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Abstract: - This paper presents an interleaved soft-switching buck converter with coupled inductors to extend
duty ratio for high step-down voltage applications. In the proposed converter, a single-capacitor turn-off
snubber is introduced to limit voltage rising rate of active switches to reduce turn-off loss. To handle the energy
trapped in the leakage inductance of the coupled inductors, simple passive-clamp circuits are added to the
proposed converter, which can effectively recycle the energy and suppress voltage spike. To highlight the
merits of the proposed converter, its performance indexes, such as voltage gain function and component
stresses, are analyzed and compared with those of the conventional interleaved buck converter. In this study, a
prototype of the proposed converter, of which input voltage range is 127-177 V., output voltage is 12 V., and
power capacity rates at 240 W, has been designed and implemented to verify the feasibility. From experimental
results, it has been shown that conversion efficiency up to 85% can be achieved at full load condition.
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1 Introduction IBC with a single-capacitor turn-off snubber is
Interleaved buck converter (IBC) is widely adopted operated in continuous-conduction mode (CCM),
in step-down voltage, high power density, low high  switching loss  resulting ~ from  the
output current ripple, and non-isolated applications reverse-recovery current dramatically deteriorates

the thermal condition of the free-wheeling diodes

[1]-[9]. However, as the switching frequencies being e :
[11]-[16]. These drawbacks limit the IBC with a

increased, switching loss, noise and stress associated

with turn-on and turn-off transitions are also single-capacitor ~ turn-off  snubber from high
increased. These drawbacks reduce power step-down  voltage and high power density
conversion efficiency and powering capability, applications.

which in turn seriously deteriorate in system
performance. To overcome the above-discussed
drawbacks, IBC with a single-capacitor turn-off
snubber was proposed to achieve soft-switching
function [10], as shown in Fig. 1. Although it can
reduce turn-off loss of active switch and component
count of passive snubber, its efficiency is not V(*)
attracted at high step-down voltage applications.

The reason is that it suffers from extremely low duty
ratio and high component stress. For example, when
input voltage is 156 Vg (110V,.) and output voltage
is 12 Vye, its duty ratio is only 0.077 and conversion
efficiency is only about 74%. Additionally,
reverse-recovery problems of the free-wheeling
diodes become severe issues when the input voltage
goes beyond a high level and there are no proper
Schottky diodes available. The reverse-recovery
current of the free-wheeling diodes has detrimental
effects on the performance of the IBC. When the

Fig. 1. Topology of IBC with a single-capacitor
turn-off snubber.
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Fig. 2. Topology of the first version of the
proposed converter.

single-capacitor
turn-off snubber

D,T TDZ

passive-clamp
circuits

Fig. 3. Topology of the final version of the proposed
converter embedding passive-clamp circuits.
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To relieve the drawbacks, utilizing coupled
inductors is a solution [11]-[13]. An IBC with
coupled-inductor has simpler winding structure, and
always transfers power to the output through the
primary winding, reducing peak primary winding
current. Thus, a converter with a coupled inductor is
relatively attractive because the converter presents
an extendable duty ratio and low diode voltage
stress, which in turn can reduce reverse-recovery
loss. In this paper, we first propose a
coupled-inductor IBC with single capacitor snubber
to yield high step-down voltage gain and reduce
switching loss, as shown in Fig. 2. Nevertheless, the
leakage inductance of the coupled inductors will
resonate with the parasitic capacitance of the active
switches, which not only increases the voltage stress
of the active switches, but induces significant
switching loss [13]-[15]. To handle the energy
trapped in the leakage inductance, a simple
passive-clamp circuit is introduced into the
coupled-inductor IBC to derive the final version, as
shown in Fig. 3. With the proposed interleaved
coupled-buck converter (ICBC), which can
effectively recycle the leakage energy, achieve
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soft-switching feature and suppress voltage spike so
that conversion efficiency can be improved
significantly.

In this paper, operational principle and feature
analysis of the soft-switching ICBC are described in
Section 2. Section 3 presents design consideration
and efficiency estimation of the ICBC, and its
experimental results obtained from a prototype built
with the proposed converter are presented in Section
4 to verify its feasibility. Finally, a conclusion is
given in Section 5.

