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Abstract—Induction heating appliance operation is
constrained by the non-linear pot material behavior under
the generated magnetic field. The equivalent load seen by
the inverter varies with the intensity of the field, meaning
that this variation is dependent on the mains voltage. In
flexible-surface induction cooktops, this fact is combined
with a high coil number and different pots to be powered
simultaneously, increasing the complexity to control the
transmitted power while maintaining proper mains current
consumption. In this paper, two non-complementary

asymmetrical modulations with in-cycle parameter
variation are proposed for improved power factor
correction while avoiding the need for switching

frequency variation and intermodulation noise in multi-
load systems. The proposed strategies are analyzed and
experimentally tested using a 3.6 kW multi-inverter
prototype featuring 5 induction coils.

Index Terms— Asymmetrical modulations, home
appliances, induction heating, multiple output, power
control, resonant inverters.

|. INTRODUCTION

NDUCTION heating (IH) has increased its relevance as a
heating technology due to its numerous advantages such as
fast heating, safe and clean operation, and high efficiency
[1]. Most of these advantages are a consequence of generating
the heat directly on the target material, which is done by
means of two mechanisms: eddy currents and magnetic
hysteresis [1-4]. In order to induce both effects, a medium
frequency magnetic field has to be applied to the material (Fig.
1 (a)).
The material penetration depth, o= 1/ J7fu,o, changes
with

the frequency, f, conductivity, o, and material
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Fig. 1. Induction heating load in domestic application composed
by the induction coil and the pot (a), and a typical multi-output
induction cooktop block diagram (b).
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permeability, u, that is dependent on the magnetic flux, ¢,
meaning that it is not constant but varies with the coil current
[5]. Considering a typical home appliance implementation, as
the depicted in Fig. 1 (b), this current depends, among other
factors, on the voltage applied to the IH load by means of the
inverter, which equals the rectified mains voltage if the bus
capacitor value is low enough. As a consequence, the
penetration depth fluctuates along the mains cycle and,
consequently, the IH load seen by the inverter varies [6].

In Fig. 2, the changes in the IH load for different applied
voltages and under different conditions of temperature and
switching frequency can be seen. In this figure, the induction
heating load is represented by its equivalent parameters: an
equivalent series inductance, L,, and an equivalent series
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Fig. 2. Equivalent load parameter fluctuation under various
applied voltages at different temperatures and constant frequency
of 35 kHz (a) and different switching frequencies and constant
temperature of 100 C (b).

resistance, R; [7-9]. The main consequence of this is the
change in the equivalent inverter resistance seen from the
mains, Ruceq, Which is depicted in Fig. 3. As a result, the mains
current, i,., which is inversely proportional, increases near the
mains peak, leading to third harmonic presence and increased
total harmonic distortion (THD). Besides, the current is lower
in the zero crossing vicinity, limiting the bus capacitor
discharge and therefore degrading the power factor (PF). An
example of the increase in the harmonic contribution can be
seen in Fig. 4, where the mains voltage, ve., is also represented
as a sinusoidal reference.

This issue is a major concern in induction cooktops as they
have to fulfill electromagnetic compatibility regulations [10]
while enabling the final user to use the desired pot regardless
its non-linear behavior. A typical solution considered in the
literature relies in using a low value bus capacitor that allows
high power factor with a cost-effective implementation [11-
15], which can be complemented by applying a frequency
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Fig. 3. Equivalent resistance as seen from the mains, Raceq, for
the full mains voltage range and two different pot materials at
100 C and the inverter operating at 35kHz.
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Fig. 4. Mains voltage and mains current example with Material 1
(a) and harmonic components of the mains current (b).

sweep to compensate the aforementioned THD [16-20].
Additionally, in order to improve the PFC capabilities of these
applications, several topologies have been proposed in the
literature to integrate the PFC stage in the inverter [21-28].
However, the increase of cooktop flexibility aggravates the
problem [29, 30], as the presence of different pots differently
coupled usually leads to intermodulation noise if different
switching frequencies are present. Consequently, it is usually
required the addition of an external PFC stage [31-36]. This is
especially relevant when operating in multi-output converters
that present limitations in the flexibility of control parameters.
In the past, in order to achieve proper output power control
while avoiding the switching frequency limitation,
constant-frequency asymmetrical modulations with offline
calculation of the parameter profile have been proposed [37].
In order to generalize this solution, this paper proposes the
usage of two non-complementary asymmetrical modulations
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Fig. 5. Series-resonant matrix inverter topology (a) and

modulation control parameters (b).

with in-cycle parameter variation to reduce the current
distortion and improve power factor while controlling the
transmitted power and operating with fixed frequency.
Compared with previous proposals, this modulation strategy
enables power factor correction without requiring an
additional PFC stage. The proposed strategies are analyzed
and experimentally tested using a 3.6 kW multi-output
prototype.

