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Implementation of Zero-Ripple Line Current Induction Cooker using

Class-D Current-Source Resonant Inverter with Parallel-Load Network

Parameters under Large-Signal Excitation

Abstract — The systematic and effective design method of a Class-D current-source resonant inverter
for use in an induction cooker with zero-ripple line current is presented. The design procedure is based
on the principle of the Class-D current-source resonant inverter with a simplified load network model
that is a parallel equivalent circuit. An induction load characterization is obtained from a large-signal
excitation test-bench based on parallel load network, which is the key to an accurate design for the
induction cooker system. Accordingly, the proposed scheme provides a systematic, precise, and
feasible solution than the existing design method based on series-parallel load network under low-
signal excitation. Moreover, a zero-ripple condition of utility-line input current is naturally preserved
without any extra circuit or control. Meanwhile, a differential-mode input electromagnetic interference
(EMI) filter can be eliminated, high power quality in utility-line can be obtained, and a standard-
recovery diode of bridge-rectifier can be employed. The step-by-step design procedure explained with
design example. The devices stress and power loss analysis of induction cooker with a parallel load
network under large-signal excitation are described. A 2,500-W laboratory prototype was developed
for 220-V,,,¢/50-Hz utility-line to verify the theoretical analysis. An efficiency of the prototype is 96%
at full load.
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1. Introduction

Induction heating (IH) technology have favorable
features of the contactless energy transfer due to the fact
that it provides faster heating time, cleanliness, safety, and
higher efficiency [1,2] when comparison with the traditional
heating methods, such as resistance heating, halogen
heating, and flame heating. As a consequence, the IH
technology has become increasingly common in our daily
lives. These are well suited to domestic appliances such as
induction water heater, induction tea maker, induction
pressure rice cooker, and induction cooker, which the
induction cookers have a main domestic application of
the IH technology. Meanwhile, a resonant power inverter
is commonly utilized to generate a medium-frequency
alternating current (AC), normally operated between 20-
100 kHz to supply the pan inductor-vessel. This vessel is
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directly heated by causes magnetic hysteresis and an eddy
current circulating through the bottom of the vessel. The
resonant power inverter architectures for the induction
cooker implementations can be divided into three categories
as a function of a number of an active switch: first; the
one-switch Class-E resonant inverter [3-5] has been
proposed for low-power applications (<2,000W), second;
the two-switch Class-D voltage-source resonant inverter
with series load network [6-15] and Class-D current-source
resonant inverter with series-parallel load network [16-
19] have been proposed for medium-power applications
(<5,000 W), and third; the four-switch Class-D voltage-
source resonant inverter with series load network [20-27]
and Class-D current-source resonant inverter with series-
parallel load network [28-30] have been proposed for high-
power applications (>5,000 W).

The major drawbacks of the medium-power induction
cooker based on the Class-D voltage-source resonant
inverter with series load network are requires a large
differential mode EMI filter to meet electromagnetic
compatibility (EMC) regulation requirements for attenuate
the large high frequency ripple utility-line input current
and it needed to design of a driver circuit for high-side
switch, which would reduce reliability of the system. To
overcome these problems, the Class-D current-source
resonant inverter with series-parallel load network for the
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induction cooker applications has been presented. However,
the analysis and design are difficult and inaccurate because
the induction load parameters have been provided from
low-signal excitation with complexity of induction-load
parameters, which is not suitable for this application.

To solve aforementioned problem, a step-by-step design
procedure explained with design example for the Class-D
current-source resonant inverter with a simplified load
network model that is a parallel resonant equivalent circuit
under large-signal excitation for the zero-ripple line current
domestic induction cooker application. An alternative
lumped-parameter of coil and vessel using a parallel load
network is presented for the induction-load equivalent
circuit instead of the common series-parallel R-L and C
load network. Furthermore, in order to get the circuit
parameters, the induction-load characterization must be
achieved under large-signal excitation using test-bench. As
a result, the proposed scheme provide a more accurate,
systematic, and feasible solution. The differential mode
EMI filter can be eliminated because the zero-ripple
condition of the utility-line input current can be achieved
rather easily. As a result, a high utility-line input power-
factor (PF) and a low total harmonic distortion of the
utility-line input current (THD,) can be obtained. Moreover,
the standard-recovery diodes can be employed as bridge-
rectifier.

