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Abstract—A review of high-performance, state-of-the-art, ac-
tive power-factor-correction (PFC) techniques for high-power,
single-phase applications is presented. The merits and lim-
itations of several PFC techniques that are used in today’s
network-server and telecom power supplies to maximize their
conversion efficiencies are discussed. These techniques include
various zero-voltage-switching and zero-current-switching, ac-
tive-snubber approaches employed to reduce reverse-recovery-re-
lated switching losses, as well as techniques for the minimization of
the conduction losses. Finally, the effect of recent advancements in
semiconductor technology, primarily silicon-carbide technology,
on the performance and design considerations of PFC converters
is discussed.

Index Terms—Boost converter, constant frequency, contin-
uous conduction mode (CCM), power-factor correction (PFC),
zero-current switching (ZCS), zero-voltage switching (ZVS).

I. INTRODUCTION

AT higher power levels, the continuous-conduction-mode
(CCM) boost converter is the preferred topology for im-

plementing a front end with power-factor correction (PFC) [1].
As a result, in recent years, significant efforts have been made to
improve the performance of high-power boost converters. The
majority of these development efforts have been focused on re-
ducing the adverse effects of the reverse-recovery characteristic
of the boost rectifier on the conversion efficiency and electro-
magnetic compatibility (EMC) [2].

Generally, reduction of reverse-recovery-related losses and
EMC problems requires that the boost rectifier be “softly”
switched off by controlling the turn-off rate of its current. So
far, a number of soft-switched boost converters and their varia-
tions have been proposed [3]–[40]. All of them use additional
components to form a passive snubber [3]–[8], or an active
snubber [9]–[40] circuit that controls the turn-off rate of
the boost rectifier. Generally, the passive snubber approaches
use only passive components such as resistors, capacitors,
inductors, and rectifiers, whereas active snubber approaches
also employ active switch(es).

The major drawback of the passive approaches is a signifi-
cantly increased voltage and/or current stress on the semicon-
ductor components [3]–[8]. This increased stress dictates the
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use of higher-rated and, usually, more expensive components.
Additionally, some passive-snubber implementations require a
relatively large number of passive components.

The main feature of the active approaches introduced in
[9]–[40] is that they either offer zero-voltage switching (ZVS)
[9]–[32] or zero-current switching (ZCS) [33]–[40] of the
boost switch besides the soft switching of the boost rectifier. In
addition, the approaches described in [11]–[24], [28]–[32], and
[35]–[40] offer soft switching of the auxiliary switch. Specifi-
cally, in the active-snubber implementations in [11]–[15], [17],
[22], [23], [28], [29], [31], [32], [35]–[37], [39], and [40] the
snubber switch turns off with ZCS, whereas in the implemen-
tations in [16], [18], [19], [21], [24], [30], and [38] it turns
on with ZVS. A majority of these active approaches exhibit
voltage and current stresses on the semiconductor components
that are similar to those in the boost circuit without a snubber.
The major disadvantage of the active snubber approaches is
a relatively large component count, as well as the need for a
driver for the auxiliary switch. In addition, the active snubbers
introduced in [12], [14], [16], [18], [19], [21], [30], [36], and
[40] require a less-desirable isolated (high-side) drive for the
auxiliary switch.

Generally, ZVS is desirable in applications where
metal–oxide–semiconductor field-effect transistors (MOS-
FETs) are used as switching devices because MOSFETs exhibit
relatively large terminal capacitances, which results in in-
creased turn-on capacitive-discharge switching losses at higher
frequencies if “hard” switching is employed. This is especially
true for the latest generation of MOSFETs that employ “super
junction” technology to achieve extremely low on-resistances
[41]. On the other hand, ZCS is suitable for applications with
insulated-gate bipolar transistors (IGBTs) since ZCS alleviates
problems related to IGBT’s collector current “tail” at turn-off
that increases turn-off switching loss and limits the maximum
switching frequency [42]. In fact, with a properly designed ZCS
snubber circuit, today’s IGBTs can show good performance
even at switching frequencies as high as 150 kHz. Due to their
superior silicon utilization compared to MOSFET devices (i.e.,
for the same current ratings IGBTs require approximately three
times less silicon area than the corresponding MOSFETs),
IGBTs offer the most cost-effective way to implement PFC in
high-power applications.

