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This paper proposes interleaved buck converters with a
single-capacitor snubber to smooth out switch turn-off transition.
The single-capacitor snubber is used to limit rising rate of
drain-source voltage of the metal-oxide-semiconductor field-effect
transistor (MOSFET) switch in the converters to reduce turn-off
loss. In addition, the converters are operated at the boundary of
continuous and discontinuous conduction modes (CCM), (DCM)
to reduce turn-on loss, and in an interleaving fashion to reduce
output current ripple. As compared with the counterparts of
conventional converter topologies, the proposed converters have

the merits of less component count, higher efficiency over a

certain load range, smaller size, and they are easier to implement.

Hardware measurements obtained from experimental prototypes

have verified these merits.
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I.  INTRODUCTION

Buck converters are widely used as step-down
dc/dc converters. To reduce size and weight of the
converters, there is a trend to operate them at high
switching frequencies. However, as the switching
frequencies increase, switching loss, noise, and stress
associated with turn-on and turn-off transitions also
increase. These drawbacks reduce power conversion
efficiency and powering capability, which in turn
seriously deteriorate in system performance.

To alleviate the problems described above,
several kinds of soft-switching converters, such
as quasi-resonant converters (QRCs) [1-3], and
multiresonant converters (MRCs) [4-6], have been
used as step-down converters. In these converters,
the switching devices are operated with either
zero-voltage switching (ZVS) or zero-current
switching (ZCS), reducing switching loss significantly.
However, high voltage and current stress, large
conduction loss, high load limitation, and high cost
have restricted them from wide applications.

Most recent development in high frequency
converters is those with a hybrid of resonant
soft-switching feature and pulsewidth modulation
(PWM) control, namely soft-switching PWM
converters. They can relieve the drawbacks described
previously. The converters are usually classified into
two groups: passive soft-switching converters and
active soft-switching converters. The passive ones
use only passive components to achieve zero-current
transition (ZCT) at turn on and zero-voltage transition
(ZVT) at turn off [7-11]. The active ones incorporate
passive components and auxiliary active switches to
achieve soft-switching commutation [12—13], which
would increase cost significantly at low or middle
levels of power applications. Thus, a converter with
passive soft-switching feature is more attractive to low
power applications.

In a single passive soft-switching converter [11], as
shown in Fig. 1, the buck converter is equipped with a
lossless turn-off snubber to reduce turn-off loss and is
operated at the boundary of discontinuous conduction
mode (DCM) and continuous conduction mode
(CCM) to reduce turn-on loss. Due to this operation,
inductor current will swing over a wide range. To
reduce ripple current and increase power level, two
converters operated with an interleaving fashion, as
shown in Fig. 2, are usually adopted [14—16], which
also can achieve fast dynamic response and small
ripple voltage. Although the two buck converters
can achieve a soft-switching feature, their component
count and cost are increased significantly. We propose
soft-switching interleaved buck converters with a
single-capacitor snubber, as shown in Fig. 3(b),
to release the above discussed drawbacks. The
converters require only a resonant capacitor C; which
is associated with inductors L; and L, to function as a

954 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 40, NO. 3 JULY 2004

Authorized licensed use limited to: Chin-Yi University of Technology. Downloaded on April 26, 2009 at 23:06 from IEEE Xplore. Restrictions apply.



lossless turn off snubl L;

Vo~

Fig. 1.

Schematic diagram of buck converter with lossless
turn-off snubber.

turn off snubber 1 L,

turn off snubber 2

Fig. 2. Schematic diagram of interleaved buck converters with
two turn-off snubbers.

lossless turn-off snubber, reducing switching loss and
component count significantly. It should be pointed
out that inductors L, and L, are loosely coupled to
have correct operation in each buck converter.

