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Abstract. 

Induction heating (IH) technology is nowadays widely present in domestic appliances 

because of its cleanness, high efficiency, and faster heating process. All of these 

advantages are due to its heating process, where the pot is directly heated by the induced 

currents generated with a varying magnetic field. As a result, the glass where the pot is 

supported is not directly heated and, consequently, efficiency and heating times are 

improved. 

Induction heating 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 resonant frequency, and the switching frequency is 

increased to reduce the output power. As a consequence, in these converters the 

efficiency is also reduced in the low-medium output power range. 



This paper proposes the use of the 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 consequence, the entire efficiency of the cooking process is improved with 

a cost-effective procedure. 

I. INTRODUCTION 

The main advantages of domestic induction heating technology are the reduced heating 

times, cleanness, higher efficiency, and the more versatile cooking surfaces [1]. 

Induction heaters directly heat up the vessel by means of a varying magnetic field in the 

range of 20 kHz to 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 it is known as 

pre-heating, 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 one 

consists 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 system can be classified as a 

function of the number of active devices, which is directly related with the final cost. 

For low-cost appliances and low output power levels, the one switch topology (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 frequency, yielding to the maximum 

efficiency. However, lower efficiency is achieved at low-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 appliance 

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 proposed [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 operation 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 experimental 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 

experimental results are shown in Section V and the main conclusions of this paper are 

outlined in Section VI. 

  



II. DUAL MODE RESONANT CONVERTER 

The series resonant half-bridge applied to induction heating operates at switching 

frequencies higher than the resonant frequency to achieve zero voltage switching (ZVS) 

conditions [3]. To reduce switch-off switching losses, a lossless snubber network (Cs) is 

added. Typically, class-D operation mode implies that the snubber capacitor Cs is much 

lower than the resonant capacitor 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 operation mode ensures zero switching 

losses, but the maximum output power is lower than in class D operation mode. 

Considering this, a dual-mode resonant converter implementation is proposed in order 

to improve the efficiency in the whole operating 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 subsections details the design procedure for both operation modes, where 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. 

 

Fig. 1. Dual-mode series resonant half-bridge schematic 
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Fig. 2. Main circuit states of the half-bridge series resonant inverter. 

 

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 capacitor 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 deactivated (state V), the load current 

charges the low-side snubber capacitor to the supply voltage whereas the high-side 

snubber 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. 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]. 
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where Req and Leq are the inductor-pot system electrical equivalent, fsw is the switching 

frequency, and h is the harmonic number. The maximum output power ( ,max
D

oP ) 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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The snubber capacitance D
s sAC C  is used to decrease turn-off switching losses. This 

capacitance must be charged/discharged during dead time between transistor activation 

with the output current. As a consequence, a small value of capacitance must be used to 

ensure the charge/discharge to achieve ZVS in a wide range of operating conditions  [3].  

 



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 DE
r rA rBC C C   and 

DE
s sA sBC C C  .  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. 
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Besides, the snubber capacitance can now be calculated as follows 
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The resonant frequency in the class DE operation mode, DE
rf , determined by the 

inductor and the resonant capacitors, can now be calculated as 
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where 2eq sw eq eqQ f L R is the inductor power quality factor at the switching 

frequency, and α is the phase lag between current and voltage, calculated as 
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Consequently, the resonant capacitor for the class-DE operation mode is given by 
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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. 

  



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 non-idealities in the switching devices: non-zero 

switching times and non-zero 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: 
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where IC denotes the switch-off current in the switching devices. Moreover, the required 

time to charge/discharge the snubber capacitance can be calculated as 
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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 
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as a result, the switch voltage is 
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Where the class-E switching conditions, i.e. ZVS and ZVDS are achieved in the 

proposed voltage equation (12). The time required to charge/discharge the snubber 

capacitors DE
snbT can be directly obtained from (12), yielding 
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The proposed analytical model for the switching intervals have 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. 

(a) (b) 

(c) (d) 

Fig. 3. Simulation and proposed analytical results. Voltage (a) and current (b) results for 
class-D operation mode using 15-nF snubber capacitor at 32 kHz. Voltage (c) and current (d) 
for class-DE operation mode using 464-nF snubber capacitor at 20 kHz.. 

 

  



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 ( ,ON IGBTP ) and the antiparallel 

diode ( ,ON DIODEP ). The total conduction losses, ONP , therefore results 

  , ,2 ,ON ON IGBT ON DIODEP P P   (14) 

Where each conduction term is 

 2 ,ON ON rms ON avgP r I v I   (15) 

were the on-resistance and collector-to-emitter saturation voltage are rON and vON, 

respectively. The block composed of the switching device, the antiparallel diode, and 

the snubber capacitance must provide the entire load current (Fig. 4). As a result, 

positive current values are supplied by the main transistor, whereas negative current 

values are supplied by the snubber capacitor and the antiparallel diode. Consequently, 

higher snubber 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 provided 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 device is (Fig. 

