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ABSTRACT 
 

Induction heating (IH) technology is nowadays widely present in domestic appliances because of its 
cleanness, high effi-ciency, and faster heating process. All of these advantages are due to its heating process, 
where the pot is directly heated by the in-duced currents generated with a varying magnetic field. As a result, 
the glass where the pot is supported is not directly heated and, con-sequently, efficiency and heating times are 
improved. IH systems are based on dc-link inverters to generate the required alternating current to feed the 
inductor. Usually, resonant converters are used to achieve higher efficiencies and power densities. In such 
systems, the maximum output power and efficiency are achieved at the reso-nant frequency, and the switching 
frequency is increased to reduce the output power. As a consequence, in these converters, the effi-ciency is also 
reduced in the low-medium output power range. This paper proposes the use of the full bridge inverter to 
achieve high efficiency in high output power range and also half-bridge inverter in two operating modes to 
achieve higher efficiency in a wide output power range. The power converter topology can be reconfigured by 
changing the resonant capacitors through electromechanical relays. As a conse-quence, the entire efficiency of 
the cooking process is improved with a cost-effective procedure. 
 

Index Terms—Induction heating (IH), inverter, resonant power conversion. 
 
 

I. INTRODUCTION 
 

T he main advantages of domestic induction 
heating tech-Tnology are the reduced heating times, 
cleanness, higher efficiency, and the more versatile 
cooking surfaces [1]. Induc-tion heaters directly heat 
up the vessel by means of a varying magnetic field in 
the range of 20–100 kHz. This magnetic field is 
generated by an inductor-coil system supplied by a 
resonant power converter. 
 

A cooking process can usually be divided into two 
parts. The first one is known as preheating, and it is 
used to rapidly increase the vessel temperature to the 
desired level. Higher output power levels for a short 
time are used in this part. The second oneconsists of 
holding the temperature for a long time with low-
medium output power levels. As a result, the 
efficiency of low-middle power levels has a 
significant impact on the efficiency of the whole 

cooking process. The resonant converters used to 
supply the inductor-pot sys-tem can be classified as a 
function of the number of active devices, which is 
directly related to the final cost. For low- cost 
appliances and low output power levels, the one-
switch topol-ogy (1-SW) is the most used [2]. The 
half-bridge inverter is the most used topology [1], 
[3]–[6] for medium-high output power levels due to 
its high efficiency and low voltage stress across the 
switching devices. Finally, for higher output power 
levels, the full-bridge inverter is used [7]–[9]. 
 

Considering the aforementioned alternatives, most 
of the commercial solutions use the half-bridge ZVS 
series resonant inverter (class-D operation mode) 
because of its robustness and control simplicity [10]–
[15]. For this topology and operation mode, the 
maximum output power occurs at the resonant fre-
quency, yielding to the maximum efficiency. 
However, lower efficiency is achieved at low-
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medium output power levels due to the higher 
switching frequency [7], [10], [16]. Usually, pulse 
density modulation (PDM) is applied to keep high 
efficiency in the low output power range [10], [17], 
[18]. However, it increases flicker emissions, which 
can compromise the appli-ance electromagnetic 
compatibility (EMC). For this reason, PDM is 
usually applied at high switching frequencies, i.e., 
low output power, increasing switching losses. To 
overcome this limitation, a dual-mode-operation 
resonant converter is pro-posed [19] which further 
improves efficiency in the low output power range 
due to the reduced switching losses. Class-D half-
bridge converter is used in the high output power 
range, whereas class-DE half-bridge converter [20], 

[21] is used in the low to medium output power 
range. The combination of these oper-ation modes 
achieves high efficiency levels in a wider range of 
output power levels. In this paper, the proposed 
converter is analytically studied and additional 
implementation and experi-mental results are given 
to prove the feasibility of the proposed converter. 
This paper is organized as follows. Section II 
describes the proposed dual-mode resonant 
converter. Section III performs an efficiency 
analysis, while Section IV introduces the modulation 
strategies for the proposed hybrid converter. Finally, 
the experi-mental results are shown in Section V and 
the main conclusions of this paper are outlined in 
Section VI. 

 
CLASS-D/DE DUAL-MODE-OPERATION RESONANT CONVERTER 

 
Fig. 1.   Dual-mode series resonant half-bridge schematic. 

