IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 45, NO. 4, AUGUST 1998 593

A Passive Lossless Snubber Cell for Nonisolated
PWM DC/DC Converters

Ching-Jung Tseng and Chern-Lin Chewiember, IEEE

Abstract—A passive lossless snubber cell is proposed to improve .
the turn-on and turnoff transients of the MOSFET’s in noniso- AN Ls
lated pulsewidth modulated (PWM) dc/dc converters. Switching Lm M\_‘L_D'_
losses and EMI noise are reduced by restrictingdi/dt of the Cb +
reverse-recovery current anddv/dt of the drain—source voltage. T
The MOSFET operates at zero-voltage-switching (ZVS) turnoff <_> D2|D3 D4 | R
and near zero-current-switching (ZCS) turn-on. The freewheeling S1 = T
diode is also commutated under ZVS. As an example, operation _I",: Cs
principles, theoretical analysis, relevant equations, and experi-
mental results of a boost converter equipped with the proposed
snubber cell are presented in detail. Efficiency of 96% has also
been measured in the experimental results reported for a 1-kW
100-kHz prototype in the laboratory. Six basic nonisolated PWM ) . .
dc/dc converters (buck, boost, buck-boost, Gk, Sepic, and Zeta) ~ 3) Fast increase of the drain—source voltage during the

Fig. 1. A boost converter with the passive lossless snubber.

equipped with the proposed general snubber cells are also shown turnoff process occurs. This is the sourcelofdt EMI
in this paper. noise and turnoff loss.

Index Terms—Converters, pulsewidth modulation, switching To improve the problems resulting from the nonideal phe-
circuits. nomena described above, several kinds of soft-switching tech-

nologies have been presented in the literature [2]-[13]. Active
snubbers, as introduced in [2]-[5], can reduce all three loss

mechanisms by using auxiliary switches. Unfortunately, an

PULSEWIDTH modulated (PWM) dc/dc converters haveyyiliary switch increases the complexity of both power and
I been widely used as switched-mode power supplies {8l circuits. Synchronization problems between control
industry. The PWM technique is praised for its high powefjgnals of the two switches during transient also complicate
capability and ease of control. Higher power density anfle control strategy. The circuit cost is increased and the
faster transient response of PWM dc/dc converters can bgapility is decreased by using active snubbers. Resistors,
achieved by increasing the switching frequency. Howevelynacitors, and diodes (RCD) snubbers in [6] have the simplest
as the switching frequency increases, so do the switchiggyciures and, hence, the lowest costs. However, they also
losses and EMI noise. High switching losses reduce the poWgjye the worst performance, since the switching losses are
capabilities, while serious EMI noise interferes with the Contrqissipated in resistors and, thus, reduce the efficiency of the
of PWM dc/dc converters. . circuit. Resonant converters in [7] and [8] commutate with
Switching losses and EMI noise of PWM dc/dc convertetsither zero voltage switching (ZVS) or zero current switching
are mainly generated during turn-on and turnoff switching trap cs) to reduce switching losses. However, conduction losses
sients. According to [1], there are three nonideal commutatigs increased due to the high circulating current involved. It is
phenomena when MOSFET's are used as power switches.q 50 hard to design an EMI filter and control circuit because
1) A surge current flows through the MOSFET, caused i a wide switching frequency range. Compared with the
the reverse-recovery current of the freewheeling diodBree technologies discussed above, a passive lossless snubber
during the turn-on process. This is the dominant souregn effectively restrict switching losses and EMI noise using
of turn-on loss andli/d¢ EMI noise. no active components and no power dissipative components
2) Discharge of the parasitic drain—source capacitance [9f—[13]. Increasing the rates of the drain current and the
the MOSFET occurs during the turn-on process. Thigrain-source voltage are restricted by inductors and capacitors,
mechanism can be eliminated only by resonant converieispectively. The control strategy is scarcely interfered with
techniques or active snubbers. and the circulating energy generated is comparatively low.
The circuit structure is as simple as RCD snubbers and
the efficiency is as high as active snubbers and resonant
Manuscript received May 22, 1997; revised March 19, 1998. AbstragPnverters. Low cost, high performance, and high reliability
published on the Internet May 1, 1998. are the distinct advantages of a passive lossless snubber.
The authors are with the Power Electronics Laboratory, Department of A5 gn example, a boost converter equipped with the pro-
Electrical Engineering, National Taiwan University, Taipei, 10764 Taiwan . . . .
RO.C. posed snubber cell is investigated in depth. Snubber operation
Publisher Item Identifier S 0278-0046(98)05680-9. principles are analyzed and component parameters can be