5) 

  1 2 ,on snbT T T   (16) 

 

Fig. 4. Waveforms of the hybrid converter: output current and device activation. Class 
D operation mode (a) and class DE (b) 



 

Fig. 5. Main current waveform and timing in the class-D operation mode. 

 

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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By applying boundary conditions, load current results 
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As a result, the diode on time is 
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 The transistor on time is IGBT on diodeT T T  . Consequently, average currents result 
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and the rms currents are 
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The proposed analytical model has been verified and compared 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. 



(a) (b) 

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

 

In the case of the class-DE operation mode, the diode does not conduct and, therefore, 

0,  diode IGBT onT T T  . By applying the same procedure, the average and rms values of 

current results 
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Consequently, the current distribution in the class-DE operation mode is partly derived 

to the snubber capacitor, reducing conduction losses (Fig. 7).  

(a) (b) 

(c) (d) 
Fig. 7. Rms current dirstribution for class-D operation mode: (a) maximum output power, 3.6 kW, (b) 
nominal power (2.2 kW); minimum power (800 W) (c). Current distribution for class-DE at 800 W (d). 
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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 
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Thus, the instantaneous switching losses can be obtained. Fig. 8 shows results for both 

operation modes delivering 800-W output power 
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Therefore, the switching losses energy in each operation mode results 
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(a) 
 

(b) 
 

(c) (d) 
 

Fig. 8. Switching losses simulation for Class D (a, b) using 15 nF snubber capacitor and a cut-off current of 20.63 
A at 800 W output power, yielding 328-ns snubber time. Results for Class DE (c, d) using 265 nF capacitor, a cut-off 

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, tt= 180 
ns. 

 

Finally, switching losses result 

 2 .SW SW SWP f E  (32) 

 

 

  



IV. MODULATION STRATEGIES AND DIGITAL IMPLEMENTATION 

A. Modulation strategies 

According to the selected operation mode, the hybrid converter uses two modulation 

strategies. On the one hand, the class-D operation mode supplies the high output power 

range and, therefore, the square wave modulation (SW) is used [10]. Consequently, the 

maximum output power is achieved at the resonant frequency, and lower power levels 

can be obtained by increasing the switching frequency. As a result, the ZVS switching-

on condition is achieved in the entire power range for this operation mode. The output 

power variation as a function of the switching frequency is described in (1). 

On the other hand, when lower output powers are required, the system changes resonant 

and snubber capacitors to operate in the class-DE operation mode. For a given load, that 

is, for a given inductor-pot system, the class-DE optimal switching conditions are only 

achieved for a single operation point, i.e. a switching frequency, a duty cycle, and a 

phase lag. Thus, lower power levels are achieved using a pulse density modulation [7], 

[17], PDM, in the output power. By denoting TDPM as the total pulse density period, the 

on-time duty cycle for the PDM is defined as DPDM (Fig. 9). Consequently, the output 

power varies linearly with the PDM duty cycle 

 ,max ,  0 1,DE DE
o PDM o PDMP D P D    (33) 

 

Fig. 9. Pulse density modulation (PDM): output current and control parameters. 
 



The total PDM time, TPDM, is chosen according to flicker requirements to ensure that 

EMC requirements are fulfill [10]. Fig. 10 shows both the modulation scheme and the 

output power variation for both of them. The maximum output power, 3.3 kW, is 

achieved close to resonance in the class-D operation mode and the output power 

threshold to switch to the class-DE operation mode is 800 W. The switching frequency 

for the class-DE operation mode is reduced to 20 kHz, reducing therefore the switching 

losses. 

 

(a) 

 

(b) 

Fig. 10. Output power variation for class-D (a) and class-DE (b) operation modes. 
Power curve as a function of switching frequency in the class-D operation mode (a). 
Power curve as a function of the PDM duty cycle for the class-DE operation mode (b). 

 



B. Digital control implementation 

The proposed system is digitally controlled by a microcontroller and an application-

specific integrated circuit (ASIC) [25]. The control algorithm as well as the modulation 

parameters is computed in the microcontroller, while some high computation tasks, such 

us the digital modulator, the current measurement circuits, and output power 

computations are included in the ASIC. Main logic level schematic diagram is shown in 

Fig. 11. 

 

Fig. 11. Logic implementation in the proposed hybrid converter. 