The remainder of this paper is organized as follows: Section
IT presents the power converter topology under study and the
power control capabilities with the asymmetrical modulation.
Section IIT proposes the in-cycle parameter variation strategy
and analyzes its implications in power and harmonic control.
Section IV presents the proposed algorithm, and some
simulation results and Section V presents the experimental
setup and summarizes the main experimental results. Finally,
Section VI draws the main conclusions of the paper.

Il. PROPOSED POWER CONVERTER TOPOLOGY

A.Multi-Output ZVS Inverter Topology

The proposed converter is a single column variant derived
from the multi-output matrix ZVS resonant inverter [38, 39].
This implementation presents a high-side transistor common
to all IH loads, which are organized in rows.

The proposed topology is depicted in Fig. 5 (a), including
the rectifier bridge, Dri4, and the bus capacitor, Cp. As
previously discussed, the high side transistor, Sy, is shared by
all the IH load while each one is presented in a different
output cell. These cells are comprised by the semiconductor
devices, the IH load, and a split capacitor, C;;, to complete the
resonant tank. The power devices are a high side antiparallel
diode, Duj, a low-side transistor, Sp; with a built-in
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Fig. 6. Asymmetrical modulations for power factor correction: (a),
Non-complementary pulse delay control (NC-PDC) and (c), Non-
complementary pulse width modulation (NC-PWM), and power
control capability of the NC-PDC (b) and NC-PWM (d) strategies.

antiparallel diode, D;, and a series diode, Dsj, that connects
the cell with the high-side transistor.

The series diode allows the independent activation of each
one of the cells. When the low side transistor is not activated
in a switching period, the capacitor is charged and as a
consequence, the series diode is reverse biased, so no power
transmission occurs. However, if the transistor is activated, it
generates a path to discharge the resonant capacitor, operating
the branch similarly to the half bridge inverter, and ensuring
that the series diode is forward biased when Sy is activated.

B.Asymmetrical Non-Complementary Control Strategies

The active loads of the converter operate with modulation
strategies similar to the ones used to operate the half-bridge
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series resonant inverter. However, as it is shown in Fig. 5 (b),
the common high side transistor, Sy, of this inverter forces
equal switching frequency, fi, and duty cycle, D, for all
branches. As a consequence, independent power control of the
different IH loads is obtained by controlling the low-side
transistor activation parameters allowing increased flexibility
in the power transmission.

In Fig. 6, the two alternatives of non-complementary
asymmetrical modulations with single parameter operation are
shown: Non-complementary pulse delay control (NC-PDC),
when the parameter that varies is a;, and non-complementary
pulse width modulation (NC-PWM) [40], varying the
parameter ¢;. Both allow full-range power control, being the
maximum power the transmitted with square waveform
modulation, i.e. lowest a; (Fig. 6 (b)) or highest ¢; (Fig. 6 (d)):

Po,i(vac’f;w’ai’%)<B),i(vac’.f;w’0’ﬂ-)' (1)

Given that each inverter branch equivalent resistance as
seen from the mains, Rac,eqi, can be defined as

2

V
vac):$, (2)
R),i(vac’fsw’ai?wi)

the independent power control enables to set the desired total
equivalent resistance of the complete inverter, Ruceq, as it can
be approximated as the parallelization of all branches.
Additionally, the independent power control modulation
strategies allow different equi-resistance operation for the
different IH loads and thus different power transmission.

ac,eq,i(

I1l.  MAINS CURRENT CONTROL

The mains current, i,., can be described as

A

Lsin(Zﬂfwt), (3)

ac,eq \ " ac

i, (1) =

where f,. is the mains frequency. Therefore, the desired
sinusoidal current, iuop;, is achieved by maintaining a constant
Raceq, independently of the voltage fluctuation, which is
denoted as Rg.oy. Considering equations (1) and (2), it is
important to note that correction is possible when Rce, is
lower than R ep), 1.€. iq is higher than the desired i, op.