I. INTRODUCTION
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Fig. 2. Equivalent circuits during one switching cycle. (a) StageSi on). (b) Stage 2D, off, D3 on). (c) Stage 3 D2 on). (d) Stage 4D-, D3 off).
(e) Stage 551 off, Dy on). (f) Stage 6 D3, D4 on). (g) Stage 7 D>, D3 off). (h) Stage 8(D; on, D4 off).

mathematically determined. Experimental results of a 1-kWuring the turn-on process, injected charges in the low-doped
100-kHz boost converter are used to verify the analysimiddle region of diodeD; cause transient reverse-recovery
Formation of the general snubber cell is also discussed. $ixrrent flowing reversely through diode;. The surge current
basic nonisolated PWM dc/dc converters equipped with tlethe major part of the switching losses. Increasing the rate
of the reverse-recovery current is restricted by the snubber
inductor L, to suppress the switching loss. The MOSFET
commutates near ZCS turn-on, since part of the turn-on loss
resulting from the discharge of the parasitic drain—source
capacitance cannot be removed by a passive snubber.
Shown in Fig. 1 is a boost converter with the proposed pas-During the turnoff process, the drain—source voltage in-
sive lossless snubber cell, which is encircled by dotted linageases immediately to the output voltage. Hagtlt increases

proposed snubber cells are illustrated in this paper.

Il. A BOOSTCONVERTER WITH THE PROPOSEDSNUBBER CELL

A. Principle of Operation

Authorized licensed use limited to: National Taiwan University. Downloaded on February 25, 2009 at 03:02 from IEEE Xplore. Restrictions apply.
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TABLE |
PARTS LIST OF THE IMPLEMENTED PROTOTYPE POWER CIRCUIT

v, [ - =
Vi, _l 3 ‘/_ﬁ Part Type Part alue

/‘l______‘ S IRFP460 Ls 5uH
Is1 / | Di_|HFAISTB60]| Cs | 3.3nF
I o N o ™ D> [|HFA15TB60|| Co 100nF

)'_ _—\ HFA15TB60|l L 180uH
Ves ‘f D4 |HFA15TB60| C 940uF

B. Equivalent Circuit Analysis

T\ To analyze the steady-state operation of the circuit shown
in Fig. 1, the following assumptions are made during one

il
/)
N ET N N >

Iy, switching cycle.

Ins N 1) The output capacitof, is large enough to assume that
the output voltagéd/, is constant and ripple free.

l .

D4 ty 4t tts 4 ) Time 2) Input voltageV; is constant.

3) All semiconductor devices are ideal, except the free-
Fig. 3. Key waveforms of the boost converter with the passive lossless Wh?el,mg dIOdeD?' .
snubber cell. 4) Main inductorL,, is much greater than snubber inductor
L.
Based on these assumptions, circuit operation in one switch-
Ls D) (D1) ing cycle can be divided into eight stages, as shown in

. Fig. 2(a)—(h), respectively.
Ch- D2 Combining the turn-on and turnoff snubber cells described
+ | s above, the proposed passive lossless snubber cell for noniso-
D3 D4 Cs

lated PWM dc/dc converters is defined and shown in Fig. 5.
@ (b) Node A and K are connected to the anode and the cat/h.ode of
Fig. 4. General passive lossless turn-on and turnoff snubber cell. (a) Turn-tcbr? converter freewheeling dIO@, re_spectlvely. Nodet" is
snubber cell. (b) Turnoff snubber cell. connected to the component which is connected to the anode
of the freewheeling diode.
Stage 1[Fig. 2(a); to <t <ti]: Si turns on atty. During
the turn-on procesd); is not immediately turned off because

L DI .
a 5P K of the reverse-recovery phenomenon. Increasing the rate of the
J drain current is restricted by the snubber inductor to achieve
ZCS turn-on of the MOSFET. The current of the snubber