II.  DERIVATION OF PROPOSED CONVERTERS

To reduce switching loss, a lossless turn-off
snubber is inserted in a conventional PWM power
converter, as shown in Fig. 1. When switch M, is
turned on, capacitors C,; and C,, are charged through
inductor L, and diode D; in a resonant manner. At
the end of the resonant interval, capacitors C,; and
C,, are charged up to V;, and are clamped at V; until
switch M, is turned off. When switch M, is turned
off, the charges stored in capacitors C,; and C,, are
discharged to the output through diodes D, and D,,

turn-off  turn-off

snubber 1  snubber 2

Fig. 3.
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Fig. 4. Key waveforms of interleaved buck converters with two
turn-off snubbers shown in Fig. 2.

respectively. Thus, switch M, is turned off with ZVT.
As mentioned previously, although this converter
can achieve high efficiency, its output current ripple
is relatively large for high current and low output
voltage applications. Therefore, to reduce output
current ripple, an interleaving scheme is usually
adopted. In the following, the proposed interleaved
buck converter with a single-capacitor snubber is
derived.

First, let us examine the conventional interleaved
buck converters with two turn-off snubbers, as shown
in Fig. 2. Their key waveforms are shown in Fig. 4
for operation reference. Essentially, these converters
are composed of two single buck converters, as
shown in Fig. 1, and their operations can be described
straightforwardly. With the understanding of the
converter operation, the converters shown in Fig. 2

(b)

Schematic diagram of proposed converters with single-capacitor snubber. (a) Intermediate stage. (b) Final stage.
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Fig. 6. Driving waveforms of interleaved N-buck converters with capacitor snubbers for (a) D < 1/N, and (b) D > 1/N.

can be degenerated as shown in Fig. 3(a). In the
degeneration, inductors L,; and L., shown in Fig. 2
are replaced with inductors L, and L, shown in

Fig. 3(a), diodes D5 and D, shown in Fig. 3(a) are
used to replace D, and D, shown in Fig. 2, and
capacitor C; in Fig. 3 is to replace C,; ~ C,, in Fig. 2.
In addition, diodes D, and D, shown in Fig. 3 will
serve for discharging capacitor C;, and they function
the same as the diodes D5, Dy, Dy, and Dg shown in
Fig. 2. According to the operation of the converters
shown in Fig. 3(a), since diodes D5 and D, are always
in forward bias or zero bias, they can be removed
(i.e., shorted). Thus, the converters can be degenerated
into the ones shown in Fig. 3(b).

In high power-level applications, power converters
need multiphase to supply power to loads. The
multiphase buck converters, as shown in Fig. 5, can
be formed from N /2 sets of the proposed interleaved
buck converters, where N is limited to be an even
number for simple discussion. Operation of the
N-buck converters is subjected to the constrain that
the switches of the Mth and (M + 1)th buck converters
cannot turn on simultaneously and the duty ratio D of
each converter cannot be greater than 0.5. In operation

of the N buck converters, their duty ratios can have
two choices, D < 1/N and D > 1/N. When D < 1/N,
sequential driving waveforms, as shown in Fig. 6(a),
can be adopted to drive the N-buck converters, which
can prevent the switches in the adjacent converters
from turning on simultaneously. When D > 1/N, the
sequence of driving waveforms cannot be continuous,
as shown in Fig. 6(b).

IlI. OPERATION OF PROPOSED CONVERTER

The proposed converters, as shown in Fig. 3(b),
consist of two buck converters and a single-capacitor
snubber. These two converters are operated in an
interleaving fashion to reduce output voltage ripple,
at the boundary of CCM and DCM to reduce turn-on
loss, and with a single-capacitor snubber to smooth
out switch turn-off transition. The snubber consists
of capacitor C, and either inductor L, or L,. When
either switch M, or M, is turned on, capacitor C; is
charged up to V, through coupled inductor L, or L,.
While, at the switch turn-off transition, capacitor C;
will help to supply part of load power, achieving a
ZVT feature. The coupled inductors serve not only as
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Fig. 7. Operational modes of proposed converters over one switching cycle. (a) Mode 1 (¢, —1,). (b) Mode 2 (¢; —1,).