The description of the proposed resonant power
converter and its operating mode are presented in Section
2. Section 3 illustrates the design procedure. In Section 4
show the design example, simulation, and experimental
results to verify the theoretical analysis. Finally, the
conclusions are given in Section 5.

2. Proposed Topology
2.1 Schematic diagram
Fig. 1 shows a schematic diagram with key waveforms

of the Class-D current-source resonant inverter using a
parallel load network under large-signal excitation for
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Fig. 1. Schematic diagram of the Class-D current-source
resonant inverter for the zero-ripple line current
domestic induction cooker
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the zero-ripple line current domestic induction cooker.
First, a bridge-rectifier diode is used to convert the low-
frequency utility-line input voltage into a full-wave rectified
sinusoidal voltage. Finally, a resonant power converter
block, which is the main part of the system, supplies the
medium-frequency AC to the pan inductor-vessel with
the 2,500-W output power. Typically, the EMI filter
should be bulky and costly in order to decrease the high-
frequency current of the inverter stage from entering into
the utility-line to satisfy the requirement of the low-
ripple current condition. The differential-mode EMI filter
is not needed for the proposed topology because the
zero-ripple condition of the utility-line input current can
be achieved. The analysis of the Class-D current-source
resonant inverter using a parallel load network under
large-signal excitation for the zero-ripple line current
domestic induction cooker is carried out under the
following assumptions to simplify the analysis:

1. The active switch and the series power diode form an
ideal switch with an on-state voltage equal to zero, an
off-state is modeled by an infinite resistance, and a
switching time of zero.

2. The choke inductance is large enough that its current is
approximately constant over one switching cycle.

3. The components of the parallel load network are passive,
linear, and do not have parasitic components.

4. The switching frequency is less than the resonant
frequency.

5. The vessel is considered as a load resistor with fixed
resistance for a specific operating frequency. If this
frequency changed, the load resistance is also changed.

2.2 Circuit description

Fig. 2(a) shows a circuit of the proposed topology. It
consists of the standard-recovery bridge-rectifier diodes
D\-D,-Ds-D,. The cost of the proposed topology can be
reduced because standard-recovery diodes can be used
for the bridge-rectifier and the EMI filter is not needed
because the zero-ripple condition of the utility-line input
current can be achieved. The proposed Class-D current-
source resonant inverter consists of a choke inductor Z;, a
parallel resonant circuit R,-L,-C,, and two unidirectional
switches S;-S,. The unidirectional switch comprises an
insulated- gate bipolar transistor (IGBT) in series with a
diode Dgi-Q-Dg,-Q,. Therefore, the switch can operate
only a positive current and can block either positive or
negative voltage. The IGBTs are driven by rectangular
gate-to-emitter voltages Uger and Uggz to act periodically
as a switch, with a switching frequency f; =, /27
where @, is a switching angular frequency in radians per
second. To provide the path for the input current source i;
either one or both switches should be ON. Thus, the on-
duty ratio D is slightly more than 50%. A lumped-
parameter transformer model of the coil and the vessel
[31]-[33] of Fig. 2(a) is shown in Fig. 2(b), where R,, L,
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Fig. 2. Circuit topology of the proposed induction cooker: (a) and lumped-parameter transformer model for coil and vessel
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Fig. 3. Equivalent circuit of the proposed domestic induction cooker: (a) Equivalent circuit with simplest form of the
transformer; (b) Vessel is replaced by the equivalent resistor R, with RLC parallel resonant circuit; (c) Simplified

equivalent circuit

and L,, are presented the winding resistance, the leakage
inductance, and the magnetizing inductance of the ideal
transformer, respectively. # is the number of turns of the
primary coil and R, is the equivalent vessel resistance.