Due to a virtual elimination of the switching losses, the dom-
inant loss in active-snubber boost PFC converters is the conduc-
tion loss, specifically the conduction loss of the bridge rectifier.
As a result, the focus of recent R&D efforts has been on the
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techniques that minimize this conduction loss and further im-
prove the conversion efficiency. One approach that is getting a
lot of attention is the bridgeless PFC boost converter [43]–[47].
Although the bridgeless PFC boost converter was introduced a
long time ago [43], it is only recently that power supply de-
signers have shown serious interest in this technology. Gener-
ally, the bridgeless PFC boost converter reduces the overall con-
duction loss of the PFC converter stage by reducing the number
of rectifiers that conduct current from the input to the output by
essentially eliminating the diode bridge rectifier.

The recent advancements in the development of silicon
carbide (SiC) technology that have made SiC rectifiers
[48] commercially available are completely redefining the
boost-converter design optimization priorities [49]–[52]. Since
SiC rectifiers virtually have no reverse-recovery charge, active
snubbers to control the turn-off rate of the rectifier are unnec-
essary, which greatly simplifies the circuit design. However,
as the switching frequency of the PFC boost circuit with the
SiC rectifier is increased to minimize the size of the boost
choke, some additional circuitry for creating soft-switching
conditions of the boost switch may be required. Nevertheless,
due to its immaturity and a relatively high cost compared to
corresponding fast-recovery Si rectifiers, the SiC technology
will need some time to gain a wide acceptance in high-power
PFC boost converter applications. Until then, conventional
Si technology will continue to dominate the high-power PFC
applications.

Finally, it should be noted that the availability of low-cost,
high-performance microcontrollers ( Cs) and digital signal pro-
cessors (DSPs) has generated a strong genuine interest in dig-
ital control of single-phase PFC converters. Besides significant
R&D work conducted at universities and power-supply compa-
nies, some major IC manufacturers are also making accelerated
efforts to optimize their Cs and DSPs for power-supply appli-
cations [53]–[59]. The ease of controller redesign that can be
accomplished through software changes, immunity to tempera-
ture and aging, ability to easily implement complex control al-
gorithms (e.g., adaptive control, fuzzy logic control, nonlinear
control, etc.), intelligence capability (self-diagnosis, parameter
estimation, etc.), and real-time communication capabilities are
the major driving forces behind the interest in digital control.
There is no doubt that in the not-so-distant future the digital
control of single-phase PFC converters will find applications in
commercially available power supplies.

II. GENERAL CONSIDERATIONS FOR REDUCING

REVERSE-RECOVERY-RELATED LOSSES

The output voltage of the boost converter used in PFC
applications is relatively high since the dc-output voltage of
the converter must be higher than the peak of the line voltage.
Specifically, in applications with the universal line-voltage
range (90–265 V ), the output voltage of the boost PFC
circuit is around 380–400 V . Due to the high output voltage,
the PFC boost converter requires the use of a fast-recovery
rectifier.

Fig. 1. Boost power stage. (a) Circuit diagram. (b) Key waveforms.

Generally, the performance of a fast-recovery rectifier is de-
termined by its reverse-recovery characteristic. Namely, a fast-
recovery rectifier that is conducting current in the forward di-
rection requires a certain time after the application of a reverse
voltage to regain its blocking capability. During this short time,
which is used to remove carriers from the pn junction of the rec-
tifier, the rectifier conducts current in the reverse direction, as il-
lustrated in Fig. 1. The flow of reverse-recovery current has
a detrimental effect on the performance of the converter. First,
because of a simultaneous high current and voltage during the
turn-on of switch , causes an additional switching loss on
both switch and rectifier . Second, increases the current
stress on switch . Finally, it may adversely affect the EMC per-
formance of the circuit.