(c) Mode 3 (t, —t3). (d) Mode 4 (t; —1,). (e) Mode 5 (1,

—15). () Mode 6 (5 —1). (2) Mode 7 (45— 1;). (h) Mode 8 (17 — 1g).

(i) Mode 9 (1 — f9). () Mode 10 (1 — 1,).

the bulk inductors of the power stages but also as the
snubber inductors.

Operation of the overall converters is divided
into ten modes, as illustrated in Fig. 7, and their key
waveforms are illustrated in Fig. 8. In the following,
each operational mode is described briefly.

Mode 1 [Fig. 7(a), t, <t <t;]: Before ¢,, diode
D, is in freewheeling, and inductor current /;, is equal
to diode current Ij,,. At t =t,, switch M, is turned
on. The equivalent circuit at this interval is shown in
Fig. 7(a), from which it can be found that inductor

current /;, is equal to the sum of diode current 7,
and capacitor current /. Since the interval of 7, ~ 1,
is very short, inductor current /;; is approximately
equal to 0 A and capacitor voltage V. is close to
0 V. Thus, switch current /¢, is approximately equal
to capacitor current /. During this interval,
the current /-, is abruptly increased up to inductor
current I;, and I, is abruptly decreased down to
0A.

Mode 2 [Fig. 7(b), t; <t <t,]: Attime 1,
capacitor current /-, is equal to inductor current /;,,
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Fig. 8. Key waveforms of proposed converters operating over

switching period.

and diode D, is reversely biased. At this time interval,
snubber capacitor C; resonates with inductor L,, and
the switch current Ij,g, is just equal to the sum of
resonant inductor current /;, (= I-;) and inductor
current /;,. This time interval can be determined as
follows:

oy =1~ 1y = [eos ™ (= /(V;— y)IVL, G,
= [cos™ ' (—Vp/(V, = VpDIVILCy )

where 7,, denotes a time interval between #; and ,,
V; is input voltage and V) is output voltage. If V, is far
greater than V, (1) can be rewritten as follows:

™ ™
tg1:t2_tl:§‘/l‘lcl25\/L2C1' (2)

At the same time, capacitor current I, reaches
its maximum value which can be expressed as
follows:

V-V

lZO o (3)

Iey) =

where Z,, is the characteristic impedance of L, — C,
or L, — C, network, which is equal to \/L,/C, or

Mode 3 [Fig. 7(c), t, <t <t;]: Whent=t,,
capacitor voltage V-, is equal to V, and diode D, starts
freewheeling through inductor L, while switch M, is
still in the on state. The switch current I, is
now equal to inductor current /;; which increases
linearly, while inductor current I}, is decreased
linearly.

Mode 4 [Fig. 7(d), t; <t <t,]: At time t;, switch
M, is turned off. Because inductor current /;; must
be continuous, capacitor C; starts to discharge for
holding a continuous inductor current. Thus, switch
M, can be turned off with ZVT.

Mode 5 [Fig. 7(e), t, <t <ts]: When time
reaches t,, the voltage V., across capacitor C,
is discharged toward zero and diode D, starts
freewheeling. During this time interval, diodes D, and
D, are in freewheeling through inductors L, and L,,
respectively.

Mode 6 [Fig. 7(f), ts <t <t;]: At time s,
diode D, is still in freewheeling, but diode D, stops
freewheeling because inductor current /;, drops to
zero. At the same moment, switch M, is turned on.
Inductor current /;; is equal to the sum of diode
current Ij,; and capacitor current —/,. Additionally,
because the switch current I, will flow through the
low-impedance path of capacitor C,, diode current
I, will be dominated by the switch current /g,.
That is, within this duration, capacitor current —/,
is approximately equal to the switch current Ij,.
During this interval, capacitor current —/,; is abruptly
increased up to inductor current /,; and I, is abruptly
decreased down to 0 A.

Mode 7 [Fig. 7(g), t, <t <t;]: At time f;, diode
D, is reversely biased and resonant network formed
by capacitor C; and inductor L, starts resonating. The
switch current /g, is equal to the sum of inductor
current /;; (= —I;) and inductor current /,,, and
capacitor C, is reversely charged.

