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A Technigue for Reducing Rectifier
Reverse-Recovery-Related Losses In
High-Power Boost Converters

Milan M. Jovanove, Senior Member, |IEEE

Abstract—A circuit technique that reduces the boost-converter
losses caused by the reverse-recovery current of the rectifier is
described. The losses are reduced by inserting an inductor in
the series path of the boost switch and rectifier to control the
di/dt rate of the rectifier during its turn off. The energy from
the inductor after the boost switch turn off is returned to the Vin
input or delivered to the output via an active snubber.

Index Terms—Active snubber, boost converter, power factor
correction, reverse-recovery loss, zero-voltage switching.

Fig. 1. Proposed boost power stage.
I. INTRODUCTION

N RECENT years, significant research and developmentThe technique described in this paper reduces the reverse-
efforts have been made to come up with a cost-effectivecovery related losses of the boost rectifier by controlling
soft-switching technique to improve the performance of thbe di/dt rate of the rectifier current with a snubber induc-
boost converter. The main reason for such a keen interestan connected in series with the boost switch and rectifier
the boost topology stems from the fact that the continuous- the same way as in [4] and [5]. The series connection
conduction-mode (CCM) boost converter is the preferreaf the auxiliary switch and the clamp capacitor, which is
topology for implementing the front-end converter for activeised to provide the discharging path of the snubber inductor
input-current shaping at higher power levels. current (energy) when the main switch is turned off, can be
When the boost converter is used as an input-current shag@nnected to any dc point such as output, input, or ground.
its input is the rectified mains voltage, which, depending ofhe connection to the converter input or output requires an
applications, can be in the 90-480-Vac range. Since the detype MOSFET, while the ground connection needs to be
output voltage of the boost converter must be higher thimplemented with a p-type MOSFET. The parasitic ringings
the peak input voltage, the output voltage of the boost inputaused by the interaction of the junction capacitance of the
current shaper is generally high. Due to the high-outptctifier and the snubber inductor used to control dtgdt
voltage, the converter requires the use of a fast-recovente are eliminated by a clamp diode connected between the
boost rectifier. At high-switching frequencies, fast-recovegnode of the boost rectifier and ground. As a result, the voltage
rectifiers produce significant reverse-recovery-related loss#tess on the rectifier in the proposed technique is limited to
when switched under “hard-switching” conditions [1]. Thesthe output voltage. The operation of the proposed circuit is
losses can be significantly reduced, and, therefore, a higlimilar to the operation of active-clamp circuits which are in
conversion efficiency can be maintained even at higher switdhelated converters mainly used to optimize the transformer
ing frequencies by employing a soft-switching technique. reset, recover leakage-inductance energy, and achieve soft
So far, a number of soft-switched boost converters and thewitching [7]-[9] and which have also been employed as active
variations have been proposed [2]-[5]. All of them emplognubbers in nonisolated converters [6].
an auxiliary active switch with a few passive components
(inductors and capacitors) to form an active snubber [6] that
is used to control theli/dt rate of the rectifier current and IIl. PRINCIPLE OF OPERATION
to create conditions for zero-voltage switching (ZVS) of the The circuit diagram of the boost converter which employs
main switch and rectifier. the new technique for reverse-recovery-loss reduction is shown
in Fig. 1. The circuit in Fig. 1 uses n-type MOSFET auxiliary
switch S1 and clamp capacitaf« connected in series to dis-
Manuscript received January 3, 1997; revised December 17, 1997. Reca@tharge the energy stored in snubber indudterto the output
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Fig. 2. Simplified circuit diagram of boost power stage showing reference
directions of currents and voltages.
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To simplify the analysis of operation, it is assumed thatC)
the inductance of boost inductdr is large so that it can
be represented by constant current soufgeand that the
output-ripple voltage is negligible so that the voltage across the ©
output filter capacitor can be represented by constant voltag ” .
source V. The circuit diagram of the simplified converter
is shown in Fig. 2. In addition, it is assumed that in the
on state, semiconductors exhibit zero resistances, i.e., tr(e@
are short circuits. However, the output capacitances of thq
MOSFET's and the reverse-recovery charge of the rectifief
are not neglected in this analysis. To further facilitate the
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explanation of operation, Fig. 3 shows topological stages of

the circuit in Fig. 2 during a switching cycle, whereas Fig. 4 . - o

shows the power-stage key waveforms. It should be noted ther | ’ J_
because the junction capacitance of boost rectifidras been + +
neglected for the time being, clamp diod&- is not shown C’D - CD <+5

in Fig. 3 since it never conducts.