 

The output power set-point is defined by the user through a user interface (UI), 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 operation mode, whereas 



the class-DE operation mode is used for lower power levels. For the class-D operation 

mode, the control algorithm increases or reduces a fixed switching frequency quantity, 

SWf , if the measured output power differs from the set-point output power. On the 

other hand, for the Class DE operation mode, DPDM 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, TPDM, 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 

(IEC), considered by the IEEE workgroup p1453 [26]. In addition, the required dead-

time to ensure the correct snubber calculation is also performed by the microcontroller, 

using equations (10), (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 calculations. Depending on the operation mode, the 

ASIC activates or deactivates the snubber and resonant capacitor relays to change the 

operation mode. A pulse width modulator (PWM) 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 (PDM) 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 measurement 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 kW 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 (E4980A). Consequently, the maximum available output power is 

 
2 2

2 2

2 2·230
3.7 

2.86
mains

o
eq

V
P kW

R 
    (34) 

 

Using (3), the resonant capacitor for the Class D operation mode results 2139 nF. On 

the other hand, the snubber capacitance 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 snubber capacitor (5) is 463.29 nF. The resonant 

frequency (6) is 10.79 kHz to achieve the desired output power level, and the phase lag 

between current and voltage is α=59.39º. 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.  



 

TABLE I 
PROTOTYPE PARAMETERS 

COMPONENTS Class D Class DE 

fSW Switching frequency 20 kHz to 40 kHz 20 kHz 
D Duty cycle 50 % 24% 
Cr Resonant capacitor 2.14 μF 7.35 μF 
Csnb Snubber Capacitor 15 nF 464 nF 
Cb DC-Link capacitor 2x3.3 μF 
Req Inductor-pot equivalent resistance 2.89 Ω 
Leq Inductor-pot equivalent inductance 29.6 μH 

 

 

The proposed prototype implementation board is shown in Fig. 12 

 

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

  



Fig. 13 shows the main waveforms for the class-D operation mode (a) and the class-DE 

operation mode (b). The converter shows a correct performance and the stray elements 

added by the electromechanical switches do not affect the converter operation. 

Therefore, the experimental results are in good agreement with the theoretical ones. 

 
(a) 

 
(b) 

Fig. 13. Power converter main waveforms: collector-emitter voltage (Vce), 100 V/div; 
collector current (Ic), 10 A/div; output current (Io), 10 A/div; gate to-emitter voltage 
(Vge),10 V/div. Time: 1.25 µs/div.  Class-D (a) and Class-DE (b) operation modes. 

 



Efficiency in both operation modes have been measured using the power analyzer 

YOKOGAWA PZ-400 as the ratio between the input power and the power delivered to 

the load (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 output power range. The class-D operation mode operating with pulse 

density modulation (PDM) [7], [18] is usually applied when switching frequency 

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 operation modes ensures high efficiency in 

the complete output power operation range. 

 

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. 

 

  



VI. CONCLUSIONS 

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. 

VII. REFERENCES 

[1] O. Lucía, J. M. Burdío, L. A. Barragán, J. Acero, and I. Millán, "Series-resonant 

multiinverter for multiple induction heaters," IEEE Transactions on Power 

Electronics, vol. 24, no. 11, pp. 2860-2868, November 2010. 

[2] H. W. Koertzen, J. A. Ferreira, and J. D. van Wyk, "A comparative study of 

single switch induction heating converters using novel component effectivity 

conceps," in IEEE Power Electronics Specialists Conference, 1992, pp. 298-

305. 

[3] O. Lucía, J. M. Burdío, I. Millán, J. Acero, and L. A. Barragán, "Efficiency 

oriented design of ZVS half-bridge series resonant inverter with variable 

frequency duty cycle control," IEEE Transactions on Power Electronics, vol. 

25, no. 7, pp. 1671-1674, July 2010. 

[4] R. L. Steigerwald, "A comparison of half-bridge resonant converter topologies," 

IEEE Transactions on Power Electronics, vol. 3, no. 2, pp. 174-182, April 1988. 

[5] N. A. Ahmed, "High-frequency soft-switching ac conversion circuit with dual-

mode PWM/PDM control strategy for high-power IH applications," IEEE 

Transactions on Industrial Electronics, vol. 58, no. 4, pp. 1440-1448, April 

2011. 

[6] H. Fujita, N. Uchida, and K. Ozaki, "A new zone-control induction heating 

system using multiple inverter units applicable under mutual magnetic coupling 

conditions," IEEE Transactions on Power Electronics, vol. 26, no. 7, pp. 2009-

2017, July 2010. 



[7] V. Esteve, et al., "Improving the efficiency of IGBT series-resonant inverters 

using pulse density modulation," IEEE Transactions on Industrial Electronics, 

vol. 58, no. 3, pp. 979-987, March 2011. 

[8] Y. Kawaguchi, E. Hiraki, T. Tanaka, and M. Nakaoka, "Full bridge phase-

shifted soft switching high-frequency inverter with boost PFC function for 

induction heating system," in European Conference on Power Electronics and 

Applications, 2007, pp. 1-8. 

