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Abstract—Induction heating is nowadays a key technology due
to its advantages in terms of performance and efficiency, which
has boosted its adoption in industrial, domestic, and medical ap-
plications, among others. Recent developments in domestic induc-
tion heating are focused on flexible cooking surfaces with higher
output power. The design requirements of this cooktops are more
restrictive due to electromagnetic compatibility (EMC), power den-
sity, efficiency, control complexity, and cost. In order to overcome
these issues, the use of active power factor corrector (PFC) rec-
tifiers is proposed. This paper proposes and analyzes a complete
set of modulation strategies for a single-phase boost-type PFC ap-
plied to domestic induction heating. A comparative analysis is per-
formed taking into account the device stress, efficiency, operating
frequency, control complexity, and EMC performance. This discus-
sion reveals the advantages and disadvantages of each modulation
strategy according to the final implementation requirements and
the application area.

Index Terms—Home appliances, induction heating (IH), mod-
ulation strategies, power factor corrector (PFC), resonant power
conversion, zero voltage switching (ZVS).

I. INTRODUCTION

IN THE last years, trends in domestic induction heating (IH)
cooktops have led to bigger and more flexible cooking ar-

eas enabling the user using a wide variety of cooking utensils
[1]. With this purpose, flexible cooking surfaces [2] with big-
ger coils with several concentric windings were proposed [see
Fig. 1(a)]. More recently, flexible cooking surfaces with fully
active surfaces appeared [see Fig. 1(b)], taking advantage of
small-diameter coils distributed along the whole surface. It al-
lows us virtually using any pan or pot, no matter the size or the
shape [3]–[8].

The design requirements of the flexible cooking surfaces are
usually more restrictive in terms of higher efficiency, due to en-
vironmental concerns and temperature limitations, higher output
power, to supply the bigger IH loads, higher power density, due
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Fig. 1. Flexible cooking surfaces. (a) Classical concentric coils. (b) Fully
active surface.

to space limitations, improved electromagnetic compatibility
(EMC) performance, and low cost. In order to face these chal-
lenges and decrease the total implementation cost, it is desirable
to use power factor corrector (PFC) rectifiers. A front-end PFC
rectifier decreases the complexity of power electronics design
because it allows us separating the EMC issues from the IH
design. Besides, it allows us obtaining a common dc-bus that
enables reducing the device ratings. A multiphase approach us-
ing multiphase rectifier is also interesting, since it allows us
delivering higher output power compared with current state-of-
the-art implementations. Consequently, this paper proposes and
studies the use of a PFC converter to improve the user perfor-
mance of modern IH appliances.

The PFC rectifiers are widely used in many applications
and can be classified mainly in passive systems or active PFC
systems [9], [10]. Passive PFC rectifiers do not need control
elements. However, larger magnetic components are usually
required for filtering and they are not able to reach current
harmonic distortion, total harmonic distortion (THD)i , smaller
than 30% due to the large amount of low frequency harmonic
components. For this reason, to fulfil the EMC standards [11]
required for IH appliances, it is proposed to use active PFC rec-
tifiers, since they can reach THDi smaller than 3% and a high
power density at the cost of a more complex control.
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Fig. 2. Proposed PFC IH converter with n IH-loads.

Nowadays, PFC rectifiers have rarely been implemented in
commercial IH home appliances due to complexity and cost
issues [12], [13]. However, advances in power electronics and
control, as well as the trend towards higher performance ap-
pliances motivates the proposed approach. Different topologies
have been proposed that can perform this function, which can
mainly be classified in buck-type converters and boost-type con-
verters [10]. The latter are especially interesting in the IH field
because allow us improving the efficiency in the downstream
IH inverter.

In order to perform the PFC strategy, different modulations
can be implemented [14]–[23]. However, each one of these
strategies has some advantages and disadvantages that can
encourage or complicate its implementation according to the
application area, the control complexity, the cost, the device
ratings, the efficiency, the EMC issues, or the operating fre-
quency. Consequently, this paper proposes a detailed analysis
of these modulation strategies and introduces new approaches
with the aim of finding a good balance between cost, efficiency,
and power density to obtain an effective implementation.