In Fig. 7, the originally distorted mains current, i, is
presented in comparison a iy o5 curve corresponding with the
desired Racor. This figure shows the mains period fraction
where correction is possible, fi,. Thus, the resulting non-
distorted current, i nq4, can be expressed as

t.
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Fig. 7. Comparisson between the original distorted current, iac,
and the desired sinusoidal current, iacobi, Which corresponds with
a constant Rac,obi.
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Consequently, the sinusoidal part of the current decreases
with the increase of the desired transmitted power, Py 5. As a
consequence, in order to maximize fn, Raceq can be reduced
by approximating the switching frequency close to the
resonant frequency while maintaining ZVS commutation. A
comparison of the achieved THD reduction as a function of #,
can be seen in Fig. 8.

A.Proposed in-cycle parameter variation

To achieve the desired constant Ry .4, the control parameter
has to adapt the load R;; and L,; variation. Analytically, the
different Rac.q: as a function of the control parameter can be
derived from equation (2). For the case of the NC-PDC
strategy, it can be calculated as shown in equation (6), being
t0 the current zero crossing time, that depends on the load
parameters. This parameter can be approximated as
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For the NC-PWC strategy, the equivalent resistance is
calculated in equation (8) being in this case #y, equal to

tO,q),- (vac) =

-1 s

tan

. 1 ’
(~rreoslo) R, o) -sinl)| 04,00
©

The curves for various levels of Ru..r and the two pot
materials can be compared in Fig. 9. In this figure, differences
in the voltage range that allow parameter change can be seen,
corresponding with the differences on 4, as calculated in (5).

B. Transmitted power control

The selection of the Rycop;i depends on the power that is
desired to transmit to each load. The total transmitted power to
the load, P, ;, is calculated during a mains cycle as

%(V sin(27 f, t ))2
‘f;“.([ aceqt( )

and the objective equivalent resistance can be estimated
substituting the desired power, P, ., in equation (2) as

d, (10)

I} 2
Rac,obj,i = PL' (1 1)

0,0bj i
However, the controlled transmitted power corresponds
only with the sinusoidal part of the current

1

4fm+% (V sin(27 £, t))

ac

R‘ntr,i = z.f;zc —dt =

R ...
L L 2.0bj,
0 — ac,obj i (12)
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Fig. 9. Equal resistance curves for two pot materials operating
the inverter at the same fw and with the non-complementary
pulse delay control (NC-PDC) strategy (a), and the non-
complementary pulse width modulation (NC-PWM) strategy (b).

meaning that the mains cycle power should be measured
and Ryc,0p,; modified accordingly.

V. CONTROL ALGORITHM

The proposed control system can be seen in Fig. 10. It is
divided into two main blocks: branch equivalent resistance
recalculation, and branch constant resistance control. This
structure, achieves the power factor correction with a precise
control in the transferred power. The first block operates at the
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Fig. 10. Control block schematic.
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Fig. 11. Asymmetrical modulations for power factor correction: Non-
complementary pulse delay control (NC-PDC) (a) and Non-
complementary pulse width modulation (NC-PWM) (b).

mains frequency, f., while the second one operates at
switching frequency.

The Rucon,i recalculation part operates by calculating the
difference between the real transmitted power to the load, P, ;,
and the expected power, P, 0, and then including the error in
equation (11).

The constant resistance control is comprised by a PI
controller with an anti-windup block. The latter is necessary as

ENC-PDC =NC-PWM
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Fig. 12. Power calculation variation depending on the sampling
rate for both modulation strategies.

the action variation, i.e. @ or ¢ parameter, is limited for both

Experimental test-bench including the IH coils, the pot,
the power electronics prototype and the oscilloscope to capture
the converter waveforms.

Fig. 13.

modulation strategies. Between 0 and & radians for the case of
@, and between the diode conduction time and m for the
variation of parameter a.

A. Simulation results

Simulation results for the algorithm with both parameter
variations and a single load are shown in Fig. 11. Both
alternatives present and appropriate THD reduction of
approximately the 70%. Additionally, in both simulations, it is
important to note the asymmetrical parameter variation, as the
PI controller also compensates the incomplete bus capacitor
discharge.

However, the feasibility of the results is highly dependent
of the power calculation and, as a result of the voltage and
current waveforms, the sampling frequency. In Fig. 12, the
power calculation error when the sampling instant is close to
the low side transistor turn on is shown. As it can be seen, it is
always more critical for the case of NC-PWM as the low side
transistor switches in the current peak, discouraging its
experimental implementation.