The adverse effects of the reverse-recovery current of fast-re-
covery rectifiers can be completely eliminated by operating the
boost converter in Fig. 1(a) in the discontinuous-conduction
mode (DCM) [60]. In fact, in the DCM boost converter, boost
rectifier current becomes zero before switch is turned on.
Since no current is flowing through rectifier at the moment
of turn-on of switch , no reverse-recovery current can be es-
tablished either. A major drawback of the DCM boost PFC ap-
proach is a large current ripple of the boost inductor current,
which increases the current stress on switch and rectifier ,
as well as increases the size of the differential-mode input filter.
Generally, the peak current in a DCM boost converter is larger
than twice the maximum average line current. As a result, the
applications of a single-module DCM boost converter are lim-
ited to lower power levels, typically below 300 W. However,
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Fig. 2. Fast-recovery rectifiers. (a) Reverse-recovery characteristic. (b) Q
versus di =dt characteristic.

by employing an interleaving technique, the DCM boost ap-
proach can be extended to higher power applications, as de-
cribed in [60]. By using two or more DCM boost converters
with a phase-shifted switching pattern, the input current ripple
can be significantly reduced so that a relatively small input filter
can be employed.

In the CCM boost converter where switch is turned on while
boost rectifier is conducting current, the detrimental effects of
the reverse-recovery current can be reduced by controlling the
turn-off rate of the boost rectifier current. To facilitate the ex-
planation, Fig. 2 shows a typical reverse-recovery characteristic
of a fast-recovery rectifier [2]. As can be seen from Fig. 2(a),
which shows the rectifier current waveform during the recti-
fier turn-off, maximum reverse-recovery current , recovery
time , and recovered charged are decreased when the
current turn-off rate is reduced. Since the reverse-re-
covery-related switching losses are directly proportional to re-
covered charge , these losses can be reduced by slowing
down the turn-off rate of the boost rectifier. As can be
seen from Fig. 2(b), which shows a typical dependence of
on for different forward currents, much of the stored

Fig. 3. Control of turn-off di=dt rate of rectifier D with snubber inductor L
connected in series with switch S and rectifier D. (a) L in switch branch. (b)
L in rectifier branch. (c) Key waveforms during turn-on of switch S.

charge is eliminated by keeping the rate around 100
A s.

The turn-off rate of the boost rectifier can be controlled
by a snubber inductor. Generally, the snubber inductor can be
connected either in series with the boost switch and rectifier
[16], [18], [19], [21], [24], [30], [34]–[36], [38]–[40], as shown
in Fig. 3, or to the common node of the boost switch and rectifier
[9]–[15], [17], [22], [23], [25]–[29], [31]–[33], [37], as shown
in Fig. 4. Furthermore, the snubber inductor in series with the
boost switch and rectifier can be either connected in the switch
branch [18], [19], [21], [24], [30], [34], [35], [39] or in the rec-
tifier branch [16], [36], [38], [40], as shown in Fig. 3(a) and (b),
respectively.

With snubber inductor , the turn-off rate of recti-
fier in Figs. 3(a) and (b) and 4(a) is limited to

. Namely, when boost switch in Fig. 3(a) and (b) is
turned on, output voltage is applied across snubber inductor

as long as rectifier conducts. Similarly, in the implemen-
tation in Fig. 4(a), output voltage is applied across snubber
inductor when auxiliary switch is turned on. As a result,
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Fig. 4. Control of turn-off di=dt rate of rectifier D with snubber inductor L
connected in parallel with switch S and rectifier D. (a) Conceptual circuit. (b)
Key waveforms during turn-on of switch S.

current through snubber inductor increases linearly with
the rate forcing boost-rectifier current
to decrease at the same rate since because of a relatively large

the sum of and is approximately constant during a
switching cycle. It should be noted that the proper operation of
the implementation in Fig. 4 requires that auxiliary switch is
turned on before boost switch , as shown in Fig. 4(b), so that
boost-rectifier current is commutated from to before
switch is turned on.

It should be also noted that it is necessary to provide a current
path for snubber-inductor current after switch in the cir-
cuits in Fig. 3(a) and (b) and switch in the circuit in Fig. 4(a)
is turned off. As a result, the implementations of the boost con-
verter in Figs. 3(a) and (b) and 4(a) require more components
than those shown. These additional snubber components are
represented by box “Rest of Snubber Circuitry” in Figs. 3(a) and
(b) and 4(a). Generally, the snubber implementation in the cir-
cuits in Fig. 3(a) and (b) can be done either with lossless passive
components only, or with both passive and active components.
However, the implementation of the snubber in Fig. 4(a) can
only be implemented with both passive and active components
since the use of auxiliary switch cannot be avoided. Further-
more, the active snubber implementations in Figs. 3(a) and (b)
and 4(a) also offer ZVS of the boost switch in addition to soft
turn-off of the boost rectifier. As illustrated in Fig. 4(b), if aux-
iliary switch is kept on after the boost-inductor current
is commutated from boost diode to snubber inductor , i.e.,

after boost diode is turned off, capacitance of boost switch
, which represents a sum of parasitic output capacitance of

switch and any external capacitance connected across switch
, will be discharged through a resonance with . To achieve

ZVS, it is necessary to turn boost switch on and turn auxiliary
switch off after voltage across boost switch reaches
zero. This can be always accomplished by properly designing
the on-time duration of the auxiliary switch gate drive.

