp1 +

Req1 and Legp are obtained by the real and imaginary terms,

2 2
wgM11°Rg;
Reql = Rpl + % (6)
Rsl + wglle
2 2
wgM117Lgy
Leql = Lpl + % )
R+ w3y
The equivalent impedance of load 1 (Zeq1) with the resonant capacitor (C;q) is
2 2 2 2
w5 M11°R . w5 M11“L 1
Zeqt = Rp1 + -5 +jawg <Lp1 t T T Tic ) 8)
R§; + wlesl RS + wlesl Wa1tr1
The output current flowing through load 1 (i) is
) Y
i = 9

| Zeat |
The output power of load 1 is

Py = i Reqt (10)
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The output power computation for load 2 can be performed by replacing the subscript
1" with ‘2" in Equations (1)—(10). The equivalent circuit of an IH system with a transmitter
coil and IH system is shown in Figure 4. The inverter switches are triggered in such a
manner that 50 Hz AC is converted into HFAC.

An equivalent model IH system with a transmitter is shown in Figure 5. By applying
KVL and solving the expressions as in Equations (1)—(7), the equivalent input impedance
(Zin1) by considering load 1 alone is

2M -2 2N, 2
WM Req1 . WsM1p Leqr 1 1
inl = H +](’Usl <LS + 2S > e2q - ZC + 2C (11)
Reql + u)sLeql RS, + wsLeql Wshrl  Wsts
Similarly, equivalent input impedance (Zj,2) by considering load 2 alone is
2M 22 2N, A2
WsM13"Reqp . WsMi13 Leg2 1 1
in2 = H +jwst | Ls + — 5 = - 0, ez (12)
Req2 + wsLqu Rsl + wsLqu Wstr2 Wsts
The input current (i;,) is given by
Vin (13)

i~ =
" | Zint + Zino

As the transmitter is triggered at resonance frequency, the input power is given by
Pin = Vinlin (14)

where Vi, and I;, are the rms value of input voltage and current.
The efficiency of IH system is

_ Po1 +Pop

M P (15)

The efficiency of the system is calculated by considering the conduction loss as ex-
pressed in Equation (15).

ifn

M2

qu]

I seql

_| Cs

Figure 5. Equivalent model of IH system with transmitter.

2.3. Frequency Bifurcation of a Two Coil-Based IH System

Frequency bifurcation is a phenomenon in which frequency of the output power splits
from single frequency into dual frequency. This is achieved by adjusting the coupling
distance between work coil and work piece (load) greater than the coupling coefficients.
The prime concept which lies behind it is the magnetic resonance coupling of the system,
which results in improved efficiency without cross interference of the frequency across
the loads. Frequency bifurcation represents the input characteristic of the system. In
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order to analyze the system characteristics, the real-time system is tested with the design
specification listed in Table 1. The coupling coefficient for coil and load 1 is [30]

(16)

The coupling coefficient for coil and load 2 is [30]

Ws

21A5d%3
1 + RsReq2

Kiz = (17)

where d; is distance between the source and load 1 and d;3 is distance between source
and load 2.
The bifurcated output frequency of load 1 is [30]

Wg

wop = (18)

14+ /Kf, + K5,

The bifurcated output frequency of the load 2 is [30]
wez = = (19)

/2 2
1—4/K7 +Ki;3

Expressions (16) and (17) formulate the relationship between the distance between the
source load with the source frequency. In [30], the authors have formulated the relation
for the coupling coefficient and source frequency as given in Equations (18) and (19). In
this work, the expression is directly used and validated. It is observed that, by locating
the transmitting coil and work coil at a distance of 3 cm, the source frequency (25 kHz) is
bifurcated as 20 kHz and 33 kHz frequency. These frequencies are used to feed power to
load 1 and load 2 by selecting appropriate capacitors to handle the loads independently.
That real-time validation is performed in a further section.

Table 1. Design specifications of AC-AC converter.