Mode 8 [Fig. 7(h), t; <t <t]: Att=t,, the
capacitor voltage V., goes down to —V,. The time
interval lasts approximately a quarter of the resonant
cycle as determined in (2). At the same moment,
capacitor current —/, reaches its maximum value,
which can be expressed by (3). During this mode,
diode D, starts freewheeling and inductor current /;,
is increased linearly.

Mode 9 [Fig. 7(1), tg <t <ty]: At time fg, switch
M, is turned off. Since the inductor current /;, must
be in smooth transition, capacitor voltage will drop to
maintain a continuous inductor current. When t = 1,,
capacitor voltage V., drops to zero.

Mode 10 [Fig. 7(j), tg <t <t,5]: During this
time interval, diodes D and D, are in freewheeling
through inductors L, and L,, and their currents I,
and I},, are decreased linearly. When switch M,
is turned on again at the end of mode 10, a new
switching cycle will start.
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Fig. 9. Conceptual current and voltage waveforms of active

switch. (a) Over one switching cycle. (b) During turn-on
transition. (c) During turn-off transition.

IV.  ANALYSIS OF SWITCHING AND CONDUCTION
LOSS

Switching power converters using lossless
turn-off snubbers to achieve soft-switching features
usually need inductors or capacitors. The devices
can help to reduce switching loss, while they induce
extra conduction loss. To objectively evaluate the
effectiveness of a lossless turn-off snubber, switching
and conduction losses in a buck converter with the
snubber are analyzed.

A. Switching Loss

In a buck converter, switching loss includes switch
turn-on loss and switch turn-off loss, as illustrated in
Fig. 9. At turn-on transition, two time intervals ¢,; and
1;, are mainly involved, as shown in Fig. 9(b), and the
switching loss can be approximated as

t,
W — ‘\On‘/iIDB, (4)

son 2
where 7., =1, +1,,, V; is the voltage across the switch
and I}, is its current. During turn-off transition,

another two time intervals, . and Iy, are involved,

> fry
as shown in Fig. 9(c). The turn-off loss therefore can

be approximated as

t
Wootr = %ff‘/iIDP &)

where t, ¢ = 1., + . From (3) and (4), the total
switching losses over a switching cycle can be
determined as follows:

‘/Vstotal = vvson + VVsoff = %Vi(txonIDB + txoffIDP)‘ (6)

B. Conduction Loss

When the buck converter is operated at CCM, the
switch current waveforms appear like the ones shown
in Fig. 10. According to the figure, conduction loss
over a switching period can be determined as

Wee = %[oans(Ilz)B +Ipglyp +15p), (7

l&— DT —>}«—(1-D)T =)
r

Fig. 10. Conceptual current waveforms of active switch in buck
converter operated in CCM.

where ¢, = DT is the conduction time, I is the
initial current, I, is the peak current, and R, is
an equivalent conduction resistance of the switch.
Therefore, if the buck converter is operated at the
boundary of CCM and DCM, I,;; is equal to
zero and the conduction loss can be expressed as
follows:

2
Wep = 3tonRaodbp- (8)

C. Extra Conduction Loss due to Turn-off Snubber

To reduce switching loss, a buck converter is
equipped with a turn-off snubber, as shown in Fig. 1.
When switch M, is turned on, capacitors C,; and
C,, are charged up to V;, which will induce extra
conduction loss to the active switch, as illustrated in
Fig. 11(a). From Fig. 11(a), the instantaneous power
loss can be determined as

— RdsCVi2

91 L (1 —cos2w,t) ®

where w,; is the resonant frequency which is equal
tol1/\/L.C,orl1/\/L.C,and C=C,/2=C,,/2.
Thus, integration of P, can yield the energy loss
Wgg, which can be determined as

™

t/)l
Wes1 = / B dt = ———
Est = | fEst 2JL/C

where 1, = 7/L,C,; = m\/L,C,,.