2.3 Circuit operation

Fig. 3 shows the operation of the proposed is explained
by an equivalent circuit. The diodes D, and D, of the
bridge-rectifier operate during the positive half-cycle of
the utility-line input voltage. This is represented as
Uy, =V, sinwpt, where @p is a line angular frequency
in radians per second. The diodes D, and D; operate during
the negative half-cycle of the utility-line input voltage.
The model of the rectifier output is a full-wave rectified
sinusoidal voltage source |v;,|=V;,[sin@.¢| . Alternatively,
the transformer model with magnetic coupling M can
also be used to model the planar coil and the vessel, as
shown in Fig. 3(a). To simplify the analysis, the DC input
voltage V; =V, /2 is equal to the root-mean-square (rms)
value of the input voltage, replaces the full-wave rectified
sinusoidal voltage source [vi|. The magnetic coupling M is
assumed to equal \|L,L; . The coupling coefficient k is

unity. The equivalent vessel resistance R, is reflected to the
primary side as an equivalent resistor R, and is connected
in parallel with a primary inductance L, and capacitor C, as
shown in Fig. 3(b). Consequently, the simplest type of
load network is the parallel resonant circuit. The simplified
equivalent circuit of the proposed topology is shown in
Fig. 3(c), the circuit composed of the input voltage V;, the
choke inductor L, and the switches S; and S, can be
modeled by a square-wave current source i which is equal
to active switch current of S, is.

The input current source 7 of the parallel resonant circuit
is a square wave of magnitude /. If the loaded quality
factor Q; of the parallel resonant circuit is high enough,
the voltage across this circuit Up is nearly a sine wave. For
f; <[, the parallel resonant circuit represents an inductive
load and the fundamental component #;; of the input current
source 7 lags behind the voltage across the parallel resonant
circuit Vo by the phase angle ¥, where v >0. Thus, the
switch voltage is negative after turn-on and positive before
turn-off. The conduction sequence of the semiconductor
devices is Dy -Q-Dg,-0,. The working modes of the
equivalent circuit of the proposed domestic induction
cooker in a one-switching cycle are depicted in Fig. 4(a)-
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Fig. 4. Working modes of the equivalent circuit in one-
switching cycle: (a) Dy, is ON, O, is OFF, and S; is
ON; (b) Dy, is OFF, O, is ON, and S, is ON; (¢) S
is ON, Dy, is ON, and O, is OFF; (d) S, is ON, Dy,
is OFF, and O, is ON

(d). The schematic current and voltage waveforms in a one-
switching cycle near the peak of the utility-line input
voltage of the proposed circuit are shown in Fig. 5. A
detailed analysis of the complete operation including four
modes is described as follows:
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|Mode1| [Mode2] [Mode3 [Moded]

Fig. 5. Schematic voltage and current waveforms during
one-switching cycle

Mode 1: The switch S, is turned on, when IGBT Q, is
turned on by the drive voltage Vg2, the switch current of
S,, is, is the magnitude of choke inductor current /; and the
switch voltage of S5, Uss is zero. At the same time, the drive
voltage Vg1 is reduced from high to low level, the IGBT Q,
is turned off and the series diode Dy, is turned on. During
the time interval, the switch voltage of ), Us1is positive is
equal to the voltage across the parallel resonant circuit Vo .

Mode 2: When the switch voltage of S}, Us1is decreased
to zero, the series diode Dy, is turned off, the drive voltage
Ugg1 1s increased from low to high level, the IGBT Q, is
turned on. Then the reverse voltage of the series diode
Dy, is equal to the voltage across the parallel resonant
circuit Vo and supports the switch voltage when the switch
voltage is negative.

Mode 3: The switch S, is turned on, when IGBT Q; is
turned on by the drive voltage Uggi, the switch current of
S1, i 1s the magnitude of choke inductor current /; and the
switch voltage of S, Us1 is zero. At the same time, the drive
voltage Uge2 is reduced from high to low level, the IGBT
0, is turned off and the series diode Dy, is turned on.
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During the time interval, the switch voltage of S,,0s>is
positive is equal to the voltage across the parallel resonant
circuit 0o .

Mode 4: When the switch voltage of S,, Us2 is decreased
to zero, the series diode Dy, is turned off, the drive voltage
Uggy 1is increased from low to high level, the IGBT Q, is
turned on. Then the reverse voltage of the series diode
Dy, is equal to the voltage across the parallel resonant
circuitvp and supports the switch voltage when the switch
voltage is negative.

