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A Novel Active Snubber for High-Power Boost
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Abstract—A technique which improves the performance of active-snubber implementation in [4], the snubber switch
the boost converter by reducing the reverse-recovery-related turns off with zero-current switching (ZCS), whereas in the
losses in the boost switch and rectifier with an active snubber implementations in [5]-[7], it turns on with ZVS. In addition,
that is implemented with a minimum number of components Il th ti h hibit volt d t st
is presented. This minimum-component-count snubber consists a ese aC_'Ve approaches exnibrt vo age an qur_ren stresses
of a snubber inductor, an auxiliary switch, and a rectifier. The 0N the semiconductor components which are similar to those
proposed technique reduces the reverse-recovery-related losses byin the boost circuit without a snubber. The major downside of
controlling the turn-off di/dt rate of the rectifier current with the the active snubber approaches is a relatively large component
snubber inductor connected in series with the boost switch and ¢,nt a5 well as the need for a driver for the snubber’s active
rectifier. The voltage and current stresses of the componentsinthe _ © . . .

switch. Moreover, the active snubbers introduced in [5]-[7]

proposed active-snubber boost converter are similar to those in its . . . ) . .
conventional “hard-switched” counterpart. require a less-desirable, isolated (high-side) drive for the

Index Terms—Active snubber, boost converter, power factor snubber switch. ) .
correction, reverse recovery loss, zero voltage switching. Generally, the passive lossless snubbers are as effective as the
active snubbers in reducing the reverse-recovery-related losses
because they implement the soft switching of the boost rectifier
in a similar way as the active snubbers. However, the passive

T HIGHER power levels, the continuous-conducsnubbers do not offer ZVS of the boost switch. This does not

tion-mode boost converter is the preferred topology fdrave a significant detrimental effect on the conversion efficiency
implementing a front end with active input-current shaping. Asince the efficiency reduction because of the capacitive turn-on
a result, in recent years, significant efforts have been madeloas of the boost switch due to the absence of ZVS is typically
improving the performance of high-power boost convertergss than 0.5%. The major drawback of the passive approaches
The majority of these development efforts have been focusischa significantly increased voltage and/or current stress on the
on reducing the adverse effects of the reverse-recovery chais@miconductor components [8]-[10]. This increased stress dic-
teristic of the boost rectifier on the conversion efficiency anthtes the use of higher-rated and, usually, more expensive com-
electromagnetic compatibility (EMC) [1]. ponents. Additionally, some passive-snubber implementations

Generally, the reduction of the reverse-recovery-relateequire a relatively large number of passive components.
losses and EMC problems requires that the boost rectifier bdn this paper, a simple active-snubber implementation for
“softly” switched off by controlling the turn-off rate of its the boost power stage is proposed. The snubber is imple-
current. For a majority of today’s rectifiers the optimal turn-offnented with only three components and it offers both the
di/dt rate is below 100 AIS. soft switching of the boost rectifier and the snubber switch.

So far, a number of soft-switched boost converters and théir addition, this minimum-component-count active snubber
variations have been proposed [2]-[10]. All of them use addtmploys a direct (non-isolated) drive for the snubber switch,
tional components to form an active snubber [2]-[7], or a paghd operates with overlapping gate-drive signals of the boost
sive lossless snubber [8]-[10] circuit that controls the turn-ofind snubber switches, which enhances the robustness of the
di/dt rate of the boost rectifier. Generally, the active-snubbeircuit. The voltage and current stresses of the components
approaches employ an auxiliary active switch with a few pai this active-snubber boost converter are similar to those
sive components such as inductors, capacitors, and rectifiéns,its conventional “hard-switched” counterpart. Finally, it
whereas the passive-snubber approaches use only passive ¢eas-verified experimentally on a 1-kW, universal-input boost
ponents. power stage that the proposed active snubber is effective in