2 Operational Principle and Feature
Analysis

As shown in Fig. 3, the proposed ICBC consists of
two sets of coupled-buck converters, two sets of
passive-clamp circuits and a single-capacitor
turn-off snubber. The driving signals, current and
voltage waveforms of its key components are shown
in Fig. 4. In Fig. 3, each coupled inductor can be
replaced with an equivalent transformer and two
magnetizing inductors in this section.
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2.1 Operational Principle

To simplify the description of the operational modes,
the following assumptions are made.

1) Capacitances of C,, Ccp; and Ccp, are large
enough so that the voltages across them are constant
over a witching period.

2) All of the switching devices, MOSFETs and
diodes, are ideal.

Based on the above assumptions, operation of the
proposed converter over one switching cycle can be
divided into seven modes. Fig. 5 shows equivalent
circuit modes of the proposed soft-switching
converter over a switching cycle. Operation of the
converter is explained mode by mode as follows:

Mode 1 [Fig. 5(a), t <t <t;]:

This mode begins when M; starts conducting at f.
Coupled inductors L;; and L; are linearly charged,
and inductor current i;; flowing through the path of
Vo-Vi-L1-Ly;-M;-L; linearly increases. At the same
time, clamp capacitor Ccp; is discharged and
snubber capacitor C, begins resonating with leakage
inductance L;;. During this interval, switch M,,
clamp diodes Dcp;, Dcps and  Dcpy, and
free-wheeling diode D; are in the off states. The
energy stored in inductor L,, will be released to the
load through coupled inductor L, and inductor
current iy, flowing through the path of V,-D, is
decreased. The coupled inductor currents i;; and ij;
can be expressed as follows:

V.-V
iLl(f)=#X(f—to)+iL1(to)a (D
1
and
) v, .
le(f):nL x(t—ty)+ips (1), @))

2

where V; and V, are input voltage and output
voltage, and n is the turns ratio of the coupled
inductors L; and L;; or L, and L,,.

Mode 2 [Fig. 5(b), t; <t <ty]:

At time ¢, the clamp capacitor Ccp; is discharged to
a steady-state voltage value, Vcp;, and snubber
capacitor C, is completely charged. The clamp
capacitor and snubber capacitor voltages can be
derived as

=—(V" -V, +V,.
n

)
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Mode 3 [Fig. 5(c), t, <t <tg]:

At time t,, switch M; is turned off, and switch M,
clamp capacitors Dcp; and Dcps as well as
free-wheeling diode D; still stay in the off states.
Snubber capacitor C, begins discharging, and the
energy trapped in leakage inductance L;; is
transferred to clamp capacitor Ccp;. If Ccp; is large
enough and the increased voltage across Ccp; is
relatively small, the voltage variation on clamp
capacitor will be about

Ly xi3
AV opy = =S (4)
2Ccp xVep
Thus, the total voltage of Ccp; can be derived as
=V,
Vepitotary = % +V, +AVep,. (%)

Mode 4 [Fig. 5(d), t3 <t <ty]:

In this mode, as the voltage of snubber capacitor C,
drops to zero, free-wheeling diode D, is conducted.
The energy stored in inductor L;; will be released to
the load through coupled inductor L;, and inductor
current i;; flowing through the path of V,-D; is
decreased. Coupled inductor currents i;; and i;, can
be expressed as follows:

) 4 .
i (0) :ﬁx(t_%)"‘lu (#3),
1

(6)
and

. v,
i, ()= L
2

(7

x(t—t3) +ips(5)

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

At time ¢4, switch M, is conducting, coupled
inductors L,, and L, are linearly charged, and
inductor current iz, flowing through the path of
Vo-Vi-L2»-Li-M,-L, linearly increases. Meanwhile,
clamp capacitor Ccp, is discharged and snubber
capacitor C, begins resonating with leakage
inductance L;,. During this interval, switch M,,
clamp diodes Dcp;, Dcp, and  Dep;, and
free-wheeling diode D, are in the off states. The
energy stored in inductor L,, will continue releasing
to the load through coupled inductor L,. Coupled
inductor currents i;; and i;, can be expressed as
follows:

V
i (t)=ﬁ><(t—t4)+iu(t4), (8)
1
and
i,(t)= V};Z_LVO x(t—1t,)+i,(,). )
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Fig. 5. Equivalent circuit modes of the proposed
soft-switching converter operating over one
switching cycle.