D2 | D3 S D4 inductor L; is given by

12.(0) = Inm(to) — 72( ~ o). )
Fig. 5. The general passive lossless snubber cell proposed for nonisolated S
PWM dc/dc converters. Stage 2[Fig. 2(b); t; <t <t.]: The reverse-recovery phe-
nomenon finishes at;. As soon asD; is turned off, diode
] ) _ D5 is naturally turned on, becaudé-, and V, are equal
the turnoff loss and, of more importance, it generates serios ;o1 Snubber inductoL,, snubber capacitoC’;, and

EMI _noise. Increasing the rate o_f the drain_—source voltage iSrer capacitoC, are charged by the output through the first
restricted by the snubber capacitoy to obtain ZVS turnoff < nant path, — C, — Ds — Cy — L, — S,. Increasing the

and to reduce EMI noise. Notice that the freewheeling diode igio of the voltage acros®,, which is equal toVe., + Ve
) 'S5 b 7

also commutated under ZVS during both turn-on and tumoff reqtricted to achieve ZVS turnoff of the freewheeling diode

Turn-on and turnoff switching losses are reduced by thg ~spypber inductor current, snubber capacitor voltage, and
snubber inductor and the snubber capacitor, respectively. Thase, capacitor voltage are

energy transferred to the buffer capacit@y can be viewed

as the summation of the energy absorbed in snubber inductor 1 (t) = _Yo sin (wi(t — t1)) — Lo cos (wi(t — 1))

L, and snubber capacit@r,. Energy recovery is achieved by Z

discharging the buffer capacitar, to the output. Ideally, no (2)
power is dissipated or accumulated in the passive components V(t) =1, Z1 sin (w1 (t — t1) — Vo cos (wi(t — 1))

of this snubber. + Vo (3)

Authorized licensed use limited to: National Taiwan University. Downloaded on February 25, 2009 at 03:02 from IEEE Xplore. Restrictions apply.
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Fig. 6. Six basic nonisolated PWM dc/dc converters with the proposed snubber cells. (a) Buck converter with snubber. (b) Boost converter wif)snubber
Buck-boost converter with snubber. (dukCconverter with snubber. (e) Sepic converter with snubber. (f) Zeta converter with snubber.

Veo(t) = C C—EC V), Ve(t) = C CEC V() (4) From (9), the energy stored ih, and C, can be given by
o b o b ELS(tQ) + ECb(tQ) = % Lsfﬁs(tg) + % CbVéb(tg)
where =1LsI2 + 3CsVE. (10)
Ve
I, = L—O(tl —to) — Ipm(to) (5) Stage 3[Fig. 2(c); to < t < t3]: After Vi, is charged to the
5 output voltage level at,, D- is turned on andV., keeps
7 Ls(Cs +Cy) (6) constant. The current i, starts to charge”, through the
1= CsC, second resonant path, — Dy, — D3 — C,. L, and C, are
Cot O performing one-way resonance because of diddesand Ds.
wi =4/ ﬁ (7) The current througli; and the voltage acro€s, are given by
S b Cs Vo .

Peak drain current of the switch, is obtained by the {rs(t) = T, Zy o (W2t = 12)) — Lsz cos (wa(t — t2))
summation of main inductor curredy,,, and peak snubber (11)
inductor currentl 5 ,. 1.5 ,, appears whegy, + Ve, is equal _ Cs
to V,, and it is given by Veo(t) =Is2Zasin(wa(t — t2)) + EVO cos (wa(t — t2))

o VVe+ i) @® (12)
For = A ' where

The first_ resonance stops &t when V_Cs (t2) equa!sV(,,_ Iso = ? sin (w1 (to — 1)) + L cos (wi(ta — t1))
because diodeD; is turned on. By using the reciprocity L
theorem, snubber inductor currenttatis given by (13)

R =2 (14)
(L Z1)2 + V2 — <VO—S) ’

Cy 1
Ips(te) = A . 9) wy =4/ LG, (15)

Authorized licensed use limited to: National Taiwan University. Downloaded on February 25, 2009 at 03:02 from IEEE Xplore. Restrictions apply.
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Fig. 7. Waveforms of snubber inductor currefit;, snubber capacitor
voltage V¢, and buffer capacitor voltag&c,,. Virs: 200 V/div; Vioy: 25
V/div; Iy,.: 2 A/div; Time 1 gs/div. (a) Waveforms off;,, and V. (b)
Waveforms ofly, and V.

