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1Abstract— Induction heating technology provides efficient 
and reliable heating processes that outperforms other classical 
heating methods based on fossil fuels or resistive heating. 
Among its many industrial, domestic and biomedical 
applications, domestic induction heating appliances are a 
popular choice due to these advantages. This technology 
requires high-performance and cost-effective inverters that 
takes the most of the power devices and the converter topology. 
Depending upon the desired performance and output power 
range, different power converters are employed. However, 
currently, most platforms rely on the well-known series 
resonant half-bridge topology. Single-switch topologies offer a 
cost-effective implementation but are limited to the low-cost 
low-performance markets due to their limitations in terms of 
output power and power control. 

In this context, this paper proposes a high-performance 
dual-output quasi-resonant inverter for modern induction 
heating appliances. Unlike state-of-the-art proposals, this 
converter achieves full output power operating range up to 3.6 
kW. Consequently, it provides a high-performance cost-
effective alternative to current implementations. The proposed 
converter is analyzed in this paper and experimentally verified 
using a dual-output 3.6-kW induction heating appliance 
prototype. 
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class-E, efficiency, resonant power conversion. 

I. INTRODUCTION  
 Induction heating (IH, Fig. 1) has become a leading 

application of wireless power transfer to the domestic area in 
the medium power range [1, 2]. This technology exhibits 
clear benefits in terms of performance, safety, and efficiency 
[3], and it provides superior user performance, making it a 
very interesting alternative in the current market. Advances 
in power electronics, magnetic component design and digital 
control have made possible to replace classical heating 
techniques such as gas or electric resistive stoves. 

IH technology requires efficient and cost-effective 
inverters in order to operate in a wide output power range. 
The operation output range varies typically from 500 W up 
to 3.6 kW. In the past, different resonant converter 
topologies [4] have been proposed depending on the required 
output power and final applications. Firstly, single-switch 
quasi-resonant inverters, usually based on the class-E-like 
converters [5-7] or other quasi-resonant implementations [8], 
have been widely used for low-power induction systems that 
feature constant induction heating load. These converters 

 
1 An earlier version of this paper was presented at APEC22 
conference [32]. 

provide a simplified implementation of the classical class-E 
converter, enabling soft-switching operation while 
maintaining a cost-effective implementation. These 
implementations can be achieved using ZVS or ZCS 
configurations [9] (Fig. 2). However, ZVS is often preferred 
because it does not require an additional coil. While the main 
advantage of this topology is its simplicity and low cost, the 
limited output power, typically up to 2 kW or lower [10-16] 
due to the voltage in the power device, and limited control 
capabilities limits its adoption. This is mainly due to the 
maximum allowed voltage in the power devices. This 
technology has wide adoption in markets where water-
boiling processes are predominant or cost-oriented markets. 
On the other hand, full [17-22] and half-bridge [23-28] 
resonant inverters, also called class-D converters, have been 
proposed for high-medium output power levels. Those 
topologies feature higher output power capabilities and 
improved power control with increased complexity and cost. 
Currently, the half-bridge series resonant inverter is the most 
used topology because its good performance-cost balance up 
to the 3.6 kW output power range. Other approaches include 
multi-inductor [29-33], high-efficiency [34], or selectable 
induction heating target systems [35, 36]. Besides, several 
direct ac-ac converters have been proposed for IH 
applications [37-40], reducing the number of components 
and increasing the efficiency and performance. However, 
current design trends are moving towards cost-effective 
implementations that can achieve the high performance 
demanded by the user, forcing the designer to develop new 
optimized power converter topologies. 

In this context, this paper proposes a reconfigurable dual-
output quasi-resonant inverter focused on providing an 
efficient and cost-effective operation in the whole required 
operating range. The main benefit of the proposed converter 
is that it achieves full output power range up to 3.6 kW, i.e. 