The schematic current and voltage waveforms in one-
line cycle of the proposed topology are presented in Fig.
6. A sinusoidal utility-line input voltage waveform is
displayed in Fig. 6(a). The full-wave rectified utility-line
input voltage |v;;| and the full-wave rectified utility-line
input current |i,| waveforms are depicted in Fig. 6(b) and
(¢), respectively. Fig. 6(d) shows the output voltage, which
is across the parallel resonant circuit Yo . The switch
voltage and switch current waveforms of S; over a one-
switching cycle are shown in Fig. 6(¢) and (f), respectively.
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Fig. 6. Schematic waveforms in one-line cycle

The utility-line input current waveform i, is filtered
average switch current waveforms of S} and S, or sum of i
and ig,, which is equal to sinusoidal envelope of the switch
current waveforms of S| and S, as shown in Fig. 6(g). Fig.
6(h) depicts the switch current waveforms of S, and S, as
zoomed-in views of Fig. 6(g). Thus, the zero-ripple line
current can be achieved. Consequently, the differential
mode EMI filter can be eliminated and high power quality
in utility-line can be obtained.

2.4 Induction load parameter

Fig. 7 illustrates the experimental circuit was used to
determine the induction load parameter under low-signal
excitation with programmable automatic LCR meter
(FLUKE model PM6306). However, the key to an accurate
design of the induction cooker system is the induction load
parameter, which is composes of the parallel inductance L,
and the parallel load resistance R,,. The experimental circuit
was employed to obtain the induction load parameter under
large-signal excitation as illustrated in Fig. 8. The inductor
coil L, consists of 25 turns of copper wire, which is litz-
wire that made from 18 stands of 27 AWG magnet wires.
The ferrite bar was made by using seven I cores of the
3C90 ferrite core. The dimension of I core is 72x15x5
mm. The diameter of the inductor coil L, is 180 mm.

The bottom diameter of the vessel is 170 mm, and the
thickness of the glass-ceramic spacer is 4 mm. The current-
source Class-D inverter with a parallel resonant circuit and

[~]
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@ Induction I:uud‘
‘ . Equivalent Circuit

L,
Programmable

g —=R
Automatic LCR Meter 2
—* f;

Fig. 7. Induction load parameter under low-signal excitation
condition with LCR meter
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Fig. 8. Induction load parameter under large-signal excitation
condition with test-bench
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operated at f; = f, has been chosen. This topology has
been proposed for the other applications [34] and [35].
The output power control is obtained by adjusting utility-
line input voltage and resonant capacitor, while resonant
condition was fixed for each switching frequency by
using pulse-frequency modulation techniques (PFM).
The calculation of induction load parameter was carried
out in a computer by using experimental data from a
digital oscilloscope.

Fig. 9 depicts the equivalent inductances L, of the
induction load network as a function of frequency for
various situations. It can be observed that the equivalent
inductance L, decreases when the vessel is added and
frequency increases due to the opposing magnetic field
of the eddy current in the vessel increases [36]. The
equivalent resistance R, of the induction load network as
a function of frequency for various situations is shown in
Fig. 10.

The resistance R, increases when the frequency
increases because the skin effect in the vessel. It can be
seen that the induction load parameter under large-signal
excitation condition is very different from LCR meter ones.

140 T T T

120

100 f=

L,(uH)

60

~---#-==== LCR meter coil without vessel —a—— Test-bench 1,500 W
LCR meter coil with vessel — — - # - = Test-bench 2,000 W
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40 ---p-o- Test-bench 1,000 W
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Fig. 9. Curves of the equivalent inductance L, of the
induction load network with load changing
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Fig. 10. Curves of the equivalent resistance R, of the
induction load network with load changing
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3. Design of Proposed Topology
3.1 Design procedure

In this section, the step-by-step design method for the
proposed topology will be briefly explained. The design
flowchart of the proposed topology is depicted in Fig. 11
and the design procedures are given as follows:

1. By selecting the desired resonant frequency f,, the
parallel inductance L, from Fig. 9 and the parallel load
resistance R, from Fig. 10 will be obtained and one can
calculate a loaded quality factor Q;. In addition, a near-
sinusoidal utility-line input current was assumed, and
expected inverter efficiency 7;, the expected resonant
circuit efficiency 7-=R,/R and angular frequency
ratio @; /@, were approximately, where R is the load
resistance without parasitic resistance of the resonant
circuit and @, is resonant angular frequency in radians
per second.