If the buck converter is with a single-capacitor
snubber, as shown in Fig. 3(b), to achieve a
soft-switching feature, the conduction time interval of
the resonant circuit which consists of capacitor C; and
inductor L, or L, lasts only a quarter of the resonant
cycle. The extra conduction loss can be approximately
expressed as

R,CV?  (10)

P2
L) e

o1
ES2 Jo ES2 4\/m ds

where L, is the output inductor which is equal to L,,
and FPyg, can be determined form Fig. 9(b) as

(11

b RiC1=DPV?
ES2 — 2Ll

(1 —cos2w,,t1), (12)

where w,, is the resonant frequency which is equal to
1/\/L,C, or1/\/L,C;.

CHEN ET AL.: INTERLEAVED BUCK CONVERTERS WITH A SINGLE-CAPACITOR TURN-OFF SNUBBER 959

Authorized licensed use limited to: Chin-Yi University of Technology. Downloaded on April 26, 2009 at 23:06 from IEEE Xplore. Restrictions apply.



E‘

I,

@i@

t,
t: DT —T— (1-D)T :;I
(a)
Fig. 11.

B

~

B

o1

E: Drﬁra-b) r:j

(b)

Ideal current and voltage waveforms for illustrating extra conduction loss. (a) Buck converters with two turn-off snubbers.

(b) Proposed ones with single-capacitor snubber.

V. DESIGN CONSIDERATIONS

To realize the proposed soft-switching converters
systematically, design considerations of the coupled
inductors L; and L, sharing an EI core, and the
snubber capacitor C; are presented as follows.
Additionally, limitation on duty ratio of the converters
is also addressed in this section.

A. Design of Coupled Inductors

To reduce the size of the proposed converters, the
two coupled inductors are designed with an EI core,
as shown in Fig. 12. Their coupling relationship can
be described as follows:

_ ., dig dip,
v, =L, 7 +M 7 (13)
and
_ s dip dip,
v, = ¥ +L, o (14)

where v, and v, are the voltages applied on the two
corresponding windings. In the above equations,
mutual inductance M can be positive or negative,
depending on coupling directions. Its equivalent
circuits for each coupling direction are shown in

Fig. 13, in which the ones shown in Fig. 13(a) will
result in a positive M, while those shown in Fig. 13(b)
will yield a negative M. Because inductors with
inversely coupling method will yield better steady

7 M- Ir2
+1. b ¢ T°+
B | b
v, il 1D ql | v
ml 1
T e
—e ﬂ/’gs \‘/gz gl\‘/( —o

| I PN \\

Fig. 12. Core structure of two coupled inductors used in
proposed converters.

Vz vz
L:-M L2-M
(a) (b)
Fig. 13. Illustration of coupling directions of two coupled

inductors.

can be rewritten as follows:
dip,
dt

where k = M /L. If the relationship between v, and v,
can be found, (14) can be rewritten as

(v, —kvy) = (1 —k*)L (15)

state and dynamic performance [14], it is adopted in v, = <Leqdl—“> /(1 —kg,) (16)
the system to raise efficiency. dt

According to the operating principle of the buck where L, is an equivalent inductor which is equal
con\{erter, the voltage across the coupled. inductor can ¢, (1—k*L and g, = v,/v,. When the relationship
be either (V; — V) or —V,. During the switch turn-on between v, and v, changes with time over a
interval, the voltage is (V; — V,), while at the turn-off switching cycle, the parameter g, in (15) will vary
interval the voltage is —V,. To simplify design process, correspondingly.
the coupled inductors are designed with a symmetric In the proposed interleaved buck converters,
structure, i.e. L, = L, = L. As aresult, (12) and (13) the duty ratio is limited to be less than 0.5, and its
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corresponding key waveforms are shown in Fig. 14.
Ideal operation of the converters can be divided into
four time intervals over a switching cycle. Thus,
according to volt-second balance theorem, there are
four possible relationships between v, and v, which
can be used to determine g, and they are expressed as
follows:

1) when v, =v, and v,=v,, v,=—(D/D'),
and g, = —(D/D) (17)
2) when v, =v, and v,=v,, v,=vV,
and g,=1 (18)
3) when v, =v, and v,=v, v,=v
and g;=1 (19)
4) when v, =v, and v,=v, v,=—(D'/D)v,
and g, =—(D'/D) (20)
where v, =v; —v,, vy = —v, and D' = 1 — D. From

the above relationships, four corresponding equivalent
inductances can be determined as

1) Loy =Le /(1 —kg,) =1 —k>)L/(1 + Dk/D")

2n
2) Legp = Log/(1—kgy) = (1 +k)L (22)
3) Legy = Log/(1—kgy3) = (1 +k)L (23)

4) Loy = Log/(1 —kg,y) = (1 —k*)L/(1 + D'k/D).
(24)

With these equivalent inductances, the proposed
converters can be designed to operate at the boundary
of CCM and DCM, and achieve higher efficiency. In

terms of the four equivalent inductances, equivalent
inductance Ly, of a noncoupled inductor can be
determined as

L IL 3
L — eql™eq
7ed = (1= D)(1— 2D)Lyy; +2D(1 — D)L

eq3
(25)
B. Design of Snubber Capacitor

In the proposed converters, capacitor C; resonates
with inductors L, or L, to smooth out switch turn-off
transition. The energy stored in C; can be determined
as

W, =3C\V72 (26)

To completely eliminate the switch turn-off loss, the
energy stored in capacitor C; must be at least equal
to the turn-off loss W, , as shown in (4), on which
capacitance of C, can be determined as

Ipp
Ci 2 7tsoff'

1

27

The peak current /-, of capacitor C; should be limited
to being less than the peak values of I, and Ij,, SO
it will not increase the current ratings of switches M,
and M,. To eliminate turn-off loss W, g completely

at different operation conditions, the time f, is
approximately equal to 500 ns in practical design
considerations.

C. Limitation on Duty Ratio

The proposed converters introduce a
single-capacitor snubber to smooth out switch turn-off
transition, which will induce turn-on loss to the
proposed converters. A proper selection of capacitor
C, can yield higher efficiency. Once the component
value of capacitor C; has been determined, duty
ratios of the proposed converters are also limited to a
certain range, so as the sum of extra conduction loss
W, and turn-on loss W is always less than the
turn-off loss W, . A limitation on the duty ratio can
be expressed as

2
(1 _ Lson > _ (1 _ Lson > _ 27TRdSC1L1
2tsoff 2ts0ff Ygtsoff V LI/CI <D
5 =
2
(1_ Lson > + (1_ Lson > _ 27TRdSC1L1
- 2L off 2 of Ltsorr v/ L1 /Cy
- 2
(28)

where 7§ is the switching period.

VI.  MEASUREMENT AND DISCUSSION

To verify the analysis and discussion, a
Peltier-device application (for air conditioning) with
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Fig. 15. Measured voltage and current waveforms of switches in proposed converters. (a) Switch M. (b) Switch M,.

the following specifications is implemented

input voltage: 156 Vdc

output voltage: 24 Vdc

output current: 10 A

switching frequency: 50 kHz

maximum output power: P, =240 W.
From (27), value of snubber capacitor C; can
be calculated as 32 nF. In our design example, a
capacitor with 33 nF is adopted. In inductor design,
the coupling coefficient K of the loosely coupled
inductors L, and L, is chosen as 0.33. According to
the operational principle of a buck converter and from
(21)—(25), inductor Lreq is determined to be 40 uH
and L, = L, = 30 p¢H. In summary, the components
of the buck converter power stage are determined as
follows:

M,, M,: IRFP 250

D,, D,: MUR1560

Cy: 470 pF

L, L,: 30 uH

C,:33nF

inductor core: EE-35.

