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Abstract—This paper proposes a new interleaved buck converter
(IBC) having low switching losses and improved step-down conver-
sion ratio, which is suitable for the applications where the input
voltage is high and the operating duty is below 50%. It is similar
to the conventional IBC, but two active switches are connected in
series and a coupling capacitor is employed in the power path, such
as Ciik, Sepic, and Zeta converters. The proposed IBC shows that
since the voltage stress across all the active switches is half of the
input voltage before turn-on or after turn-off when the operating
duty is below 50 %, the capacitive discharging and switching losses
can be reduced considerably. This allows the proposed IBC to have
higher efficiency and operate with higher switching frequency. In
addition, the proposed IBC has a higher step-down conversion ratio
and a smaller output current ripple compared with a conventional
IBC. The features, operation principles, and relevant analysis re-
sults of the proposed IBC are presented in this paper. The validity
of this study is confirmed by the experimental results of prototype
converters with 150-200 V input, 24 V/10 A output.

Index Terms—Buck converter, interleaved, low switching loss.

I. INTRODUCTION

N APPLICATIONS where nonisolation, step-down conver-
I sion ratio, and high output current with low ripple are re-
quired, an interleaved buck converter (IBC) has received a lot
of attention due to its simple structure and low control com-
plexity [1]-[6]. However, in the conventional IBC shown in
Fig. 1, all semiconductor devices suffer from the input voltage,
and hence, high-voltage devices rated above the input voltage
should be used. High-voltage-rated devices have generally poor
characteristics such as high cost, high on-resistance, high for-
ward voltage drop, severe reverse recovery, etc. In addition,
the converter operates under hard switching condition. Thus,
the cost becomes high and the efficiency becomes poor. And,
for higher power density and better dynamics, it is required
that the converter operates at higher switching frequencies [7].
However, higher switching frequencies increase the switching
losses associated with turn-on, turn-off, and reverse recovery.
Consequently, the efficiency is further deteriorated. Also, it ex-
periences an extremely short duty cycle in the case of high-input
and low-output voltage applications.
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Fig. 1. Conventional IBC.

To overcome the aforementioned drawbacks of the conven-
tional IBC, some pieces of research for reducing the voltage
stress of a buck converter and several kinds of IBCs have been
presented until now. In [8]-[10], three-level buck converters are
introduced. The voltage stress is half of the input voltage in
the converters. However, so many components are required for
the use of IBC. In [11], an IBC with a single-capacitor turn-
off snubber is introduced. Its advantages are that the switching
loss associated with turn-off transition can be reduced, and sin-
gle coupled inductor implements the converter as two output
inductors. However, since it operates at discontinuous conduc-
tion mode (DCM), all elements suffer from high-current stress,
resulting in high conduction and core losses. In addition, the
voltages across all semiconductor devices are still the input
voltage. In [12], an IBC with active-clamp circuits is intro-
duced. In the converter, all active switches are turned ON with
zero-voltage switching (ZVS). In addition, a high step-down
conversion ratio can be obtained and the voltage stress across
the freewheeling diodes can be reduced. However, in order to
obtain the mentioned advantages, it requires additional passive
elements and active switches, which increases the cost signifi-
cantly at low or middle levels of power applications. In [13], an
IBC with zero-current transition (ZCT) is introduced to reduce
diode reverse recovery losses. The ZCT is implemented by only
adding an inductor into the conventional IBC. However, in spite
of these advantages, the converter suffers from high current
stress, because the output current flows through each module
in a complementary way. And it still has the drawbacks of the
conventional IBC. An IBC with two winding coupled inductors
is introduced in [14] and [15]. The converter has the following
advantages. Since it operates at continuous conduction mode
(CCM), the current stress is lower than that of DCM IBC. The
voltages across all semiconductor devices can be reduced by ad-
justing the turn ratio of the coupled inductors, which allows that
although it operates with hard switching, the switching losses
can be reduced. Additionally, a high step-down conversion ratio
can also be obtained.
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Fig. 2. Proposed IBC.