The main feature of the active approaches introduced éxtending the power range of the boost converter by reducing
[2]-[7] is that besides soft switching of the boost rectifiethe reverse-recovery-related losses.
they also offer the zero-voltage switching (ZVS) of the boost
switch. In addition, the approaches described in [4]-[7] offer
soft switching of the auxiliary switch. Specifically, in the

|I. INTRODUCTION

Il. ANALYSIS OF OPERATION

The circuit diagram of the boost converter which employs the
Manuscript received February 2, 1999; revised July 22, 1999. RecommendiW technique for reverse-recovery-loss reduction is shown in
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switch.S; which is connected between the anode of boost rec >
fier D and the circuit ground. The function of snubber rectifie L Ds
Ds is to clamp the voltage across main switgho the output — Y v ' T
voltage after switchp' is turned off. Ls D
To simplify the analysis of operation, it is assumed the
the inductance of boost inductdr is large so that it can L+
be represented by constant-current soufge, and that the V'N_T_ Cem RL3Vo
output-ripple voltage is negligible so that the voltage across t \} )
s : S Dap Sy Dap1
output filter capacitor can be represented by constant-volta
sourceVy. Also, it is assumed that in the on-state semicor
ductors exhibit zero resistance, i.e., they are short circuits.
However, the output capacitance of the switches and thig. 1. Boost power stage with minimum-component-count active snubber.
reverse-recovery charge of the rectifiers are not neglected in
this analysis. The circuit diagram of the simplified converter, 4
as well as the reference directions for currents and voltages a ios* Ds
shown in Fig. 2. Lg - Vo +
To further facilitate the explanation of the operation, Fig. 3 VA . D——
shows topological stages of the circuit in Fig. 1 during a .
switching cycle, whereas Fig. 4 shows the power-stage ke is* ILs * s o + |
waveforms. As can be seen from the gate-drive timing diagram °
for the boost and auxiliary switches in Fig. 4, the proposed + + CDV
circuit operates with an overlapping gate drive of the switches ™™ C> Vs Do Vsi D ap1 10
i.e., both switches conduct simultaneously. - -
Before main switclt is turned on at = Ty, the entire input S S
currentl;x flows through snubber inductdrs and boost rec-
tifier D. At the same time, auxiliary switch; is off blocking
voltage Vo, whereas snubber rectifidds, ideally, carries no Fig. 2. Simplified circuit diagram of the proposed boost power stage showing
current. reference directions of currents and voltages.
After switch S is turned on at = T}, constant voltag&,, is

applied acrosd.s, as shown in Fig. 3(a). As a result, inductotyrns on under ZVS condition. After switcj is turned on, cur-
currentiy s and rectifier current, decreases linearly, whereasent;, s continues to flow through switch; instead through its
switch current;s increases at the same rate. The rate of tegtiparallel diodeD 41, as shown in Fig. 3(e).
rectifier current decrease is governed by After main switchS is turned off at = 7%, switch current s
Vo is diverj[ed _from the switch to its output capacitar@‘@ss,_as
(1) shownin Fig. 3(f). As a result, voltage across swifthg, in-
creases. Since, typically, input currdnt; is much larger than
Since the rate of the boost rectifier current decrease |id.s| = |irr + Vo/sqrtLs/Cossi|, the increase ofs is es-
controlled by snubber inductands;, the rectifier's recovered sentially linear, as illustrated in Fig. 4. At the same timgs
charge and the associated losses can be reduced by a prsfzets to slowly increase from its initial negative value due to
selection of thel.s inductance. Generally, a larger inductanceijsing switch voltage's. Whenugs reached’s att = 1, switch
which gives a lowerdi /dt rate, results in a more efficient currentis which was charging'o s s is diverted to snubber rec-
reduction of the reverse-recovery-associated losses [1]. tifier Ds, as shown in Fig. 3(g). Since aftéxs starts conducting
Att = T, wheniys andi, decrease to zero, the entire inpuait £ = 75, constant positive voltag€ is applied acrosd.s,
currently flows through switchs, as shown in Fig. 4. Ideally, currentiys continues to increase linearly, as shown in Fig. 4.
whenip, falls to zero att = 73, rectifier D should stop con- Atthe same time, snubber-rectifier currépts decreases at the
ducting. However, due to a residual stored charge, reversesame rate because the sum g§ and: s is equal to the con-
covery currentgr will flow through rectifier D, as shown in stant input currenf; . Whenips reaches zero at= 1, Ds
Fig. 3(b). After rectifierD recovers at = 7>, the rectifier stops turns off.
conducting, and output capacitan€ess; of switch S, starts After Dg stops conducting d@t= 7% the circuit can have dif-
discharging in a resonant fashion by currént, as shown in ferent modes of operation depending on the time that auxiliary
Fig. 3(c). During this resonance, negative snubber-inductor cgwitch S is still kept on. For optimal performance, switéh
rentiys increases by the amount ¥, /\/Ls/Cossi, asindi- should be turned off immediately aftéps reaches zero, as it
cated in the ;s waveformin Fig. 4. AftelCoss1 is completely will be discussed in the next section. When swifhis turned
discharged at = 73, currentiy,s which was flowing through off at ¢ = 7%, inductor current;s = Irn, which was flowing
Coss1 continues to flow through antiparallel diode, »; of through switchS,, is diverted to output capacitan€&;ss;, as
auxiliary switchSy, as indicated in Fig. 3(d). shown in Fig. 3(h). Because of a constant-current chargifng,
Since att = T, when auxiliary switchS; is closed its an- increases linearly toward,, whereas;;; decreases linearly to-
tiparallel diodeD 4 p1 is conducting, auxiliary switcld; always ward zero, as illustrated in Fig. 4. Whentat T3, vs; reaches