This paper is organized as follows. Section II presents the
single-phase PFC IH converter topology used to implement ev-
ery proposed modulation strategy, which are also analyzed and
detailed. Section III introduces the control implementation. In
Section IV, the main experimental results are shown. A dis-
cussion with a comparative analysis is performed taking into
account the device stress, the efficiency, the control complex-
ity, and the EMC issues. Finally, a domestic IH application is
implemented using one of the proposed modulation strategies.
Section V summarizes the main conclusions of this paper.

II. PROPOSED TOPOLOGY AND MODULATION STRATEGIES

The analysis of the modulation strategies has been performed
using a single-phase PFC IH converter. In this section, the pro-
posed topology is presented and the set of modulation strategies
are detailed and analyzed.

A. Topology

The proposed PFC converter is shown in Fig. 2. It is based on
the boost converter and it is composed of two half-bridge legs,

a and b, which allow us short-circuiting the boost inductance,
Lb , with the mains voltage, vac , with a period Tac , and/or the
bus voltage, vb . Each half-bridge is composed of two switching
devices, Sh and Sl , with MOSFETs, Th and Tl , and antiparallel
diodes, Dh and Dl . A filter between the mains and the PFC
stage is placed, supplying the medium frequency currents and
removing the high ripple of the boost coil current, iac . In this
way, a fully filtered input current, 〈iac〉Ts w

, is achieved in the
switching period Tsw � Tac . In the proposed implementation,
an inductance, Lf , and a capacitor, Cf , of filtering is used.
A capacitor, Cb , filters the bus voltage, which powers the IH-
inverter. The set is composed of as many half-bridge branches,
Sh,n and Sl,n , as IH-loads. Each IH-load is composed of the
series equivalent resistance, Req,n , and inductance, Leq,n , and
the split resonant capacitor, Cr,n .

This converter allows us performing and analyzing each pos-
sible PFC modulation strategy according to the conduction
mode: continuous conduction mode (CCM) or discontinuous
conduction mode (DCM), the switching frequency (fixed or
variable), and the switching mode (zero voltage switching, ZVS,
or hard switching). Fig. 3 shows a classification of these mod-
ulation strategies according to the topology configuration: half
bridge, full bridge, or a combination of both, i.e., hybrid. Each
modulation strategy defines a different iac current.

1) Half Bridge: In half-bridge configuration, the a branch
is activated at Tsw , while the b branch is activated at Tac to
get synchronous rectification. The main advantage of this con-
figuration is that the switching device count is reduced. How-
ever, the main disadvantage is that the iac current control close
to the mains-voltage zero-crossing becomes difficult. In this
case, the mains voltage is null (vac = 0) while the bus capac-
itor is fully charged, leading to extreme duty cycles, and zero-
crossing distortion when the duty cycle is limited. Fig. 3 shows
the iac current and vab voltage waveforms. The duty cycle, d,
using a CCM conduction mode depends on the mains voltage
sign as follows:

d =
vac

vb
, vac > 0

d = 1 +
vac

vb
, vac < 0. (1)
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Fig. 3. Classification of the proposed modulation strategies depending on the topology configuration: half bridge, full bridge, or hybrid; and the operation mode:
CCM or DCM with fixed or variable switching frequency, fsw , and ZVS or hard switching.
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2) Full Bridge: The second approach is based on using the
two inverter branches phase-shifted 180° and complementary
duty cycles. In this way, both branches are activated at Tsw . The
main advantage of this strategy is that zero-cross distortion is
avoided. However, the number of switching devices required is
higher, increasing switching losses. Besides, voltage applied to
the boost inductor is also higher, increasing the current ripple,
and therefore conduction losses in the boost inductor and the
switching devices. As a consequence, this approach leads to
lower efficiency results.

In this case, the duty cycle does not depend on the mains
voltage sign and its values are less extreme than in the half-
bridge modulation, being 0.5 in the mains voltage zero crossing
(vac = 0) and easing the control. For each branch, the duty cycle
in a CCM conduction mode is defined as

da =
1
2

(
1 +

vac

vb

)

db =
1
2

(
1 − vac

vb

)
. (2)

3) Hybrid: In order to improve both the efficiency and the
zero-cross distortion, a combined approach is proposed. It con-
sists in using the half-bridge configuration and changing to the
full-bridge configuration close to the zero crossing. In this way,
the distortion is eliminated at the cost of additional control com-
plexity, but getting an improved efficiency in tradeoff with the
full-bridge configuration. The combination of the two configu-
rations decreases slightly the efficiency in comparison with the
half-bridge configuration. However, it avoids the zero-cross dis-
tortion, achieving a good balance between efficiency and EMC
performance.