S

Mode 6 [Fig. 5(f), ts <t <tg]:

At time 5, clamp capacitor Ccp; is discharged to a
steady-state voltage value, Vcp,, and snubber
capacitor C, is completely charged. The clamp

capacitor and snubber capacitor voltages can be
b TD’ derived as

" (d) Mode 4 [t,<t<1,]

c,x R,

IS+

Biz¥o) ,y, (10)

Vepy =Ver =
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Mode 7 [Fig. 5(g), ts <t <t;]:

At time tg, switch M, is turned off, and switch M;,
clamp capacitors Dcp;, Dcpy and Dcpy as well as
free-wheeling diode D, still stay in the off states.
Snubber capacitor C, begins discharging, and the
energy trapped in leakage inductance L, is
transferred to clamp capacitor Ccp,. Suppose that
Ccp; 1s large enough, the voltage increment on Ccp;
will be relatively small and can be determined as

)
Ly, xips,

AVep, = .
- 2Ccpy xVepa

(11)

As a result, the total voltage of Ccp, can be
expressed by the following equation

V. —
—( ) +V, +AVepy.

(12)

VCPZ(mml) =

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

2.2 Feature Analysis

The proposed soft-switching I[CBC can extend duty
ratio of the active switches and reduce component
stress. This section describes the feature analysis for
the proposed ICBC. The feature analysis includes
voltage gain, duty ratio, and voltage stresses of
diode and active switch.

2.2.1 Voltage Gain and Duty Ratio

From the key waveforms of the converter shown in
Fig. 4 and by applying the volt-second balance
criterion, the voltage gain and duty ratio can be
derived as

v, B D
7i_D+n(1—D)’(n¢O), (13)
and
"o (D<0.5), (14)

D=——2%
Vi+nV, -V,

where D is the duty ratio of the active switch.

For example, input voltage V; = 127-177 Vg
(90-125 V,.) and output voltage V, = 12 Vg are
considered. From (13) and (14), we can sketch a set
of curves showing the relationship between duty
ratio D and voltage gain of V,/V; for different values
of turns ratio #, as illustrated in Fig 6.
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Fig. 6. Plots of V,/V; versus duty ratio D.

2.2.2 Voltage Stresses of Diode and Active Switch
At Mode 1 (as Fig. 5a), free-wheeling diode D; and
active switch M, stay in the off state, while D, and
M, are conducting. At Mode 5 (as Fig. 5b), the
states of D; and D, as well as M; and M, are
exchanged. Thus, their voltage stress can be
represented as

RAAN
n

Vo V., (15)

and

Vps =Vi+(n=1V,, (16)
where Vp and Vps stand for the voltage stresses of
the diode and the active switch, in turn. From (15)
and (16), we can sketch a set of curves showing the
free-wheeling diode and active switch versus
different values of turns ratio n, respectively, as
shown in Fig. 7 and Fig. 8.
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Fig. 7. Plots of diode voltage stress versus turns
ratio n of the coupled inductor.
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Fig. 8. Plots of switch voltage stress versus turns
ratio n of the coupled inductor.

To objectively judge the merits of the proposed
ICBC, performance comparison between the
proposed ICBC and the IBC is summarized in Table
1. In addition, an ICBC with n = 8 is considered as
an example for illustration, of which duty ratio,
diode voltage stress, and switch voltage stress are
compared with those of the IBC, shown in Fig. 9.
From the plots in Fig. 9, it can be seen that the
proposed ICBC yields higher duty ratio and lower
diode voltage stress over the IBC.

Table 1. Comparison between the IBC and the
proposed converter.

the proposed
IBC Prop
converter
. v, |4 D,
Voltage Gain 7= Pn VoD a0-D)
. v, nv,
Duty Ratio Du=%" T
Diode Voltage v, =V, L
Stress "
Switch Voltage Voo =7, Vs V.4 (n-1),
Stress

Note: D,, and D, are the maximum duty ratio of the IBC
and the proposed converter under identical input voltage,
respectively.
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Fig. 9. Performance comparison between the
proposed converter and the IBC: (a) duty ratio, (b)
voltage stress of the diode and (c) voltage stress of
the active switch.
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Fig. 10. Experimental circuit of the proposed ICBC

0-

3 Design Considerations and Efficiency

Estimation
To verify the feasibility, a 240 W prototype of the
proposed soft-switching ICBC is designed and built,
of which component values, part identification
codes are shown in Fig. 10. In addition, its
specifications are listed as follows:
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e input voltage: 127-177 V4
e output voltage: 12 V.
e output current: 20 A
e switching frequency: 75kHz, and
e output power: 240 W
As followed are the design considerations for the
proposed converter.