 
Fig. 1. Flexible induction heating appliance: multi-coil 
systems improve user performance. 
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the whole operating range of state-of-the-art half-bridge-
based appliances, with improved output power control and a 
cost-effective implementation. This is done by means of a 
reconfigurable resonant capacitor. This will enable the 
development of high-end domestic induction heating 
appliances with a cost-effective implementation. The main 
advantage of this proposal is therefore to be able to provide a 
full-output-power range implementation using a single-
switch topology thanks to the use of an adaptable resonant 
network. Consequently, a high-performance cost-effective 
implementation is achieved. 

The remainder of this paper is organized as follows. 
Section II details the proposed power converter, focusing on 
the proposed topology, operation modes, operating regions, 
and soft-switching control strategy. Besides, the main 
equations describing the circuit operation and the converter 
design criteria, taking into account the power devices and 

operating points, are given. Section III details the main 
implementation and experimental results. A real scale dual-
output domestic IH prototype featuring the proposed 
topology has been built using the proposed topology. The 
main experimental waveforms are presented and discussed, 
proving the feasibility of the proposed topology. Finally, 
Section IV summarizes the conclusions of this paper. 

II. PROPOSED POWER CONVERTER 

A. Proposed single-switch dual-output quasi-resonant 
inverter 
The proposed power converter is based on the single-

switch quasi-resonant inverter topology [6, 41]. This 
converter can be implemented following different structures, 
as it is shown in Fig. 3. These alternatives exhibit different 
current ratios between the rms and average bus current, and 
alternatives (b) and (c) mitigates the effect of the power 
device output capacitance. Considering the minimum current 
ratio between these alternatives to minimize current and, 
therefore, maximize efficiency, and the use of IGBT 
technology with negligible output capacitance, the high-side 
resonant capacitor is selected as base topology. 
Consequently, the proposed topology is based on a single-
switch quasi-resonant inverter that enables reconfiguration of 
the resonant tank (Fig. 4) using R1 and R2 switches. The 
resonant capacitors Cr and power devices Mi can be 
reconfigured to supply two IH loads in optimized operating 
conditions, reducing the blocking voltage at maximum 
output power. Each IH load is modelled by its equivalent 
resistance and inductance, Req-Leq [42-44]. Besides, this 
topology can be extended to supply a higher number of loads 
if required.  

The main benefit of the proposed topology is that the 
reconfigurable resonant tank allows to adapt the voltage in 
the power device to maximize the maximum achievable 
output power. As a consequence of this, it allows to optimize 
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Fig. 2. Single-switch implementations for induction heating 
applications: (a) ZVS and (b) ZCS. 
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Fig. 3.   Single-switch quasi-resonant inverter alternative configurations: (a) high-side resonant capacitor, (b) low-side resonant 
capacitor and (c) split resonant capacitor. 

 
Fig. 4.   Proposed quasi-resonant dual inverter. 



the quasi-resonant topology operation, enabling to reach the 
complete output power range, i.e. up to 3600 W per load, 
without exceeding the power devices maximum voltage 
ratings. This enables to use this topology, not only for low-
end cost-effective appliances, but also of high-end 
implementations. Besides, the proposed topology can be 
easily extended to power total-active-surface appliances by 
replicating the proposed structure. 

Fig. 5 summarizes the main converter waveforms and 
equivalent operational states. The proposed converter follows 
a single-switch quasi-resonant operation, achieving zero 
voltage switching (ZVS) and, consequently, ensuring soft-
switching and high efficiency. In these topologies, ensuring 
soft-switching is a challenging tasks, because the operating 
point, i.e. voltage and current in the device, highly depends 
on the operating conditions and the IH load. However, the 
proposed topology and control strategy achieves full soft-
switching operation as it is shown in the experimental results 
section. 