B. Operation Modes

The CCM strategy can operate with fixed or variable fre-
quency during the mains cycle. This operation mode with fixed
frequency can be very interesting in applications that cannot
modify the operating frequency. Besides, it can operate either
with ZVS or hard switching. On the one hand, the main advan-
tage of the ZVS operation is that the turn-ON switching losses are
null, decreasing switching losses. However, the boost-inductor
root mean square (RMS) current is increased due to the high
ripple required to achieve the ZVS soft-switching behavior,
increasing conduction losses in the boost coil and switching
devices.

On the other hand, a reduced ripple current can be achieved
by using a high inductance value, yielding to a hard-switching
behavior. As an advantage, the RMS boost inductance current is
reduced, improving conduction losses. Moreover, the filtering
requirements are lower than with ZVS conditions due to the low
ripple. In contrast, the efficiency levels can be decreased by the
additional switching losses.

Finally, the DCM operation introduces an extra state in which
all devices are deactivated, getting a null boost inductance volt-
age, vL , and current, iac . This extra state allows us avoiding the
zero-cross distortion in half-bridge configuration too. The an-

Fig. 4. Control scheme of the boost-inductor voltage control where the calcu-
lated action is the boost inductance voltage, vL , which is used to calculate later
the duty cycle, d, by using the converter parameters.

tiparallel diodes are in charge of shorting the boost inductance
current, iac , when it changes its polarity.

This conduction mode has the same drawbacks as the ZVS
CCM since it also operates with a high current ripple. Moreover,
the turn-ON switching losses are also null because of ZVS and
ZCS switching.

III. CONTROL IMPLEMENTATION

The proposed modulation strategies achieve different per-
formance and cost figures of merit, as it has been previously
analyzed. Besides, it is important to note that from an implemen-
tation point of view, the design of the control loop is different for
each one. This section details the proposed control implementa-
tion strategies, which can be classified into four groups: boost-
inductor voltage control, variable-frequency activation control,
current mode control, and fixed-frequency activation control.

A. Boost-Inductor Voltage Control

The boost-inductor voltage control allows us performing all
fixed frequency CCM strategies. The converter control consists
in generating a sinusoidal reference current, iac,ref , in phase
with the mains voltage and with the desired RMS current value,
Iac,rms . The regulator adjusts the mains current, 〈iac〉Ts w

, to
follow the reference exactly.

In order to control the system and to eliminate the stationary
error, a proportional, Kp , and integral, Ki , regulator is proposed.
In typical control schemes, the action calculated by the regu-
lator is the duty cycle, d, applied to the PFC stage. However,
this system is difficult to control using this scheme because its
nonlinearity, which depends strongly on the mains voltage, the
bus voltage, and the induction load.

To overcome this issue, using the boost coil local average
voltage, 〈vL 〉Ts w

, as controller output action is proposed, as
it is shown in Fig. 4. When the local average voltage in an
inductance differs from zero, it means a variation of its average
current. According to the differential equation that models the
boost coil behavior

iac |t0 +Ts w
= iac |t0

+
1
Lb

∫ t0 +Ts w

t0

vLdt. (3)

Consequently, the vL voltage makes possible to control the
boost-inductor average current, 〈iac〉Ts w

, linearly and therefore,
the mains current can be properly shaped. Keeping in mind
that the half-bridge or full-bridge configurations can be imple-
mented, the duty cycle can be calculated in a second step with
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Fig. 5. Control scheme of the variable-frequency activation control. The acti-
vation time, ton , the negative time, ta , and the recovery time, tb , are indicated
along with the boost inductance current, ia c , and voltage, vL , waveforms.