Components Load 1 Load 2
Equivalent load resistance, Req 110 11Q
Equivalent load inductance, Leq 0.12 mH 0.12 mH
Resonant capacitor, C; 520 nF 200 nF
Input inductor, Lg 200 uH
Source capacitor Cg 200 nF

3. Simulation and Experimental Results

A single-stage AC-AC inverter-fed induction cooking device is typically implemented
to operate with HFAC of 25 kHz frequency. The inverter pulses are triggered in such a way
that the S; and S, are turned on for a positive half cycle and S3 and S, are turned on for a
negative half cycle of the HFAC. Due to this switching action, a 50 Hz AC is chopped into a
25 kHz frequency AC. The system is validated by keeping the transmitter coil and work coil
ata 3 cm distance. The resonant frequencies of load 1 and load 2 are designed for 20 kHz and
33 kHz. Hence, the capacitors are chosen to operate at that frequency. The output power is
performed using the PDM control technique to have smooth control with fewer switching
losses [22]. In compliance with the design requirements in Tables 1 and 2, the single-stage
inverter with PDM control is simulated in the MATLAB/Simulink software. A PIC16F877A
Controller with the TLP250 Driver IC is used to validate the control mechanism. Four
H20R1203 IGBT control switches that can handle 1200 V and 25 A are part of the key
circuit. For measuring the current, the SIGLENT CP4060 current probe is used, and the
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oscilloscope is used for capturing waveforms. The advanced FLIR E75 24° thermal camera
is used to record the thermal image of the load in real time. The configuration for the test
setup is shown in Figure 6.

Table 2. Specific requirements.

Parameters Value
Vin 230 V (RMS), 50 Hz
Prat 1000 W
fPDM 25 Hz
fr 25 kHz
fr1 20 kHz
fio 33 kHz

Figure 6. The test set up of the IH system.

3.1. Dual Load Operation

A simulation of the proposed system is performed in MATLAB/Simulink. The sim-
ulated switching pulses (Vs1, Vg2, Vg3, Vaa) for the switches Sq, S;. Sz and Sy are shown
in Figure 7a and its associated waveforms of voltage and currents for load 1 and load
2 are shown in Figure 7b,c, respectively. In Figure 7d, the expanded waveform of out-
put voltage (vg1) and current (i, ;) waveform for load 1 is demonstrated. Similarly, in
Figure 7e, the enhanced view of output voltage (vg») and current (ip ») waveform for load
2 is shown. In real time, the system is tested for 1000 W and the test results of switching
pulses are illustrated in Figure 7f. The output voltage and current waveform for load 1
and load 2 are presented in Figure 7g,h, respectively. The zoomed view of experimen-
tal voltage and current waveform of load 1 is shown in Figure 7i and load 2 is shown
in Figure 7j. It is observed from the output voltage and waveforms that the envelope
follows the 50 Hz sinusoidal AC waveform and there is a chopping of high-frequency
signal within one complete cycle. The capacitor of each load is chosen in such a manner
that it acts as the minimum reactance path for its resonant frequency and open circuit
for other frequencies. It enumerates that load 1 responds to 20 kHz frequency, whereas
load 2 responds to 33 kHz supply. For other frequencies, the loads remain open circuit.
The rms value of the load 1 current is I, 1yms is 7.07 A and Iporms is 6.36 A. The output
power Py =7.072 x 11 =550 W and Py, = 6.36> x 11 =445 W for 11 Q) equivalent resis-
tance. The total input power is Py, = Vi, x iy = 1050.69 W and efficiency is 94.7%. The
current spectrum of load 1 and load 2 are illustrated in Figure 7k 1, respectively. It confines
that there is no cross interference of frequencies across the loads, i.e., the fundamental
frequencies of load 1 is 20 kHz and load 2 is 33 kHz. The simulation outcomes are in
accordance with the experimental results.
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Figure 7. Main waveforms for 100% Dppy: simulation waveforms (a) switching pulses, (b) output voltage and current of
load 1, (c) output voltage current of load 2, (d) zoomed view of the output voltage current of load 1, (e) zoomed view of the
output voltage current of load 2, experimental waveforms (f) switching pulses, (g) output voltage and current of load 1,
(h) output voltage current of load 2, (i) zoomed view of the output voltage current of load 1, (j) zoomed view of the output
voltage current of load 2, (k) current spectrum of load 1, (I) current spectrum of load 2.
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3.2. PDM Based Dual Output Power Control for Induction Heating Load

A smooth and accurate power control technique is required in the IH system to vary
the temperature as per the load requirement. PDM-based control logic is used to vary the
output power for a single-stage AC-AC converter-fed induction cooking system. The PDM
pulses are generated in such a manner that, during the turn-on period of low frequency
pulses (Tp on), high frequency pulses are applied to inverter switches and masked during
the turn-off period. The duty cycle of PDM signal (Dppy) with total period Tpppy is