During the switching cycle, the converter has two 
different states as in (Fig. 5(b,c)). When the switching 
device are activated (State I), the equivalent circuit is a 
series RL. This configuration is considered non-resonant 
because the resonant capacitor is short-circuited to the 
supply voltage source, and thus 

 ( )( ) ,  0 .c s swv t V t DT= ≤ ≤  (1) 

The load current, io, results 
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Where IA, is the initial load current value, and IB 

represents the final load current at t=DTsw for state I, D is 
the duty cycle, and DTsw is the time length of State I.  

When the switching device is turned off, State II, the 
equivalent circuit is an RLC circuit composed of the 
electrical equivalent of the induction heating load and the 
resonant capacitor. This configuration is resonant and 
provides the required current oscillation to achieve ZVS. 
Equation (3) expresses the set of solutions [45] of the 
differential equation that describes the resonant capacitor 
voltage 
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where 2eq eqR Lξ =  is the damping factor and 

1o eq rL Cω = , 2 2
n oω ω ξ= − are the resonant and natural 

angular frequencies, respectively. Thus, the load current, io, 
in State II results 

 [ ]
[ ]

( )1( )

1

( )
( )

sin( ( ))
,  .

cos( ( ))
sw

c
o r

n sw s nt DT
r sw sw

n sw s n

dv t
i t C

dt
t DT V k

C e DT t T
t DT V k

ξ
ω ω ξ

ω ξ ω
− −

= − =

 − + +
= < ≤  − − 

 (4) 

Assuming a soft-switching ZVS operation, four boundary 
conditions are established for the steady-state operation, as 
it can be seen in Fig. 5: 
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By solving the inductor current restrictions two design 
conditions are obtained: 
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and replacing IB from (2) at t=DTsw, the second boundary 
condition results 
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Besides, by applying the resonant capacitor voltage 
restrictions (third and fourth boundary conditions), k1 and k2 
result 

 
( ) ( )( )

( )

1

1

cos( 1 )
,

sin( 1 )

swD T
n sw

s
n sw

e D T
k V

D T

ξ ω

ω

− − −
=

−
 (8) 

 2 .sk V=  (9) 

Thus, the converter temporal waveforms are defined, and 
as a result, key converter parameters can be obtained. On the 
other hand, input power can be calculated by means of the 
average input current, Is, 
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thus, the average input power, P, is 
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Fig. 5. Proposed single-switch quasi-resonant converter main 
waveforms (a) and equivalent circuits (b-c). 
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As a result, Fig. 6 shows the normalized design plane for 
the proposed converter. This diagram includes the output 
power versus the power device blocking voltage (top left) 
and duty cycle (top right) for different operating points and 
induction heating loads defined by their quality factors, Q. 
Besides, the switching period versus duty cycle is shown 
(bottom right), together with the main waveforms (bottom 
left). A set of normalized parameters have been used to 
extend analytical results. Where ,n n swT Tω= is the 

normalized switching period, ( )2 ,n s eqP P V R=  represents 

the normalized input power, and ˆ ,n swtich sV V V= is the 
normalized switch peak voltage. The normalized output 
power as a function of control parameters (D, Tn) for 
different load quality factors, ,o eq eqQ L Rω= have been 
obtained. This diagram can be used to select the operating 
conditions to obtain a desired maximum output power with 
a maximum blocking voltage that is limited by the power 
device used. This analysis and operating curves can be 
extended to the case of the maximum power range, by 
changing the capacitor value accordingly, or to the 

independent parallel operation of the two inverters. 
As it can be seen in this figure, the power device 

maximum voltage, Vn, limits the maximum achievable 
output power, being critical in real domestic IH applications. 
The proposed topology takes advantage of the configurable 
resonant tank to take the most of the power converter. 
Consequently, by modifying the resonant capacitor the 
operating point is moved, so the maximum output power can 
be reached without exceeding the power device maximum 
ratings. 