(4) or (5), respectively

d =
vac − vL

vb
, vac > 0

d = 1 +
vac − vL

vb
, vac < 0. (4)

da =
vac + vb − vL

2vb

db = 1 − da (5)

where vac and vb are the mains and the bus average voltage in a
switching cycle, respectively.

In order to perform this control, the input voltage, vac , the
input current, 〈iac〉Ts w

, and the bus voltage, vb , have to be mea-
sured. The reference current, iac,ref , is obtained by the product
of the mains voltage, vac , and the transconductance, G. This
parameter is defined from the RMS mains voltage, Vac,rms , and
the desired input power, Pin , as

G =
Pin

V 2
ac,rms

. (6)

B. Variable-Frequency Activation Control

With this control it is possible to perform the ZVS and variable
frequency CCM strategy or, as it is also known, the critical CCM.
It consists in stablishing an activation time, ton , that defines the
RMS input current value, Iac,rms . To do this, the zero crossing
of the boost inductance current, iac , has to be detected. Besides,
a negative conduction or ZVS time, ta , is defined in order to
ensure the ZVS switching.

As it is shown in Fig. 5, first, a negative voltage is applied over
the boost inductance. The moment in which the current turns
on negative, the negative conduction, ta , time is stablished.
After that the devices switch to apply a positive voltage over
the inductance. Later, the time that the current takes to turn ON

positive is measured. This time is called recovery time, tb , and
is used to compensate the negative conduction time. Finally, the
activation time, ton , is applied and, after that, the devices switch
to apply a negative voltage over the boost inductance again.

The voltage applied to the boost coil depends on the topology
configuration, the mains voltage, vac , the bus voltage, vb , and
the switching device activation state. The negative conduction
time affects to the operating frequency range and the current

Fig. 6. Control scheme of the current mode control. The current ripple,
ia c ,r ipp le , and the superior, ia c ,m ax , and inferior, ia c ,m in , current limits
are indicated along with the boost inductance current, ia c , and voltage, vL ,
waveforms.

ripple, and can be chosen arbitrarily since it does not modify the
desired RMS input current. It is just defined by the activation
time, ton , as a function of the recovery time, tb , the mains
voltage, vac , the bus voltage, vb , the transconductance, G, and
the boost inductance, Lb . The activation time is calculated with
(7) or (8) according to the topology configuration: half bridge or
full bridge, respectively. As it is shown by (7), in the half-bridge
configuration the activation time is just defined by the recovery
time, the transconductance, and the boost inductor, therefore,
the mains and bus voltage do not need to be measured

ton = 2LbG + tb (7)

ton = 2LbG

(
vac

vb + vac

)
+ tb . (8)

C. Current Mode Control

In order to perform the hard switching and variable frequency
CCM, a current mode control has been implemented. This con-
trol consists in stablishing a superior and inferior boost induc-
tance current limit, iac,max and iac,min , respectively. These
limits depend on the reference current, iac,rms , and the desired
current ripple, iac,ripple , as

iac,max = iac,ref +
iac,ripple

2

iac,min = iac,ref − iac,ripple

2
. (9)

As in the boost-inductor voltage control, a sinusoidal ref-
erence current, iac,ref , is generated in phase with the mains
voltage and with the desired RMS current value, Iac,rms , which
is defined with the transconductance, G, as a function of the
desired input power, Pin . The boost inductance current, iac , is
measured with a current sensor. As it is shown in Fig. 6, the
moment that the boost inductance current reaches the superior
limit, iac,max , the switching devices switch in order to apply
a negative voltage over the boost inductance and vice versa.
When the boost inductance current reaches the inferior limit,
iac,min , a positive voltage is applied over the boost inductance.
The switching devices that are activated or deactivated to apply
a positive or negative voltage over the boost inductance depend
on the topology configuration. The switching frequency depends
on the boost inductance, Lb , and the current ripple, iac,ripple .
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Fig. 7. Control scheme of the fixed-frequency activation control. The activa-
tion time, ton , and the boost inductance current, ia c , and voltage, vL , waveforms
are indicated.