As can be seen from the timing diagrams for the boost
and auxiliary switches in Fig. 4, the switches never conduc
simultaneously. In fact, the proper operation of the power stage ) (")
requires appropriate dead times between the turn off of bo6&t 3. Topological stages of boost power stage[18) T1], (b) [T1. T3],
switch S and turn on of auxiliary switck§1 and vice versa. (ﬁ) [?a :;4]' (d) [Ta, T5], (@) [T5, Tel. () [Ts. 7], (9) [T7. T3], and

Before boost switchS is turned off att = T, the entire [Ts. Tol.
input currently, flows through inducto.s and switchS. At
the same time, rectifieD is off with a reverse voltage acrosscapacitor C: (Fig. 4). If the capacitance of’c is large,
its terminals equal to output voltadé,. Auxiliary switch S1  capacitor voltagesc is almost constant and inductor current
is also off, blocking the voltag&s + V-, whereV is the irs decreases linearly. Otherwisg,s decreases in a resonant
voltage across the clamp capacitor. fashion. Asips decreases, rectifier curreiyy increases at the

After switch S is turned off att = Tp, the current which same rate because the sumigf+ i¢p is equal to constant
was flowing through the channel of the MOSFET is diverteidhput current/;,. This topological stage ends &t= 15 when
to the output capacitance of the switafi,,,, as shown in irs reaches zero and the antiparallel diode of auxiliary switch
Fig. 3(a). As aresult, the voltage across switcétarts linearly 51 stops conducting. To achieve ZVS 81, it is necessary to
increasing due to the constant charging curégntDuring this turn on the transistor of switcH1 beforet = 13, i.e., while
stage, auxiliary-switch voltages; decreases from¥, + V=  its antiparallel diode is conducting. In Fig. 4, the MOSFET of
toward zero, while boost-switch voltages increases from switch S1 is turned on at = 15.
zero towardVy + Ve (Fig. 4). When voltage across switch If the transistor of switchS1 is turned on prior ta = 13,

S reachesV,, rectifier D starts conducting and the curreninductor current;; ¢ will continue to flow aftert = 73 in the
through inductor s starts decreasing due to a negative voltaggpposite direction through the closed transistor, as shown in
across its terminals, as shown in Fig. 4. This topological stag&. 3(c). At the same time, rectifier curreily will continue
ends att = 73, when voltagevs reachesVy + Vi and to increase at the same rate, exceeding the input-current level
the antiparallel diode of switcl'l starts conducting. At that f;, (Fig. 4). During this topological stage, the energy stored in
moment, the remaining inductor curreifts is diverted into clamp capacito’< during interval 1-73] is returned to the
clamp capacitorC, and switch voltagevs is clamped to inductor in the opposite direction. This interval ends at 7%

Vo + Ve, as shown in Fig. 3(b). when auxiliary switchS1 is turned off.