V.EXPERIMENTAL SETUP AND RESULTS

The experimental setup is presented in Fig. 13. A flexible
surface comprised by an array of oval-shaped IH coils is used,
allowing the free placement of the pot. The AC power source
correspond with the California Instruments 5001 iX, that allow
a power of up to 5 kW per phase and direct analysis of the
current quality. Additional waveform measurements are
obtained using the Teledyne Lecroy MDAS810 oscilloscope.
The measurement setup shown corresponds with: mains
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Fig. 14. Experimental results of the cooktop operating at nominal
power with a highly non-linear pot and without PFC modulation.
Main waveforms (a) and harmonic contribution (b). On the
oscilloscope capture, from top to bottom: mains voltage, vac, (200
V/div, yellow), mains current, js.c, (20 A/div, pink), active loads
output voltage, vo, (200 V/div, blue), active loads current, i, (50
A/div, green). Time axis: 5 ms/div.

current, i,, and voltage, v.., and single load applied voltage,
voi, and current, i;;,, The converter prototype has been
purposefully designed to allow the verification of the NC-PDC
modulation strategy and integrates both the power topology
and the control ancillary circuitry.

The multi-output inverter presents a single high-side
transistor and 5 low-side branches. The transistors are
IHFW40N65R5S from Infineon and are selected to be the
same considering that the maximum converter rated power is
3600 W, while each of the loads provide up to 2000 W
independently. The selected diodes are APT30D60BHBG,
from Microchip which provide good performance while
allowing integrating Ds and Dy in the same TO-247-3
package. A forced-air cooling heatsink is used to achieve good
power dissipation. Each one of the IH coil is commercial and
the resonance has been designed following the commercial
standards of induction cooktops.

The platform allows measuring the relevant parameters
such as each branch applied voltage, v,;, and load current, i,
to calculate the transmitted power, and the neutral and line
voltages in order to be synchronized with the mains. In order
to do so, 1 MSPS ADC converters have been used, ensuring
low power calculation error. Based on that data, it is possible
to apply the proposed modulation strategies by means of an
embedded Spartan-6 XC6SLX9 FPGA in which the proposed
algorithm has been implemented.

Additionally, the platform includes optic-fiber connections
that allow its connection with an external PC that runs the user
interface and provides the prototype with each load desired
power level.

A.Experimental results

In Fig. 14, the mains and load waveforms for a non-
controlled constant-frequency power transmission are shown
for a highly non-linear material, i.e. Material 1. The
transmitted power equals 2000 W and it is shared between two
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Fig. 15. Experimental results of the cooktop operating at nominal
power with NC-PDC PFC modulation and a highly non-linear pot.
Main waveforms (a) and harmonic contribution (b). In (a), from top to
bottom: mains voltage, vac, (200 V/div, yellow), mains current, iac, (20
A/div, pink), low side transistor active time percentage, 50%-a, (10
%l/div, dark yellow). Time axis: 5 ms/div.
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Fig. 16.
power with NC-PDC PFC modulation and a highly non-linear pot.
Zoom near the zero crossing (a) and the mains peak (b). On each
capture, from top to bottom: mains voltage, va, (200 V/div, yellow),
mains current, iz, (20 A/div, pink), active loads output voltage, vo,
(200 V/div, blue), active loads current, i, (50 A/div, green). Time axis:
5 ms/div, 10us/div.

Detailed waveforms of the cooktop operating at nominal

IH loads. As it can be seen, the current waveform presents a
significant 3" harmonic component, which corresponds with
the R, variation along the mains cycle, high asymmetry, due
to the uneven bus capacitor charge and discharge, and zero
crossing distortion. In Fig. 14 (b), the RMS values of the
harmonic components of the current, are shown. Additionally,
more relevant data measured by the power analyzer has been
transcribed to Table L.
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TABLE |. PF, THD, AND HARMONIC CONTENT WITH AND WITHOUT THE PROPOSED MODULATION.

MATERIAL 1 MATERIAL 2
2000 W 2000 W 3000 W 2000 W 2000 W 3000 W
No-PFC NC-PDC PFC NC-PDC PFC No-PFC NC-PDC PFC NC-PDC PFC
MODULATION MODULATION MODULATION MODULATION MODULATION MODULATION
PF 0.984 0.992 0.991 0.995 0.994 0.997
THD (%) 16.18 4.58 10.83 6.77 2.28 3.30
Harmonic Normalized value  Normalized value = Normalized value | Normalized value  Normalized value =~ Normalized value
content (%) (%) (%) (%) (%) (%)
Fundamental 100 100 100 100 100 100
2 0.16 0.16 0.17 0.15 0.14 0.10
3 16.21 0.89 8.60 6.67 0.62 2.13
4 0.04 0.10 0.04 0.02 0.12 0.02
5 2.05 2.59 6.27 0.78 1.31 1.81
6 0.01 0.07 0.03 0.02 0.12 0.05
7 0.36 2.73 1.91 0.12 1.16 1.35
8 0.02 0.07 0.03 0.02 0.03 0.01
9 0.16 1.96 0.81 0.14 0.70 0.73
10 0.02 0.22 0.02 0.01 0.05 0.01
In contrast with the previous results, the usage of the
proposed NC-PDC modulation strategy under the same ~ L
conditions as the reference measurement, i.e. Material 1 and LT :

