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Abstract- Domestic induction appliances require power 
converters that feature high efficiency and accurate power 
control in a wide range of operating conditions. To achieve 
this aim, modulation techniques play a key role to optimize the 
power converter operation. 
In this paper, a series resonant inverter featuring reverse 
blocking IGBTs and an optimized modulation technique are 
proposed. An analytical study of the converter operation is 
performed, and the main simulation results are shown. The 
proposed topology reduces both conduction and switching 
losses, increasing significantly the power converter efficiency. 
Besides, the proposed modulation technique achieves linear 
output power control, improving the final appliance 
performance. The results derived from this analysis are tested 
by means of an experimental prototype, verifying the 
feasibility of the proposed converter and modulation 
technique. 

I. INTRODUCTION 

Induction heating has been successfully applied to 
domestic applications due to advantages such as efficiency, 
fast heating, and safety [1]. The basic structure of an 
induction heating appliance can be seen in Fig. 1(a). It 
consist of the power electronics converter, the control 
electronics, and the inductor-pot system. The power 
conversion scheme applied to the induction appliance is 
summarized in Fig. 1(b). The mains voltage is rectified and 
filtered, generating a DC bus. Afterwards, a dc-ac 
converter, i.e. inverter, supplies variable frequency current 
(15 to 75 kHz) to the induction coil. This current produces 
an alternating magnetic field, which causes eddy currents 
and magnetic hysteresis heating up the pan.  

The inverter is the main block of the induction heating 
appliance. Different topologies have been proposed as the 
series resonant half-bridge [2-5], the series resonant full-
bridge [6], [7], or the Marx inverter [8], [9]. The election 
among these topologies depends mainly on the balance 
between cost and performance for a specific purpose. 

The main desired features when designing an inverter for 
domestic induction heating are the output power control 
and the efficiency. On one hand, the appliance must operate 
under a wide range of output power set-points selected by 
the user, leading to a variety of operating conditions. On the 
other hand, the efficiency determines not only the 
environmental impact and the reliability of the appliance, 
but also the final performance considering the limited 
possibilities of cooling. 

Modulation strategies play a key role to achieve the 
aforementioned aims. In the past, several modulation 
techniques have been proposed to optimize either the output 
power control or the efficiency. In [7], [10], asymmetrical 
voltage cancelation is proposed to improve efficiency in 
full-bridge topologies. This modulation scheme is extended 
to the half-bridge topology through the variable frequency 
duty cycle control proposed in [11] to optimize the 
efficiency. In [2], [6], [12], pulse density modulation 
(PDM) is also proposed to optimize the efficiency in the 
low-medium output power range. Finally, in [13], [14] 
discontinuous-mode based modulations are proposed as an 
alternative to PDM that eliminates flicker emissions and 
issues related to pulsed power delivered to the induction 
load. Most of the aforementioned modulation techniques 
operate above the resonant frequency to obtain a zero 
voltage switching transition and, consequently, reduce the 
switching losses. 

The aim of this paper is therefore to propose a 
modulation technique to improve the output power control 
and efficiency of a resonant inverter applied to domestic 
induction heating. The inverter topology is a variation of 
the series resonant half-bridge, featuring reverse-blocking 
insulated gate bipolar transistors (RB-IGBTs). RB-IGBTs 
allows to block negative voltage with improved 
performance when compared to adding a series diode [15-

(a) 

 

(b) 
Fig. 1. Domestic induction heating appliance: general 
architecture (a) and power conversion scheme (b). 



17], and have been proposed for several industrial 
applications [18-20]. RB-IGBTs have also been applied to 
induction heating, either in ac-ac converters [21] or in 
quasi-resonant inverters [22]. In this paper, RB-IGBTs are 
used to implement an inverter that allows using an 
improved modulation technique. The proposed modulation 
technique achieves linear output power control and 
improved efficiency compared to previous ones, at no 
additional cost.  

This paper is organized as follows. Section II details the 
proposed reverse-blocking IGBT based inverter. Section III 
analyzes the proposed modulation technique, focusing on 
the output power control and the converter efficiency. 
Section IV describes the experimental test-bench and the 
main experimental results to probe the feasibility of the 
proposed system. Finally, the main conclusions of this 
paper are drawn in Section V.  

