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Abstract—A novel implementation of the high-power-factor
(HPF) boost converter with active snubber is described. The
snubber circuit reduces the reverse-recovery-related losses of the
rectifier and also provides zero-voltage switching for the boost
switch and zero-current switching for the auxiliary switch. The
performance of the proposed approach was evaluated on an
80-kHz, 1.5-kW, universal-line range, HPF boost converter. The
proposed technique improves the efficiency by approximately 2%
at full load and low line.

Index Terms—Auxiliary switch, boost converter, constant-fre-
quency, power-factor correction (PFC), zero-current switching
(ZCS), zero-voltage switching (ZVS).

I. INTRODUCTION

THE boost converter topology has been extensively used in
various ac/dc and dc/dc applications. In fact, the front end

of today’s ac/dc power supplies with power-factor correction
(PFC) is almost exclusively implemented with boost topology.
Also, the boost topology is used in numerous applications with
battery-powered input to generate a high output voltage from a
relatively low battery voltage.

At higher power levels, the continuous-conduction-mode
(CCM) boost converter is the preferred mode of operation for
the implementation of a front end with PFC. As a result, in
recent years, significant effort has been made to improve the
performance of high-power boost converters. The majority
of these development efforts have been focused on reducing
the adverse effects of the reverse-recovery characteristic of
the boost rectifier, especially for the conversion efficiency and
electromagnetic compatibility (EMC).

Generally, the reduction of reverse-recovery-related losses
and EMC problems require that the boost rectifier is “softly”
switched off, which is achieved by controlling the turn-off
rate of its current [1]. So far, a number of soft-switched boost
converters and their variations have been proposed [2]–[16].
All of them use additional components to form passive snubber
or active snubber circuits that control the turn-off di/dt rate of
the boost rectifier. The passive snubber approaches in [2]–[4]
use only passive components such as resistors, capacitors,
inductors, and rectifiers, whereas active snubber approaches
employ one or more active switches.

Although passive lossless snubbers can marginally improve
efficiency, their performance is not good enough to make them
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viable candidates for applications in high-performance PFC cir-
cuits. Generally, they suffer from increased component stresses
and are not able to operate with the soft switching of the boost
switch, which is detrimental in high-density applications that re-
quire increased switching frequencies.

The simultaneous reduction of reverse-recovery losses and
the soft switching of the boost switch can be achieved by ac-
tive snubbers. So far, a large number of active snubber circuits
have been proposed [5]–[16]. The majority of them offer the
soft turn off of the boost rectifier, ZVS of the boost switch, and
“hard” switching of the active-snubber switch [5]–[9]. How-
ever, a number of active-snubber implementations feature soft-
switching of all semiconductor components, i.e., in addition to
the soft turn off of the boost rectifier, the boost switch and the
active-snubber switch operate with ZVS or ZCS [10]–[16].

In this paper, a novel implementation of the soft-switched
boost converter with active snubber is described. The major fea-
ture of these circuits is the soft switching of all semiconductor
components. Specifically, the boost rectifier is switched off with
a controlled turn-off di/dt rate, the boost switch is turned on with
ZVS, and the auxiliary switch in the active snubber is turned
off with ZCS. As a result, switching losses are reduced, which
has beneficial effects on the conversion efficiency and EMC
performance.

II. SOFT-SWITCHED PFC BOOST CONVERTER

Fig. 1 shows a conceptual implementation of the proposed
soft-switched boost converter with ZCS of auxiliary switch .
After auxiliary switch is turned on, snubber inductor con-
trols the rate of change of current in the rectifier to reduce re-
verse-recovery-related losses in boost rectifier . In addition,
since the auxiliary-switch current cannot increase immediately
because of snubber inductor , the auxiliary switch turns on
with ZCS. During the period when auxiliary switch is turned
on, snubber inductor and output capacitance of boost
switch form a resonant circuit, hence the voltage across boost
switch falls to zero by resonant ringing. As a result, boost
switch turns on when its drain-to-source voltage is zero.