2000 W, can be seen in Fig. 15. There, voltage and current are
represented as well as the control parameter fluctuation along
the mains cycle. The a variation profile reduces i, in the
vicinity of the mains peak and due to its asymmetry is capable
of compensating the mismatch between V; and |v..|. By doing
this, a reduction of the 3™ harmonic can be seen in Fig. 15 (b)
and the improvement of the PF is summarized in Table I.

The a parameter variation effect over the IH load
waveforms can be seen in Fig. 16. There, square waveform
operation occurs near the zero crossing when iucop > iac and
therefore o is lower than #,, (Fig. 16 (a)) and high non-
complementarity occurs near the mains peak (Fig. 16 (b)).

The experimental results for a material with a less
pronounced non-linear behavior, i.e. Material 2, can be seen in
Fig. 17. There, a similar parameter profile is obtained but with
a reduced « variation range.

In Table I, the most relevant experimental data considering
different power levels is summarized.PF improvements and
THD reductions can be seen when using NC-PDC PFC
modulation. Additionally, the main harmonic components of
the presented waveforms are shown as a percentage of the
fundamental harmonic in order to allow a proper comparison.
The dependency of the power factor correction capability with
the relation between iq05 and i, can be seen, since the results
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Fig. 17.  Experimental results of the cooktop operating at nominal
power with NC-PDC PFC modulation and a non-linear pot. Main
waveforms (a) and harmonic contribution (b). In (a), from top to
bottom: mains voltage, vac, (200 V/div, yellow), mains current, iac, (20
A/div, pink), low side transistor active time percentage, 50%-a, (10
%ldiv, dark yellow). Time axis: 5 ms/div.
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improve for lower power values as iqo5 decreases and the
sinusoidal percentage increases.

TABLE I1. IEC 61000 3 2:2018 COMPARISON FOR MAXIMUM POWER WITH AND WITHOUT THE PROPOSED MODULATION.

MATERIAL 1 MATERIAL 2
HARMONIC No-PFC % OF NC-PDC PFC % OF No-PFC % OF NC-PDC PFC % OF
CONTENT MODULATION LiMiT MODULATION LiMiT MODULATION LiMiT MODULATION LiMiT
Fundamental 15.654 15.683 15.744 15.637

3 2.662 115.72 0.531 23.10 1.249 54.32 0.100 4.34

5 0.326 28.58 0.659 57.82 0.138 12.15 0.158 13.88

7 0.075 9.79 0.404 52.41 0.032 4.10 0.122 15.89

9 0.038 9.38 0.167 41.67 0.027 6.79 0.095 23.71

2 0.049 4.55 0.037 3.46 0.032 2.97 0.043 3.99

4 0.052 12.10 0.129 30.01 0.034 7.87 0.031 7.29

6 0.049 16.40 0.121 40.25 0.031 10.44 0.043 14.27

8 0.045 19.42 0.017 7.53 0.029 12.51 0.049 21.38

10 0.024 12.85 0.030 16.21 0.024 12.88 0.016 8.63
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Additionally, in Table II the proposed modulations are
compared according to the standard IEC 61000 3 2:2018 with
a 300-mm pot placed sharing three induction coils and
maximum rated power. In this test, the improvement achieved
with the highly non-linear pot is clearly highlighted as it
allows the converter to fit below the harmonic limits.

VI. CONCLUSIONS

In this paper, a matrix ZVS resonant power converter and
two non-complementary pulse modulation strategies with
in-cycle parameter variation have been proposed as single
stage PFC and THD reduction solution for flexible surface
cooktops. Closed loop control has been proposed to achieve
load adaptation and smooth control parameter fluctuation.

The NC-PDC has been validated experimentally due to the
lower error derived from the power calculation. For a highly
non-linear material it achieves a PFC of 0.07 points and a
THD reduction of an 80% by addressing the 3™ harmonic
component excess. The proposed algorithm has been tested in
a multi-output prototype with an embedded FPGA and the
simulation results have been experimentally validated, proving
the applicability of the proposed modulation strategies to a
prototype operating under real operating conditions.
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