II. RESONANT INVERTER TOPOLOGY 

The proposed power converter topology is based on the 
series resonant half bridge, which is the topology that 
achieves the best balance between cost and performance 
considering the domestic induction heating applications. In 
this proposal, the IGBTs with antiparallel diode have been 
replaced by RB-IGBTS, as shown in Fig. 2. This provides 
additional control features which allow easing the output 
power control and increasing the efficiency. 

The resonant tank of the proposed inverter is a series 
RLC composed of the equivalent resistor Req and 
inductance Leq of the inductor-pot system [23], and the 
resonant capacitor Cr. The equivalent values of the 
inductor-pot system, Req, Leq, change with the geometry, 
pan materials, temperature, and excitation frequency, 
making the output power control harder. For this reason, a 
complete analysis of the output power as a function of these 
equivalent parameters is provided. 

Three different configurations are possible for the 
proposed converter (Fig. 3). In state I, the bus voltage Vb is 
applied to the load, whereas in state II the load is shor-
circuited, i.e. vo=0. Finally, in state III both switching 
devices are deactivated and there is no current. 

The classical half-bridge series inverter can be operated 
in two different modes (Fig. 4): zero voltage switching 
(ZVS) and zero current switching (ZCS). The former 
operation mode, ZVS, is characterized by a negative phase-
lag between current and voltage. As a consequence, when 
the switch is activated, the current is conducted by the anti-
parallel diode and, consequently, ZVS switch-on transition 
is achieved, minimizing switching losses. The latter 
operation mode, ZCS, is characterized by a positive phase 
lag between current and voltage. Consequently, the switch-
on transition is achieved without losses. In both operation 
modes, part of the current recirculates through the diodes to 
the bus, increasing the conduction losses to deliver a certain 
output power.  

 

 
The proposed operation mode (Fig. 4) operates at 

switching frequencies lower than the resonant frequency, as 
in the ZCS operation mode. However, since there are no 
antiparallel diodes, once the current extinguishes remains 
zero until the next switch is activated. At this point, RB-
IGBTs are needed to block the negative voltage that may 
appear due to the voltage of the resonant capacitors. This 
operation mode achieves ZCS during switch-off transition 
and negligible switch-on losses due to the fact that the 
inductor Leq behaves as a high-value inductive snubber. 
Besides, since no current recirculates to the bus, lower 
conduction losses are also achieved. A detailed analysis of 
the power converter operation is presented in the next 
section.  

Fig. 2. Proposed converter schematic 

Fig. 3. Equivalent circuit configurations of the proposed series 
resonant inverter. 
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III.  PROPOSED MODULATION TECHNIQUE 

The power converter proposed in this paper offers 
additional control possibilities to obtain linear output power 
control with improved efficiency. In this section, a 
theoretical analysis of the power converter operation is 
performed. On this basis, an output power control scheme is 
proposed and the power converter efficiency is analyzed. 

A. Theoretical analysis 

The converter operation is based on charging and 
discharging the resonant capacitor through the load in a 
single current direction. Since the converter presents 
symmetry, the theoretical analysis is simplified. 

 Considering the use of RB-IGBTs, i.e. unidirectional 
devices, the current trough the load stops when it reaches 
zero. As a result, the resonant capacitor voltage starts from 
a positive value, higher than the power supply voltage, and 
ends with a negative value when the current reaches zero. 

The differential equation that defines the current trough 
the load can be obtained by the Kirchhoff's circuit laws: 

 
0

( ) 1
( ) ( ) 0.

t
o

o eq eq o
r

di t
i t R L i d

dt C
     (1) 

Using the Laplace transform, equation (1) can be 
expressed as a second order lineal equation in the 
transformed domain s. 