 
 

Fig. 2.   Main circuit states of the half-bridge series resonant inverter.
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II. DUAL-MODE RESONANT 
CONVERTER 
 The series resonant half-bridge applied to 
induction heating operates at switching frequencies 
higher than the resonant fre-quency to achieve zero 
voltage switching (ZVS) conditions [3]. To reduce 
switch-off switching losses, a lossless snubber net-
work Cs is added. Typically, class-D operation mode 
implies that the snubber capacitor Cs is much lower 
than the resonant ca-pacitor Cr [22]. However, if the 
class-E conditions are achieved, i.e., ZVS and zero 
voltage derivative switching (ZVDS) at the turn-off, 
the operation mode is known as class DE. This op-
eration mode ensures zero switching losses, but the 
maximum output power is lower than in class-D 
operation mode. Consid-ering this, a dual-mode 
resonant converter implementation is proposed in 
order to improve the efficiency in the whole oper-
ating range. Fig. 1 shows the proposed 
implementation scheme, where electromechanical 
switches SPST 1 and 2 allow varying the snubber 
and resonant capacitance in order to change the 
operation mode. The following sections detail the 
design proce-dure for both operation modes, where  

Fig. 3.   Simulation and proposed analytical 
results. (a) Voltage and (b) current results for 
class-D operation mode using 15-nF snubber 
capacitor at 32 kHz. 

the superscript D denotes the class-D operation mode 
and the superscript DE is used for the class-DE 
operation mode. The operation modes of the half-
bridge inverter, including class-D and class-DE 
operation, are shown in Fig. 2. During the first state 
I, the load current is positive and it is supplied by the 
high-side transistor. When high-side transistor is 
deactivated, the switch-off current is used to 
charge/discharge the snubber capacitors (state II), 
i.e., the high-side snubber ca-pacitor is charged to the 
supply voltage, whereas the low-side snubber 
capacitor is discharged. In state III, the load current 
is also positive, and thus, it is supplied by the low-
side diode. When the load current becomes negative 
(state IV), it is supplied by the low-side transistor. As 
soon as the low-side transistor is deac-tivated (state 
V), the load current charges the low-side snubber 
capacitor to the supply voltage, whereas the high-
side snub-ber capacitor is discharged. When both 
snubber capacitors are charged/discharged, the 
negative load current flows through the high-side 
diode (state VI). Finally, when the load current 
reaches zero, the load current is supplied by upper 
transistor (state I). Class-D operation mode uses 

configurations I to VI, whereas in class-DE operation 
mode, the configurations II and V, i.e., 
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(c) Voltage and (d) current results for class-DE 

operation mode using 464-nF snubber capacitor at 20 
kHz. 

 
snubber capacitors charge/discharge, are extended 
avoiding the use of configurations III and VI, diode 
conduction. 
 
A.  Class-D Operation Mode 
 

The output power in the class-D inverter can be 
determined using Fourier transform as expressed in 

the following expression [3]: number. The maximum 
output power Po,

D
m ax occurs at resonant frequency. 

As a consequence, the first harmonic approximation 
can be assumed and the load resistance at this 
frequency must satisfy [3] 
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Besides, the resonant capacitor can be determined as 
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B.  Class-DE Operation Mode 
The resonant inverter under class-DE operation 

mode must be designed to supply the required low-
medium output power for the same inductor, i.e., 
same Req , Leq . Resonant and snubber capacitors are 
therefore modified, being Cr

D E = CrA + CrB and Cs
D E 

= CsA + CsB . The load resistance is determined by 
the maximum output power required in the class-D 
operation mode. As a consequence, the maximum 

output power when operating in class-DE operation 
mode is strongly dependent of the duty cycle D 

D E 
Vm2 
ains    

Po,m ax  = 

 

(1 − cos (2πD)) . (4)

 

2π2 Req  
Besides, the snubber capacitance can now be 

calculated as follows: 
Csnb

DE  1 + cos(2πD) (5) 

= 
 
  

. 
 

2  

  (2π) Req fsw   
The resonant frequency in the class DE operation 

mode fr
D E determined by the inductor and the 

resonant capacitors, can now be calculated as 

fr
D E  = 

fsw tan(α) 
2 

tan(α) 
  

+ 4 − (6)

 

 2  Qeq  Qeq  
where Qeq = 2πfsw Leq /Req is the inductor power 
quality fac-tor at the switching frequency, and α is 
the phase lag between current and voltage, calculated 
as 
 

tan (α) = π (1 − 2D) + sin (2πD) cos (2πD) . (7) 
sin2 (2πD) 

 

 

where Req and Leq are the inductor-pot system electrical equiv-
alent, fsw is the switching frequency, and h is the harmonic 
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Consequently, the resonant capacitor for the class-
DE opera-tion mode is given by 

CD E  = 

1  

. (8)

 
   

(2πf D E )2 L
  

r 
eq 

  
 r   

 

As the class DE operation mode is used to achieve 
the lower output power levels, both resonant and 
snubber capacitor use higher values than in the class-
D operation mode. Therefore, the electromechanical 
relays SPST 1 and 2 are used to increase this 
capacitance for the class-DE operation mode. 