During the topological stage shown in Fig. 3(b), inductor After S1 is turned off, inductor curreniys cannot flow
currentir,s continues to decrease as it discharges to clamlapymore through clamp capacitot-. Instead, it continues to
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Fig. 4. Key waveforms of boost power stage.

flow through output capacitandg,,, of boost switchS, as V,, is applied to inductorLs so that inductor currentys
shown in Fig. 3(d). Sincé;s discharges”,,,, boost-switch increases linearly toward zero (Fig. 4). To achieve ZVS of
voltagevs decreases fromp + V- toward zero. At the same switch S, it is necessary to turn on the transistor of switth
time, i7,s increases toward zero arng decreases towarfl,, during the time interval[5—75] when the antiparallel diode of
as shown in Fig. 4. S is conducting. If the transistor f is turned on during this
Whethervs will decrease all the way to zero depends on thiaterval, i;,s will continue to increase linearly after= 75,
energy stored in inductat s at¢ = 7. If this energy is larger as shown in Fig. 3(f). At the same time, rectifier currept
than the energy required to discharggss from Vi, + V= will continue to decrease linearly. The rategf decrease is

down to zero, i.e., if determined by the value dfs inductance because
sLslic(t =T 2 300 (Vo + Ve)? (1) din Vo
T ILs @

then vs will reach zero. Otherwiseys will not be able to
fall to zero and will tend to oscillate around thé, level if To reduce the rectifier-recovered charge and the associated
boost switchS is not turned on immediately afters reaches losses, a propek s inductance needs to be selected. Generally,

its minimum. a larger inductance, which gives a low&i, /d¢ rate, results in
Assuming that inductor energy is more than enough #® more efficient reduction of the reverse-recovery-associated
discharge C,,, to zero, vs will reach zero att = 75, losses [1].

while inductor currentiys is still negative. As a result, The linear increase af;s should stop at = 77 wheniys

the antiparallel diode ofS will start conducting as shown reaches the input-current levg}, and rectifier current,, falls

in Fig. 3(e). Because of the simultaneous conduction of the zero (Fig. 4). However, due to the residual stored charge,
antiparallel diode of5 and rectifierD, constant output voltage rectifier currenti, starts flowing in the reverse direction, as
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Fig. 5. Effect of junction capacitance of rectifi@: (a) topological stage of converter immediately aftee= 7z ([Is, Ts]) and (b) rectifier voltage
vp and inductor currenti; s waveforms.

shown in Fig. 3(g), producing an overshot of the switch curreimt the Ls—Cp resonant circuit is also small. However, the

over thel, level, as shown in Fig. 4. Withouis, this reverse- resonance doubles the voltage stress of the rectifier because

recovery current would be many times larger. Once the rectifiérmpulls node A in Fig. 5(a) to— V.

has recovered at = 7%, the entire input currenf;, flows The parasitic resonance of tlg,—Cp circuit can be elim-

through switchS [Fig. 3(h)] until the next switching cycle is inated by clamping the voltage of nodé to the ground by

initiated att = Tp. diode D, as shown in Fig. 6(a). In Fig. 6(a), when the voltage
Besides the stored charge that needs to be recovered befasé aode A reaches zero, i.e., when the reverse voltage on

fast-recovery rectifier can block voltage, the rectifier possessestifier D reachesVy at ¢t = 7§, diode D¢ clamps the

a junction capacitance. This capacitance was neglected in todtage of nodeA to zero by taking over current flowing

previous analysis of operation. However, in a practical boastroughLgs, as shown in Fig. 6(b). In an ideal (lossless) power

circuit, this undesirable, parasitic capacitance has a detrimersalge, currenty s, which circulates in the.s—D¢ loop, will

effect on the characteristics of the circuit because it increastay constant at the value given by (4) until the main switch

the voltage stress of the rectifier [5]. As reported in [5], eveis turned off att = 7y, Fig. 6(c). However, in a practical

with a heavy RCD snubber across the rectifier, the voltagenverter, curreni; s will decay according to

stress of the rectifier is more than 600 V for a converter with )

a 400-V output. As a result, the implementation in [5] requires diy, Jdt = — Vi) + (Bpsen) + Brs)icl (5)

a rectifier with a higher voltage rating, which has a detrimental Ls

effect on the conversion efficiency and cost. _whereVg(pc is the forward voltage drop of clamp diod#,
The junction capacitance of the rectifier affects the cwcuﬁzDS( , is the on resistance of the MOSFET of switshand

op_erann after rectifiet) in Fig. 2 has recovered at= T3 Rrs is the winding resistance of inductdrs. Generally, the

