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(g) Mode 7 [ts <t<t;]

Figure 5: (Continued).

2.2 With an Active Snubber

The operation of the interleaved buck converter

with an active snubber over one switching cycle can
be divided into seven major operating modes. The
driving signals, current and voltage waveforms of its
key components are shown in Fig. 6. Fig. 7 shows the
equivalent circuit modes of the interleaved buck
converter with an active snubber over a switching
cycle.

1).

2).

Mode 1 [Fig. 7(a), tg <t <t]:

In this mode, main switch M, continuously
turned on and auxiliary switch My, is turned on to
create a ZVS condition. The capacitor Cy, begins
releasing its stored energy through My, L, and
L,,. At this interval, coupled inductors L,and Ly,
are discharged continuously to the load.

Mode 2 [Fig. 7(b), t; <t <t,]:

At time t;, main switch My is turned off, and
auxiliary switch My; and free-wheeling diode D,
still stay in the off state. During this interval, main
switch M, maintains in the off state, while
auxiliary My, as well as free-wheeling diode D,
still stay in the on-state. In this mode, resonant
inductor L,, releases its energy to stray
capacitance Cy; of M; and stray capacitance Cyy;
of My, with a resonant manner. Stray capacitance
Cwz of My is charged toward (Vi+nV,) while stray
capacitance Cyy; of My is discharged down to
zero. To achieve a ZVS feature for switch My, the
energy stored in resonant inductor L, should
satisfy the following inequality:

O'SX [iDSl(tl)]2 Lrl = 05 x [\/Dsll(ti)]z(CMl // CMll)' (13)
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Figure 6: Key waveforms of interleaved buck
converter with an active snubber.

3). Mode 3 [Fig. 7(c), t, <t < tg]:

Mode 3 begins when voltage Vps; of My
reaches zero at t,. Current ips;; forces the body
diode Dy, of My; conducting and creating a ZVS
condition for My;. The driving signal is applied to
switch My; when its body diode is conducting and
achieving a ZVS feature. In this mode, voltage
Vps: of My increases continuously, and then Vps;
of M; is clamped to Vi, + V¢. Meanwhile,
free-wheeling diode D; begins conducting.
Coupled Inductors L; and Ly are discharged
through free-wheeling diode D, to the load. The
currents of the inductors can be expressed as

follows:

. Vo g .

'l.:L(t):nL1 (t—t,) +i,(t,), (14)
and

i, () =~ x(t-t,)+iL(L).  (15)

nL,
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The energy trapped in the resonant inductor
L, is recycled to clamp capacitor C,;. Due to the
clamp capacitance of C,; being large enough,
voltage V¢,1 will keep constant.

In this mode, when auxiliary switch M,, is
turned off at time t;, resonant inductor L,
resonates with Cy;, and Cy,,. Stray capacitance
Cwmo2 0f My, is continuously charged toward V¢, +
[n/(1+n)](Vi—V,), while stray capacitance Cy;, of
M, is discharged down to zero. To achieve a ZVS
feature for switch M,, the energy trapped in
resonant inductor L,, should satisfy the following
inequality:

0.5x[ips, (tz)]2 L, 20.5%[Vys, (tz)]z(cmz 11Cp122)- (16)

4).

5).

6).

Mode 4 [Fig. 7(d), t; <t <t,]:

Mode 4 begins when voltage Vps, of M,
drops to zero at t3. Current ips, forces the body
diode Dy, of M, conducting and creating a ZVS
condition for M,. The driving signal is applied to
switch M, when its body diode is conducting and
achieving a ZVS feature.

Mode 5 [Fig. 7(e), t; <t < tg]:

At time t4, main switch M, is turned on, and
auxiliary switch M,, and free-wheeling diode D,
are in the off states. Current i , flows through the
path of Vi-Ly-L,-M,-L,-V,, and inductor current
iiy continuously flows through the path of
Vo-Ds-Ly. Inductor current iy, linearly increases,
and i 4 linearly decreases, which can be expressed
as follows:

. V, < (t — .

ILl(t): nLl (t t4)+IL2(t4)’ (17)
and

. V. -V, .

iLt)= I112L20 x(t—t,)+i(t,). (18)
Mode 6 [Fig. 7(f), ts <t <tg]:

At time t5, main switch M, is turned off, and
auxiliary switch M,, and free-wheeling diode D,
still stay in the off state. During this interval, main
switch M; maintains in the off state, while
auxiliary My; as well as free-wheeling diode D,
still stay in the on states. In this mode, resonant
inductor L., releases its energy to stray
capacitance Cy, of M, and stray capacitance Cy,,
of My, with a resonant manner. Stray capacitance
Cmz is charged toward (Vi+nV,), while stray
capacitance Cyy.; is discharged down to zero. To
achieve a ZVS feature for switch M,,, the energy
stored in resonant inductor L., should satisfy the
following inequality:

0.5x[lips, (ts)]z L., 20.5% [\/Dsll(ts)]z(CM 211 Cyiz2)- (19)

7). Mode 7 [Fig. 7(g), ts <t < t;]:

Mode 7 begins when voltage Vpsy, of M,
reaches zero at tg. Current ipsy, forces the body
diode Dy, of My, conducting and creating a ZVS
condition for Ma,. The driving signal should be
applied to switch M,, when its body diode is
conducting and achieving a ZVS feature. In this
mode, voltage Vps, increases continuously, and
then Vps, of M, is clamped to V;+ V... Meanwhile,
free-wheeling diode D, begins conducting.
Coupled inductors L, and L,, are discharged
through free-wheeling diode D, to the load. The
currents of the inductors can be expressed as
follows:

. V, < (t — .
ILl(t)= nL, (t t6)+IL1(t6)! (20)
and
. V, B .
i) = nL, x(t—tg)+iL (). (21)

The energy trapped in the resonant inductor
L., is recycled to clamp capacitor C,. Since the
clamp capacitor C,is large enough, voltage V.
will keep constant. In order to achieve a ZVS
feature for switch M;, the energy stored in
resonant inductor L., should satisfy the following
inequality:

0.5x% [iDSI(tB)]2 L, =0.5x [V, (tg )]2 (Cna 11 Cpyaa)- (22)

When the main switch M, starts conducting
again at the end of mode 7, the converter
operation over one switching cycle is completed.

Mz ™=

(@) Mode 1 [tp<t<t]

+
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Figure 7: Equivalent circuit modes of interleaved

buck converter with an active snubber.
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Figure 7: (Continued).
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3. Comparison Between Two

Different Snubbers

Soft-switching methods usually add snubbers to
the original interleaved buck converter to reduce
switching losses. This section presents comparison
between two different snubbers of the interleaved
buck converters. The features of two different
snubbers are described as follows:

3.1 Features of the Passive Snubber

In Fig. 1, the interleaved buck converter with the
passive snubber has the advantages as follows: 1) It
can achieve zero-voltage-transition (ZVT) under
turn-off condition. Therefore, the turn-off switching
losses of active switches can be substantially reduced.
2) The passive snubber needs only passive
components such as diodes and capacitors, which have
simple structures and low cost. However, the
interleaved buck converter with a passive snubber has
disadvantages. For example, the active switches are
operated at hard-switching during turn-on transition.
As a result, turn-on losses and EMI conditions are
significant. Additionally, the passive snubber usually
requires many passive components that might increase
the complexity of printed circuit board (PCB) layout.

3.2 Features of the Active Snubber

In Fig. 2, the interleaved buck converter with the
active snubber has the advantages as follows: 1) It can
achieve ZVS feature under turn-on condition and ZVT
feature under turn-off condition. Therefore, the
switching losses at turn-on transition can be
completely removed, and conversion efficiency can be
further increased. 2) It can be operated at high
frequency, reducing converter size, and EMI.
However, the interleaved buck converter with an
active snubber has disadvantages. For example, extra
active switches and resonant inductor result in
complex control.

To objectively judge the merits of two snubbers,
the interleaved buck converter with a passive and an
active snubber is shown in Table 1.

Table 1: Comparison between the features of two
different snubbers in the interleaved
buck converters.

with a passive with an active
snubber (in Fig. snubber(in Fig.
1) 2)
soft- e hard-switching | @ ZVS turn-on
switching turn-on ® ZV/T turn-off
feature of | @ ZVT turn-off
active
switches
componen | e many o less
t counts components components
power | elarge e small
losses
control ® easy e difficult
circuit

4. Experimental Results

In order to compare the features between two
different snubbers in the interleaved buck converter, a
240W prototype of the interleaved buck converter
was built. The specifications are listed again as
follows:

« input voltage: 150-200 Vg,

e output voltage: 12 Vg,

e output current: 20 A, and

« switching frequency: 75 kHz.

Fig. 8 shows simulated and experimental
voltage and current waveforms of the active switches
at turn-off transitions for an interleaved buck
converter with a passive snubber. From Fig. 8, it can
be seen that the active switches have ZVT features.
However, it has switching overlap of voltage and
current resulting in low switching losses at turn-off
transitions. Fig. 9 shows simulated and experimental
voltage and current waveforms of the active switches
for interleaved buck converter with an active snubber.
From Fig. 9, it can be seen that the active switches
have ZVS features, and there is not any witching
losses at turn-off transitions. Therefore, it has high
conversion efficiency and low EMI. Fig. 10 shows
efficiency measurements of the interleaved buck
converter with a passive snubber and an active
snubber. Fig. 10 shows efficiency comparison
between two snubbers. It can be seen that the
conversion efficiency of an interleaved buck converter
with an active snubber can reach 89% under full load
condition. This reason is that the active switches have
ZVS features, which result in that the switching losses
at turn-on transition high efficiency.
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Figure 8: Voltage and current waveforms of the
active switches with a passive snubber:
(a) simulated result, (b) experimental
result.
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Figure 9: Voltage and current waveforms of the
active switches with an active snubber: (a)
simulated result, (b) experimental result.
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Figure 10: Plots of efficiency versus output current
for the interleaved buck converter with a
passive and an active snubber under
full-load condition.

5. Conclusions

In this paper, the comparsion between two
different snubbers of an interleaved buck converter
has been implemented. The interleaved buck
converter with a passive snubber has disadvantages.
For example, the active switches are operated at
hard-switching during turn-on transition. As a result,
turn-on losses and EMI conditions are significant.
The interleaved buck converter with an active
snubber has the advantages. For example, it can
achieve ZVS and ZVT features, resulting in low EMI
and high efficiency. For the requirements of high
power density, high efficiency and low power losses,
the interleaved buck converter with an active snubber
is relatively attracted.
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