The main difference between the implementations in
Figs. 3(a) and (b) and 4(a) is in the voltage and/or current
stresses of semiconductor components. Generally, because
of the position of in series with and , the circuits in
Fig. 3(a) and (b) have higher voltage stresses than the circuit in
Fig. 4(a). These higher stresses in the circuits in Fig. 3(a) and
(b) are caused by the reset voltage of . The implementation
in Fig. 4(a) does not suffer from increased stresses on and .
However, its major drawback is a “hard” turn-off of auxiliary
switch since this switch is turned off when a current greater
than boost inductor current flows through it, as illustrated
in Fig. 4(b). This deficiency of the circuit in Fig. 4(a) can
be eliminated by a slight modification of the circuit so that
auxiliary switch is turned off with ZCS.

The reason that auxiliary switch in the active-snubber
implementation in Fig. 4(a) is turned off while a current is
flowing through it is the absence of any reset voltage in the loop
consisting of boost switch , auxiliary switch , and snubber
inductor , after switch capacitance is fully discharged.
Namely, after is fully discharged by a resonance with ,
the resonant component of current starts to flow through
the antiparallel diode of switch [not shown in Fig. 4(a)],
while boost inductor current continues to flow in the loop
consisting of , , and . Since during this time auxiliary
switch is on and the antiparallel diode of main switch is
conducting, the voltage across snubber inductor is virtually
zero. As a result, current through snubber inductor
cannot be reset before switch is turned off. To reset the
snubber inductor current, it is necessary to provide reset voltage
in the loop consisting of conducting switches and and
snubber inductor , as shown in Fig. 5(a). As can be seen
from Fig. 5(b), auxiliary switch can achieve ZCS if it is
turned off after reset voltage reduces snubber-inductor
current to zero. Reset voltage can be generated
either by a winding of low-power auxiliary transformer [11],
[13], [17], [22], [31] or by a capacitor [15], [23], [28], [29],
[32], [35]–[37], [39]. In the capacitor approach, the required
reset voltage is obtained through a resonance between the
snubber inductor and the capacitor. It also should be noted that
in some implementations of the ZCS of auxiliary switch
with the auxiliary transformer, the leakage inductance can be
used as the snubber inductance [11], [22].

The topologies that offer ZCS of the main switch [33]–[40]
cannot be represented by a simple and insightful generalized cir-
cuit similar to those in Figs. 3–5 because their implementations
show few topological commonalities. Nevertheless, all of the in-
troduced boost topologies with ZCS of the main switch have a
snubber inductor in series with the boost switch and rectifier, as
shown in Fig. 3, and require an overlapping gate drive with the
main boost switch being turned off before the auxiliary switch.
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Fig. 5. Conceptual implementation of soft-switched boost converter with ZCS
of snubber switch S . (a) Conceptual circuit. (b) Key waveforms during turn-on
of switch S.

Because of the snubber inductor placement in series with the
boost switch and rectifier, the voltage stresses on semiconductor
components of the boost converters are increased compared to
the conventional boost circuit. However, with a proper design,
in the majority of these topologies the stresses can be minimized
so that they do not adversely affect the circuit performance or
have impact on the cost by requiring components with increased
ratings. It should be noted that the overlapping gate drive makes
the ZCS boost converters more rugged compared to ZVS boost
converters that require a precisely timed complementary drive
since accidental overlapping of the complementary drive usu-
ally leads to device failures.

III. REVIEW OF EXISTING TECHNIQUES

Due to a larger number of implementations of CCM boost
PFC converters, in this section only topologies that have been
applied, or have potential to be applied in commercial power
supply are discussed in more detail. It should be noted that di-
rect comparison of the described topologies is not possible since
for some of them no experimental performance evaluation was
reported, whereas for those with performance evaluation data
reported, the evaluation was done at quite different operating
conditions.