 Fig. 7 shows the available operating curves when 
operating with a single capacitor (red line) or with paralleled 
capacitors (blue line). This figure highlights the main 
benefit of the proposed topology, that enables to maximize 
the operating range by limiting the maximum voltage. The  

 
Fig. 6.    Single-switch quasi-resonant inverter operating regions for different operating conditions and induction heating loads 
characterized by their quality factors, Q: output power versus power device blocking voltage (top left) and duty cycle (top right), where 
soft-switching limits are highlighted; switching period versus duty cycle (bottom right); and main waveforms (bottom left). 

Booster (3.6 kW)

Nominal (2.2 kW)

RL=5 Ω, LL=52 µH, Cr=100 nF/200 nF

1350 V devices

1200 V devices

1600 V devices

 
Fig. 7. Design example for different power device ratings and 
output power: single resonant capacitor (red line) and paralleled 
resonant capacitor (blue line). 



proposed converter achieves 3.6 kW operation when 
working with a single load and paralleled capacitor, whereas 
it also enables 2.2 kW operation with two loads. Moreover, 
the proposed converter can be optimized to operate in the 
low-power range avoiding flicker issues typical of this 
topology. As a conclusion, the proposed converter is able to 
operate in a wide range of operating conditions using 
industry standard 1200 V or 1350 V devices, allowing for a 
high-performance and cost-effective implementation. 

B. Proposed control strategy 
One of the key challenges when designing a single-

switch quasi resonant converter is the design of a control 
architecture and strategy that ensures soft-switching 
operation. In the proposed system, the voltage across the 
switching device is measured, as it shown in Fig. 4, to ensure 
safe operation while achieving a cost-effective 
implementation. Besides, the dc-link voltage, Vb, is measured 
to compute the output power and the switch current ,Isw, is 
measured to ensure safe and efficient operation. With this 
information, it is possible to perform a fast control of the 

 

 
 

 
 

(a) (b) 
Fig. 8. Proposed control strategy to ensure soft-switching: (a) control algorithm and (b) main waveforms and digital signals. 

 

 
Fig. 9. Representation of the operating areas for a dual-output induction heating appliance using the proposed power converter topology. 
The limits established by maximum power and maximum voltage are shown, as well as the control strategies applied in each region. 



transistor activation signal to achieve soft-switching at any 
operating point.  

Fig. 8(a) shows a simplified representation of the control 
algorithm and Fig. 8 (b) shows the main involved waveforms 
and digital signals. Following this strategy, toff is controlled 
using the device voltage measurement to achieve soft 

switching for any given ton, which is selected to deliver the 
desired output power. The power device on time, ton, is 
proportional to the output power, and it is controlled to 
achieve the output power commanded by the user. If the 
measured output power is lower than the required, ton is 
increased, and the opposite occurs if the output power needs 
to be reduced. In order to achieve ZVS, the target is to turn 
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Fig. 10. Design optimization of the experimental prototype considering three alternative designs: Induction coil design window (inductance 
vs resistance) and required power device voltage (a), output power (b), peak device voltage (c), load current (d) and duty cycle (e). 



on the power device when the voltage, Vsw, is close to zero. 
For that, reason, the turn-on transition is triggered when Vsw 
< Vth, being Vth a predefined threshold close to 0. Besides, in 
order to ensure safe operation, the turn-on transition is also 
triggered if the voltage across the device exceeds the 
predefined maximum rating, Vmax, or if the maximum off 
time is reached, tMAX. Finally, it is important to remark that 
this strategy will be implemented using an FPGA-based 
control architecture as explained in the experimental results 
section, and it will be implemented using an ASIC design for 
industrial deployment.  