[9] Y. Kawaguchi, E. Hiraki, T. Tanaka, M. Nakaoka, A. Fujita, and H. Omori, 

"Feasible evaluation of a full-bridge inverter for induction heating cooking 

appliances with discontinuous current mode PFC control," in IEEE Power 

Electronics Specialists Conference, 2008. 

[10] O. Lucía, J. M. Burdío, I. Millán, J. Acero, and D. Puyal, "Load-adaptive control 

algorithm of half-bridge series resonant inverter for domestic induction heating," 

IEEE Transactions on Industrial Electronics, vol. 56, no. 8, pp. 3106-3116, 

August 2009. 

[11] F. Wang, S. Wei, D. Boroyevich, S. Ragon, V. Stefanovic, and M. Arpilliere, 

"Voltage source inverter," IEEE Industry Applications Magazine, vol. 15, no. 2, 

pp. 24-33, March/April 2009. 

[12] B. Saha, K. Soon Kurl, N. A. Ahmed, H. Omori, and M. Nakaoka, "Commercial 

frequency AC to high frequency AC converter with boost-active clamp bridge 

single stage ZVS-PWM inverter," IEEE Transactions on Power Electronics, vol. 

23, no. 1, pp. 412-419, January 2008. 

[13] H. Pham, H. Fujita, K. Ozaki, and N. Uchida, "Phase angle control of high-

frequency resonant currents in a multiple inverter system for zone-control 

induction heating," to be published in IEEE Transactions on Power Electronics, 

vol. x, no. x, pp. 1-10, 2011. 

[14] Czarkowski and M. K. Kazimierczuk, "ZVS class D series resonant inverter 

discrete-time state-space simulation and experimental results," IEEE 

Transactions on Circuits and Systems, vol. 45, no. pp. 1141-1147, November 

1998. 

[15] H. Sarnago, A. Mediano, and O. Lucía, "High efficiency ac-ac power electronic 

converter applied to domestic induction heating," IEEE Transactions on Power 

Electronics, vol. 27, no. 8, pp. 3676-3684, August 2012. 



[16] J. Yungtaek and M. M. Jovanovic, "Light-load efficiency optimization method," 

IEEE Transactions on Power Electronics, vol. 25, no. 1, pp. 67-74, January 

2010. 

[17] A. Sandali, A. Cheriti, and P. Sicard, "Comparison of the various PDM control 

modes," in IEEE International Conference on Industrial Technology, 2004, pp. 

574-579 Vol. 2. 

[18] H. Fujita and H. Akagi, "Pulse-density-modulated power control of a 4 kW, 450 

kHz voltage-source inverter for induction melting applications," IEEE 

Transactions on Industry Applications, vol. 32, no. 2, pp. 279-286, March/April 

1996. 

[19] H. Sarnago, O. Lucía, A. Mediano, and J. M. Burdío, "Dual-mode-operation 

half-bridge resonant conveter for improved-efficiency induction heating 

system," in IEEE Applied Power Electronics Conference and Exposition, 2012, 

pp. 2184-2188. 

[20] I. D. de Vries, J. H. van Nierop, and J. R. Greene, "Solid state class DE RF 

power source," in IEEE International Symposium on Industrial Electronics, 

1998, pp. 524-529. 

[21] H. Sekiya, N. Sagawa, and M. K. Kazimierczuk, "Analysis of class DE amplifier 

with nonlinear shunt capacitances at any grading coefficient for high Q and 25% 

duty ratio," IEEE Transactions on Power Electronics, vol. 25, no. 4, pp. 924-

932, April 2010. 

[22] O. Lucía, C. Carretero, D. Palacios, D. Valeau, and J. M. Burdío, "Configurable 

snubber network for efficiency optimization of resonant converters applied to 

multi-load induction heating," Electronics Letters, vol. 47, no. 17, pp. 989-991, 

August 2011. 

[23] L. R. Nerone, "Analytical solutions of the Class D inverter," in IEEE 

International Symposium on Circuits and Systems, 2008, pp. 1268-1271. 

[24] R. W. Erickson and D. Macsimovic, Fundamentals of Power Electronics. 

Boulder, Colorado: Springer Science+Business Media, 2001. 

[25] O. Lucía, L. A. Barragán, J. M. Burdío, O. Jiménez, D. Navarro, and I. Urriza, 

"A versatile power electronics test-bench architecture applied to domestic 

induction heating," IEEE Transactions on Industrial Electronics, vol. 58, no. 3, 

pp. 998-1007, March 2011. 



[26] "Limitation of voltage fluctuations and flicker in low-voltage supply systems for 

equipment with rated current 16 A," IEC ed: IEC Standard 1000-3-3, 1994. 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