dip
dt ~  Ls
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Fig. 3. Topological stages of the proposed boost power stage.

Vo, boost rectifierD becomes forward bias, angs = Iy is for a typical output voltage oV, = 400 V, the minimum re-
commutated fronCp 551 to rectifier D, as shown in Fig. 3(i). quired Lg is 400 V/100 Afis = 4 pH. In fact, for the optimal
I continues to flow througtD until a new switching cycle is performance of the majority of today’s fast-recovery rectifiers,

initiated by turning on switchy at¢ = 75. a snubber inductance in thguH to 644H range seems to be the
best choice.
It should be noted that for snubber inductarigein the 4uH
IIl. DESIGN GUIDELINES to 644H range, the commutation tini& — 7; of the boost cur-

rent is extremely short. For example, for a 1-kW (400 V/2.5 A)

Generally, the design of the proposed boost converter with theost power stage operating from an input voltag&ef = 90
active snubber follows the well-established design rules for the commutation timels — Ty ~ 7y — To = Iy Ls/Vo =
conventional boost power stage since for a properly designgelLs/Viy = (2.54) (4.7 uH)/(90 V) = 0.13us. This commu-
converter with the active snubber the effect of the snubber ciation time is approximately 77 times shorter than the switching
cuit on the operation and conversion characteristic of the bogetriod of 10us which corresponds to the 100 kHz switching
power stage is negligible. Specifically, if the commutation tim@equency that is a reasonable choice at this power level.
of boost-inductor currenf;x from boost rectifierD to boost  Since the maximum current and maximum voltage of all
switch S, i.e., time intervall; — 1j shown in Fig. 4, is short semiconductors in the proposed circuit are limited to maximum
compared to a switching period, the snubber circuit has no s{@sw-line) input current/;ymax) and output voltageVo,
nificant effect on the operation of the boost power stage. Otlespectively, the current and voltage rating of the switches and
erwise, the conversion-ratio of the boost power stage becomestifiers should be selected following the same derating rules
strongly dependent on the load current, as described in [7]. as for the conventional boost converter. However, it should be

To reduce the recovered charge of today’s fast-recovery rectoted that the rms current of auxiliary swit¢h and snubber
fiers, itis necessary to reduce their turn-@iff d¢ rate to approx- rectifier Ds are much lower than the rms current of boost
imately below 100 A4S [1]. Generally, reducing thé /d¢ rate  switch.S and rectifierD. As a result, the required power ratings
much below 100 A4S does not decrease the recovered chargéswitch S; and rectifierDs are lower than those of switc
significantly. Therefore, to keep the di/dt rate below 103/ and rectifierD.
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Fig. 4. Key waveforms of the proposed boost power stage.