To reset the snubber inductor current, it is necessary to
provide reset voltage V in the loop consisting of snubber
inductor and conducting switches S and , as shown in
Fig. 1(a). As can be seen from Fig. 1(b), auxiliary switch
can achieve ZCS if it is turned off after reset voltage V
reduces snubber-inductor current to zero. Reset voltage
V can be generated either by a resonant capacitor [12],
[16] or by the winding of a low-power auxiliary transformer
[10], [14], [15].

The proposed implementation of the soft-switched boost
circuit is shown in Fig. 2. The circuit consists of voltage source
V , boost inductor , boost switch , boost rectifier ,
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Fig. 1. Conceptual implementation of soft-switched boost converter with ZCS
of snubber switch S : (a) conceptual circuit and (b) key waveforms during
turn-on of switch S.

energy-storage capacitor , load , and the active snubber
circuit formed by auxiliary switch , snubber inductor

, transformer TR, blocking diode , and clamp circuit
.

To facilitate the explanation of the circuit operation, Fig. 3
shows a simplified circuit diagram of the circuit in Fig. 2. In
the simplified circuit, energy-storage capacitor and clamp
capacitor are modeled by voltage sources V and V ,
respectively, by assuming that the values of and are
large enough so that the voltage ripples across the capacitors are
small compared to their dc voltages. In addition, boost inductor

is modeled as constant current source by assuming
that inductance is large enough so that during a switching
cycle the current through it does not change significantly. Also,
transformer TR is modeled by magnetizing inductance and
an ideal transformer with turns ratio . Since the
leakage inductance of transformer TR is connected in series
with snubber inductor , it is not separately shown in Fig. 3.
Finally, it is assumed that in the on state, semiconductors
exhibit zero resistance, i.e., they are short circuits. However,
the output capacitance of the switches, as well as the junction
capacitance and the reverse-recovery charge of the rectifier are
not neglected in this analysis.

To further facilitate the analysis of operation, Fig. 4 shows
the topological stages of the circuit in Fig. 3 during a switching
cycle, whereas Fig. 5 shows its key waveforms. The reference
directions of currents and voltages plotted in Fig. 5 are shown
in Fig. 3.

Fig. 2. Proposed soft-switched boost converter.

Fig. 3. Simplified circuit diagram of the proposed converter shown in Fig. 2
along with reference directions of key currents and voltages.

As can be seen from the timing diagram of the drive signals
for switches and S shown in Fig. 5(a) and (b), in the proposed
circuit, auxiliary switch is turned on prior to the turn on of
switch . However, switch is turned off before boost switch

is turned off, i.e., the proposed circuit operates with overlap-
ping drive signals for the switches.

Prior to turn on of switch at , switches S and are
open and entire input current flows through boost rectifier
into load . After switch is turned on at , current
starts flowing through winding of transformer TR, inducing
the flow of current in winding , as shown in Fig. 4(a). Be-
cause, during this stage, output voltage V is impressed across
winding , transformer winding voltages v and v are given
by

v V and (1)

v V nV (2)

where it is required that 1 for proper operation
of the circuit.

Since v is constant, voltage applied across snubber inductor
is also constant so that current increases linearly with a

slope of

V v V nV V
(3)
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Fig. 4. Topological stages during a switching period of the proposed circuit: (a) [T �T ], (b) [T �T ], (c) [T �T ], (d) [T �T ], (e) [T �T ], (f) [T �T ],
(g) [T � T ], (h) [T � T ], (i) [T � T ], (j) [T � T ], and (k) [T � T ].

At the same time, magnetizing current also increases with
a slope given by

V
(4)

so that auxiliary switch current is

(5)

because .
As current linearly increases, boost rectifier current lin-

early decreases at the same rate since the sum of and is
equal to constant input current , i.e., . There-
fore, in the proposed circuit, the turn-off rate of the boost recti-
fier

V
(6)

can be controlled by proper design of turns ratio n of trans-
former TR and snubber inductor . Typically, for today’s
fast-recovery rectifiers, the turn-off rate should be kept
around 100 A S.