By using the proposed control strategy and 
reconfigurable topology, it is possible to cover the complete 
operation range required in a high-performance dual-output 
induction heating appliance. Fig. 9 shows the operating areas 
for a dual-output induction heating appliance using the 
proposed topology and control strategy, and the resonant 
tank values in Fig. 7, which are the ones used for 
experimental verification. In this figure, the output power 
constraints are shown, i.e. maximum total 3600 W, as well as 
the device maximum voltage ratings. The proposed converter 
can operate either using independent outputs, up to the 
individual load nominal power, or paralleled inverters with 
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(g) (h) 
Fig. 11. Power device selection: power device temperature for different output powers (a) and power losses breakdown considering 
conduction and switching losses for all the analyzed power devices (b-h). 



single load to maximize the output power. When required, 
pulse density modulation (PDM) is applied to achieve the 
required power combination without compromising ZVS 
operation or acoustic noise. Besides, the ZVS soft-switching 
limits in the low output power range are shown. As a 
conclusion, the proposed topology and control strategy 
ensure proper output power control in the complete operating 
conditions map considering a state-of-the-art 3.6 kW 
induction heating appliance.  

III.  EXPERIMENTAL PROTOTYPE 
In order to test the proposed topology, an FPGA-

controlled experimental prototype has been designed and 

implemented. It features a dual single-switch quasi-resonant 
inverter enabling either supplying two IH loads or a single 
load up to 3.6 kW. To optimize the proposed design, several 
induction coil designs have been proposed in order to explore 
the design window, considering the equivalent electrical 
model and the required voltage in the power devices. 
Nominal output power, i.e., 2200 W, has been selected as the 
worst-case design point, since the maximum power point, 
i.e., 3600 W, will operate with paralleled power devices and 
reduced voltage due to paralleled resonant capacitors. Fig. 
10(a) shows the three proposed designs and the equivalent 
electrical parameters. This analysis has been completed with 
the evaluation of the output power (b), peak device voltage 
(c), load current (d) and duty cycle (e) curves. As a 
conclusion of this analysis, design #2 has been selected in 
order to avoid acoustic noise, compared with design #3, and 
to avoid increased voltage/current values of design #1. 

Once the induction coil has been selected, the power 
devices selection has been analysed. Several IGBT 
technologies have been considered, ranging from 1350 V up 
to 1800 V. In order to select the optimum device, a thermal 
comparison has been performed, and the breakdown of 
power losses, i.e., conduction and switching losses, has been 
analysed. Fig. 11(a) shows the power device temperature 
under different output power conditions. The test was 
stopped for some devices when the measured temperature 
was above 120ºC. In this test, the results show that the lower 
the device blocking voltage the lower the temperature. Fig. 
11(b-h) shows a detailed breakdown of the power losses in 
the devices. This analysis has been performed by placing two 
series connected devices with only one switching device, 
allowing to analyse the individual contribution of both 

 
Fig. 12. Dual-output single-switch quasi-resonant experimental 
prototype. 
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Fig. 13. Main waveforms of the proposed converter operating at nominal output power, i.e. 100 nF and 2200 W (a,c,d), and maximum 
output power, i.e. 200 nF and 3600 W (b,d,f). Three representative IH loads are used L1 (a,b), L2 (c,d) and L3 (e,f). Main waveforms include 
device voltage (blue, 200 V/div left and 500 V/div right) and IH coil current (red 500 A/div). 



switching and conduction losses. As a result of these tests, 
the selected device has been the 1350-V 30-A reverse 
conducting IGBT IHW30N135R5XKSA1 from Infineon due 
to both temperature and efficiency considerations. It is 
important to note that this device performed better due to the 
appropriate balance between conduction and switching 
losses, and its thermal performance. Finally, a Xilinx Spartan 
6 FPGA is used to implement the proposed modulation and 
control algorithms. Fig. 12 shows the experimental prototype 
used in the experiments described below. 

Fig. 13 shows the main waveforms of the proposed 
converter with three different induction heating loads L1 
(a,b), L2 (c,d), and L3 (d,f) for both nominal (left side) and 

maximum output power (right side). Each load has been 
tested using single resonant capacitor and nominal power, i.e. 
100 nF and 2200 W, and maximum power, i.e. 200 nF and 
3600 W. These waveforms prove the proper converter 
operation in the complete output power range for different 
representative IH loads. In all these cases, soft-switching 
conditions are met, while the maximum device voltage is not 
exceeded. These experimental results proves that the 
proposed topology can operate in an extended operation al 
range, providing a high-performance and cost-effective 
implementation. 
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Fig. 14. Main waveforms of the proposed converter with three different representative loads L1 (a), L2 (b), and L3 (c) operating at 
maximum power, i.e. 3600 W, with 200 nF resonant capacitor. From top to bottom: input voltage (C1, 500 V/div), input current (C7, 50 
A/div), device voltage (C4, 500 V/div), IH coil current (C8, 100 A/div), and control signals (C6, 5 V/div).  