(Flg. 4)._Namely, gfter stored charge has been removed f“HBwer dissipated during.s circulation through thels—Dc

D, junction capacitanc€’p of D needs to be charged to thesp is small because of a relatively small value of the

steady-state voltage,. However, becaus€p and Ls form  jrclating current. With diod@ ., the reverse voltage of main

a series-resonant circuit, as shown in Fig. 5(a), the voltagg.tifier p is the same as in the “hard-switched” converter, i.e.,
acrossCp (rectifier voltage) and the current troughs will  j; g equal to output voltagd’.

resonate as shown in Fig. 5(b). The resonance is dampened
by the on resistance of the MOSFET of switShand losses
in inductor Ls. The amplitudes of the voltage and current IIl. DESIGN CONSIDERATIONS
oscillations are given by As described in the previous section, to achieve ZVS of
switchesS and 51, it is necessary to turn on the transistors
Vbip =Vo (3)  of the switches during the intervals in which their antiparallel
wse _ Yo _ Vo () diodes are conducting. To make the antiparallel diodé bf
MRz, JLs/Cp conduct after switct§ is turned off at = 75 in Fig. 4, voltage
vs needs to increase tby + V. SinceC,,, of switch S is
where Z,, = /Ls/Cp is the characteristic impedance ofcharged through a series connection of a large boost inductor
the Ls—Cp resonant circuit. Generally, the characteristiGrepresented by current sourég) and inductorLs (Fig. 1),
impedance is large because of a relatively snigli, which there is a plenty of energy to charge,,, up to Vo + Ve
is typically in a 10-pF range. As a result, the energy storexven for very low-input currents. However, to dischafgg,
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Fig. 6. Elimination of junction-capacitance effect of rectifiet. (a) Topological stage of converter with clamp diodg; during [[3-73] interval
([Ts, T3]). (b) Topological stage of converter with clamp diod&: during [T—T3*] interval (73, Ts]). (c) Rectifier voltagev,,, inductor current
ir,s, and clamp-diode currentp waveforms.

to zero and subsequently achieve ZVS of switthafter S1 losses. In addition, since the speed of a rectifier depends on the
is turned off ¢ = 7, in Fig. 4), only energy stored ihs is magnitude of the forward current it conducts prior to the turn
available because the boost inductor curréptat ¢t = 7y off, lower di/dt turn-off rates are required at higher conduction
flows through rectifierD. According to (1), the energy in currents. Specifically, for boost converters delivering 1 kW or
the inductor can be increased by increasing the inductaret®wer power from a 400-Vdc output, the practiéaldt turn-

of Ls or inductor currenti(t = 73). Sinceir(t = 73) = off range is from 100 Als down to 20 A/is. Therefore, ac-

i (t = T1) = I%, due to the required charge balance on clamgording to (2), for a boost converter with a 400-Vdc output, the
capacitorCe and sinceir,(t = T1) = I, ~ I, if duration of practical range of snubber inductante is from 4 to 20.H.

the commutation intervallj,~11] is short compared to the off- As can be seen from Fig. 4, the voltage stresses of switches
time interval [[,—T;], the only design variable for the storedS and S1 are the same and equal ¥, + V. Compared to
energy isLs. The minimumL is determined from the desiredthe “hard-switched” boost converter, the boost-switch stress
dip /dt rate to control the rectifier recovered charge accordiig the proposed converter is higher for the amount of clamp
to (2). Therefore, to achieve ZVS at light loads, i.e., for smafioltage Vc. To keep the voltage stress of switch&sand

Iy, arelatively large value dE s is required. IfLs is too large, 51 within reasonable limits, it is necessary to select properly
the di/dt rate of the inductor current will be very slow, whichclamp-voltage levelc.