In this paper, a new IBC, which is suitable for the applications
where the input voltage is high and the operating duty is below
50%, is proposed. It is similar to the conventional IBC, but two
active switches are connected in series and a coupling capacitor
is employed in the power path. The two active switches are
driven with the phase shift angle of 180° and the output voltage
is regulated by adjusting the duty cycle at a fixed switching
frequency. The features of the proposed IBC are similar to those
of the IBC in [14]. Since the proposed IBC also operates at CCM,
the current stress is low. During the steady state, the voltage
stress across all active switches before turn-on or after turn-off
is half of the input voltage. Thus, the capacitive discharging
and switching losses can be reduced considerably. The voltage
stress of the freewheeling diodes is also lower than that of the
conventional IBC so that the reverse-recovery and conduction
losses on the freewheeling diodes can be improved by employing
schottky diodes that have generally low breakdown voltages,
typically below 200 V. The conversion ratio and output current
ripple are lower than those of the conventional IBC.

The circuit operations of the proposed IBC are described in
Section Il in detail. The relevant analysis results are presented in
Section III. The performance of the proposed IBC is confirmed
by the experimental results of prototype converters with 150—
200V input, 24 V/10 A output in Section I'V. The conclusion is
made in Section V.

II. CIrRCUIT OPERATIONS

Fig. 2 shows the circuit configuration of the proposed IBC.
The structure is similar to a conventional IBC except two active
switches in series and a coupling capacitor employed in the
power path. Figs. 3 and 6 show the key operating waveforms of
the proposed IBC in the steady state. Referring to the figures, it
can be seen that switches Q1 and Qs are driven with the phase
shift angle of 180°. This is the same as that for a conventional
IBC. Each switching period is divided into four modes, whose
operating circuits are shown in Figs. 4 and 5. In order to illustrate
the operation of the proposed IBC, some assumptions are made
as follows:

1) the output capacitor Cy is large enough to be considered

as a voltage source;

2) the two inductors L, and L, have the same inductance L;

3) all power semiconductors are ideal;

4) the coupling capacitor Cp is large enough to be considered

as a voltage source.
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Fig. 3. Key operating waveforms of the proposed IBC when D < 0.5.

A. Steady-State Operation when D < 0.5

Mode 1 [ty—t,]: Mode 1 begins when Q; is turned ON at ;.
Then, the current of Ly, i1, 1 (¢), flows through O, Cp,and L, and
the voltage of the coupling capacitor V¢ p is charged. The cur-
rent of Lo, i1 2(), freewheels through D>. During this mode, the
voltage across Ly, V1 1(?), is the difference of the input voltage
Vg, the voltage of the coupling capacitor V¢, and the output
voltage Vo, and its level is positive. Hence, i1 1 (f) increases lin-
early from the initial value. The voltage across Lo, V1 o(2), is
the negative output voltage, and hence, i1 2 (¢) decreases linearly
from the initial value. The voltage across Qs, V2 (), becomes
the input voltage and the voltage across D1, Vp(?), is equal to
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the difference of Vg and V- . The voltages and currents can be

expressed as follows:

Vii(t) =Vs —Vep — Vo

VLQ(t) =V
. Vo —Vop — V¢ )
i (t) = %(t —to) +ip1(to)
=iq1(t) =icn(t)
) Vo ) )
ZLQ(t) = —T(t - to) +ZL2(t()) = ZDQ(t)
Vo2 = Vs
Vo1 =Vs —Ven
Io
Vop >~ VCB(tU) + E(t ft()).