The first and one of the most explored soft-switched CCM
boost PFC topologies is shown in Fig. 6 [9], [10]. In the circuit in
Fig. 6, which has been typically employed in the kilowatt-range
applications, the snubber inductor is connected to the common
node of the boost switch and the rectifier to control the turn-off

Fig. 6. Zero-voltage-transition (ZVT) boost converter [9], [10].

Fig. 7. Boost converter with active lossless snubber that features ZCS of
snubber switch [11].

rate of the rectifier current as illustrated in Fig. 4. The circuit
shown in Fig. 6 features ZVS turn-on of boost switch and
soft turn-off of boost rectifier . However, auxiliary switch
is turned on while its voltage is equal to the output voltage, and
subsequently turned off while carrying a current greater than the
input current, i.e., it is switched under “hard” switching condi-
tions. Nevertheless, the power dissipation of the auxiliary switch
in a properly designed converter is much smaller than that of the
main switch because the auxiliary switch conducts only during
switching transitions. The major drawback of the soft-switched
converter in Fig. 6 is the undesirable resonance of output capaci-
tance of auxiliary switch and snubber inductor that
occurs when auxiliary switch is opened and after the current
in falls to zero. This parasitic resonance generates an un-
desirable current through , which increases the conduction
losses and upsets the normal operation of the circuit. To reduce
the effect of this resonance, it is necessary to add a rectifier and
a saturable inductor in series with [10], which degrades the
conversion efficiency, as well as increases the component count
and cost of the circuit.

The performance of the circuit in Fig. 6 can be improved
by implementing the active snubber with soft switching of the
auxiliary switch. Fig. 7 shows the implementation of the ac-
tive snubber with an auxiliary transformer that, besides ZVS
switching of the main switch and boost rectifier, offers ZCS
of the auxiliary switch [11]. In addition, the implementation
in Fig. 7 does not suffer from the parasitic resonance between
the output capacitance of the auxiliary switch and the snubber
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Fig. 8. Boost converter with active lossless snubber that features ZVS of both
boost and snubber switches [16].

Fig. 9. Boost converter with active lossless snubber that features ZVS of both
boost and snubber switches [18], [19], [21].

inductor. The function of auxiliary transformer is to gen-
erate a reset voltage for snubber inductor so that snubber-in-
ductor current is reduced to zero before auxiliary switch
is turned off with ZCS, as illustrated in Fig. 5(b). In the circuit
in Fig. 7, reset voltage is provided by winding of the
transformer since when switch is closed transformer wind-
ings and form an inductive voltage divider that divides
output voltage .

Soft switching of all semiconductor components can also be
achieved by employing an active snubber implemented with
snubber inductor in series with main switch and rectifier

, as shown in Figs. 8 [16] and 9 [18], [19], [21]. Both circuits
offer ZVS turn-on of the main and the auxiliary switch, and ZVS
turn-off of the rectifier. In addition, the circuits in Figs. 8 and 9
do not suffer from parasitic resonances, and, therefore, do not
require additional components. However, because of the place-
ment of the snubber inductor in series with the main switch and
the rectifier, the voltage stress of the main switch in these im-
plementations is higher than that in the circuits in Figs. 6 and
7. Nevertheless, this increased voltage stress can be minimized
by a proper selection of circuit components and the switching
frequency [16], [18]–[20].

The difference between the implementations in Figs. 8 and 9
is in the point of connection of the active snubber consisting of
a series connection of auxiliary switch and clamp capacitor

. In the circuit in Fig. 8, the active snubber is connected to
the anode of the rectifier, whereas in the circuit in Fig. 9 it is
connected to the cathode of the rectifier. As a result, the circuits
have different current waveshapes of the components, as well
as requiring different timing of the drive signals for the main
and auxiliary switches. Specifically, the circuit in Fig. 8 requires
an overlapping gate drive, whereas the circuit in Fig. 9 requires

Fig. 10. Boost converter with ZCS of boost switch for IGBT implementation
[38].

a complementary gate drive. It should be noted that both cir-
cuits require a high-side driver for the auxiliary switch. How-
ever, the circuit in Fig. 9 can be implemented with an isolated
active snubber, which has both the main and the auxiliary switch
referenced to ground so that a direct (low-side), more desirable
drive can be used for both switches [24].