 
1

0,eq eq
r

R sL
sC

    (2) 

that can be rewritten as a second order dynamical system 
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Second order dynamical systems can be parameterized as 
a function of the damping factor   and the resonant 

angular frequency 0 , defined by: 
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The dynamic of the second order system must be 
underdamped in order to achieve zero current switching-off 
transitions. Consequently, the natural angular frequency n  

can be defined as: 

 2 2 .n o     (6) 

The roots of the second order linear system in the s-
domain are: 

 1,2 .nS j     (7) 

Applying the inverse Laplace transform, the temporal 
domain response for the resonant capacitor voltage 

rCv is: 

 ( ) sin( ).
r

t
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Where the freedom parameters ,  B  can be 

determined as considering two temporal restrictions: the 
resonant capacitor voltage at time zero is ( 0)

r rC Cv t V  ; 

and the derivative of the voltage at time zero is 0. Applying 
these restrictions to (8), the following expressions are 
obtained: 

 
 

Fig. 4. Operations mode for the half-bridge converter: ZCS 
and ZVS for the classical half-bridge and the operation mode for 
the proposed converter. 
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 By rewriting these conditions, the freedom parameters 
can be determined: 
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Hence, the time-domain response of the resonant 
capacitor voltage is: 
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Consequently, the load current 0i  and the inductor 

voltage 
eqLv  are: 
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The load current is stopped when it reaches zero, 
consequently, the resonant period can be defined as oT : 

 0 ( 0) 0 sin( ) 0 .t
n o
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All the temporal signals can be shown in Fig. 5 for a 
half-switching period. 

The resonant capacitor voltage starts from a positive 

value higher than the supply voltage and finish with a 
negative value. The positive offset from the supply voltage 

bV  and the negative offset from zero-level is the same and 

it is defined by V . This voltage-offset can be solved by 
applying these conditions: 
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Hence, the resonant capacitor voltage can be determined 
by (16), applying sin( ) /n o   . 
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As a result, the additional voltage offset for the switching 
devices is: 

 
1

1 .
1 o bT

V V
e 

     
 (17) 

B. Output power control 

The output power control strategy for the proposed 
converter is based on the switching frequency variation. 
The maximum output power is achieved at the resonant 
frequency and it is reduced as the switching frequency is 
decreased from the resonant frequency. 

As a result, the output power variation is linear with 
switching frequency and can be calculated using the load 
current and the equivalent resistor of the inductor-pot 
system as follows. 

Fig. 5. Main resonant waveforms of the proposed converter 
using the analytical model presented.  

Fig. 6. Proposed modulation scheme and main waveforms 
(current trough the load and output power). 
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As shown in Fig. 6, the current circulates during two 
periods To in each the switching period T. Two freedoms 
intervals can therefore be defined, with a length αTo each 
one. As a result, the output power can be rewritten as: 

 
 

2

0

1
( ) .

1

oT

o eq o
o

P R i t dt
T 


   (19) 

Applying the load current equation (12) in this 
expression, it is obtained that: 
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This equation can be rewritten using the resonant 
capacitor voltage, leading to: 
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Finally, the output power can be expressed as: 
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where Po,max is: 
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In (22), it can be seen that the output power varies 
linearly with 1 1  , making the output power control 

easier than in classical ZVS modulation schemes. Besides, 
unlike ZVS modulation schemes, the proposed control 
reduces the switching frequency in order to reduce the 
output power. As a consequence, the efficiency in the low-
medium output power range is not compromised due to the 
high switching frequencies. 

Finally, when designing the modulation scheme, it must 
be also considered that some temporal restrictions must be 
taken into account. Firstly, and according to Fig. 6, 

2 ,oT T which means that the converter must operate under 

the resonant frequency of the load. Otherwise, ZVS 
operation would be achieved. Secondly, the switching 
frequency must be high enough to avoid audible noise, 
which is usually issued in the 20 Hz to 15 kHz range. 

C. Efficiency analysis 

The power losses of the proposed converter can be 
divided into conduction losses and switching losses. 
Switching losses can also be classified in switch-on and 
switch-off losses. Firstly, the turn-on process is done 
without losses because the parasitic capacitance of the RB-
IGBT can be neglected at the switching frequency, and the 
inductor-pot system acts as an inductive snubber. Secondly, 
the turn-off switching losses can be also neglected due to 
the low reverse recovery time of the devices in the 
converter operating conditions.  