3.1 Design Considerations

A larger duty ratio D corresponds to a larger
coupled-inductor turns ratio n, which results in a
lower voltage stress on free-wheeling diodes D, and
D;. In order to accommodate variations of loads, a
proper turns ratio n of the coupled inductors is
needed. From Fig. 6, we can obtain a proper
coupled-inductor turns ratio n = 8. Its maximum
duty ratio is D, = 0.46 under input voltage V; =
127 V4 and minimum duty ratio is D,;, = 0.37
under input voltage V; =177 V..

3.1.1 Design of the Coupled Inductors

Once the coupled-inductor turns ratio n = 8 is
selected, the minimum duty ratio can be determined
as D, = 0.37 under input voltage V; = 177 Vq4. The
maximum current ripple of the coupled inductors is
designed with iL(ripple) = iL](ripple) = lLZ(rlpple) 6 A.
Thus, inductance L = L; = L, can be determined as

L (V(max) I/o )D

n lL(ripple)f‘s
_ (177-12)0.37
64x6x75%x10°

min

(17)
=22 4H,

where f; is the switching frequency of the active
switches. Suppose that inductance L = 3 uH is
selected in the design, if the turns ratio n =
(n;tny)/n; is equal to 8, the inductance L;; = L,; can
be found as

L,=L,=mn-17°L

o ~ (18)
=7 x3u=147 1H.

Referring to TDK data book, we choose an
optimum ferrite material PC40 with maximum flux
density B, = 200 mT. In addition, maximum
winding factor Kw(max) equals 0.4 and maximum
current density J,,, is 400 A/em®. Thus, the area
product of the core can be obtained by the following
equation:
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P
(2, +-2)x10*

max w(max)]maxfs

Ay =Wl >— =2.1 eni®, (19)

where W, is the window area of the core, A.
expresses the effective cross-section area of the core,
P, stands for the output power of the converter and
n denotes the efficiency. Based on the outcome of
preceding calculations, we select core TDK ETD-39
(A.=1.25 cm?, W,=2.57 cm’®, V,=11.5 cm® and 4,
= 3150 nH/N®, which can meet dimension
requirement so as to reduce winding current density
and to lower core temperature.

By applying the Faraday’s law, turns (n,) of the
coupled inductor (Lj; or L) is determined by

Vl (mm) D

= =31.2.

In this design, 7, is chosen as 35 turns. Then, with
the relationship of n = (n,+n,)/n;, the turns (n;) of

the coupled inductor (L; or L,) can be

correspondingly determined as

=2 = 21
: (n-1) @

3.1.2 Selection of Power Switches and Diodes
According to (15) and (16), the maximum voltage
stress imposed on both free-wheeling diodes D; and
D2 is

V. -V
Vo = G =V2) +V, =326V, (22)
n
and on both active switches M; and M, 1s
VDS(max) = I/i(max) + Vn (n - 1) = 261 V (23)

When active switch M; or M, is turned on, the
peak switch current ipggeqr can be given as

Io 1( i(max) V) min

(24)
4 2 n’Lf.

=T7.1A,

lDS( peak) ~

While free-wheeling diode D; or D; is conducting,
the peak diode current ipgea can be approximated
by the following equation:

I, 1V,(1-D,_)

o min
— 4+ —

ot peat) = 2+ I =218 A.

(25)
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Selection of switching devices M; and M,
involves a trade-off between conduction loss and
switching loss. The selection of MOSFETs with low
Rason) Will reduce conduction loss, but it will result
in high parasitic capacitance. Switches with lower
Rasion) also imply larger die size and higher cost. For
this application, we can select the proper MOSFETs
as the IRFP460, which provide high enough safety
margins with a drain-source breakdown voltage of
500 V. Several important parameters of the IRFP460
are listed as follows:

Vbss = 500V, Rygony = 0.27 Q, C, = 870 pF and
Ip = 20 A. According to (22) and (25), in the
selection of free-wheeling diodes D; and D,, a
40A/60V Schottky diode which has the lowest
forward voltage drop can be employed. The
Schottky diode 40CPQ60 manufactured by
International Rectifier with a maximum dc reverse
voltage Vzryy = 60 V and a forward voltage drop
Vimay = 0.49 V is a good choice for D; and D,.