2. Specified the utility-line rms voltage Yinms and
determine the output power P,,. If this determined
P, 1s higher that the desired one, the higher switching
frequency must be selected and recalculate the
parameters from procedure 1 again. In the other way, if
the calculated P,,, is lower than the desired value, the
switching frequency must be decreased.

3. Determine the parallel capacitance C, from the result of
procedure 1.

T
Y
Select: {j,' get L”,Rﬂ}]
(from Figs. 9 and 10)
v
Calculate: {Q, }
(use Eq. 1)

Select: {U,,,,m get F, }

out

(use Eq. 2)

Decrease:

{£}

Increase:
(£l
Wr)

Lou™
¥

2 3
es
Caleulate {Cﬁ
(use Eq.3)

}
}

Calculate: {L,
(use Eq. 4)

)
v v

Caleulate: {is,. }| |Calculate: {v;,.}
(use Eq.5) (use Eq. 6)

v
Select:
{Power Switch, S}

Fig. 11. Design flowchart of the Class-D current-source
resonant inverter using a parallel load network
under large-signal excitation for the zero-ripple
line current domestic induction cooker
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is plotted as a function of frequency ratio f;/f,

4. Find the choke inductance L; the expected maximum
ripple utility-line input current i,;, .., Was approxi-mately.

5. Find the maximum switch current ig,,, which is equal
to amplitude of the utility-line input current /;,.

6. Calculate the maximum switch voltage Vs max . The
normalized maximum switch voltage VS,max/Vin 1is
plotted as a function of the frequency ratio f,/f, as shown
in Fig. 12.

3.2 Design of the Class-D current-source inverter

The 2,500-W Class-D current-source resonant inverter
using a parallel load network under large-signal excitation
for the zero-ripple line current domestic induction cooker
was designed to handle a utility-line rms voltage Vin,rms of
220 V and a line frequency f; of 50 Hz. It was assumed that
the domestic induction cooker drew a sine wave utility-line
input current, the inverter efficiency 77; was equal to 0.96.
It were assumed that the resonant circuit efficiency
=R, /R=0.98 and the frequency ratio ®;/®, =0.95 The
resonant frequency f, = 60 kHz is selected. From Figs. 9
and 10 at 2,500 W situation line, we achieve the parallel
inductance L, = 90.35 uH and the load resistance R, =
96.56 Q, respectively. The loaded quality factor Q; value is
given by

R 94.63

= = =2.78
O @Ly  27x60x103x90.35x107° W

The utility-line rms voltage Yin,rms = 220 V is specified.
Thus, the output power P,,, is calculated by

®,

2
. ,
”277[2U1%1,rms 1+ [QL [S - VD

2
2R 11y

|

7% %0.962 x 2202 [1 +[2.78[o.95 -

2x96.56x0.982
=2,566.83 W

The value of the parallel capacitor C, is determined by

0 2.78
O.R  27x60x10° x94.63

p =77.93 nF 3)

The minimum value of the choke inductor L, is given by

I/[il 311

B 2f;virip,max - 2x57x10°x0.2

>13.65 mH 4)

i

Let us assume that the maximum ripple utility-line input
current i, m,, in the choke inductor less than 0.2 A. The
maximum switch current ig; yux = isamax = Ismax 1S €qual to
amplitude of the induction cooker utility-line input current
I,,, which is calculated from

—_ V2B, 2x2,56683 _ o )
: 0 Vims  0.96x220
The maximum switch voltage
Us1max = Us2,max = US,max 1S giVCl’l by
O, @ 2
2 .
\/Euin,rms”nl 1+ QL [v - r]
W,
US max =
Ty
Y (6)
V2 x220% 7%0.96, |1+ 2.78> (0.95 -
3 0.95
0.98
=995.70 V
Therefore, a 1,400-V/20-A IGBT part number

IRG7PK35UDI1PBF from IR series with 600-V/15-A fast
recovery diode part number DSEC30-60A from IXYS are
used for the unidirectional switches S} and S,.