The measured voltage and current waveforms

of the switches with the proposed single-capacitor
snubber and with two turn-off snubbers are shown
in Fig. 15 and Fig. 16, respectively. From Figs. 15
and 16, although we can observe that each power
switch is turned off with ZVT, there still exists
significant difference. In Fig. 15, the drain-source
voltage transition at turn off is smooth because before
switch M, or M, is turned off, capacitor voltage V.-,
is always clamped to V,. That is, at switch M, or M,
turn-off transition, the drain-source voltage will start
to rise from 0 V. However, in Fig. 16, due to nonideal
characteristics of snubber components, such as
parasitic resistor, inductor and capacitor, voltages V., ,
Veras Veys, and V,, of the snubber capacitors cannot
be charged up to V.. Thus, the capacitors cannot
supply energy until diode D, or D, is in forward bias,
causing an abrupt change at turn-off transition and
resulting in more switching loss. It should be noted
that current ringing has been observed in Fig. 15.
This ringing is primarily due to the parasitic capacitor

Vs

/
[ 4
.‘(_—-JF'-'-‘.

||'—

(50V/div, 5A/div, 0.5us/div)

Fig. 16. Measured voltage and current waveforms of switches in
interleaved buck converters with two turn-off snubbers.

of diode D, or D, and coupled inductor L, or L, in
resonating after capacitor V., reaches V.

For comparison, the measured waveforms of
inductor current /; and output current /, of a single
buck converter with a lossless snubber, as shown in
Fig. 1, are shown in Fig. 17(a), while the ones of
the proposed interleaved converters are shown in
Fig. 17(b). It reveals that the proposed converter can
reduce the ripple of the output current /,.

To make a fair comparison, the hardware
components of the proposed converters,
hard-switching buck converters, and those with two
turn-off snubbers are kept as the same as possible.
Fig. 18 shows the plots of output voltage and current
waveforms of the three kinds of converters under
step-load changes between 20% and 100% with
a repeat rate of 1 kHz and a duty ratio of 50%.
From Fig. 18, it can be observed that although
the proposed converters are using less number
of component counts, they yield almost the same
dynamic performance as those with complicated
configurations.

Comparisons among the efficiencies of the
proposed converters and their counterparts are
illustrated in Fig. 19. It can be observed that the
proposed converters cannot always yield higher
efficiencies than the others under various operating
conditions. It has a trend that at lower output-voltage
levels, the proposed converters and the ones with two
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Fig. 17. Measured waveforms of inductor current /; and output current [, of (a) single buck converter, and (b) proposed interleaved
buck converters.
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Fig. 18. Output voltage V and output current /, under step-load changes between 20% and 100% of full load of discussed interleaved
buck converters with (a) hard switching, (b) two turn-off snubbers, and (c) proposed single-capacitor snubber.

turn-off snubbers can yield higher efficiency, while
at higher ones, all of these three types of converters
yield almost the same efficiency. The reasons behind
are that given a fixed power level, a lower output
voltage level will result in higher switch currents and
the turn-off loss W, g will be much higher than the
sum of the extra conduction loss Wy, and switching
loss W, . According to (28) and the component
values listed in Table I, the range of duty ratio D

can be determined to yield higher efficiency than

that of a hard-switching one and its range varies
theoretically from 0.011 to 0.239. On the other hand,
when output voltage V is greater than 37 V (i.e., D >
0.239), efficiency of the hard-switching converters is
greater than that of the proposed converters with a

CHEN ET AL.: INTERLEAVED BUCK CONVERTERS WITH A SINGLE-CAPACITOR TURN-OFF SNUBBER

single-capacitor snubber. Comparisons of performance
and power loss among the discussed converters are
collected in Table II and Table III, respectively.