will limit the maximum switching frequency and/or maximum From Fig. 4, it can be seen that during the time interval
output power. Therefore, in a practical desidn; should be from ¢ = 71 to ¢ = T3, currentirs decreases linearly to
selected to be larger than the minimubg which gives the Z€ro because durlng this time interval cIarnp—papamtor yoltage
desireddip /dt rate, but not too large to limit the switchingVc @ppears across inductdis, as shown in Fig. 3(b). Since
frequency and/or maximum output power. Although, for such(t = 71) = Ii;, = Iin and the duration of the time interval

an L selection, no ZVS ofs may be possible, the switching[Z1~13] is approximately one half of the off time of main
loss of S would be reduced because would be turned on SWitch 5, the relationship between clamp voltage: and
with a voltage lower tha, + V. inductor currentizs can be expressed as

To reduce the reverse-recovery-induced losses,difiét Ve — I I; _ 2Lsfslin
turn-off rate of the majority of today’s fast-recovery rectifiers ¢ =&s (1-D)Ts/2 T 1—-D

should be kept below 100 As [1]. Generally, a greaterwhereD is the duty cycle of main switchs, Ts is the

reduction of the losses is obtained by reducing the redmers%vitchin eriod, andfs is the switching frequency. Since
di/dt turn-off rate well below 100 Als. Moreover, slower gp ' s g freq y:

o . : : for a lossless boost power stage
rectifiers, i.e., those with longer reverse-recovery times, require

slower di/dt turn-off rates than faster rectifiers to achieve Vo _Im_ 1 @)

(6)

the same level of reduction of the reverse-recovery-related Vio Io 1-D°
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Fig. 7. Variations of boost converter implementations: (a) clamp circuit connected to input and (b) clamp circuit connected to ground.

Equation (6) can be expressed as L Ls D
2 (el YN LN,
Vo =2Lsfslo <$> . (8) c ,

m C,
Accordi.ng to (8),Ve is maximum at full load/3** and low : L, ‘ EI_;E — +
line Vi, Therefore, for given input and output specifications, o {:,'I_S S BDc  Cr==Vo
i.e., for givenIax, V;min andV,,, the clamp-capacitor voltage -
can be minimized by minimizing thés fs product.

The peak-to-peak voltage ripple of the clamp capacitor
AV can be determined from the capacitor charging intervBib. 8. Boost converter implementations with inductbg shifted from

[7:-T3] as switch .S branch (lead) to rectifieD branch (lead).
Ts
AVo = | drsdt output itanceé’,., of S up to Vo + Ve and conduct th
Co Jo, put capacitancé’,, of 5 up toVo + Ve and conduct the
| pla=pyars antiparallel diode of auxiliary switclyl. Consequently, when
= _/ irsdt the MOSFET of switchS1 is turned on, clamp capacit@f:
Ce Jo discharges taC,,;. BecauseCe > C,.,, Cc discharge is
_1w(1 - D)Ts small during a switching cycle. However, the voltage(@f
N 4Ce can discharge significantly if the described conditions persist
o ) for many switching cycles. Since the proper operation of the
" 4Ccfs circuit in Fig. 1 requires that clamp voltagé- be always

where the last expression in (9) is obtained by using relatiopositive so that it can reset the core bf, voltage V- must
ship betweed,,, andI, given in (7). As can be seen from (9),pe prevented from becoming negative. To accomplish this,
the maximum voltage ripple occurs at full load currdgp>. @ diode (typically the Schottky type) may need to be added
For proper operation of the circuit, the voltage ripple of th@cross clamp capacit@rc. Finally, it should be noted that in
clamp capacitor should be kept below ten to 20% of maximutfPut-current-shaping applications, the selection of the values
capacitor dc voltagd/2** calculated from (8) at low line Of the snubber components; andCc is also done using (8)
vmin and full load I2™, ie., and (11) with the dc low-line input voltage replaced by the

eak low-line ac voltage.
AV = kg (10) P J

wherek < 0.2.