3.3 Conduction loss analysis

The proposed topology is composed of six major
components. These six components are the power IGBTs,
power diodes, capacitor, and inductors. The equivalent
circuit of the proposed topology for a conduction loss
analysis is shown in Fig. 13. The IGBTs are modeled by
switch with the constant voltage source Vjyy and the on-
resistance 7y. The power diodes are modeled by the series
connection of the constant voltage source Vp and the on-
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Tl '

+

VEDQ2 —{
"FDO2 %

Usa
Vro2
"FO2

Fig. 13. Equivalent circuit for the conduction loss analysis

resistance 7gp. The series and parallel resistances 7;;, 7,
represent the equivalent resistances of the filter inductor Z;
and parallel capacitor C,, respectively. The average value
of the bridge-rectifier diode currents ip;-ip, is equal to the
average value of the half-wave rectified utility-line input
current. Consequently, the power loss in the diodes D;-D,
due to the forward voltage Vypp is obtained as

VEDBIin, max
T

PD,Bridge = = 602W (7)

~1.1x17.19
- Vg

The bridge-rectifier was built using a (D20SB60, LRC)
standard-recovery diode with a pn junction voltage (Vipp =
1.1 V). The average value of the switch current ig,,, is
given by (8). Therefore, the power loss in the diodes Dy,
Dy, and the IGBTs Q,, O, due to the forward voltage Vipo,
Vg are given by

i
isavg =22 D 547 ®)
PCE,on = VCE,oniS,avg =1.8x5.47=9.84 W (9)
PDQ :VFDQiS,avg =1.8x547=9.84 W (10)

The unidirectional switches were built using the
(IRG7PK35UDI1PBF, IR) IGBT witth a collector-to-
emitter saturation voltage (Vg ,,=1.8 V) and the (DSEC30-
60A, IXYS) fast-recovery diode with a forward voltage
(Vepp = 1.8 V). The parasitic series resistance of the filter
inductor r;; is 220 mQ and the rms value of the full-wave
rectified sinusoidal current i; ., is given by (11). Thus, the
conduction loss in the inductor L, is obtained by

i
A S\’/mza" :713/%9 1216 A (11)
P = ifmer; =12.167 x0.22=32.53 W (12)

The measured quality factor of the parallel capacitor

9cp = 1,000 is measured by using the precision LCR meter.
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The parasitic parallel resistance of the parallel capacitor C,
and the rms value of the output voltage Up are given by
(13) and (14). Thus, the conduction loss in the parallel
capacitor C, is calculated by

Ocp 1,000
EUSCP 22x57x10° x75%x10~°

2
2.2,2 @, @,
7N Vin,rms 1+[QL[COS_0)FJ}
r S

rep = =37.23kQ (13)

Vo,ms = 2772
2
N (14)
72 %0.96% x 2202 [1 + [2.78[0.95 —O%B ]
B 2%0.982
=497.85V
2 2
PC _ UO,I‘InS _ 497.85 6 66 W (15)

P g, 37.23x10°
The total conduction loss P is obtained by

Fc =2Pp Bridgge + 2FcE,on + 2Ppo + Pri + Fop
—2x6.0242x9.84+2x9.84+32.53+6.66 (16)
=90.59 W

The efficiency of the inverter 77; associated with the
conduction loss is calculated by

= Four 10095 = —Four 1009
in Pout + PC
_2,566.83 (17)
2.566.83+90.59

=96.59%

The switching losses in the bridge-rectifier diodes and
the active switch are very small. Thus, their effects were
neglected. The copper loss of the planar coil winding and
the core loss of the ferrite bars are included in parallel
resistance R,. These losses are considered to be very small
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Fig. 14. Conduction loss distribution
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when compared with work load of vessel. For simplicity’s
sake, we omit them in this current stage. Fig. 14 depicts the
conduction loss distribution of the proposed topology in
steady state.

4. Simulation and Experimental Results
4.1 Simulation results

Table 1 shows a comparison of the circuit parameters
between theoretical and simulation, which are calculated
from 2,500-W test-bench and LCR meter. It can be
observed that the difference of these parameters from
low-signal excitation is quite large when compared with
the above analysis in Section 3 and the parameters from
large-signal excitation. Fig. 15 shows the simulated
waveforms of the output voltage Up the parallel inductor
current i;,, and the parallel capacitor current i¢,, which
is calculated by using the coil-vessel induction load
network from the 2,500-W test-bench and the LCR meter,
respectively. The switch voltage Vs and current ig
waveforms, which is calculated by using the coil-vessel
induction load network from the 2,500-W test-bench and
the LCR meter as illustrated in Fig. 16. It can be noticed
that these waveforms in accordance with the circuit
parameters shown in Table 1.