The second resonance stopgatvhen Iy ,(¢3) becomes 0.
Since the energy i, is completely transferred t6, in this
stage, the energy stored @}, at t3 can be found following
(10) to be

3 CuVE,(t3) = Ecus) = Ers2y + Ecuge)

=5 LsI2. + 5 CsVE. (16)

Also, the peak buffer capacitor voltade ,, is given by

[LsI? +CsV3
Veop = Veults) = %bso

17

It also determines the voltage stress of the freewheeling

diode, which is equal td/, plus Vcy 5.

Stage 4[Fig. 2(d); t3 <t <t4]: At t5,1r, is decreased to

T T T chzzoom: 05X Vert  3.0X Horz

st

(@)

T Chzzoom: 0.5X vert
asr . : -

(b)

Fig. 8. Commutation waveforms of MOSFET with snubliés; : 200 V/div;
Isq: 2 A/div; Time 1 gs/div. (a) Turn-on transients. (b) Turnoff transients.

V, to 0. Assuming thaf;,,, is constant during this stag&c,
is given by

ILrn (t4)
Cs

Stage 6[Fig. 2(f); ¢; <t <ts]: Diodes D; and D, are
turned on by the main inductor currefit,,(t;) when Ve
is discharged to zero a&t. Voltage acrosd., is equal toVgy
and, thus [, increases to dischardgg, to the output. Circuit
operation is similar to the second resonancestage 2 Iy,
and Vg, are given by

VCS(t) =Vo —

(t —ta). (18)

La(t) = Y22 G it — 1))

Veu(t) = Veu(t2) cos (wa(t — t5)).

Stage 7[Fig. 2(9); ts <t <t7]: Irs is increased tdy,,(t¢)

(19)
(20)

zero, while D, and D are turned off simultaneously. Theat ts; D2, and D3 are turned off. Afterts, Iz, discharges”,

current throughl., keeps zero and the voltage acrdgskeeps
constant aftet;. From (16), the total energy transferred®

can be viewed as the summation of the energy which was

absorbed inL, and C;.

Stage 5[Fig. 2(e); t4 <t < t3]: After the switchS; turns
off at ¢4, main inductor curren{y,,,,(¢4) flows throughD- to
dischargeC; to the output.D; and D, are not turned on

to the output throughD,. Assuming that/;,, is constant in
this stage,V; is given by

i ILrn (tG)
Cy

ZVS turn-on of diodeD; is achieved by slowiv/dt of V.
Stage 8[Fig. 2(h); t7 <t <to]: Ve is discharged to zero

Veo(t) = Ve (to) (t —t6)- (21)

597

because they are reverse biased Wy;. The drain—source at ¢;. D, is turned off andD; is turned on. The energy
voltage of S; is equal toV, — V,. Slower dv/dt of the recovery process of the snubber is finished when all energy in
drain—source voltage is obtained whilg, is discharged from the buffer capacito€’, is transferred to the output. After that,
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(b)
Fig. 10. Commutation waveforms of MOSFET without snubbBéy; : 200

Fig. 9. Commutation waveforms of freewheeling diode with snubbigr.:  v/div; 7s,: 2 A/div; Time 1 ps/div. () Turn-on transients. (b) Turnoff
200 V/div; Ipy: 2 Aldiv; Time 1 gs/div. (a) Turn-on transients. (b) Turnoff {ransients.
transients.

main inductor currenfy,,, flows through diodeD; instead of
diode D, to preventC, from being charged reversely. Circuit
operation will be the same as Btage 1when the switchS;
turns on again aty in the next switching cycle.

Based on the analysis presented above, key waveforms of
the boost converter with the proposed snubber cell are shown

Practically,C, should be about 30 timé&s,, considering
reverse-recovery energy.
4) Snubber inductorl, should be selected as large as
possible to decrease reverse-recovery loss. However,
according to the following equation in [14], largér,
results in lowerl,.,.:

in Fig. 3. / dl r ,IF

C. Design Considerations

The snubber inductak ;, snubber capacitof’;, and buffer
capacitorC, are the three main elements to be designed. The
following rules should be noted when designihgC values.