3.1.3 Selection of Clamp Capacitors

The voltage spike across the active switch (M; or M)
is caused from the leakage inductance (Ly; or L)
and the output capacitance of the active switch.
When the active switch is turned off and the
free-wheeling diode is conducting, the leakage
inductance and the output capacitor of the active
switch form a resonant circuit. The energy trapped
in leakage inductance is transferred to the output
capacitance of the active switch, which causes a
high voltage spike across the active switch. The
maximum voltage stress of the active switch can be
estimated as

.2
L;ing

V =V.+(n-1)V, + .
DS (max) i ( ) o 2CCP VCP

(26)

When the clamp capacitor is large enough, the
first two items in (26) dominate the turn-off voltage
spike. In this study, clamp capacitors Ccp;= Ccps =
2uF/400V are selected.

3.2 Efficiency Estimation

Power loss of the proposed converter is also
estimated to verify the measured efficiency. In
Section 3.1, we have determined the key parameters
of the ICBC. Their values are labeled in Fig. 10 and
then, used for power Iloss evaluation and
implementation.

ISSN: 1109-2734

Cheng-Tao Tsai, Chih-Lung Shen

3.2.1 Active Switches (M; and M,)

The active switches of the proposed converter are
designed to achieve ZVT at turn-off transition, so
that their turn-off loss is negligible. Turn-on loss and
conduction loss of the active switches can be
determined from their switch voltage Vps, switch
current ips and channel resistance Rgypy,. In the
proposed converter, the MOSFETs used are
IRFP460, and their channel resistance R, equals
0.27 Q. Thus, turn-on loss and conduction loss of
the active switches are approximated by

t

l(i]f:i(tjlltlrn —on) ~ 2[# DS(peak)iDS(peak)]
s (27)
- 2(42” xT5kx261x7.1=5.6 W,

and

witc 1 .
Plzi‘s éClzon) ~ 2[§Dmin (ZDS(peak))szs(un)] ( )
28

= %[0.37 x(7.1)>x0.27]=3.4 W.

Total power loss of the active switches is therefore

Switch __ Switch Switch
PTotal — * loss (turn —on) + [)loss (Con) (29)
=56+34=9 W.

3.2.2 Free-wheeling Diodes (D; and D,)

The free-wheeling diodes are selected as Schottky
diodes of 40CPQ60, and their forward voltage drop
Ve = 0.49 V. Thus, total conduction loss of the
free-wheeling diodes can be determined as

loss

A I

P = 2(7")’@ (1-D,;,)
2 (30)

=2(5)x049(1-037) =62 W

3.2.3 Coupled Inductors (L; and L))

According to the determination in Section 3.1.1, the
cores of the coupled inductors are designed as TDK
PC-40 ETD-39 (4.= 1.25cm’ A,,= 2.57cm, and V,=
11.5cm®) with maximum flux density By = 200 mT.
Additionally, winding turns in the primary are n, =
(n;+ ny) = 40, in the secondary are n, = n; = 5, and
the turns ratio is n = n,/n; = 8. Thus, from Fig. 11,
we can find the inductor core loss per cubic
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Core Loss (Typical)

Material : PC40 (Sine wawe data)
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— SolkiHz —]
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Core logs Pevliin?)

e
——————100"C —|

a
50 ==l SO0 s00

200
Flux density B{mT)

Fig. 11. Typical core loss data of the coupled
inductors.

centimeter, that is, Pcoypey = 0.2 W/em® at 60 °C.
The total core loss of each coupled inductor will be

Pt = Pryuen Vo =02x11.5=23 W. (31

core

The measured winding resistance of the coupled
inductors is Rcoyp = 76 m€2, which is adopted to
estimate copper loss as follows:

1
Cou, 0\2
])ﬁoppgr = (?) RCoup

20 (32)
z(?] x76x107° =7.6 W.

Total power loss of the coupled inductors is
therefore

PCmtp — 2(PC0up +PC0up )

Total core copper

=2(2.3+7.6)=19.8 W.