The topological stage in Fig. 4(a) ends at when boost
rectifier current falls to zero. Due to a stored charge in the
rectifier, the rectifier current continues to flow in the negative di-
rection, as shown in Figs. 4(b) and 5(j). Generally, for a properly
selected snubber inductor and turns ratio n, this reverse-re-
covery current is substantially reduced compared to the corre-
sponding current in a circuit without the boost rectifier turn-off

rate control. After the stored charge is removed from the
rectifier, which occurs at in Fig. 5, the rectifier regains its
voltage blocking capability and the circuit enters the topological
stage shown in Fig. 4(c). During this stage, junction capacitance

of boost rectifier is charged and output capacitance
of boost switch discharged through a resonance between par-
allel connection of and with snubber inductor . The
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Fig. 5. Key waveforms of the proposed converter.

expressions for boost-switch voltage v and snubber-inductor
current during this resonance are

V
(7)

and

v V V (8)

where characteristic impedance and resonant angular fre-
quency are defined as

and (9)

(10)

From (8) it can be seen that to completely discharge output
capacitance of boost switch and, therefore, create the

condition needed for the zero-voltage turn on of switch , it is
necessary that at the end of the resonance at

v V V (11)

which limits maximum turns ratio of transformer TR to

(12)

If a turns ratio of 0.5 is selected, output capacitance
of boost switch can be always discharged to zero regardless
of the load and line conditions. Once the capacitance is fully
discharge at , current continues to flow through the
antiparallel diode of boost switch , as shown in Fig. 4(d). Be-
cause during this topological stage voltage v is impressed in the
negative direction across snubber inductor , current starts
linearly decreasing at the rate given by

nV
(13)

as illustrated in Fig. 5(e). As a result, auxiliary-switch current
also starts linearly decreasing, whereas boot-switch current

starts linearly increasing from a negative peak, as shown in
Fig. 5(f) and (g). To achieve ZVS of boost switch , it is neces-
sary to turn on boost switch before its current becomes pos-
itive at , i.e., while current is flowing through the
antiparallel diode of switch .

With boost switch turned on before , boost-switch
current continues to flow through closed switch after it
becomes positive at , as shown in Figs. 4(e) and 5(g).
In this topological stage, current continues to decrease lin-
early toward zero, while boost-switch current continues to
linearly increase at the same rate. When current becomes zero
at , boost-switch current reaches so that the en-
tire input current flows through boost switch , as shown in
Fig. 4(f). At the same time, auxiliary switch only carries a
magnetizing current. If the magnetizing inductance of the trans-
former is made high, the magnetizing current can be minimized,
i.e., it can be made much smaller than input current so that
auxiliary switch can be turned off with virtually zero current.

When auxiliary switch is turned off with near ZCS at
, magnetizing current begins charging output capaci-

tance of auxiliary switch , as shown in Fig. 4(g). When
voltage v across auxiliary switch reaches clamp voltage
V V , where V is the voltage across clamp capacitor ,
magnetizing current is commutated into voltage source V
through clamping diode , which models the clamp circuit.
The switching and conduction losses of clamping diode
are negligible because magnetizing current is designed to
be very small. As shown in Fig. 4(h), during this stage, negative
voltage V resets the magnetizing current with a rate

V
(14)

until magnetizing current becomes zero at .
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After transformer TR is reset at , the circuit stays in
the topological stage shown in Fig. 4(i) until boost switch is
opened at and the input current is commutated from
switch to its output capacitance , as shown in Fig. 4(j).
Due to charging with constant current , voltage v is
increasing linearly until it reaches V at and input
current is instantaneously commutated to boost rectifier, as
shown in Fig. 4(k). The circuit stays in the topological stage in
Fig. 4(k) until when auxiliary switch is turned on
again.

It should be noted that in the previous analysis the junction ca-
pacitance of diode was neglected since it has no significant
effect on the operation of the circuit. In fact, this capacitance
plays a role only during a brief interval after current reaches
zero at . Specifically, after , the junction capac-
itance of diode and snubber inductor resonate creating
a small negative current that makes auxiliary-switch current

flow in the negative direction through the antiparallel diode
of switch . Due to the conduction of its antiparallel diode,
auxiliary switch voltage v does not immediately start to in-
crease after switch is turned off at , i.e., shortly after

falls to zero. Instead, the rise of v is briefly delayed until
the current through the antiparallel diode resonates back to zero.
This delay has no tangible effect on the operation or the perfor-
mance of the circuit.