TD,on
Tprpm

DppMm = (20)

The relationship between the rated power (Pyareq) and the output power (Py) with
DPDM is
Py = DppmP rated (21)

To have control over the output power, an inverter is operated with various Dppy. As
per specifications, load 1 is designed to handle 550 W and load 2 is designed to handle
445 W with Req = 11 Q). With 50% of the Dppy, the output power is 275 W for load 1
and 223 W for load 2. The corresponding waveforms are illustrated in Figure 8. The
simulation waveforms of the switching pulses for the inverter are shown in Figure 8a.
The corresponding output voltage and current waveforms of load 1 and load 2 are shown
in Figure 8b,c, respectively. Experimental switching pulses are shown in Figure 8d and
its corresponding voltage and current waveform of load 1 and load 2 is illustrated in
Figure 8e f, respectively. It is inferred from the results that the net power developed in load
1 is reduced to 275 W and load 2 is reduced to 222.5 W with 50% Dppy, The output power
is reduced due to the dead band in the output voltage and current. When the inverter’s
switching pulses are switched off due to the system time constants, the instantaneous
current is not zero.
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Figure 8. Main waveforms for 50% Dppyy: simulation waveforms (a) switching pulses, (b) output voltage and current
of load 1, (c) output voltage and current of load 2, experimental waveforms (d) switching pulses, (e) output voltage and
current of load 1, (f) output voltage and current of load 2.

As the set power is varied from 550 W to 412.5 W in load 1 and from 445 W to 334 W
in load 2, the controller generates the pulses with 75% Dppy to achieve the set power,
and its corresponding simulated switching pulses are shown in Figure 9a. The simulated
output voltage and current waveforms corresponding to 75% Dppy of load 1 and load 2
are shown in Figure 9b,c, respectively. As the set power is varied, the Dppy of the inverter
is adjusted to obtain the desired output power. The same has been tested in real time and
experimental results are validated. Figure 9d illustrates the switching pulses of the inverter.
The experimental output voltage and current waveforms of load 1 and load 2 are shown
in Figure 9e f, respectively. The efficiency of various Dppy is tabulated in Table 3 and it is
inferred that the minimum efficiency of the system is 92% at 5% Dpp.
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Figure 9. Main waveforms for 75% Dppyy: simulation waveforms (a) switching pulses, (b) output voltage and current
of load 1, (c) output voltage and current of load 2, experimental waveforms (d) switching pulses, (e) output voltage and
current of load 1, (f) output voltage and current of load 2.
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Table 3. Efficiency for various Dppy,

S.No

Dppm (%)

Load 1

Load 2

Pin W)

I01rms (A)

Load 1

Py1 (W)

I02rms (A)

Load 2
Py (W)

Py (W)

Efficiency
(%)

U= WD =

100
80
60
45
25

5

100
80
60
45
25

5

1050.69
850.43
640.56
483.01
269.21

54.08

7.07
6.32
548
474
3.54
1.58

550
440
330
247.5
137.5
27.5

6.36
5.69
493
4.27
3.18
1.42

445

356

267
200.25
111.25
22.25

995
796
597
447.75
248.75
49.75

94.7
93.6
93.2
92.7
924
92

3.3. Independent Power Control

During the real-time operation of a multi-load induction cooking system, individual
load requires an independent power control, exclusive to the operation of other loads. With
respect to this, the PDM control technique ensures the individual power control of different
loads [33]. The system is evaluated with the following two scenarios.

(i) Load 1 requires 137.5 W and load 2 requires 445 W. In this case, the PDM control
signal is chosen with 25% of Dppy for 20 kHz switching and 100% Dppy for 33 kHz
switching frequency.

(i) Load 1 requires 275 W and load 2 requires 356 W. In this case, the PDM control
signal is chosen with 50% of Dppy for 20 kHz switching and 75% Dppy for 33 kHz
switching frequency.