 
Fig. 4. Waveforms of the hybrid converter: output 
current and device activa-tion. (a) Class-D operation 
mode. (b) Class-DE operation mode. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.   Main current waveform and timing in the 
class-D operation mode. 

 
III. EFFICIENCY ANALYSIS 

Power losses in the converter can be divided into 
two terms: conduction and switching losses. Both of 
them are caused by the nonidealities in the switching 
devices: nonzero switching times and nonzero on 
resistance. As a result, switching waveforms in the 
converter have a direct impact in the entire converter 
losses. 
 

As small snubber capacitors are used in the class-
D operation mode, the output current can be 
considered constant during the charge intervals. As a 
result, the voltage across the device during the 
switching becomes linear 

vCE
D (t) = 

IC 
,off t,  0 ≤ t ≤ Tsnb

D (9) 

2CD  

 
sn
b    

where IC denotes the switch-off current in the 
switching de-vices. Moreover, the required time to 
charge/discharge the snub-ber capacitance can be 
calculated as 
 

 2CD   

T snb
D  = 

VS 

sn
b 

. (10)
 

  

 IC ,off   
In the case of the class-DE operation mode, the 

load current is modeled as a linear function that starts 
in IC , off and ends at zero 
 

io (t) = IC ,off    1 − 

t 
D 
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Fig. 6. Simulation versus Spice results: (a) output 
power; (b) normalized IGBT, diode, and snubber 
times; (c) average currents in the IGBT and diode; 
and (d) rms current in the IGBT and diode. Results 
for Re q = 2.89 Ω, Le q = 29.6 µH, resonant and 
snubber capacitor 2.04 and 15 nF, respectively. 
 

As a result, the switch voltage is    

vD E (t) =

1 

i (t)dt 
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 snb     

=

IC ,off t2 
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The class-E switching conditions, i.e., ZVS and 
ZVDS are achieved in the proposed voltage (12). 
The time required to charge/discharge the snubber 
capacitors Tsnb

DE can be directly obtained from (12), 
yielding 

Tsnb
DE  = VS 

4CD E   
snb 

. (13)
 

  
 IC ,off   

The proposed analytical model for the switching 
intervals has been validated with simulation results 
using SPICE simulation tool. The main simulation 
results are shown in Fig. 3, showing a good 
agreement with the proposed model. 
 

Main differences between the SPICE and the 
analytical model are due to the linear current 
assumption. These errors have a reduced impact in 
the output power and conduction losses computation 
and provide a useful method to predict the required 
dead time to ensure the correct snubber 
charge/discharge with reduced computation effort. 
 
A.  Conduction Losses 
 

Conduction losses can be calculated using the 
average and rms values of current through the 
devices. Since a bidirectional switch is used, there 
are two components in each switch to compute 
conduction losses, the IGBT (PO N , IG BT ) and the an-

tiparallel diode (PO N , D IO D E ). 
The total conduction losses PO 

N therefore results 

PO N  = 2 (PO N , IG BT  + PO N , D IO D E ) . (14)
Each conduction term is  

PO N  = rO N Irm2 s + vO N Iavg (15)
where the on-resistance and collector-to-emitter 
saturation volt-age are rO N and vO N , respectively. 
The block composed of the 
 
CLASS-D/DE DUAL-MODE-OPERATION 
RESONANT CONVERTER 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.   RMS current distribution for class-D 
operation mode. (a) Maximum output power, 3.6 
kW. (b) Nominal power (2.2 kW). (c) Minimum 
power (800 W). 
(d) Current distribution for class-DE at 800 W. 
 
switching device, the antiparallel diode, and the 
snubber capac-itance must provide the entire load 
current (see Fig. 4). As a result, positive current 
values are supplied by the main transis-tor, whereas 
negative current values are supplied by the snubber 
capacitor and the antiparallel diode. Consequently, 
higher snub-ber capacitance implies lower 
antiparallel diode conduction and, as a result, lower 
diode conduction losses. Moreover, in the case of 
class-DE operation mode, the entire negative current 
is pro-vided by the snubber capacitance, and 
antiparallel diode does not conduct. 
 