In summary, the major feature of the proposed circuit is the
soft-switching of all semiconductor devices. Specifically, boost
switch is turned on with ZVS, auxiliary switch is turned
off with ZCS, and boost diode D is turned off with a controlled
turn-off rate. As a result, the turn-on switching loss of
the boost switch, the turn-off switching loss of the auxiliary
switch, and reverse-recovery-related losses of the boost recti-
fier are greatly reduced, which minimizes the overall switching
losses and, therefore, maximizes the conversion efficiency. In
addition, soft-switching has a beneficial effect on EMI that may
result in a smaller volume input filter.

Due to ZVS of the boost switch, the most suitable imple-
mentation of the circuit in Fig. 2 is with the boost switch con-
sisting of a metal oxide semiconductor field effect transistor
(MOSFET) device or a parallel combination of MOSFETs. Sim-
ilarly, due to the zero-current turn off of the auxiliary switch,
the circuit in Fig. 2 is suitable for an insulated gate bipolar tran-
sistor (IGBT) auxiliary switch. Auxiliary switch is turned on
while voltage across it is equal to output voltage V . Despite
this “hard” turn on of auxiliary switch , there is no significant
performance penalty, since the output capacitance of IGBTs is
much smaller than that of MOSFETs. In fact, since the overall
switching loss of IGBTs is dominated by its turn-off loss due
to the current tailing effect, the optimum switching strategy of
IGBT is soft turn off, rather than soft turn on. Moreover, even
an implementation with an IGBT boost switch is possible pro-
vided that a turn-off snubber capacitor is connected across the
IGBT boost switch to reduce the turn-off loss due to the IGBTs
current-tail effect. In this case, an IGBT with a co-packaged an-
tiparallel diode or an external diode must be used.

In the proposed circuit, the voltage and current stress on boost
switch and boost rectifier are identical to the corresponding

stress in the conventional boost converter without a snubber.
However, the voltage stress of the auxiliary switch is

v V V (15)

while the current stress, neglecting residual reverse-recovery
current and magnetizing current , is

n V
(16)

as illustrated in Fig. 5(c) and (f).
According to (15), the voltage stress of auxiliary switch

can be controlled by the selection of clamp voltage V . Gener-
ally, this voltage is determined by the energy stored in magne-
tizing inductance during the conduction period of auxiliary
switch and the value of clamp resistor . If capacitor is
selected large enough so the ripple of voltage across it is much
smaller than the average value, voltage V can be calculated
from

V V
(17)

where is the duty cycle of auxiliary switch , is the
switching period, and 1 is the switching frequency.

Since, from (17)

V V (18)

the best way to minimize V is to maximize magnetizing in-
ductance so that the power loss of the clamp circuit, i.e.,
the power dissipation of , is also minimized. Typically, for
a properly designed transformer TR, the clamp-circuit loss is
negligible compared to the output power so it virtually does not
affect the conversion efficiency.

The snubber inductor is determined from the desired
turn-off rate of the boost rectifier current defined in (6), i.e.,

n V
(19)

As can be seen from (19), to minimize the value of snubber
inductor , it is desirable to maximize turns ratio n of the trans-
former. Since 0.5, the turns ratio of the transformer
should not be much less than 0.5. Typically, the values of n that
are in the 0.3–0.5 range are optimal. Assuming that V 400 V,

0.5, and 100 A S, the inductance value of
snubber inductor is 2 H. It should be noted that the peak
current stress of auxiliary switch is reduced by the selection
of the maximum turns ratio of the transformer, as seen in (16).

III. EXPERIMENTAL RESULTS

The performance of the proposed boost converter with active
snubber was evaluated on a 1.5 kW (375 V/3.95 A), 80 kHz,
PFC circuit operating at universal-line range (85–264 V ).