Mode 2 [ti—t;]: Mode 2 begins when Q; is turned OFF
at t;. Then, iy (f) and iz o(¢) freewheel through D; and Do,

ey
2

3
“

&)
(6)

@)

Operating circuits of the proposed IBC when D > 0.5. (a) Mode 1 or 3. (b) Mode 2. (c) Mode 4.

respectively. Both Vi 1(¢) and V1 o(¢) become the negative V),
and hence, i1 1 () and i1, o (f) decrease linearly. During this mode,
the voltage across Q1, V1(#), is equal to the difference of Vg
and Vo p and Vo (f) becomes Vi p. The voltages and currents

can be expressed as follows:
Vii(t) = Via(t) = =Vo ®)
in(0) = i) - 20 =in @) ©)
ina(t) = ina(tn) — ~2(t =) =ips(t)  (10)
Voi(t) = Vs — Ve an
Vo (t) = Ves. (12)

Mode 3 [ts—t3]: Mode 3 begins when Q> is turned ON at #5.
At the same time, D» is turned OFF. Then, iy (f) freewheels
through D, and iy () flows through Dy, Cp, Q2, and Ls. Thus,
Vep is discharged. During this mode, Vyo(#) is equal to the
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difference of V5 and V» and its level is positive. Hence, iz o (¢)
increases linearly. V11 (7) is the negative Vo, and hence, iy, ()
decreases linearly. The voltages and currents can be expressed
as follows:

Via(t) = Vo (13)
Via(t) =Vep — Vo (14)
v
ina(t) = — 7 (t = t2) +ina (t2) (15)
Ve — Vi
ira(t) = %(t — o) +ira(ta)
—ia(t) = —icp(t) (16)
ip1(t) =ir1(t) +ir2(t) a7
Vo1 =Vs —Vep (18)
Voo = Ve (19)
I
Vep =~ Vop(ts) — ﬁ(t — ). (20)

Mode 4 [t;—t,]: Mode 4 begins when Qs is turned OFF at ¢3,
and its operation is the same with that of mode 2.

The steady-state operation of the proposed IBC operating
with the duty cycle of D < 0.5 has been described. From the
operation principles, it is known that the voltage stress of all
semiconductor devices except O, is not the input voltage, but
is determined by the voltage of coupling capacitor Vo . The
maximum voltage of Q9 is the input voltage, but the voltage
before turn-on or after turn-off is equal to Vo 5. As these results,
the capacitive discharging and switching losses on Q; and Q-
can be reduced considerably. In addition, since diodes with good
characteristics such as schottky can be used for D, and D, the
reverse-recovery and conduction losses can be also improved.
The loss analysis will be discussed in detail in the next section.

B. Steady-State Operation When D > 0.5

Mode 1 [ty—t1]: Mode 1 begins when Q5 is in on-state and
Q1 is turned ON at #;. Then, iy 1(¢) flows through Q;, Cp, and
Ly and Vo p(?) is charged. iy, o (f) flows through Oy, Q2, and L,.
Vr1(®) is equal to the difference of Vg, Vop, and Vp and its
level is positive. Thus, iz (f) increases linearly from the initial
value. Vo (?) is equal to the difference of Vg and V and i 2 (?)
also increases linearly from the initial value. The voltages and
currents can be expressed as follows:

Vii(t)=Vs = Vop — Vo (21)
Via(t) = Vs = Vo (22)
Vpr=Vs —Veg (23)
Vp2 = Vs (24
ig1 =ip1(t) +ipa(t) (25)
igo =ir2(t). (26)

Mode 2 [t—t,]: Mode 2 begins when Qs is turned OFF at ¢;.
Then, i, 1 () flows through O, Cp, and L, and i1 o () freewheels

3667

through D,. The operation during this mode is the same with
mode 1 in the case of D < 0.5.

Mode 3 [to—t3]: Mode 3 begins when Qs is turned ON at 7o,
and the operation is the same with mode 1.

Mode 4 [t3—t,]: Mode 4 begins when Q; is turned OFF at
t3. Then, iy (f) freewheels through D, and iy 5 (¢) flows through
Dy, Cp, Qo, and Ly. Thus, Vo p is discharged. The operation
during this mode is the same with mode 3 in the case of D <
0.5.

The steady-state operation of the proposed IBC operating with
D > 0.5 has been described. Under this operating condition, the
voltage stress of O, and D; is determined by V-, but the
voltage stress of Qs and D is determined by the input voltage.
In addition, since V1, o (¢) is much larger than V7, 1 () during mode
1 or mode 3, the unbalance between iy, 1 (¢) and i}, 2 (f) occurs, as
shown in Fig. 6. The current of Q1, ig1(?), is the sum of iy, 1(?)
and iz (¢) and the current of Q», ig2(f), is equal to izo(f) in
mode 1 or mode 3. Therefore, it can be said that switches O
and Q- experience high current stress in the case of D > 0.5.