In order to compute the average and rms value of 
current, it is required to obtain the conduction time in 
each device. Total conduction time in each switching 
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device is (see Fig. 5) 
 

Ton  = T (1 − 2Tsnb ) . (16)
In the case of class-D operation mode, the snubber 

current can be considered constant, and as a result, 
switch-on and switch-off currents have the same 
opposite value, yielding that load current is [23] 
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D cos(ωn
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Fig. 8. (a) and (b) Switching losses simulation for 
class D using 15-nF snubber capacitor and a cutoff 
current of 20.63 A at 800-W output power, yielding 
328-ns snubber time. (c) and (d) Results for class DE 
using 265-nF capacitor, a cutoff current of 22.7 A at 
500-W output power, yielding 10.72-µs snubber 
time. Simulation results for β = 0.9, tf = 65 ns, and tt 
= 180 ns. 

I D =
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T (ωD )2 
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sin(ωD T IG 
BT 

) tan(ωD TIG 
BT 

)  
   n   n    

 
and the rms currents are (23) and (24) shown at the 
bottom of the next page. 
 

The proposed analytical model has been verified 
and com-pared using Spice simulator. The results are 
shown in Fig. 6 for the complete output power range 
in the class-D operation mode, obtaining a good 
agreement between analytical and simulation results. 
 

In the case of the class-DE operation mode, the 
diode does not conduct and, therefore, Tdio de = 0, TIG 

BT = Ton . By applying the same procedure, the 
average and rms values of current results, (25) and 
(26) as shown at the bottom of the next page, 
where ωo

D E  = 1/   Leq Cr
D E , ωn

D E  =    (ωo
D E )2 − 

(ξ)2 . 
 

Consequently, the current distribution in the class-
DE oper-ation mode is partly derived to the snubber 
capacitor, reducing conduction losses (see Fig. 7). 
 
 
B.  Switching Losses 
 

As the devices voltage waveforms in the switching 
transitions have been obtained (9), (12), switching 
losses can be directly calculated by means of using a 
piecewise switch-off current model [24], where the 
switch-off current is defined for IGBT devices by 
means of the tail factor β, and fall and tail intervals, 
tf , tt , respectively 
 

IC 
,off 
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β

t   ,   (0 ≤ t < tf )

      
        
 tf       

iC ,off  (t) =        
t − tf

        
I C 
,off 

(1
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− 

,  (t 
f  ≤

t 
≤ 

t +t ) . 
     tt   f t   
              (27) 

Thus, the instantaneous switching losses can be 
obtained. Fig. 8 shows results for both operation 
modes delivering 800-W 
 
 CLASS-D/DE DUAL-MODE-OPERATION RESONANT CONVERTER  
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 9.   PDM: output current and control 
parameters. 

 
     
     
     
     
     
     
     
     
     
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10.   Output power variation for class-D and 

class-DE operation modes. 
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 (a) Power curve as a function of switching 
frequency in the class-D operation mode. (b) Power 
curve as a function of the PDM duty cycle for the 
class-DE operation mode. The output power set-
point is defined by the user through a user interface, 
which is controlled by the microcontroller. The 
operation mode depends on the power level, i.e., 
power levels higher than 800 W are supplied using 
the class-D oper-ation mode, whereas the class-DE 
operation mode is used for lower power levels. For 
the class-D operation mode, the con-trol algorithm 
increases or reduces a fixed switching frequency 
quantity fS W if the measured output power differs 
from the set-point output power. On the other hand, 
for the class-DE oper-ation mode, DPD M is increased 
or reduced based on the output power set-point and 
the measured output power. However, in order to 
fulfill the EMC requirements, the flicker time TPD M 
must be in consideration. A lookup table is integrated 
in the memory of the microcontroller to compute the 
required flicker time to accomplish the standards 
proposed by the International Electrotechnical 
Commission, considered by the IEEE work-group 
p1453 [26]. In addition, the required dead time to 
ensure the correct snubber calculation is also 
performed by the mi-crocontroller, using (10) and 
(13) for the class-D and class-DE operation mode, 
respectively. 
 