D. Fixed-Frequency Activation Control

Finally, the fixed-frequency activation control has been im-
plemented to perform the DCM strategy. It is similar to the var-
iable-frequency activation control. However, in this case the
current zero crossing does not need to be detected because the
frequency is fixed and the activation time, ton , is calculated as a
function of the converter parameters and the switching period,
Tsw , in order to achieve the extra state of DCM. The (10) and
(11) allow us calculating this parameter using the half-bridge or
full-bridge configuration, respectively. On both cases, the bus
voltage, vb , and the mains voltage, vac , have to be measured

ton =

√
2Tsw LbG

vb − |vac |
vb

(10)

ton =

√
Tsw LbG

(vb − vac) vac

(vb + vac) vb
. (11)

Moreover, the negative conduction time, ta , and the recovery
time, tb , are not necessary any more as it is shown in Fig. 7.
The minimum switching period, Tsw,min , that allows us oper-
ating in DCM is calculated using (12) and (13) according to the
topology configuration, half bridge or full bridge, respectively.
It depends on the boost inductance, Lb , the transconductance, G,
the bus voltage, vb , and the mains voltage, vac . A conservative
approach is based on considering the minimum bus voltage and
the maximum mains voltage, i.e.,

√
2Vac,rms

Tsw,min = 2LbG
vb

vb − vac
(12)

Tsw,min = 4LbG
vbvac

v2
b − v2

ac

. (13)

Even though the control parameters depend on the topology
configuration, the control strategy is independent. It allows us
performing hybrid modulations using the same control strategy.
The hybrid modulation consists in using usually the half-bridge
configuration and the full-bridge configuration only when the
bus voltage is close to zero to avoid the zero-cross distortion. In
this way, the change voltage, vth , parameter is defined. As it is
shown in Fig. 8, when the absolute value of the mains voltage,
|vac |, is higher than the change voltage, vth , the half-bridge
configuration is used.

Fig. 8. Detail of the hybrid modulation control with the change voltage, vth ,
indication.

Fig. 9. Prototype used to implement the proposed strategies.

TABLE I
CONVERTER DESIGN PARAMETERS

Parameter Value

Mains voltage, Vac ,rm s 230 V RMS, 50 Hz
Input power range, Pin 500–3680 W
Bus voltage, vb 400 V
Operating frequency, fsw 40-180 kHz
Filter capacitor, Cf 5 μF
Filter coil, Lf 50 μH (Hard switching) 215 μH (ZVS)
Bus capacitor, Cb 1140 μF
Boost inductor, Lb 215 μH (Hard switching) 26 μH (ZVS)

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental Results

In order to perform and analyze each proposed strategy, a
versatile platform has been designed and implemented. The
prototype, shown in Fig. 9, is composed of a three-half-bridges
module using CREE SiC MOSFETs. A Spartan-6 FPGA from
Xilins is used to implement the control architecture. Besides,
the whole system can be managed from the personal computer
(PC) through a Wi-Fi module and a PC application has
been developed using Visual Basic. The platform allows us
measuring current using magneto-resistive current sensors and
voltage using voltage dividers. Table I summarizes the main
converter design parameters.

Fig. 10 shows the experimental results obtained using every
modulation strategy with half-bridge or full-bridge configura-
tion. For each modulation strategy, the main waveforms in a
mains cycle are shown along with a zoomed detail. Moreover,
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Fig. 10. ZVS, (a) and (b), or hard switching, (c) and (d), fixed frequency CCM, the ZVS, (e) and (f), or hard switching, (g) and (h), variable frequency CCM,
and the ZVS/ZCS fixed frequency DCM, (i) and (j), modulation strategies. The half-bridge configuration on the left and the full-bridge configuration on the right.
On the top, the main experimental waveforms (voltage: 200 V/div, current: 50 A/div, and time: 2 ms/div). On the bottom, a zoomed detail (time: 10 μs/div). In the
lower right corner, the overall efficiency and the power loss distribution at maximum power, 3680 W.
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Fig. 10. continue.

the measured efficiency and the simulated power loss distribu-
tion at maximum power, i.e., 3680 W, is shown in the lower
right corner. In the power loss distribution the switching losses
of switching devices, Psw,S , the conduction losses of switch-
ing devices, Pon,S , the boost-inductor losses, Pon,Lb

, the bus
capacitor losses, Pon,Cb

, and the filter losses, Pon,Lf
+ Pon,Cf

,
have been taken into account.