Table 1. Comparison of the circuit parameters between
theoretical and simulations (calculated from
2,500-W test-bench and LCR meter)

Simulation
Parameter Theoretical Test-bench LCR meter
(2,500 W) (Coil-Vessel)
P, 2,673.78 W 2,751.5 W 2,063.3 W
P 2,566.83 W 2,668.1 W 2,012 W
1 60 kHz 60.52 kHz 60 kHz
R, 96.56 Q 96.56 Q 137 Q
L, 90.35 uH 90.35 uH 71.32 uH
C, 77.93 nF 77.93 nF 98.59 nF
U,ms 497.85V 499.79 V 525.021' V
g ave 547A 6.08 A 44219 A
Vg man 9957V 951.55 V 1,0245V
g max 17.19 A 16.87 A 12.937 A

Table 2. System parameters and devices type of the
experimental prototype

Value and part
Parameter number Type
Di-Dy D20SB60 Standard-recovery diode, LRC
IRG7PK35
0, O UDIPBF IGBT, IR
Doi, Do» DSEC30-60A Fast-recovery diode, IXYS
L; 20 mH T184-26, Micrometal Cores
Equivalent resistance of vessel at
R, 93.62 Q =60 kHz
L, 86.64 uH Diameter 180 mm, 25 turns
C, 75 nF Polypropylene

4.2 Experimental results

According to the above analysis in Section 3, the
proposed domestic induction cooker with the Class-D
current-source resonant inverter using a parallel load
network under large-signal excitation for the zero-ripple
line current induction cooker was constructed. Table 2
shows the system parameters and devices type of the
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Fig. 15. Simulated waveforms of the output voltage v, ,

parallel inductor current iz, and parallel capacitor
current ic,, which is calculated by using coil-
vessel induction load network from: (a) 2,500-W
test-bench, (b) LCR meter
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20A

10A
OA-

isy waveforms of S), which is calculated by using
the coil-vessel induction load network from:
(a) 2,500-W test-bench. (b) LCR meter

http://www.jeet.orkr | 1259



Implementation of Zero-Ripple Line Current Induction Cooker using Class-D Current-Source Resonant Inverter with Parallel-Load~

E'E = 100 pF
280w 200y
U,E Jwvon A FULL

Fig. 17. Experimental waveforms of the utility-line input
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Fig. 18. Harmonic content of the utility-line input current

Table 3. Comparison of circuit parameters calculated by
using coil-vessel induction load network from
2,500-W test-bench and LCR meter

Parameter Test-bench LCR meter Difference
(2,500 W) (Coil-Vessel)
P, 2,673.718 W 2,199.73 W -17.73%
P 2,566.83 W 2,111.74 W -17.73%
I 60 kHz 60 kHz 0%
R, 96.56 Q 137Q 41.88%
L, 90.35 uH 71.32 uH -21.06%
G, 77.93 nF 98.59 nF 26.51%
00 ms 497.85V 53787V 8.04%
is,avg 547 A 45A -17.73%
Ug max 995.7V 1,075.75V 8.04%
is’max 17.19 A 14.14 A -17.74%

experimental prototype. The switching frequency f; is fixed
at 57 kHz, and the utility-line rms voltage is set to 220 V
with a line frequency f; of 50 Hz. The utility-line input
power, utility-line input PF, and THD, were measured with
a power analyzer (FLUKE model 43B). The measured
utility-line input power was about 2.59 kW, while the
utility-line input PF was close to 1 as shown in Fig. 17.
The THD,; was 4.7% as displayed in Fig. 18.

The oscilloscope, differential probe, and current probe
used in this experiment were YOKOGAWA models
DL2024, 700924, and 701932, respectively.
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Fig. 19. Measured of vg; (500 V/div) and i5, (10 A/div):

(a) near the peak of utility-line input voltage.