It has been demonstrated that due to soft switching the ef-
ficiency of the circuits in Figs. 6–9 can be significantly im-
proved when the boost switch is implemented with a MOSFET
device. Generally, these circuits improve the low-line (

V ) conversion efficiency of a universal-line (
V ) boost PFC for approximately 3%–4%. However, the

improvement in the efficiency of these circuits when used with
an IGBT device is expected to be much less because for IGBT
devices ZCS is the optimal switching strategy [42].

A soft-switching boost PFC circuit that is suitable for IGBT
implementation is shown in Fig. 10 [38]. In this boost converter,
the active snubber provides soft switching of all semiconductor
devices. Specifically, the main switch turns off with ZCS, the
auxiliary switch turns on with ZVS, and the boost rectifier is
turned off softly so that the reverse-recovery-related losses are
minimized. Because of the employment of the IGBT, the circuit
in Fig. 10 features the optimal silicon utilization. For example,
a kilowatt-range, universal-line PFC converter can be imple-
mented with a single IGBT device, whereas the corresponding
ZVS implementation typically requires three MOSFETs of the
same die size. As a result, the circuit in Fig. 10 represents a more
cost-effective approach to implementing high-performance PFC
front ends. In addition, due to an overlapping gate drive, the cir-
cuit exhibits enhanced noise immunity and ruggedness. Because
snubber inductor is connected in series with boost switch
and boost rectifier , voltage stress in the circuit is increased.
However, with a proper design, the additional voltage stress can
be easily kept below 50 V so that 600-V rated devices can be
employed with 20% design margin.

The bridgeless boost PFC converter shown in Fig. 11 and
its variations seem to offer the best approach to further im-
prove the conversion efficiency. In the bridgeless boost PFC
converter, the conduction loss is minimized by eliminating the
diode bridge rectifier. In the converter in Fig. 11, ac-side boost
inductor , switch , rectifier , and energy-storage capac-
itor form a boost circuit that is active during the positive
half-periods of the line voltage. Similarly, ac-side boost inductor

, switch , rectifier , and energy-storage capacitor
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Fig. 11. Bridgeless boost PFC power stage [43].

form a boost circuit that is active during the negative half-pe-
riods of the line voltage. As demonstrated in [45]–[47], em-
ploying active-snubber, soft-switching technique to minimize
the reverse-recovery-related losses of fast-recovery rectifiers,
the bridgeless boost PFC converter offers a significant reduction
of power loss compared to corresponding implementation with
the rectifier bridge. A similar loss reduction can be achieved
without the employment of an active snubber if SiC rectifiers
are used instead of fast-recovery rectifiers. This greatly simpli-
fies the complexity of the power stage. However, it should be
noted that the bridgeless converter in Fig. 11 requires a more
complex control circuit. Namely, since boost switches and

are connected to the ac lines, the control circuit needs to
be galvanically isolated from the bridgeless boost PFC power
stage. In addition, the direct connection of the switches to the
line also adversely affect the EMI performance of the converter
due to increased common-mode noise. For the time being, dif-
ficulties in meeting the EMC compliance hinder a wider use of
the bridgeless PFC converter. If the EMC compliance issue of
the bridgeless PFC converter can be resolved in a cost-effective
manner, the bridgeless boost PFC converter that employs SiC
rectifiers and DSP control may emerge as the mainstream PFC
technology for the next generation of front-end converters.

IV. SUMMARY

To attain high efficiencies in high-power PFC converters, it is
of paramount importance to eliminate the switching losses in-
troduced by the reverse-recovery characteristic of the boost rec-
tifier. For fast-recovery rectifiers, the reduction of the reverse-re-
covery-related losses can be achieved by controlling the turn-off
rate of the rectifier current. So far, a larger number of boost
topologies that employ various active snubbers to reduce the re-
verse-recovery losses have been proposed. All of them also offer
either ZVS or ZCS of the boost switch. In addition, some topolo-
gies feature soft switching of the snubber switch. Since in the
topologies with ZCS the IGBT is used as a boost switch, ZCS
boost PFC topologies offer a much better silicon utilization than
the ZVS topologies where the boost switch is the MOSFET.