Until now, the steady-state operation of the proposed IBC
has been described in detail. Consequently, it can be known
that the proposed IBC has advantages in terms of efficiency and
component stress in the case of only D < 0.5. Thus, the proposed
IBC is recommended for the applications where the operating
duty cycle is smaller than or equal to 0.5.

III. RELEVANT ANALYSIS RESULTS

The proposed IBC will be only employed in the applications
where the operating duty cycle is below 0.5, but the following
relevant analyses are conducted over the entire duty cycle range
for a detail design guide.

A. DC Conversion Ratio

The dc conversion ratio of the proposed IBC can be derived
using the principle of inductor volt-second-balance (VSB) [16].

Inthe case of D < 0.5, the following equations can be obtained
from the VSB of L; and Lo, respectively

(Vs — Ve — Vo)DTs = Vo (1 — D)Ts
(Vep —Vo)DTs = Vo (1 — D)Ts.

27)
(28)

The voltage of the coupling capacitor can be obtained by sub-
stituting (28) into (27) and is equal to half of the input voltage
as follows:

Vep = —. (29)

2

Then, the dc conversion ratio M can be obtained from (27)
and (29) or (28) and (29) as follows:
m=Yo_ D
Vg 2
In the case of D > 0.5, the voltage of the coupling capac-
itor and the dc conversion ratio can be obtained by the same
procedure and are expressed as follows, respectively

(30)

Vep = Vs(1- D) (31)
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Fig. 6. Key operating waveforms of the proposed IBC when D > 0.5.

M = D?. (32)
Fig. 7 shows the curve of M of the proposed IBC. As shown
in Fig. 7, the proposed IBC has a higher step-down conversion
ratio than the conventional IBC. As a result, the proposed IBC
can overcome the extremely short duty cycle, which appears in
the conventional IBC.

B. Inductor Current Ripple

Fig. 8 shows the voltage and current waveforms of the output
inductor of the buck converter. From the figure, the current ripple
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can be expressed as follows:

Vi

1%
—DiTs or %(1 — Dy)Ts. (33)

AZ.ripplc =

In the case of D < 0.5, the parameters for the proposed IBC
are as follows:

Vii =05Vs = Vo, Vie=Vo, Dp=D. (34

The parameters for the conventional IBC can be expressed as
Viin=Vs = Vo, Vie=Vo, D,=05D. (35)

Then, the current ripple ratio N of both IBCs can be obtained
as follows:

N = AZ'1'ipple,proposed 1-D

——— - . (36)
AZripple,(‘,011v9,11t1011al 1-05D

In the case of D > 0.5, N can be obtained by the same proce-
dure as follows:

1

1+D’
Fig. 9 shows the curve of N. As shown in Fig. 9, the current
ripple ratio is smaller than unity. Therefore, it can be said that the

proposed IBC has a smaller current ripple than the conventional
IBC. Consequently, for the given current ripple specification, the

(37)
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Fig. 10.  Voltage of the coupling capacitor when Vg = 200 V.

inductors with a smaller inductance can be used in the proposed
IBC, which results in a faster transient response.

C. Coupling Capacitor

Fig. 10 shows the voltage of the coupling capacitor when the
input voltage is 200 V. As shown in Fig. 10, the voltage is equal
to half of the input voltage when the operating duty cycle D is
smaller than or equal to 0.5, but decreases linearly as D increases
over 0.5. As a result, the voltage stress of Q; increases to the
input voltage. Thus, we focus on the case of D < 0.5 from now.

The ripple voltage of the coupling capacitor can be obtained
from Fig. 3 as follows:

1 b IoD
AVep = — ) tdt = ——— 38
B =& . icp(t) 5Cp fs (38)
where
) 1 Advipple  0.5Vs — V,
ICB(t):?O* 2”’1 + ‘(’L Ot —to)
. 0.5Vs — V,
AZripplc = %(tl - to), t1 = DTS +tp.