On the one hand, the ASIC generates the gating 
signals, as well as measures output current to 
perform the required cal-culations. Depending on the 
operation mode, the ASIC acti-vates or deactivates 
the snubber and resonant capacitor relays to change 
the operation mode. A pulsewidth modulator is also 
implemented, and the transistor activation signals are 
generated as a function of the switching frequency 
and the duty cycle. Besides, a pulse density 
modulator is also included to control the output 
power in the class-DE operation mode. Finally, the 
load current is also measured to obtain the output 
power mea-surement and the switch-off current, used 
to compute the correct dead time in the 
microcontroller. 
 
V. EXPERIMENTAL RESULTS 

A prototype based on a commercial electronic 
board has been built to verify the proposed converter. 
Power levels from 0.8 up to 3 kW are supplied using 

the class-D operation mode, whereas class-DE 
operation mode is used for power levels lower than 
800 W. 
 

The inductor must be designed to ensure the 
maximum power level up to 3 kW for 230-V power 
supply voltage. Using (2), the inductor resistance 
must be lower than 3.26 Ω. The lower switching 
frequency was set to 20 kHz to avoid acoustic noise. 
The equivalent inductor-pot system resistance and 
inductance are 2.89 Ω and 29.6 µH, respectively. The 
measurements have been performed by means of a 
precision LCR meter from Agilent (E4980 A). 
Consequently, the maximum available output power 
is 

P

o  ≤ 

2Vm
2 ains 

=
2·2302

= 3.7 kW. (34)
 

 

π2 2.86

 

 π2 Req    
Using (3), the resonant capacitor for the class-D 

operation mode results 2139 nF. On the other hand, 
the snubber capaci-tance was set to 15 nF in order to 
reduce switching losses and to allow a wider output 
power range. 
 

For the class-DE operation mode, the duty cycle 
results 24.09% at 20-kHz switching frequency. 
Consequently, the snub-ber capacitor (5) is 463.29 
nF. The resonant frequency (6) is 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11.   Logic implementation in the proposed 
hybrid converter. 
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PROTOTYPE PARAMETERS 
     
     
     
      
 
 
 
 
 
 
10.79 kHz to achieve the desired output power level, 
and the phase lag between current and voltage is α = 
59.39◦. Finally, the resonant capacitor (8) results 
7350 nF. A small value dc-link capacitor Cb is used 
to ensure an input power factor close to one. Table I 
summarizes the selected values according to the 
proposed design method and using standard values. 
 

The proposed prototype implementation board is 
shown in Fig. 12 
 

Fig. 13(a) and (b) shows the main waveforms for 
the class-D operation mode and the class-DE 
operation mode, respectively. The converter shows a 
correct performance and the stray ele-ments added 
by the electromechanical switches do not affect the 
converter operation. Therefore, the experimental 
results are in good agreement with the theoretical 
ones. 
 

Efficiency in both operation modes has been 
measured us-ing the power analyzer YOKOGAWA 
PZ-400 as the ratio be-tween the input power and the 
power delivered to the load (see Fig. 14). These 
results show that the class-D operation mode 
efficiency decreases as the switching frequency is 
increased when the square-wave control (SW) is 
applied, i.e., lower out-put power range. The class-D 
operation mode operating with PDM [7], [18] is 
usually applied when switching frequency 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12.   Experimental setup for the proposed 
hybrid converter. 

 
 

Fig. 14. Measured efficiency comparison for the 
proposed converter operating in class-D SW and 
class-DE PDM operation, and the current class-D 

PDM operation. 
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VI. CONCLUSION 

In this paper, a novel reconfigurable series 
resonant inverter topology is proposed in order to 
improve the efficiency in the whole operating range. 
It is based on a dual-mode resonant converter where 
the class-D and class-DE operation modes are 
combined to optimize the efficiency. The analytical 
results have been verified by means of an 
experimental prototype. As a result, the presented 
dual-mode topology is proposed as a cost-effective 
implementation to improve the overall converter 
efficiency. Fig. 13. Power converter main 
waveforms: collector–emitter voltage Vc e , 100 
V/div; collector current Ic , 10 A/div; output current 
Io , 10 A/div; gate-to-emitter voltage Vg e ,10 V/div. 
Time 1.25 µs/div. (a) Class-D and (b) class-DE  
operation modes. increases to reduce switching 
losses (frequency limit, FL [10]), yielding a power 
losses reduction in the lower output range. However, 
the class-DE operation mode proposed in this paper 
obtains a significantly higher efficiency due to the 
switching and conduction losses reduction. The 
combination of both op-eration modes ensures high 
efficiency in the complete output power operation 
range. 
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