The design of the high-performance boost PFC converter can
be simplified if the SiC boost rectifier is used instead of a fast-re-
covery rectifier. Since SiC rectifiers virtually do not exhibit re-
verse-recovery characteristic, no active snubber circuit is neces-
sary as long as the switching frequency of the converter is not
too high so that the switching losses of the boost switch start
limiting the efficiency. Because the SiC technology makes it

possible to significantly increase the switching frequency of the
boost PFC circuits with a minimal degradation of the efficiency,
the size of the boost inductor can also be significantly reduced.

Further improvement of the efficiency can be obtained with
the bridgeless boost PFC topology which minimizes the con-
duction losses by eliminating the line-voltage bridge rectifier.
The bridgeless boost PFC converter implemented with SiC rec-
tifiers and DSP control may become the mainstream PFC tech-
nology for the next generation of high-performance front-end
converters.
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Milan M. Jovanović (F’01) was born in Belgrade,
Serbia. He received the Dipl.Ing. degree in elec-
trical engineering from the University of Belgrade,
Belgrade, Serbia.

Presently, he is the Chief Technology Officer
(CTO) of the Power Supply Business Group of Delta
Electronics, Inc., Taipei, Taiwan, R.O.C., one of the
world’s largest manufacturers of power supplies.

Yungtaek Jang (S’92–M’95–SM’01) was born in
Seoul, Korea. He received the B.S. degree from
Yonsei University, Seoul, Korea, in 1982, and the
M.S. and Ph.D. degrees from the University of
Colorado, Boulder, in 1991 and 1995, respectively,
all in electrical engineering.

Since 1996, he has been a Senior Member of R&D
Staff with the Power Electronics Laboratory, Delta
Products Corporation, Research Triangle Park, NC.
He has authored more than 40 papers published in
power electronics journals and conference proceed-

ings and is the holder of 17 U.S. patents.
Dr. Jang received the IEEE TRANSACTIONS ON POWER ELECTRONICS Prize

Paper Award for best paper published in 1996.


	toc
	State-of-the-Art, Single-Phase, Active Power-Factor-Correction T
	Milan M. Jovanovi, Fellow, IEEE, and Yungtaek Jang, Senior Membe
	I. I NTRODUCTION
	II. G ENERAL C ONSIDERATIONS FOR R EDUCING R EVERSE -R ECOVERY -
	Fig.€1. Boost power stage. (a) Circuit diagram. (b) Key waveform


	Fig.€2. Fast-recovery rectifiers. (a) Reverse-recovery character
	Fig. 3. Control of turn-off ${di}/{dt}$ rate of rectifier ${D}$ 
	Fig. 4. Control of turn-off ${di}/{dt}$ rate of rectifier ${D}$ 
	Fig.€5. Conceptual implementation of soft-switched boost convert
	III. R EVIEW OF E XISTING T ECHNIQUES