From (38), it is known that although a capacitor with low ca-
pacitance is used for Cp, the voltage ripple can be reduced by
increasing the switching frequency.

TABLE I
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STRESS ANALYSIS RESULTS AT STEADY STATE

Items Proposed IBC Comparision Conventional IBC
Voltage stress of Qi 0.5V < Vs
Voltage stress of Q: Vs = Vs
1, 10.5V,-V, I, 1V,—V,
stress Q4S5 _9opr, < L4+—S5 9P,
Peak Current stress of Qi&Q: 2 '3 o 271 L s
I
RMS current stress of Qi&Q: ?”\/B > %‘7 g
Voltage stress of Di&D: 0.5V + V,-‘,,g,,,g < Vs + V inging
I 1 D
Average current stress of D 7“(1 -D) < ?"(1 —?)
1, 1 D
Average current stress of D: = > “(1-2)
2 2 2
TABLE II

L0sS EQUATIONS AT STEADY STATE

Items Proposed IBC Comparision Conventional IBC
. I 2
Conduction losses of Qi&Q: % DRy on > ITO DR, oy
Switchi e Vil . .
SW{tchlng losses ?t Q|8.(,Q2 o7 47,) 1, < Vil, T +T)f,
(during turn on/off transiton) 24 12
Capacitive discharging losses EC vt §C V2
of Q&Q: 3 DsUSUs < 3 Ds'S fs
. . D D
Conduction losses of Di&D: 1,(1- E)VF = 1,(1- 7)VF

The RMS value of the current through the coupling capacitor
can be obtained as follows:

Icp_rms =

This means that the capacitor for Cp should have a high
current-carrying capability. However, since the use of a much
higher number of phases in parallel can reduce the RMS current
stress of Cp, it does not become a severe disadvantage.

D. Stress and Loss Analysis

For stress and loss analysis, itis assumed that the IBCs operate
with the duty cycle of D < 0.5.

The results of stress analysis can be summarized as in Table I.

Equations for loss analysis can be obtained by referring [3],
[11], [17], [18] and can be summarized as in Table II. For
quantitative loss analysis, the parameters given next are used:

1) input voltage: Vg =200 V;

2) output voltage: Vo =24V,

3) output current: Ip = 10 A;

4) switching frequency : fs = 65 kHz or 300 kHz;

5) switches for Q1 and Qo: FQPF16N25C (Cpg = 220 pF,

RDS,ON =0.27 Q, Tr =270 ns, Tf =220 ns);

6) diodes for D; and Ds : FFPF10UP30S (Vy = 1.2V).

Fig. 11 shows the results of loss analysis. From Fig. 11,
it is investigated that due to the improved voltage waveforms
in the proposed IBC, the capacitive discharging and switching
losses are reduced. Also, it can be seen that at higher switching
frequency, the increased losses in the proposed IBC are much
smaller than those in the conventional IBC. This means that the
proposed converter can operate at higher switching frequencies
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Fig. 11.  Loss analysis results. (a) At 65 kHz. (b) At 300 kHz.

without the penalty of a significant increase in the losses. Thus,
it can be said that the propose IBC is more advantageous in terms
of efficiency and power density compared with the conventional
IBC.

At this loss analysis, the losses related to the output inductors,
the reverse recovery of D; and D, and the gate driving circuits
are not considered.

E. Transient Voltage Stress

In the conventional IBC, the voltage stress of the freewheeling
diodes is much higher than the input voltage due to the ringing
caused by parasitic elements during the startup or in the steady
state. Thus, high-voltage diodes rated above the input voltage
should be used as the freewheeling diodes.