(b) near the zero crossing of utility-line input
voltage, with bottom two waveforms as zoomed-
in views of top two waveforms
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Fig. 20. Experimental waveforms of v, (1,000 V/div), iy,
(50 A/div), and i¢, (50 A/div), with lower three

waveforms as zoomed-in views of top three
waveforms

The experimental waveforms of the switch voltage
Vg1 and the switch current ig; of the unidirectional switch
comprises the IGBT Q) in series with the diode Dy, near
the peak and the zero-crossing of the utility-line input
voltage at full load condition are shown in Fig. 19(a) and
(b), respectively. Fig. 20 depicts the measured waveforms
of the output voltage Up, the planar coil-vessel current
i, and the parallel capacitor current ic,. It can be seen that
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these waveforms roughly match the key waveforms
shown in Fig. 5. The experimental waveforms of the
utility-line input voltage v;, , the utility-line input current
i;» the utility-line input power p,,, the output voltage g,
the planar coil-vessel current i;,, and the output power of
the Class-D inverter p,, are shown in Fig. 21. The
utility-line input power P;, is 2,599.13 W and the output
power of the resonant inverter P, is 2,501.93 W. The
efficiency of the proposed induction cooker was
nr =(2,501.93/2,599.13) x100% = 96.26%.

Table 3 shows a comparison of circuit parameters
calculated from 2,500-W excitation test-bench and LCR
meter. [t can be seen that the difference of these parameters
are quite large. Therefore, the induction load parameters
from low-signal excitation with LCR meter is not suitable
for this application. A comparison of theoretical parameters
calculated from 2,500-W excitation test-bench and
experimental results is given in Table 4. The difference
between the theoretical and the experimental values are
almost all under 3%, indicating a good agreement. Finally,
Table 5 shows keys performance comparison among the
Class-D current-source parallel resonant inverter for the
induction heating application. It can be noticed that the
proposed Class-D current-source resonant inverter using
a parallel load network under large-signal excitation has
features of more accurate results and the proposed
scheme provides a more systematic, simple, and feasible
solution than the conventional Class-D current-source
resonant inverter using series-parallel R-L and C load

Table 4. Comparison between theoretical (calculated from
2,500-W test-bench) and experimental circuit

parameters
Parameter Theoretical Experimental Difference
P, 2,673.718 W 2,599.13 W -2.79%
Pout 2,566.83 W 2,501.93 W -2.53%
f 60 kHz 60.63 kHz 1.05%
R, 96.56 Q 93.62 Q -3.04%
L, 90.35 uH 86.64uH -4.11%
C, 77.93 nF 75 nF -3.76%
U mms 49785V 48397V -2.79%
5 ave 547 A 547 A 0%
Us max 995.7V 1,016 V 2.04%
g max 17.19 A 17.4 A 1.22%

network load network under low-signal excitation.
Moreover, the devices stress and power loss analysis are
described.

5. Conclusion

This paper has presented the step-by-step design
procedure explained with design example based on the
principle of the Class-D current-source resonant inverter
with the simplified load network model that is the parallel
resonant equivalent circuit under large-signal excitation for
the zero-ripple line current domestic induction cooker
which has the following characteristics:

1. It is ensures more accurate results and the proposed
scheme provides a more systematic, simple, and feasible
solution than the conventional resonant inverter using
series-parallel R-L and C load network under low-signal
excitation.

2. The inherent ripple cancellation technique with the
Class-D current-source resonant inverter, the line
current of the proposed topology is ripple free. As a
result, the differential mode EMI filter is not needed and
high power quality in utility-line can be obtained.

3. The standard-recovery diodes for the bridge-rectifier can
be employed.

4. The devices stress and power loss analysis of induction
cooker with a parallel load network under large-signal
excitation are described.

A prototype designed for a 2,500-W domestic induction
cooker was built and tested to verify the theoretical
analysis. The experimental results show that the zero-ripple
line current Class-D current-source resonant inverter for
use in domestic induction cooker with the parallel resonant
equivalent circuit had a PF close to 1, a 4.7% THD,, and
an efficiency of 96.26% in full-power condition. Finally,
the difference between the theoretical and the experimental
values are almost all under 3%, indicating a good
agreement.
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