(33)

Finally, the estimated total power loss and
efficiency of the proposed converter at input voltage
V;= 177 Vg are determined as

Prota/ _ PSwitch +PDiode +PCoup =35 W, (34)

loss Total Total Total

and
n max __ Pout
% - Total
Pout + Ploss (35)
__ 80 a3,
240 + 35
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4 Simulated and Experimental Results
The proposed ICBC is simulated and measured for
verification. Fig. 12 shows simulated inductor
current waveforms of the conventional IBC and the
proposed ICBC, it can be seen that the proposed
ICBC can extend duty ratio effectively. Fig. 13
shows measured inductor current waveforms of the
proposed ICBC. Fig. 14 shows simulated and
experimental waveforms of the active switches in
the ICBC. It can be seen that there is no any spike
voltage across the active switches. That is, the
energy trapped in the leakage is recycled. Fig. 15(a)
and (b) show expanded waveforms of the active
switch voltage and current with respect to turn-on
and turn-off transitions, from which it can be seen
that the switching loss is reduced, particularly in
turn-off transition. Fig. 16 shows measured
waveforms of the voltage and current of the
free-wheeling diode. It can be found that the
free-wheeling diode has featured low voltage stress
and low reverse-recovery loss. Fig. 17 shows the
efficiency measurements of the proposed
soft-switching ICBC. It is apparent that the
proposed converter can achieve a high efficiency up
to 85% under full load condition.

=<

duty ratio

D=0.136
(irs: 10A/div, iz, 10A/div, Time: Sus/div)
(a)
i L1
an i |
in 1

(i;: 10A/div, iz, 10A/div, Time: Sus/div)
(b)
Fig. 12. Simulated waveforms of inductor currents
ir; and i;: (a) the conventional IBC, (b) the
proposed ICBC.
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/ iLI

5l

(ir;: 10A/div, ir,: 10A/div, Time: Sus/div)
(b)
Fig. 13. Measured waveforms of inductor currents
ir; and iy, of the proposed ICBC.

Ipsi

%
il (

N/ turn-on loss

-—
turn-off loss

=

(Vpsi: 100V/div, ips;: 5A/div, Time: 1us/div)
(a)

L

turn-off loss |

(VDS]: IOOV/le, iDSI: SA/le, Time: LLtS/le)
(b)
Fig. 14. Voltage and current waveforms of active
switches: (a) simulated results, (b) experimental
results.

turn-on loss

L

turn-on loss

(Vpsr: 100 V/div, ips;: 5 A/div, Time: 200 ns/div)
(a)
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i

turn-off loss

(Vpsz: 100 V/div, ips;: 5 A/div, Time: 200 ns/div)
(b)
Fig 15. Expanded voltage and current waveforms of
active switches: (a) during turn-on transition, (b)
during turn-off transition.

reduced reverse-
recovery loss

(Vps: 20 V/div, ip;: 10 A/div, Time: 200 ns/div)

= N L

Fig 16. Measured voltage and current waveforms of
the free-wheeling diodes.

90%

88%

86%

84%

82%

Efficiency

—@— input voltage 156 V.

80%
—&— input voltage 177 V.

78%

76% 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20

QOutput current (A)

Fig 17. Plots of efficiency versus output current for
the proposed soft-switching converter with different
input voltages.

5 Conclusions

In this paper, the proposed soft-switching ICBC has
been analyzed and implemented. The proposed
converter with coupled inductors can extend duty
ratio of the active switch and reduce component
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stress. To handle the energy trapped in the leakage
inductance of the coupled inductors, a simple
passive-clamp circuit is added to the proposed
converter, which can effectively recycle the energy
and suppress voltage spike. With the proposed
converter, conversion efficiency therefore can be
improved significantly.

In this paper, analysis of the proposed converter
has been presented in detail, including operational
principle and characteristics. To verify the feasibility
of the proposed converter, design consideration and
power loss estimation are also discussed. An
experimental prototype for the proposed converter is
built and evaluated. Experimental results have
demonstrated that the proposed ICBC can achieve
high efficiency over a wide load range. Compared
with the conventional IBC, it improves efficiency by
1.5%. The proposed ICBC is relatively suitable for
non-isolation, high step-down voltage and low
output current ripple applications.
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