In the proposed converters, although they are
operated at the boundary of CCM and DCM, there
still exists switching loss at switches M, and M,
turn-on transition, as illustrated in Fig. 15. This loss
is due to the snubber capacitor C,. In the proposed
operational principle, when both switches M, and M,
are in the off states and if inductor current /,; has
dropped to zero, inductor current /;, will not run dry
yet. Next, when switch M, is turned on while switch
M, is kept in the off state, diode D, will be reversely
biased and diode D, will be in forward conduction.
Since a high inrush switch current 15,4, will flow
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Fig. 19. Comparison among efficiencies of discussed interleaved buck converters with single-capacitor snubber, hard switching, and two
turn-off snubbers at output voltages of (a) 12 V, (b) 18 V, (c) 24 V, (d) 36 V, (e) 48 V.

through the low impedance-path capacitor C,, it will
dominate the diode current /,, inducing switching
loss Ws,, at switch turn-on transition. However, if this
switching loss is lower than the conduction loss due to
diode D, during its freewheeling interval, the overall
system efficiency still can be further improved, since
the current originally flows through diode D, will be
redirected to Ij,.

VII.  CONCLUSIONS

In this paper, interleaved buck converters with
a single-capacitor snubber to smooth out switch

turn-off transition have been proposed. Their
operational principle, steady-state analysis, and
design consideration have been described in detail
and comparison among various performance aspects
have been presented. The proposed soft-switching
converters are using less number of component
counts. Additionally, it has been found that the
proposed converters have almost the same dynamic
performance as their counterparts. In particular, from
the efficiency comparison, it has been shown that the
proposed converters can yield higher efficiency than
their hard-switching counterparts at low output-voltage
applications. An experimental prototype for a
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TABLE I

Parameters for Calculating Switching and Conduction Losses

TABLE II

Performance Comparison Among Interleaved Buck Converters with
Hard-Switching, Two Turn-Off Snubbers and Single-Capacitor

Parameter Value Snubber
Lot 80 ns Performance
Lon 120 ns —
R 0.07 Q Component Count Efficiency
ds ’ T f (V. =24V and
L, 40 H ype o 0=
c 33 1F Converters Buck Snubber P =200 W)
T 20 ps With hard Coupled Do not need 82.5%
switching inductor: 1 extra
(no snubber) MOSFET: 2 component
Peltier-device application (240 W, 24 Vdc/10 A) has Diode: 2
been built and evaluated, achieving the efficiency With two turn-off | Coupled Inductor: 2 84.3%
of 83.2% at the full load condition and verifying snubbers inductor: 1 - Capacitor: 4
feasibility of the proposed converters. MOSFET. 2 Diode: 6
Diode: 2
With a Coupled Capacitor: 1 84.0%
REFERENCES single-capacitor inductor: 1
snubber MOSFET: 2
[1]  Liu, K-H., Oruganti, R-O., and Lee, F-C. (1995) Diode: 2

Resonant switches—topologies and characteristics.
In Proceedings of the power Electronics Specialists

Conference, 1995, 62-67.

TABLE III

Power Loss Comparison Among Interleaved Buck Converters with Hard-Switching, Two Turn-Off Snubbers and Single-Capacitor Snubber

Power Loss
Calculated Results Measured Results
Efficiency Efficiency
Reduction Reduction Efficiency
(V, =24V and (V, =24V and (V, =24V and
Type of Converters Loss P, =200 W) Loss P, =200 W) P, =200 W)
With hard
switching 0.7 W 0.3% 1w 0.3%
(no snubber)
Conduction With two turn-off 0.95W 0.4% 1.28 W 0.45%
loss snubbers
With a
single-capacitor 0.8 W 0.33% LIS W 0.4%
snubber
With hard
switching 7.8 W 3.2% 13.97 W 4.76%
(no snubber)
Switching With two turn-off ow 0% 8.1 W 2.82%
loss snubbers
With a
single-capacitor 548 W 2.3% 8.76 W 3.04%
snubber
With hard
switching 8.5 W 3.5% 1497 W 5.1% 82.5%
(no snubber)
Total With two turn-off 095 W 0.4% 9.38 W 3.3% 84.3%
loss snubbers
With a
single-capacitor 6.28 W 2.63% 991 W 3.4% 84.0%
snubber
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