	Fig.€6. Zero-voltage-transition (ZVT) boost converter [ 9 ], [ 1
	Fig.€7. Boost converter with active lossless snubber that featur
	Fig.€8. Boost converter with active lossless snubber that featur
	Fig.€9. Boost converter with active lossless snubber that featur
	Fig.€10. Boost converter with ZCS of boost switch for IGBT imple
	Fig.€11. Bridgeless boost PFC power stage [ 43 ] .
	IV. S UMMARY
	O. Garcia, J. A. Cobos, R. Prieto, P. Alou, and J. Uceda, Power 
	Y. Khersonsky, M. Robinson, and D. Gutierrez, New fast recovery 
	G. Carli, Harmonic distortion reduction schemes for a new 100 A-
	M. M. Jovanovi, Z. Chen, and P. Liao, Evaluation of active and p
	K. M. Smith and K. M. Smedley, A comparison of active and passiv
	S. Ben-Yakov and G. Ivensky, Passive lossless snubbers for high 
	C. J. Tseng and C. L. Chen, Passive lossless snubbers for dc/dc 
	R. Streit and D. Tollik, High efficiency telecom rectifier using
	G. Hua, C. S. Leu, and F. C. Lee, Novel zero-voltage-transition 
	D. C. Martins, F. J. M. de Seixas, J. A. Brilhante, and I. Barbi
	A. V. da Costa, C. H. G. Trevisio, and L. C. de Freitas, A new Z
	J. P. Gegner and C. Q. Lee, Zero-voltage-transition converters u
	N. P. Filho, V. J. Farias, and L. C. de Freitas, A novel family 
	G. Moschopoulos, P. Jain, and G. Joós, A novel zero-voltage swit
	J. Bassett, New, zero voltage switching, high frequency boost co
	G. Moschopoulos, P. Jain, Y.-F. Liu, and G. Joós, A zero-voltage
	C. M. C. Duarte and I. Barbi, A new family of ZVS-PWM active-cla
	M. M. Jovanovi, A technique for reducing rectifier reverse-recov
	K. M. Smith and K. M. Smedley, A comparison of voltage-mode soft
	C. M. C. Duarte and I. Barbi, An improved family of ZVS-PWM acti
	R. L. Lin, Y. Zhao, and F. C. Lee, Improved soft-switching ZVT c
	C. J. Tseng and C.-L. Chen, Novel ZVT-PWM converters with active
	M. M. Jovanovi and Y. Jang, A new soft-switched boost converter 
	T.-W. Kim, H.-S. Kim, and H.-W. Ahn, An improved ZVT PWM convert
	T.-F. Wu, C.-C. Chen, C.-H. Lee, C.-L. Shen, and Y.-C. Wu, Analy
	J.-H. Kim, D. Y. Lee, H. S. Choi, and B. H. Cho, High performanc
	N. Jain, P. Jain, and G. Joós, Analysis of a zero-voltage transi
	M. L. Martins, H. A. Gründling, H. Pinheiro, J. R. Pinheiro, and
	B. Feng and D. Xu, 1 kW pfc converter with compounded active-cla
	I.-Q. Lee, D. Y. Lee, and B. H. Cho, High performance boost pre-
	K. Ogura, S. Chandhaket, T. Ahmed, and M. Nakaoka, Boost chopper
	G. Hua, X. Yang, Y. Jiang, and F. C. Lee, Novel zero-current-tra
	K. Wang, G. Hua, and F. C. Lee, Analysis, design and experimenta
	C. A. Canesin and I. Barbi, Comparison of experimental loses amo
	D. M. Xu, C. Yang, L. Ma, C. Qiao, Z. Qian, and X. He, A novel s
	H. Mao, F. C. Lee, X. Zhou, H. Dai, M. Cosan, and D. Boroyevich,
	Y. Jang and M. M. Jovanovi, A new, soft-switched, high-power-fac
	F. T. Wakabayashi, M. J. Bonato, and C. A. Canesin, Novel high-p
	H.-S. Choi and B. H. Cho, Zero-current-switching (ZCS) power fac
	L. Lorenz, M. Marz, A. Knapp, and M. Marz, CoolMOS™ A new milest
	K. Wang, F. C. Lee, G. Hua, and D. Borojevi, A comparative study
	D. M. Mitchell, AC-DC converter having an improved power factor,
	P. N. Enjeti and R. Martinez, A high performance single phase ac
	A. F. de Souza and I. Barbi, A new ZVS-PWM unity power factor re
	C.-M. Wang, A novel zero-voltage-switching PWM boost rectifier w
	H. Kapels, R. Rupp, L. Lorenz, and I Zverev, SiC Schottky diodes
	J. Petzoldt, T. Reimann, M. Scherf, and I. Zverev, Power losses 
	B. Lu, W. Dong, Q. Zhao, and F. C. Lee, Performance evaluation o
	I. Zverev, Switching frequency related trade-offs in a hard swit
	M. Hernando, J. Sebastián, P. Villegas, A. Fernández, J. Garcia,
	A. Mitwalli, S. Leeb, G. Verghese, and J. Thottuvelil, An adapti
	S. Buso, P. Mattavelli, L. Rossetto, and G. Spiazzi, Simple digi
	S. Bibian and H. Jin, Digital control with improved performance 
	M. Fu and Q. Chen, A DSP based controller for power factor corre
	S. Kim and P. Enjeti, Control of multiple single phase PFC modul
	A. Prodi, D. Maksimovi, and R. W. Erickson, Dead-zone digital co
	S. Choudhury, DSP implementation of an average current mode cont
	M. S. Elmore, Input current ripple cancellation in synchronized,