IV. TOPOLOGY VARIATIONS
Substituting (8) and (9) in (10), the value of clamp-capacitor

capacitance is obtained as Generally, the series connection of auxiliary swit6h
(Vminy2 and clamp-capacitof€- can be connected to any dc-voltage
Co= 25—, (11) point in the circuit. As a result, the proposed technique
8kLsf5Ve for reduction of the reverse-recovery-related losses can be

Finally, in input-current-shaping applications, the input voltncorporated in a number of different ways. Fig. 7(a) shows
age of the boost power stage is the rectified line voltage, whilge implementation with the clamp circuit connected to the
the output voltage is a dc voltage greater than the peak of thgut, whereas Fig. 7(b) shows the implementation with the
line voltage. Due to the varying input voltage and constagtamp circuit connected to the ground. Both implementations
output voltage, the duty cycle of a boost converter used i Fig. 7 control the reverse-recovery-related losses by con-
these applications varies in a wide range. It is maximum @blling the dip /dt rate of rectifierD in the same fashion as
close to 100% when line voltage is low (around zero), artle implementation in Fig. 1. However, the implementation
it is minimum at the peak of the line voltage. Howeverin Fig. 7(a) returns the energy of inductdrs to the input
when the line voltage is around zero, the energy in the boastd also reduces the current stress of the filter capaCitor
inductor is small even with the switch duty cycle close tbecause current;s does not flow throughCg.

100%. As a result, after switch in Fig. 1 is turned off, the  The implementation in Fig. 7(b) uses a P-type MOSFET
stored energy in the boost inductor is insufficient to charder auxiliary switch. Since this MOSFET is referenced to the
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Fig. 9. Measured boost-rectifier current and voltage waveforms of experimental converter with MURS8G60 rectifier and without active sifdpkelba0
W and V;, = 150 Vdc.
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Fig. 10. Measured key waveforms of experimental converter with MUR860 rectifier and with active snutther=a600 W and V;,, = 150 Vdc.

ground, a nonisolated gate drive can be used for both switchesd 7(a) is V., the corresponding voltage in the P-type
However, this implementation requires a clamp capacitor wittnplementation in Fig. 7(b) iy + V.

a substantially higher voltage rating than the implementationsFig. 8 shows the boost converter implementation with in-
in Figs. 1 and 7(a). Namely, if the maximum voltage acroshuctor Ls in the rectifierD branch (lead) instead of in the
capacitorC¢ in N-type MOSFET implementations in Figs. 1switch S branch (lead) as in Fig. 1. The operation of this
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Fig. 11. Waveforms of Fig. 10 shown on expanded time base.

circuit is the same as that of Fig. 1 except that inductor currevitl4 yH = 29 A/us. Similarly, by selecting’c = 0.94 uF,

175 IS the same as rectifier curreny (whenD is conducting) the peak-to-peak ripple of the clamp-capacitor voltage was
instead of being the same ag (when S is conducting), 3.3 V, which is less than 10% df7"™* =~ 40 V at low line

as in the circuit in Fig. 1. The circuit in Fig. 8 can also bgV;» = 120 Vdc) and full load {%** = 1.25 Adc).
implemented with the clamp circuit connected to the input or The measured boost-rectifier current and voltage waveforms

ground, as in Fig. 7. of the experimental circuit, at full power arld,, = 150 Vdc,
for the implementation with the MURB860 rectifier and without
V. EXPERIMENTAL RESULTS the active snubbet(s, S;, andCc removed from the circuit)