Conduction losses are therefore the main losses for the 
proposed converter and modulation scheme. Assuming a 
Ron-Von model [11] for the RB-IGBT, conduction losses can 
be calculated as a function of the mean and the root mean 
square current through the load as follows: 

  2
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where Von and Ron are the saturation collector-to-emitter 
voltage and the conducting resistance of the switching 
devices, respectively. The mean and rms current can be 
calculated using these equations: 
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Besides, the rms current is: 

2

2 2 2

0 0

2 2

0

2

2

,

1 1
( ) sin ( )

sin ( )

1
2

1 1 1
,

1 118

o

o

o

o

o

TT
tCr

rms o n
eq n

T
tCr

n

eq n

TCr

eq o

T
b

I rmsT

o eq o

V
I i t dt e t dt

T T L

V
e t dt

T L

V
e

T L

V e
K

eT L



















  











 
    

 

 

  


 

 

 


 (27) 

where the ,I rmsK  is: 
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Consequently, the efficiency as a function of the control 
parameter can be analyzed, leading to: 
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From this expression can be seen that the output power 
and the losses vary in the same amount, and consequently, 
the efficiency remains constantly for any value of  oP  . 

IV. EXPERIMENTAL RESULTS 

An experimental prototype has been designed and built 
to verify the analytical results previously presented. The 
system has been designed to supply an induction heating 
load up to 1 kW. The inductor-pot system is modeled as a 
series resistor Req = 14.2 Ω and inductance Leq = 64 µH. 
The switching frequency limits have been set to 15 kHz to 
avoid acoustic noise, and lower than resonant frequency to 
operate in the appropriate operation mode.  

The converter is controlled by a control architecture 
composed of a microcontroller and an ASIC [24], [25]. The 
microcontroller establishes the modulation parameters, 
whereas the ASIC generates the gating signals for the RB-
IGBTs. The main converter specifications are summarized 
in Table I. 

The main inverter waveforms are shown in Fig. 7 for 
different output power levels from 500 to 1200 W. The 
power converter behaves as expected, verifying the 
analytical results. It should be noted that the waveforms of 
load current have an offset due to the Rogowsky coil used 
in the experimentation. 

Fig. 9 shows the output power curve as a function of the 
switching frequency. As it has been explained before, this 
converter achieves linear output power control, making 
easier to manage complex induction heating loads. 

(a) 

(b) 

(c) 

(d) 

(e) 
Fig. 7. Main waveforms for the proposed converter for different 
switching frequencies: 15 kHz for (a), 20 kHz for (b), 25 kHz for 
(c), 30 kHz for (d) and 35 kHz for (d). Activation signals Ch and 
Cl (20 V/div), upper switching device voltage Vce,h (100 V/div) 
and output current io (10 A/div). Time: 10 µs/div.  

Table I 
Proposed inverter specifications 

Parameter Value 
fs_min 15 kHz 
fs_max 40 kHz 

Cr 180 nF 
Req 14.2 Ω 
Leq 64 µH 

RB-IGBTs IXRP 15N120 



 
Finally, an efficiency analysis has been performed to 

verify the results presented in this paper. The efficiency 
plot shown in Fig. 8 confirms the flat efficiency curve 
expected, and probes the proper power converter 
performance. Besides, it validates the assumption made 
when neglecting the switching losses. 

V. CONCLUSIONS 

The efficiency is one of the most important factors of an 
induction cooker because it not only reduces the energy 
consumption but also increase the output power reliability. 
In this paper, a new converter based on the half-bridge 
topology has been presented. This converter uses the 
recently developed RB-IGBTs in order to allow using a 
specific modulation technique. 

The power converter operation has been analyzed and the 
main equations have been derived. A modulation scheme 
has been proposed taking advantage of the use of RB-
IGBTS. This modulation scheme reduces the switching 
losses and minimizes conduction losses, since the current 
do not recirculate through free-wheeling diodes to the bus. 
Besides, the output power can be easily controlled by 
reducing the switching frequency, avoiding the issues 
related to high-switching frequencies present in other 
topologies.  

The analytical model presented in this paper has been 
verified by means an induction heater prototype. 
Experimental results confirm the feasibility of the proposed 
converter and modulation scheme. As a conclusion, the 
improved efficiency and linear output power control makes 
this topology suitable for the domestic induction heating 
application. 
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