The fixed frequency strategies operate at 60 kHz, whereas the
variable frequency strategies work between 35 and 150 kHz.
For all ZVS strategies, a 26-μH boost inductance and 215-μH
filter inductance have been used, as well as a 215-μH boost
inductance and 50-μH filter inductance for all hard switching
strategies.

As it can be seen, the zero-cross distortion appears when the
half-bridge configurations are used, whereas is avoided with
the full-bridge configurations. On the other hand, the boost

current ripple increases what supposes more conduction losses
and switching losses in switching devices since the turn-OFF

switching current is higher. For these reasons, the efficiency de-
creases lightly. The DCM operation mode, however, avoids the
zero-cross distortion with the half-bridge configuration. Conse-
quently, the full-bridge and hybrid configuration are less inter-
esting in this case. With this operation mode, a small oscillation
of the current is appreciated due to the diode parasitic capacity
along with the boost coil.

The variable frequency strategies using hybrid configuration
have been implemented too. Fig. 11 shows the main experimen-
tal waveforms. In both cases, ZVS and hard switching strategy,
the zero-cross distortion is avoided because the full-bridge con-
figuration is used when the absolute value of the mains voltage
is lower than 100 V. The zoomed details show the moment this
change is performed.
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Fig. 11. ZVS (a) and hard switching (b) hybrid variable frequency CCM modulation strategies. On the top, the main experimental waveforms (voltage: 200 V/div,
current: 50 A/div, and time: 2 ms/div) and, on the bottom, a zoomed detail of the moment of the change (time: 10 μs/div). In the lower right corner, the overall
efficiency and the power loss distribution at maximum power, 3680 W.

Fig. 12. Peak current, Ip , and the RMS current, IRM S , of the switching devices, S, of the boost inductance, Lb , of the bus capacitor, Cb , and of the filter
capacitor, Cf , at maximum power, 3680 W, according to the modulation strategy.

B. Comparative Analysis and Discussion

This section provides a comparative analysis and discussion
of the proposed modulation strategies. The advantages and dis-
advantages have been analyzed, taking into account several
parameters: device stress, efficiency, power loss distribution, op-
erating frequency, control complexity, and EMC issues. This dis-
cussion allows us finding the modulation strategy better suited
according to the implementation requirements and the applica-
tion area.

1) Device Stress: The current ratings of the converter com-
ponents depend on the implemented modulation strategy. The
bar chart of Fig. 12 depicts the peak current, Ip , and the RMS
current, IRMS , of the switching devices, S, of the boost induc-
tance, Lb , of the bus capacitor, Cb , and of the filter capacitor,
Cf , at maximum power, 3680 W, according to the modulation
strategy.

The maximum voltage applied over the switching devices just
depends on the bus voltage, vb , i.e., 400 V. The average current,
4.5 A approximately, just depends on the output power and the
bus voltage, therefore, is independent of the modulation strategy.
Taking into account the average current in both branches, 9 A,
and the bus voltage, 400 V, an output power of 3680 W is
obtained. The worst cases of RMS current and peak current
are found in the ZVS CCM and DCM strategies due to the
high ripple of the current. With 75-A peak current and 23-A
RMS current, the full-bridge fixed frequency strategy stands out
among them. The hard switching CCM strategies are the best
cases. All of them are very similar. With 11.5-A RMS current
and 25-A peak current the full-bridge fixed frequency strategy
gets the lowest ratings. Finally, another point to consider is
that using full-bridge configuration the RMS current is evenly
distributed in each switching device whereas using half bridge
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Fig. 13. Overall efficiency, η, as a function of the input power for each modulation strategy. The upper border using half-bridge configuration and the lower
border using full-bridge configuration. Between the upper and the lower border the hybrid configuration as a function of the change voltage. In black line the
hybrid ZVS and hard switching variable frequency CCM modulation strategy with 100-V change voltage.

Fig. 14. Power loss distribution and experimental overall efficiency at maxi-
mum power, 3680 W, according to the modulation strategy.

Fig. 15. Turn-OFF and turn-ON average switching current at maximum power,
3680 W according to the modulation strategy. The operating frequency is shown
above each bar (average frequency considered for variable frequency strategies).

not. In this configuration, the worst case has been taken into
account.