To verify the operation and evaluate the performance afe shown in Fig. 9. As can be seen from Fig. 9,db&lt turn-
the proposed technique, a 500-W (400-V/1.25-A) 100-kHf rate of the rectifier is approximately 330 #8, whereas its
prototype dc—dc converter for an input-voltage range fropeak reverse-recovery current is 8 A.
120 to 350 Vdc was built using the following components: Fig. 10 shows the measured key waveforms of the ex-
switch S—IRFP460 (Harris); rectifierD—MURS860 (Mo- perimental circuit with the active snubber at full power and
torola) or RHRP860 (Harris); auxiliary switchil—BUZ80A Vi, = 150 Vdc, whereas Fig. 11 shows the same waveforms
(Motorola); boost inductancé = 0.475 mH (Philips 783E- on an expanded time scale. From thewaveform in Fig. 11,
608 core, 3F3 material, 4-mm gap, 80 turns of AWG#17}t can be seen that at turn on, the peak reverse-recovery current
snubber inductancés = 14 ;H (Micrometal T106-2 toroidal of the rectifier is reduced to approximately 2 A. Also, from
core, 31 turns of AWG#17), and clamp capacitafnge= 2x the Vs waveform, it can be seen that the switch is turned on
0.47 4F/400 V (polypropylene); and output filter capacitancat zero voltage. The maximum voltage of the main switch
Cr = 470 pF/450 V. The control circuit was implementedis approximately 425 V, implying that the clamp-capacitor
with the UC3842 IC PWM controller and the Harris HIP250®oltage atV;,, = 150 Vdc is approximately 25 V. It also should
driver which is used to provide the proper gate-drive signat® noted that rectifier voltage waveform, is ringing free
for the main and auxiliary switches. because of the effective clamping action of clamp did#e.
With the selection ofLs = 14 uH, the di/dt turn-off rate  As a result, the maximum reverse voltage across rectifies
of the boost rectifier was limited tdip /dt = Vio/Ls = 400 equal to the output voltage, i.e., 400 V. Generally, due to the
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Fig. 12. Measured full-power efficiencies of experimental converter withig. 13. Comparisons of efficiency improvements of proposed boost circuit
(solid lines) and without (dashed lines) active snubber as functions of outpuith active snubber (solid line), boost circuit proposed in [2], and boost circuit
power for implementations with MUR860 and RHRP860 rectifiers. proposed in [3] with respect to efficiency of conventional “hard-switched”
boost converter. Experimental data for circuits proposed in [2] and [3] (dashed
L. . . . lines) were taken from [11].
absence of ringings and abrupt transitions in the semiconductor

voltage and current waveforms, the conducted electromagnetjc . . :
interference (EMI) performance of the converter is expecté’ the boost converter with the active snubber in the full
to be improved, as documented in [10]. power range from 100 to 500 W at, = 100 Vdc, S'.“"b_

The solid lines in Fig. 12 show the measured efficiencies B?r mductanceLS_ had to be decreased 1o approximately
the experimental, boost power stage at full power as functiofs’“‘S bY decreasing the nu_mber of tumns from 31 to 21
of the input voltage for implementations with two rectifier Ls—Micrometal T106-2 toroidal core, 21 turns of AWG#17).
with different reverse-recovery characteristics. The RHRP8 addmpn, to use the same type §em|conductor dgwces as
(Harris) rectifier exhibits a faster reverse-recovery characté?- [l_l]’ N the 250".(HZ implementation of the experimental
istic than the MUR860 (Motorola) rectifier. For comparisor(fIrCUIt with the active _snubber, a IRFP450 MOSFET was
purposes, Fig. 12 shows the measured efficiencies for %ed for the boost switch, and a MURB60 diode was used

two rectifiers without the active snubber (dashed lines). Qr the boost re.ctllfler. Furthermore, to minimize _the errors
gtween the efficiency measurements reported in [11] and

can be seen from Fig. 12, without the active snubber, tﬁl d efficienci f the b h th
efficiency of the implementation with the MUR860 rectifief'® Measured efficiencies of the boost converter with the

is the lowest, ranging from 92.4% at low line to 98% a@ctive shubber due to measurement-equipment differences, the

high line. The corresponding efficiency of the implementatio%ﬁicienCy comparisons presented in Fig. 13 were done on a