On the other hand, in the proposed IBC, the voltage stress
of D, is the difference of the input voltage Vg and the voltage
of the coupling capacitor V¢ 5, and the voltage stress of Do is
Ve . In the steady state, Vo p is 0.5Vg and the voltage stress of
Dy and Dy becomes 0.5V s. However, since V- g increases from
zero during the cold startup, the voltage stress of D; decreases

Switchinglossesof Q1,Q2 Capacitive discharging losses of Q1,02 Conduction losses of D1,D2

(b)

Total

from Vg to 0.5Vg, and the voltage stress of D, increases from
zero to 0.5Vg. Consequently, considering the ringing caused by
parasitic elements, the voltage stress of D, is always below the
input voltage, but the voltage stress of D; could be higher than
the input voltage.

For the reduction of the transient voltage stress of D;, an
auxiliary circuit that is composed of two capacitors, a diode,
and a resister is added to the input stage of the proposed IBC, as
shown in Fig. 12(a). Fig. 12(b) shows the operating waveforms
during the cold startup. As shown in Fig. 12(b), the circuit
absorbs the transient energy generated by parasitic elements
during the cold startup and quickly charges V- p. Then, the
voltage of D; is also quickly reduced below the input voltage.
That is, after employing the auxiliary circuit, the voltage of D,
cannot be above the input voltage. This can be confirmed by the
simulation results shown in Fig. 13. Thus, lower voltage diodes
can be employed for D; and D, compared with conventional
IBC.

Additionally, the auxiliary circuit works during only the cold
startup and does not affect the steady-state operation of the
proposed IBC.
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Fig. 12.  (a) Proposed IBC with the auxiliary circuit for the reduction of the
transient voltage stress of D . (b) Its operating waveforms during cold start-up.

IV. EXPERIMENTAL RESULTS

The proposed and conventional IBCs are realized with the
specifications shown next.

1) Input voltage: Vg = 150-200 V.

2) Output voltage: Vp =24 V.

3) Output current: [p = 10 A.

4) Switching frequency: f¢ = 65 kHz or 300 kHz.

5) Inductor ripple current: below 3 A.

6) Ripple voltage of a coupling capacitor: below 4 V.

7) Output voltage ripple: below 250 mV.

The prototypes for the experiment, which are the conventional
IBC and proposed IBCs, have been built and tested to verify
the operational principle, advantages, and performances of the
proposed IBC, using the components as shown in Table III.
In order to alleviate the ringing caused by parasitic elements,
two simple RC snubbers are used across diodes D; and Do,
respectively. Their values are as follows:

R=10Q/1W, C =10nF/630 V.
For the experiment of the proposed IBC2, which is the

proposed IBC with lower voltage rated freewheeling diodes,
the auxiliary circuit described in Section III is added. The
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Fig. 13. Simulation results of the proposed IBC with the auxiliary circuit
during cold start-up when Vg = 200V. (a) At fg = 65kHz. (b) At fg =
300 kHz.

TABLE III
COMPONENTS LIST
Items Conventional IBC Proposed IBC1 Proposed IBC2
in di FFPF10UP30S FFPF10UP30S MBR20200CT
Main diodes (D.,D-) *Ultra fast recovery diode *Ultra fast recovery diode *Schottky diode

Coupling capacitor (Cs)

4uF/250V at fi=65kHz
1uF/250V at f5=300kHz

Main switches (Q1,Q2)

FQPF16N25C

PQ3230 (22mm+32mm-30mm), 0.05mm-245, 19turns, 100uH at fi=65kHz
PQ2620 (19mm-26mm=20mm), 0.05mm=245, 6turns, 20puH at fs=300kHz
22uF/50V at fs=65kHz
3uF/50V at fs=300kHz

Inductors (Li,L2)

Output capacitor (Co)

components are as follows:
Cada1 = Cp, Caaaz =205,
Raqa = 3Q/0.25W, D,qq = UF4004 x 2.