The simulation and experimental output voltage and current waveforms of 25% Dppym
for load 1 and 100% Dppy for load 2 are shown in Figure 10a,b, respectively. From the
results, it is concluded that the discontinuous current of load 1 results in a reduction in
output power without disturbing load 2. Similarly, for scenario 2, the output voltage
and current waveforms of load 1 and load 2 for 50% Dppy for load 1 and 75% Dppy for
load 2 are shown in Figure 10c,d. It confirms that the developed system is good enough to
handle both the loads with two different power setting. The efficiency of the IH system for
different Dppys values is shown in Table 4. The control scheme can facilitate power control
to multi-load applications with reduced physical components. Additionally, it has the
unique advantage of achieving independent power control with higher efficiency, ensuring
constant frequency operation. Moreover, the control scheme can make the inverter operate
at ZVS for a wide range of power control.
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Figure 10. Cont.
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Figure 10. Voltage and currents waveform of 25% Dppy for load 1 and 100% Dppy for load 2 (a) simulation, (b) hardware,
voltage and currents waveform of 50% Dppy for load 1 and 75% Dppyy for load 2 (c) simulation, (d) hardware.

Table 4. Efficiency of the IH system with independent control.

DPDM (%) Load 1 Load 2 . o o
SNo  [oad1  Load2z T W1 (A) Py (W)  Ipyms (A)  Ppy(w) Lo W) Efficiency (%)
1 100 80 966.92 7.07 550 5.69 356 906 93.7
2 100 50 825.67 7.07 550 450 2205 7725 93.56
3 100 10 637.33 7.07 550 201 45 594.5 93.28
4 85 100 974.37 6.52 4675 6.36 445 9125 93.65
5 45 100 741.28 4.74 2475 6.36 445 692.5 93.42
6 10 100 539.08 2.24 55 6.36 445 500 9275

3.4. Thermal Analysis of Load

In the COMSOL environment, the traditional IH structure is modelled on a 2-dimensional,
axis-symmetrical, with 28-turns work coil, each of 3 mm diameter. The average diameter
of the operating coil is 128 mm and the vessel carrying water is considered as a load. The
system is solved by means of a magnetic field heat transfer solver in solid physics to achieve
transient frequency solutions. Input parameters for transient frequency analysis include
the geometry of the IH system, the magnetic properties of the load, the frequency and the
output of the current. Using magnetic and heat transfer physics, COMSOL estimates the
heat which develops on the load. As a user-defined equation in COMSOL, the switching
frequency and current flowing through each load is evaluated and fed as input. The rate of
heat generation on the work piece is estimated using the thermal conductance model of
the IH system for various intervals. In this model, the surface-to-ambient heat radiation
boundary conditions are used on all the external surfaces for performing the temperature
analysis. The geometry is messed into 10,254 triangular elements for solving the system.
The FLIR E75 24° advanced thermal imager is used to capture the load thermal image.
The simulated and experimental temperature profiles for load 1 and load 2 are shown in
Figure 11a—d. The thermal rise is recorded at time t = 180 s for both the loads, and it is
observed that the highest temperature difference is 16%, as the power difference between
the two loads is 19%. It implies that the produced temperature and power developed
on the load are directly proportional with each other. The overall thermal image of the
multi-load fed IH system is shown in Figure 9e.

The increase in temperature at different instants is shown in Figure 12. It is found that
att =180 s, the heat developed in load 1is 79 °C and in load 2 is 66.5 °C. It is inferred that
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the temperature increases with respect to time for both the loads. Similarly, the variation of
temperature with respect to Dppy is shown in Figure 13. From the response, it is concluded
that the temperature is varied by adjusting the Dppy;. The total modular power loss for
various Dppy with existing topology is shown in Figure 14. It is inferred that the proposed
system possesses minimum losses for the variation in Dppy;.

Surface: Temperature (degC) o
A B0

75
60

45

30

(@)

Surface: Temperature (degC) o>

(b) (@

(e)

Figure 11. Simulated thermal image of (a) load 1 (b) load 2; experimental thermal image of (c) load 1, (d) load 2, (e) load 1
and load 2.
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Figure 12. Variations of temperature with respect to time.
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Figure 13. Variations of temperature with respect to Dppy.
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Figure 14. Total modular power loss.

The comparison of the proposed topology with respect to the existing topologies are
listed in Table 5. It is inferred that the proposed IH system possesses higher efficiency with
the minimum semiconductor switches. The efficiency of the proposed system with respect
to the existing topologies is shown in Figure 15. The maximum efficiency occurs at 100%
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DppMm. Additionally, for the remaining values of Dppyy, efficiency is greater than 92%. Thus,
the proposed control technique can be used for a single/two induction cooking system.