with the faster RHRP860 rectifier is slightly higher, i.e., ifc/alve basis. As can be seen from Fig. 13, the efficiency
is in the 94.2%-98.3% range. For both implementations, tRgrformance of the boost converter with the active snubber
efficiency at low line, where the input current is maximu (solid line) is similar to that of the circuit introduced in
is the lowest because the reverse-recovery-related losse 2&5 Namelyz hathfull power Ofb];‘) - ;0% W’. th_e boost d
well as conduction losses of components are the highest. V\mp;/ertﬁr with t e_actlvle srr:u er anﬁ_ t. € cm_:wt propose
the active snubber, the efficiencies of both implementatio [2] s %WSf;ppr?xAmatiy t ? same e |C|e|ncy||mpr:ovemeljt
are significantly improved (96%-99% range). Moreover, th a:jound X O'Zat ough at p\r/]verllprc])\;verh_ er\]/e S f;.(.a CII‘.CUII
differences between the efficiencies with the two rectifiers alfg'0¢uced n [.] operates with slightly igher etliciencies.
less than 0.4% throughout the entire input-voltage range.]— e e_fhm_engy improvement of the boost C'rCl.“t mtrpduced
fact, with the active snubber, the effect of the reverse-recove [3] is significantly '°"_Ver _th‘?‘” the corre_spondmg efficiency
speed of the rectifier on the efficiency is practically eliminated. provemen_ts of t_he circuit introduced in [2] and the boost
Finally, Fig. 13 presents the comparisons of the eﬁiciengynverter with active snubber. In fact, for the output power

improvements of the boost circuit with the active snubb vels below 3OQ.W’ the efficiency of thg ci“rcuit in [.3] Is »
shown in Fig. 1, the boost circuit proposed in [2], and thESS than the efficiency of the corresponding “hard-switched
boost circuit prc;posed in [3] with respect to the :afficienc onverter. Finally, it should be noted that the measured results

of the conventional “hard-switched” boost converter. Thi®! the boost converter with the active snubber presented in

experimental data for the circuits proposed in [2] and [3Fig_. 13 can be 6_“50. use_d for comparisons with other soft-
itched boost circuits discussed in [11].

(dashed lines) were taken from [11]. Since the experimen
data reported in [11] were measuredigt = 100 Vdc for

the boost converters operating at the switching frequency of
250 kHz and withV, = 300 Vdc, the experimental converter Operation and design guidelines for an active-snubber tech-
with the active snubber was redesigned to operate under thigue which reduces the reverse-recovery-related losses in
same conditions so that a direct performance comparison cohigh-voltage high-power boost converters are presented. The
be performed. Specifically, to achieve a 250-kHz operatidgachnique employs a snubber inductor connected in series with

VI. SUMMARY
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the boost switch and rectifier to control th#/dt rate of [3] G.Hua, C. S Leu, and F. C. Lee, “Novel zero-voltage-transition PWM
the rectifier current during its turn off. The energy from the converters,” inEEE Power Electronics Specialists’ Conf. (PESC) Rec.,

. . f June 1992, pp. 55-61.
snubber inductor after the boost switch turn off is returneqy; j Bassett, “New, zero voltage switching, high frequency boost converter

to the input or delivered to the output via the active snubber. topology for power factor correction,” imt. Telecommunication Energy
By connecting a clamp diode between the anode of the booﬁ Conf. (INTELEC) Proc.1995, pp. 813-820.

e L. L C. M. C. Duarte and I. Barbi, “A new family of ZVS-PWM active-
rectifier and ground to eliminate the parasitic ringing between " cjamping de-to-dc boost converters: Analysis, design, and experimenta-

the junction capacitance of the rectifier and the snubber tion,” in Int. Telecommunication Energy Conf. (INTELEC) Pra996,

; e pp. 305-312.
inductor, the stress of the rectifier is minimized. The propose | K. Harada and H. Sakamoto, “Switched snubber for high frequency

technique was verified on a 500-W (400-V/1.25-A) prototype  switching,” in IEEE Power Electronics Specialists’ Conf. (PESC) Rec.,
boost converter. June 1990, pp. 181-188. o
[7] P. Vinciarelli, “Optimal resetting of the transformer’s core in single
ended forward converters,” U.S. Patent 4441146, Apr. 3, 1984.
[8] B. Carsten, “Design techniques for transformer active reset circuits
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