To maximize the conversion efficiency, a proper timing obsses since the anode bfs is directly connected to switch.
the auxiliary-switch gate drive is critical. Generally, to achievBecause the current flowing troudhs is generally small, the
zero-voltage switching, auxiliary switch; should be turned reverse-recovery-related losses due to a “hard” turn-ofbef
on after main switchS is turned on and while its body diodeare relatively small. Nevertheless, to maximize the efficiency
D 4 p1 is conducting. Because of a long conduction interval dhis loss should be minimized. Therefore, for an optimally de-
D ap1, the turn-on timing ofS; is not a problem. However, the signed converter, the fixed time interval between the turn-off of
turn-off timing of S; requires more attention. Namely, if auxil-main switchS and the turn-off of auxiliary switcl¥; should be
iary switch.S; stays closed much longer aftgss reaches zero adjusted so that at low line and full load swit6his turned off
att = 1%, the output capacitance of switth Co s, the junc- at the moment currerity s reaches zero. Although for such an
tion capacitance of snubber rectifiexs, C;s, and snubber in- adjustment of the gate-drive signals current iDS is not zero at
ductor Ls will resonate. This resonance increases snubber the momentS; is turned off at other line and load conditions,
ductor current s abovelry so that whenS; is eventually s is still small enough so it does not introduce significant re-
turned off, snubber rectifieDs ends up carrying the currentverse-recovery related losses.
in excess off y that is created by the resonance, whereas rec-Finally, it should be also noted that the control of the pro-
tifier D carries currenf; . As a result, when boost switchi posed boost converter could be implemented in the same way
is turned on, snubber rectifidps introduces reverse-recoveryas in its conventional “hard” switched counterpart as long as
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Fig. 5. Measured key waveforms of experimental convertéfaat= 1 kW  Fig. 6. Detailed view of key waveforms shown in Fig. 5 during turn-on
andV;x = 90 Vae Time base: 2us/div. transition. Time base: 250 ns/div.

an additional gate-driver circuit is provided. Specifically, in th%WG#M With the selection abs = 4.7 uH, thed:i /df turn-off
input-current-shaping applications, the proposed converter G . s = HH,

) . . A of the rectifier was limited tdip/dt = Vo/Ls = 80 Alus.
be implemented with any known controlltechmque, such as e control circuit was implemented with the average-current
erage current, peak current, or hysteretic control.

PFC controller UC3854. The TC4420 and TSC428 drivers
were used to generate the required gate-drive signals for the
main and auxiliary switches, respectively.

The performance of the boost converter with the proposedFig. 5 shows the oscillograms of key waveforms of the IGBT
active snubber was evaluated on a 1-kW (400 V/2.5 A), urimplementation of the experimental converter at the low line and
versal-line-range (90-26524 power-factor-correction circuit full power. As can be seen comparing corresponding waveforms
operating at 80 kHz. For comparison purposes, the experimernitalFigs. 4 and Fig. 5, there is a good agreement between the ex-
circuit was implemented using both an IGBT and a MOSFEferimental and theoretical waveforms. The more detailed oscil-
for main switchS. The other components in both experimentdbgrams of the key waveforms in Fig. 5 around the turn-on and
implementations were the same. The experimental circuit weatgn-off transition of the boost switch are shown in Figs. 6 and
implemented using the following components: boost switch respectively. As can be seen from Fig. 6, auxiliary swie¢h
S—IXGK50N60B (IGBT implementation), IXFK48N50 is turned on with ZVS since its voltadé;; falls to zero before
(MOSFET implementation); auxiliary switclé;—2SK2837 gate-drive sighaVss; becomes high. However, boost switch
(MOSFET); boost rectifie—two RHRP3060 connected in S is “hard” switched, i.e.S is turned on while voltage across it
parallel; boost inductof. = 0.8 mH; snubber inductaks = wvs = V5 = 400 V. Despite the “hard” switching of boost switch
4.7 uH; snubber rectifielDs—RHRP3060, and bulk capacitorS, all waveforms are ringing free. Also, it should be noted that
Cr = two 470uF/450 V connected in parallel. the boost-rectifier-current turn-off rate, which is controlled by