The maximum voltage applied over the boost inductance de-
pends on the configuration topology so that using half-bridge
configuration this voltage is vb , i.e., 400 V, whereas using full-
bridge configuration is vb + vac , i.e., 725 V, or using hybrid
configuration is vb + vth , i.e., 500 V. Therefore, the insulation
requirements of the boost inductance are lower using half-bridge

Fig. 16. THD of the mains current, THDi , and PF at maximum power,
3680 W, according to the modulation strategy.

configuration. The average current, 14.4 A, just depends on the
input current, 16 A, or the input power, 3680 W. The peak cur-
rents are the same that in the switching devices whereas the
RMS currents are higher. The full-bridge ZVS fixed frequency
is the worst case with 75-A peak current and 33-A RMS current.
The half-bridge hard switching fixed frequency is the best case
with 25-A peak current and 16.1-A RMS current.

The maximum voltage applied over the bus capacitor is the
bus voltage, vb , i.e., 400 V. The modulation strategies that get
the worst and the best current rating are the same as before with
83-A peak current and 31.7-A RMS current, and 16-A peak
current and 9.7-A RMS current, respectively.

Finally, the maximum voltage over the filter inductance and
capacitance is the mains voltage, i.e., 325 V. The current ratings
of the filter inductance are the mains current ratings, i.e., 23-A
peak current and 16-A RMS current whereas the current rating
of the filter capacitor are given by the bar chart of Fig. 12
according to the modulation strategy.

2) Efficiency and Power Loss Distribution: The efficiency is
measured using a power analyzer. The results as a function of the
input power are shown in the graphs of Fig. 13. Using the half-
bridge hard switching variable frequency CCM, the efficiency
reaches up to 99% around the maximum power, i.e., 3680 W,
surpassing the rest of modulation strategies in the whole operat-
ing range. However, the full-bridge ZVS fixed frequency CCM
gets the worst efficiency, reaching just up to 94% at maximum
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Fig. 17. Main waveforms of the PFC IH converter at maximum power, 3680 W, (a) and 1500 W of power (b). From top to bottom: voltage between a and
b branches, vab , (200 V/div, green), boost inductance current, ia c , (20 A/div, yellow), output voltage, vo , (200 V/div, blue), and output current, io , (30 A/div,
purple). Time: 10 μs/div.

power. As shown in Fig. 10(b), it is due to the high ripple of the
current in the zero crossing to work at the same frequency. Be-
sides, a similar ripple is necessary to work at the same frequency
at lower powers. Since the conduction and switching losses are
similar, the efficiency is further penalized at low power. An op-
tion to improve this result consists in changing the operating
frequency as a function of the power in order to get ZVS with a
properly current ripple. This approach is interesting using an in-
ductive IH load. In this case, the PFC stage and the IH-inverter
are synchronized at the same frequency. The output power is
controlled by modifying the operating frequency. When the fre-
quency is increased, the current ripple in the PFC stage is lower,
decreasing switching, and conduction losses.

The efficiency of the implemented hybrid strategies is shown
in black line in graphs of Fig. 13. With a 100-V change voltage,
vth , this parameter is improved a 1% approximately at maximum
power in comparison with the full-bridge configuration. In this
way, the zero-cross distortion using half-bridge configuration is
avoided.

Fig. 14 shows the power loss distribution and efficiency at
maximum power. Using the ZVS CCM and DCM modulation
strategies, the ripple current is higher. It can be appreciated that
this affects to the conduction losses of the converter components.
Moreover, with full-bridge configuration the switching losses
are higher due to the fact that the number of switching devices
is increased.

Fig. 15 shows the turn-OFF and turn-ON average switching
current according to the modulation strategy. This parameter
along with the operating frequency and the switching energy of
the MOSFETs allows us approximating the turn-ON and turn-OFF

losses. In ZVS CCM and DCM strategies, there are not turn-
ON switching losses, therefore, the turn-ON average current has
not been taken into account. The turn-ON switching energy of
the MOSFETs is higher than the turn-OFF one. However, in hard
switching modulation strategies the turn-OFF switching current
is quite lower than in ZVS modulation strategies. Besides, the
turn-ON current is also low. For these reasons, the switching
losses are usually higher in ZVS CCM and DCM modulation
strategies.