1)

2)

3)

5) Resonant frequency in (15) should be much greater than
switching frequency to ensure correct operation of the
snubber cell.

In Stage 6diodesD; and D3 should be naturally turned OTr\z?dletzoffs ha(\j/e to b? r?ade whefnd_d?%gngg Cs’dal‘;'d
off before the voltage of’, is discharged to zero, or the dotage. and bcurtrhen strestseslto 10 d§7th 3 ant 4 ¢
residential current will turn orD,, D3, and D, in the arew (\a/errm|ln?N r?/ tine iou FIJU Vo agteb?nd (ta |nﬁurt01r11rrgg 'r
entire switching period. In other words, the following OWever, a lower rating IS also acceptabie due to short Shubbe
: : : operating time. Current stress of the MOSFET is increased by
inequality has to be obeyed: o ) L -
Iy, »; it is much lower than in the hard-switching conditions.
T Lsli <3 LsIZ +1CsVE. (22) \oltage stress ofD; is increased byVcy ,; since Ve, is

) ) designed to be lower than 100 V, the increased stress has little

It requires higherl,... or largerC. effect on cost. Voltage stress of MOSFET and current stress

Current stress of the MOSFET and voltage stress gf i are the same as without the snubber cell embedded.
the freewheeling diode are given in (8) and (17), re-

spectively. Larger’; results in higher MOSFET current
stress and higher diode voltage stress.

According to (17),C, has to be at least 16 timé&s, to The proposed snubber cell can be seen as the combina-
limit V¢ to 100 V when the output voltage is 400 V.tion of a turn-on snubber cell and a turnoff snubber cell.

I1l. THE GENERAL SNUBBER CELL FOR DC/DC CONVERTERS

Authorized licensed use limited to: National Taiwan University. Downloaded on February 25, 2009 at 03:02 from IEEE Xplore. Restrictions apply.
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The proposed general snubber cell consists of one inductor
L,, two capacitorsC, and C,, and three dioded,, D3,
and D4. The snubber inductol., is placed in series with
the freewheeling diode);. It is designed to restrictii/d¢
of the reverse-recovery current to achieve ZCS turn-on. The
snubber capacito€’; is placed in parallel withD; and D,
. and isolated by diodé-. It is designed to restricfv/dt of
o] the drain—source voltage to achieve ZVS turnoff. ZVS turn-
s on and turnoff of the freewheeling diode are also obtained.
Switching losses and EMI noise during turn-on and turnoff
are eliminated by the snubber cell. All energy absorbed in
the snubber inductor and snubber capacitor are transferred

Ch2zoom: 1.0X Vert 5.0X Horz

@) to the buffer capacitoC,. Energy recovery is achieved by
dischargingC), to the output. Since the snubber cell deals
Chzzoom: 1oxvem soxworz | | with only small switching transient energy instead of the

main power stage energy, the resulting circulating energy
U S| EE is insignificant compared with resonant converters. Snubber
operation principles discussed for a boost converter can be
extended to other topologies. Six basic nonisolated PWM
dc/dc converters: buck, boost, buck-boostjkC Sepic, and
Zeta with the proposed snubber cells embedded are shown in
Fig. 6. Although circuit size and cost are increased by adding
these additional components, it is still tolerable, considering
the numerous advantages provided by the snubber cell.

(b) IV. EXPERIMENTAL RESULTS

Fig. 11. Commutation waveforms of freewheeling diode without snubber. A prototype of a 1-kW 100-kHz boost converter with the
Vp1: 200 V/div; Ipy: 2 Afdiv; Time 1 ps/div. (a) Turn-on transients. (b) nassive lossless snubber has been built to verify the principle
Turnoff transients. . . . .
of operation and the theoretical analysis. Output voltage is
regulated at 380 V dc with the control circuit implemented by
an L4981A. The components specifications are listed in Table
95 B I. A hard-switching boost converter with same specifications

90 /A/._.\\‘ | e Without Srubber is also built for comparison.