Boost inductorZ was built using Magnetics toroidal coreLg, is approximatelyli, /dt = 80 A/us, as indicated in Fig. 6.
(Kool Mu 77439-A7, two cores in parallel) and 55 turndNith thisdip /dt rate, peak reverse-recovery currépg is re-
of AWG#14, whereas snubber inductdrs was built with duced to approximately 4 A, which corresponds to a recovered
Magnetics toroidal core (Kool Mu 77932-A7) with 12 turns otharge of approximately 100 nC. Finally, as shown in Fig. 7, the

IV. EXPERIMENTAL RESULTS
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Fig. 9. Measured efficiency of 1-kW experimental circuit implemented with
MOSFET boost switch.

functions of the output power. As can be seen from Fig. 8, at
the high line (265 Y, the efficiency of the converter with the
active snubber is slightly lower than the efficiency of the imple-
mentation without the snubber. In fact, at the high line the loss
of the added active snubber circuitis larger than the reduction of
the reverse-recovery-related losses of the converter without the
shubber because at the high line the rectifier current and, there-
fore, reverse-recovery losses are relatively small. Also, at the

Detailed view of key waveforms shown in Fig. 5 during turn-offow line (90 Vo), the efficiency of the circuit with and without

snubber is almost the same up to the 700-W level. However, for
power levels higher than 700 W, where reverse-recovery losses
are substantially increased, the active-snubber improves the effi-
ciency significantly. In fact, the maximum power that can be ob-
tained from the circuit without the snubber is limited to around
900 W due to the thermal runaway of the boost diode caused by
excessive reverse-recovery losses. With the snubber, the circuit
can deliver the full power of 1 kW with the temperature of the
semiconductors well within the acceptable levels, as shown in
Fig. 8.

Fig. 9 shows the measured efficiencies of the MOSFET im-
plementation of the experimental converter with and without
the active snubber at the minimum and maximum line voltages
as functions of the output power. The efficiencies of the circuit
with and without the snubber show a similar general trend as for
the IGBT implementation, i.e., the active snubber improves the
low-line efficiency at higher output power levels where the re-
verse-recovery losses are significant. As can be seen from Fig. 9,
without the snubber, the experimental circuit could not deliver
more than approximately 750 W because of the boost diode

Fig. 8. Measured efficiency of 1-kW experimental circuit implemented witthermal runaway. With the snubber, the circuit was able to de-
IGBT boost switch.

liver the full power of 1 kW.
Finally, it should be noted that in the above experimental

voltage across boost switc¢his well clamped byD s during the efficiency evaluations, the emphasis was on the relative effi-
switch S turn-off.
Fig. 8 shows the measured efficiencies of the IGBT implehe snubber. No attempt was made to maximize the absolute ef-
mentation of the experimental converter with and without theciency of the experimental circuit for any implementation by
active snubber at the minimum and maximum line voltage aslecting less lossy semiconductor or passive components.

ciency comparisons between implementations with and without
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V. CONCLUSION [9] K.Smith and K. M. Smedley, “Lossless, passive soft switching methods
. . . . for inverters and amplifiers,” inEEE Power Electron. Spec. Conf.
A minimum-component-count active snubber which im- (PESC) Re¢.1997, pp. 1431-1439.

proves the performance of high-power boost converters bgﬂ.O] C. J. Tseng and C. L. Chen, “Passive lossless snhubbers for dc/dc con-
verters,” inProc. IEEE Appl. Power Electron. Conf. (APEQP98, pp.
1049-1054.

reducing the reverse-recovery-related losses is described.
The snubber consists of a snubber inductor, rectifier, and
a ground-referenced (directly) driven auxiliary switch. The
voltage and current stresses of the components in the propo
active-snubber boost converter are similar to those in
conventional “hard-switched” counterpart. It was experime
tally verified on a 1-kW, universal-input, boost-power-stag
prototype that the proposed active snubber is effective
extending the power range of the boost converter by reduci
the reverse-recovery-related losses.
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