3) Operating Frequency and Control: On the one hand,
there are application areas in which getting a fixed operating

frequency along the mains cycle is important. For example,
in domestic IH-converters, modulating with different inverters
at different working frequencies can produce acoustic noise. In
these cases, working with fixed frequency modulation strategies
is essential to get a proper operation. On the other hand, work-
ing with variable frequency modulations allows us distributing
the harmonic currents in a wide frequency range, decreasing the
EMC issues.

The control complexity and cost have been also analyzed.
First, all control strategies have to measure the mains voltage to
synchronize with the mains. The fixed-frequency activation con-
trol strategy is the least expensive control strategy because it just
needs to measure the bus voltage. After this, the easiest control
strategy is the boost-inductor voltage control, since it just has to
measure the mains current, or the variable-frequency activation
control using half-bridge configuration, because it just needs to
measure the zero crossing of the boost inductance current. Fi-
nally, the most expensive strategies are the variable-frequency
activation control using full-bridge or hybrid configuration, be-
cause it also needs to measure the bus voltage as well as the
zero crossing of the boost inductance current, or the current
mode control, since it must measure the boost inductance cur-
rent. The boost inductance current measure is more expensive
than mains current measure because the current sensor needs
more requirements such as a higher sampling frequency.

4) Electromagnetic Compatibility (EMC): Fig. 16 depicts
the total harmonic distortion of the current, THDi , and the
power factor, PF, of the implemented modulation strategies. It
can be appreciated that all strategies reach a PF greater than 0.99.
Moreover, the THDi is less than 4%, getting a sinusoidal current
waveform. The THDi of DCM modulation strategies reaches
up to the 6.8% due to the current waveform is distorted. This
distortion is produced because the boost inductance equivalent
series resistance (ESR) and the diode reverse current have not
been taken into account in the fixed-frequency activation control
strategy. This issue can be solved using a correction factor or an
outer control loop.

C. Domestic IH Application

Finally, the proposed converter has been used to power
an IH-load with a 5-Ω equivalent series resistance, Req , and
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80-μH equivalent series inductance, Leq . A 170 − nF resonant
capacitor has been placed in order to obtain a 45-kHz resonant
frequency.

According to the analysis performed, the full-bridge hard-
switching fixed-frequency CCM modulation strategy gets a
good tradeoff between efficiency, device stress, implementation
and control cost, and EMC. Besides, it avoids the zero-cross
distortion and the acoustic noise, since it works at a fixed fre-
quency synchronized with the IH-inverter. For this reason, it has
been selected for performing this application.

Fig. 17 depicts the experimental measurements with the con-
verter operating at 60 kHz at maximum power and 71 kHz at
1500 W, where the main waveforms of the PFC and the IH-load
are shown.

V. CONCLUSION

In this paper, the use of active PFC rectifiers has been pro-
posed to increase the power and the performance of domestic
induction heating appliances. For this purpose, a boost-type
topology has been presented and every modulation strategy has
been proposed.

The modulation strategies have been classified depending on
the topology configuration (full bridge or half bridge) and the
operation mode (CCM or DCM). Besides, the switching mode,
ZVS or hard switching, and the operating frequency, fixed or
variable, have been taken into account. The advantages and
disadvantages of each one have been analyzed. Overall, in CCM
the full-bridge topology avoids the zero-cross distortion at the
cost of less efficiency, however, in DCM this distortion does
not exist using half-bridge configuration. The use of hybrid
strategies has been proposed to get a good balance between
zero-cross distortion and efficiency.

In order to implement the proposed modulation strategies,
four control strategies have been presented and analyzed: the
boost-inductor voltage control, the variable or fixed frequency
activation control, and the current mode control.

Finally, the main experimental waveforms of the proposed
modulation strategies using a 3.6-kW prototype has been de-
picted. A comparative analysis has been performed taking into
account the device stress, the efficiency, the control complexity
and the EMC issues. Moreover, a domestic IH application has
been implemented using the full-bridge hard-switching fixed-
frequency CCM modulation strategy getting a properly opera-
tion of the converter and proving the feasibility of this research.
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