e i The snubber inductor current, snubber capacitor voltage, and

100

Efficiency

85 | | —=— With Snubber A A N
buffer capacitor voltage waveforms are shown in Fig. 7. The
80 : : commutation waveforms of the MOSFET and the freewheeling
gg88g8eg8¢g 8 8 diode with the proposed snubber cell embedded are shown in
Output Power - Figs. 8 and 9, respectively. Waveforms of the MOSFET and

the freewheeling diode without snubber are shown in Figs. 10
and 11, respectively. The efficiencies of these two circuits
are shown in Fig. 12 under different loadings. The maximum
The turn-on snubber, shown in Fig. 4(a), limit8/dt of efficiency has been measured to be 96% at 700 W.

the reverse-recovery current by a snubber inductor in seriesyaveforms in Fig. 7(a) and (b) are exactly the same as
with the freewheeling diode. Two diodes and one capacitpfedicted in Fig. 3. Snubber operation analysis is proved to be
are added to recover the absorbed energy to the outprdlid. Comparing Figs. 8(a) and 10(a), it can be seendhait
Most of the turnoff snubbers proposed in the literature uggthe drain current is restricted and commutation of the MOS-
a snubber capacitor parallel to the switch to lindit/dt of FET is close to ZCS turn-on. The reason for no ZCS is the dis-
the drain—source voltage. However, in a switching circuit, thsharge of the parasitic drain—source capacitance of the MOS-
voltage across the freewheeling diode always varies with tR&T during the turn-on process. This switching loss mecha-
drain—source voltage of the switch. In other words/dt of nism can only be removed by resonant converter techniques or
the drain—source voltage can also be limited in the turnafttive snubbers. Comparing Figs. 8(b) and 10(b), it can also be
snubber, shown in Fig. 4(b), by paralleling a snubber capacitgen thatlv/dt of the drain—source voltage is restricted and the
to the freewheeling diode. An additional diode is added tTdOSFET commutates at ZVS turnoff. Fig. 9(a) and (b) shows
isolate the switch from the snubber capacitor. The isolatiehat the freewheeling diode is also commutated at ZVS turn-
can prevent the snubber capacitor from being charged throughand turnoff. Switching transients of the freewheeling diode
the switch at low load and at no load. It also prevents turn-ame significantly improved compared with the hard-switching
switching loss resulting from charge of the snubber capacit@ounterpart shown in Fig. 11(a) and (b).

Fig. 12. Efficiency of boost converters with and without snubber.
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Fig. 13. Total EMI noise of the boost converter with snubber (10 KHz-30
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Fig. 14. Total EMI noise of the hard-switching boost converter (10 KHz—30 MHz).

Shown in Figs. 13 and 14 are the total EMI noise measureektricted by the snubber. The MOSFET operates at ZVS
from 10 KHz to 30 MHz of boost converters with andurnoff and close to ZCS turn-on; the freewheeling diode
without the snubber cell, respectively. Limitations of the noisgperates at ZVS turn-on and turnoff.

standard, VDE-0871/B, are also shown in both figures. At 100
KHz, the adopted switching frequency, EMI noise of both
circuits reaches maximum. It can be seen that the noise at the
switching frequency of the boost converter with snubber i$!]
approximately 6 dB lower than that of the hard-switching one.
Noise at multiples and divisors of the switching frequency aré?]
also visibly eliminated. The reduction of the EMI noise should
be owed to slowed:/dt of the drain current and slowew/dt

of the drain—source voltage.

(3]
(4]

[5]
V. CONCLUSION

A general passive lossless snubber cell for nonisolatefg]
PWM dc/dc converters has been proposed in this paper. The
general snubber cell is the combination of a turn-on snubbéf!
and a turnoff snubber. Energy recovery is achieved by passive
components only. Component values of the snubber inductd]
snubber capacitor, and buffer capacitor can be determined by
the design rules presented in this paper. Current stress of thg
MOSFET and voltage stress of the freewheeling diode are
also presented clearly. A 1-kW 100-kHz prototype of a bOOﬁtO
converter equipped with the snubber has been impIementeJ
in the laboratory to verify the analyses above. Experimental
. 4 11]

waveforms show that the increasing rates of the reverse-
recovery current and the drain—source voltage are successfully
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