 
(a) 

 
(b) 

Fig. 15. Main converter waveforms using IH load L1 (a) and  L3 (b) with ton=10 µs and controlled toff to achieve soft switching. From 
top to bottom: control signals (C1, 20 V/div), device voltage (C2, 200 V/div), IH coil current (C4, 20/10 A/div), and math channel 
representing toff (F1, 1 µs/div). 

 
(a) 

 
(b) 

Fig. 16. Experimental waveforms during a mains cycle: The control scheme ensures ZVS during the complete cycle. L1 induction load 
operating at 230 Vac (a) and 270 Vac (b) with 230 nF resonant capacitor and maximum output power 3600 W. From top to bottom: 
control signal (C6, 5 V/div), device voltage (C4, 500 V/div), IH coil current (C8, 100 A/div) and mains voltage (C1, 200 V/div). 



Fig. 14 shows the converter operation along a mains half-
cycle to prove the proper operation of the proposed control 
algorithm. It has been tested using the same loads L1 (a), L2 
(b), and L3 (c) with the maximum power configuration, i.e. 
200 nF and 3600 W. In these figures, it can be seen that the 
proposed converter achieves smooth operation during the 
mains half-cycle with low current distortion. In order to have 
a clearer view of the operation of the proposed converter. As 
a conclusion, the proposed converter is able to operate at full 
power under real operating conditions. It achieves the same 
output power performance as state-of-the-art full-resonant 
half-bridge topologies with a cost-effective implementation. 

 Fig. 15 represents the operation during a mains half-
cycle, where the toff parameter has been represented for a 
given fixed ton. In this figure, two different IH loads have 
been used and it can be seen the great dependence of the 
modulation strategy with the induction heating load. Fig. 
15(a) shows a linear material whereas in Fig. 15(b) a non-
linear material with strong dependence with the bus voltage 
is used. This figure shows the proper converter operation and 
highlights the need of the proposed control strategy to ensure 
soft-switching in the complete operation range, as the 
parameter varies significantly during the cycle. This is 
mainly due to the non-linear behaviour of the induction 
heating load, which is not easily predictable and depends on 
the used pot.  

Finally, Fig. 16 shows a detail of the converter main 
waveforms operating at rms ac input voltage of  230 Vac (a) 
and 270 Vac (b). This test is relevant as it proves the proper 
converter operation under the maximum voltage for 
commercial appliances. Besides, the detailed waveforms 
prove the proper zero voltage switching operation during the 
mains half-cycle, ensuring efficient soft-switching operation. 

IV. CONCLUSIONS 
This paper has proposed a high-performance single-

switch quasi-resonant inverter for domestic IH applications 
with extended operation range. The proposed topology takes 
advantage of a reconfigurable resonant tank to extend the 
operation range, compared with classical single-switch 
converters, to increase the maximum output power. 
Consequently, the proposed topology enables the 
development of high-performance and cost-effective 
induction heating. By using the proposed topology, current 
high-performance state-of-the-art full/half-bridge series 
resonant topologies can be replaced by a single-switch quasi-
resonant inverter with similar performance, achieving a 
significant cost reduction. The proposed topology has been 
experimentally tested by using a real scale dual-output 
inverter, proving the feasibility of the proposed topology. 
The proposed converter has shown reliable operation, 
achieving soft-switching and enabling operation up to 3600 
W using the proposed topology and control strategy. 
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