Since the drain voltage of boost switch is clamped to bulk
capacitor , the peak voltage stress on boost switch is ap-
proximately 380 V. The peak current stress on switch , which
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occurs at full load and low line, is approximately 27.7 A. There-
fore, three IRFP460LC MOSFET’s (V 500 V, 25
20 A, R 0.27 ) from IRF were used for boost switch . A
high speed HGTG12N60A4 IGBT (V 600 V, 23 A)
from Fairchild was used as auxiliary switch since its max-
imum drain voltage is 380 60
440 V, as described in (15). To clamp the voltage across switch

, clamp diode dc (BYM26C), clamp capacitor (0.1 F,
100 V), and clamp resistor (5.1 k , 2 W) were used as
shown in Fig. 2. The calculated maximum power dissipation of
clamp resistor is approximately 0.7 W.

Since boost diode D should block the bulk voltage and
conduct the peak input current, an RHRP3060 diode (

600 V, 30 A) from Fairchild was used. Two
RHRP1560 diodes ( 600 V, 15 A) were
used as diode and diode .

To obtain the desired inductance of boost inductor , the
boost inductor was built using two glued toroidal powder cores
(77071, 60) from Magnetics and 72 turns of magnet wire
(AWG #18).

An external snubber inductor was connected in series with
winding of transformer TR, as shown in Fig. 2. To obtain
required snubber inductance that is approximately 1.7 H at full
load, the external snubber inductor was built using a toroidal
powder core (MS90060, 60) from Arnold and six turns of
magnet wire (AWG #16).

Transformer TR was built using a toroidal ferrite core (A07
25 15 13 ), ten turns of magnet wire (AWG# 18) for

winding , and 40 turns of magnet wire (AWG# 21) for
winding . Magnetizing inductance measured across
winding of transformer TR is approximately 12 mH. The
leakage inductance measured across winding of transformer
TR is approximately 0.3 H.

Two high voltage aluminum capacitors (470 F, 450 V )
were used for bulk capacitor to meet the hold-up time
requirement.

Fig. 6 shows the oscillograms of key waveforms of the exper-
imental converter when it delivers full power from the low line.
As can be seen from the corresponding waveforms in Fig. 5,
there is good agreement between the experimental and theoret-
ical waveforms.

Fig. 7 shows the measured efficiencies of the experimental
converter with and without the active snubber at the minimum
and the maximum line voltages as functions of the output power.
The active snubber improves the conversion efficiency for both
line voltages. Nevertheless, the efficiency improvement is more
pronounced at the minimum line and higher power levels where
the reverse-recovery losses are greater. Specifically, at the max-
imum line (265 V ), the efficiency improvement at 1.5 kW
is 0.5%. However, at the minimum line and 1.5 kW, the
active snubber improves the efficiency by approximately 2%,
which translates into approximately 20% reduction of all losses.
Furthermore, at the same power levels, the temperatures of the
semiconductor components in the implementation with the ac-
tive snubber are significantly lower than those in the implemen-
tation without the snubber.

Finally, since the boost switch and auxiliary switch operate
with soft switching, the rectifier reduces switching losses and

Fig. 6. Measured key waveforms of experimental converter at P = 1500 W
and V = 85 V . Time base: 2 �s/div.

Fig. 7. Measured efficiencies of the 80-kHz, 1.5-kW experimental converter
with (dashed lines) hard switching and (solid lines) soft switching at V =

85 V and 265 V as functions of the output power.

thereby improves the spectral performance of the rectifier for
less EMI.
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IV. CONCLUSION

A novel implementation of the PFC boost converter with an
active snubber that can achieve soft-switching of all semicon-
ductor devices in the power stage has been introduced. By using
an active snubber that consists of an auxiliary switch, a snubber
inductor, and a reset circuit, boost switch is turned on with
ZVS, auxiliary switch is turned off with ZCS, and boost
diode is turned off softly using a controlled rate. As
a result, the turn-on switching losses in the boost switch, the
turn-off switching loss in the auxiliary switch, and reverse-re-
covery-related losses in the boost diode are greatly reduced,
which maximizes the conversion efficiency. The performance
of the proposed converter was verified on an 80-kHz, 1.5-kW
prototype circuit that was designed to operate from a universal
ac-line input. The proposed technique improves the efficiency
by approximately 2% at full load and low line.
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