Table 5. Comparison with existing topology.

Number of

. Modulation Number of Flicker Soft Control Maximum
S. No Ref. No  Semiconductor . 1 . . . o
. Technique Loads Issue Switching  Complexity  Efficiency (%)
Switches
1 [20] 8 AVC 1 No Partially Neutral 92.5
2 [32] 4 PDM 2 Yes Partially Neutral 93.2
3 [33] 4 PDM 1 Yes Fully Good 93.7
4 Proposed 4 PDM 2 No Fully Good 94.7
96
94
92

.’0—7’{:‘

&2
g 90
% 88 /
,:E’ 86 =0—Proposed Topology
P 84 Topology in [20]
=8— Topology in [32]
82 Topology in [31]
80
5 25 45 60 80 100
Dypym (%)

Figure 15. Efficiency variations for distinct load power.

4. Conclusions

In this work, a single-stage AC-AC series resonant inverter for a cooking application
feeding power to multiple loads is proposed using a single supply frequency. The proposed
scheme is tested by placing the transmitter coil and work coil at a distance of 3 cm, which
produces the dual frequencies at the output side for a 25 kHz source frequency. The
bifurcated frequencies, such as 20 kHz and 33 kHz, are used to power load 1 and load 2,
respectively. The current spectrum confines that there is no cross-frequency interference
across the loads. The output power control is performed by adjusting the duty cycle of the
PDM signal. The temperature in both the loads is studied using an FLIR thermal imager
for various time instants. The summary of this work is listed as follows:

Output power is controlled from 100% to 0% of the rated power.

The proposed inverter possesses higher efficiency of about 94.7% at 100% Dppy and
is greater than 92% for other values of Dppy.

Independent power control is achieved.

The output power can be regulated to any value within the rated power.

At rated power, the system possesses 5% less power losses as compared with the
existing articles [31,32].

As switching frequency is not varied, soft switching is realized for the whole operating range.
The PDM frequency is chosen as 25 Hz, which results in no noise.

From the test results, it can be concluded that the proposed system produces multiple
output frequencies with a single source. Though the tested system is able to handle two
loads, the power rating cannot be maintained as uniform due to multi-frequency operations.
Thus, a converter topology is required to produce uniform power distribution across all
loads. This work can be extended for more loads by varying the distance.
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Nomenclature

Req Equivalent load resistance (Q2)

Leq Equivalent load inductance (H)

Vab Supply voltage (V)

Rp1 Work coil resistance of load 1 ((2)

Rp2 Work coil resistance of load 2 ()

Ly Primary inductance of load 1 (H)

L2 Primary inductance of load 2 (H)

Lg; Secondary inductance of load 1 (H)

Ls» Secondary inductance of load 2 (H)

Vm Maximum peak value of the input voltage (V)
0 Angle difference between voltage and current (degree)
Mip Mutual inductance of source on load 2 (H)
M,;  Mutual inductance of source on load 1 (H)
Zequ  Equivalent impedance of load 1 (€2)

Zeqr  Equivalent impedance of load 2 (Q)

1 Efficiency of load 1

b Efficiency of load 2

Vo1 Load 1 voltage (V)

V0,2 Load 2 voltage (V)

ig1 Load 1 current (A)

ig2 Load 2 current (A)

Requ  Equivalent load resistance of load 1 (Q2)
Reqz  Equivalent load resistance of load 2 ((2)
Lequ  Equivalent load inductance of load 1 (H)
Leqz  Equivalent load inductance of load 2 (H)
Cu Resonant capacitor of load 1 (F)

Cp Resonant capacitor of load 2 (F)

wg Angular switching frequency (rad/sec)
Ls Input inductor (H)

Rs Source coil resistance ()

Cs Source capacitor (F)

Prat Rated output power (W)
from  PDM switching frequency (Hz)

fr Resonant frequency (Hz)

fr1 Resonant frequency of load 1 (Hz)

fio Resonant frequency of load 2 (Hz)

Wy Angular resonant frequency of load 1 (rad/sec)
Wy Angular resonant frequency of load 2 (rad/sec)
dip Distance between source and load 1 (cm)

dq3 Distance between source and load 2 (cm)
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