A. Waveforms

Figs. 14 and 15 show the experiment waveforms of the pro-
posed IBC1 and conventional IBC, respectively. As shown in
Figs. 14(a) and 15(a), the conventional IBC has the voltage
waveforms of the input voltage level, but the proposed IBC
has the improved voltage waveforms, as discussed in the circuit
operation. This allows the capacitive discharging and switch-
ing losses to be reduced. In addition, when the input voltage is
200 V, the conventional IBC has a very short on-time, and hence,
two inductor currents are unbalanced, as shown in Fig. 15(b). To
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solve this problem, the conventional IBC needs the additional
current balancing circuit, which increases the circuit complexity
and generates the power loss. On the other hand, the proposed
IBC has twice the on-time of the conventional IBC under the
same input voltage condition. Hence, two inductor currents are
well autobalanced without any additional current balancing cir-
cuits. Fig. 14(b) shows the voltage and current waveforms of
the freewheeling diodes. As shown in Fig. 14(b), the voltages
are half of the input voltage. Thus, schottky diodes that have
generally lower breakdown voltages, typically below 200 V, can
be used as the freewheeling diodes if the voltage stress of D, is
below the input voltage during the cold startup. Since schottky
diodes have good characteristics such as low forward voltage
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drop and no reverse recovery, the efficiency of the proposed
IBC will be further improved. Fig. 14(d) shows the voltage
and current waveforms of the coupling capacitor. As shown in
Fig. 14(d), the voltage is constant with the half of the input volt-
age. Figs. 14(c) and 15(b) show the inductor current waveforms.
From Figs. 14(c) and 15(b), it can be seen that the proposed IBC
has a smaller current ripple than the conventional IBC.

B. Efficiency

Figs. 16 and 17 show the efficiency measured by a power
analyzer (PM3000A, Voltech) when the switching frequency
is 65 or 300 kHz, respectively. For efficiency comparison, the
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unbalanced current in the conventional IBC was corrected by the
additional current balancing circuit using two sensing resistors.
Figs. 16(a) and 17(a) or 16(b) and 17(b) show the efficiencies
under different load conditions at 150 or 200 V input voltage,
respectively. Figs. 16(c) and 17(c) show the efficiencies under
different input voltages at the load condition of 10 A.

From the efficiency in Figs. 16 and 17, we can know that the
proposed IBC has a higher efficiency than the conventional IBC
because of the improved voltage waveforms and no use of the
extra current balancing circuit. Moreover, the improvement in
the efficiency gets larger as the switching frequency increases.
Especially, it is more pronounced under light-load conditions.
This is explained with Fig. 14(e) and (f), and 15(c). As the load
current decreases, all IBCs enter into DCM. If the inductor cur-
rent becomes zero in DCM, the resonance between the junction
capacitances of all semiconductor devices and the output induc-
tors occurs so that the active switches are turned ON with lower
voltage level, as shown in Figs. 14(e)-(f), and 15(c). Here, we
can know that the voltage level of the proposed IBC at a turn-on
transient time is much lower than that of the conventional IBC
from the experiment waveforms. This means that the capacitive
discharging and switching losses are further improved.

Additionally, from the efficiency of the proposed IBC2 in
Figs. 16 and 17, it is seen that the efficiency of the proposed
IBC is further improved after employing schottky diodes.

V. CONCLUSION

A new IBC is proposed in this paper. While keeping the good
characteristics of the IBC introduced in [14], it has a more sim-
ple structure. The main advantage of the proposed IBC is that
since the voltage stress across active switches is half of the in-
put voltage before turn-on or after turn-off when the operating
duty is below 50%, the capacitive discharging and switching
losses can be reduced considerably. In addition, since the volt-
age stress of the freewheeling diodes is half of the input voltage
in the steady state and can be quickly reduced below the input
voltage during the cold startup, the use of lower voltage-rated
diodes is allowed. Thus, the losses related to the diodes can
be improved by employing schottky diodes that have generally
low breakdown voltages, typically below 200 V. From these re-
sults, the efficiency of the proposed IBC is higher than that of
the conventional IBC and the improvement gets larger as the
switching frequency increases. These are verified with the ex-
perimental results. Moreover, it is confirmed that the proposed
IBC has a higher step-down conversion ratio and a smaller in-
ductor current ripple than the conventional IBC. Therefore, the
proposed IBC becomes attractive in applications where noniso-
lation, step-down conversion ratio with high input voltage, high
output current with low ripple, higher power density, and low
cost are required.
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