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High-Efficiency Coupled-Inductor-Based
Step-Down Converter
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Abstract—This study mainly investigates a high-efficiency
single-input multiple-output (SIMO) step-down converter. The
proposed converter can step down the voltage of a high-voltage
dc bus generated by the rectifier of an ac utility power to a control-
lable low-voltage output terminal and middle-voltage output ter-
minals. In this study, a coupled-inductor-based SIMO step-down
converter utilizes two power switches with the properties of voltage
clamping for the middle-voltage switch, and soft switching for all
power switches due to the appropriate choice of the corresponding
device specifications. As a result, the leakage inductor energy of
the coupled inductor can be recycled, and the voltage spikes on
power switches can be alleviated. Moreover, the switching losses
can be significantly decreased because of all power switches with
zero-voltage-switching features. Therefore, the objectives of high-
efficiency power conversion, high step-down ratio, and various out-
put voltage with different levels can be obtained. The effectiveness
of the proposed SIMO step-down converter is verified by experi-
mental results of a converter prototype in practical applications.

Index Terms—Coupled inductor, high-efficiency power conver-
sion, single-input multiple-output (SIMO), step-down converter,
zero-voltage switching (ZVS).

I. INTRODUCTION

IN the past, the Kyoto Protocol implemented the objective
of the climate change to fight global warming by reducing

greenhouse gas concentrations in the atmosphere to a level. By
accompanying the permission of Kyoto Protocol, clean energies,
such as fuel cell (FC), photovoltaic (PV), and wind power, etc.,
have been rapidly promoted [1]–[4], wherein the wind power is
one of efficient power generation systems. In the wind power
generation system, its output power is easily influenced by en-
vironmental factors and wind intensity [5], [6]. According to
these congenital limitations, the wind power generation system
should have a battery module as an auxiliary backup power to
be on standby. On the other hand, the auxiliary backup power
from the battery module also has widely employed in uninter-
rupted power supplies (UPS) [7], [8]. In general, an ac utility
power is used as the main power source for the UPS applica-
tions. Although the power conversion scheme with a step-down
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transformer plus a rectifier can produce a low-voltage dc source
to charge the battery module, the output dc voltage cannot be
arbitrarily adjusted, and its power conversion efficiency is de-
generated. Recently, the diode rectifier with a buck converter
has received much attention to cope with the control issue.
However, increased switching loss and current stress are the
critical drawbacks to be challenged. Besides, some peripheral
devices with different voltage levels (e.g., microcontroller, cool-
ing fan, etc.) should work well to ensure the proper operation
before the wind power generation system or the UPS starts
to produce power. The motivation of this study is to design a
high-efficiency single-input multiple-output (SIMO) step-down
converter for increasing the conversion efficiency, enhancing
the voltage ratio, and possessing multiple output terminals with
different voltage level.

Step-down converters with transformer-based structures are
the most popular topologies [9]–[11], and soft-switching tech-
niques are usually applied to reduce the corresponding switch-
ing losses. These frameworks with transformers have higher
conduction losses because the number of power switches is
usually over three. Nowadays, Gu et al. [12] proposed a fam-
ily of switching capacitor regulators. Although only two power
switches are required in [12], the values of the resonant capac-
itor and inductor should be strictly designed for ensuring all
switches to be operated with the property of soft switching, and
its framework is only suitable for one output terminal. Do [13]
introduced a zero-voltage-switching (ZVS) synchronous buck
converter with a coupled inductor. Unfortunately, this coupled
inductor must have good matching characteristic to achieve the
property of soft switching, and its voltage ratio is low. Lee [14]
presented a new step-down converter scheme with an auxiliary
switch, an auxiliary diode, and an auxiliary coupled winding to
achieve the objective of high-efficiency power conversion under
a wide range. But, two power switches and two diodes for only
one output terminal are required so that the manufacturing cost
is inevitably increased, and its voltage ratio is still low. Even
though the step-down converters in [12]–[14] adopt the soft-
switching techniques to minimize the corresponding switching
losses, more power switches and passive components are al-
ways required so that the corresponding cost and volume will
be inevitably increased. Hwu et al. [15] investigated an ultrahigh
step-down converter, which combined one coupled inductor and
one energy transferring capacitor. In [15], power switches were
turned ON with near ZVS or ZVS due to blanking time, the
leakage inductance, and the energy-transferring capacitor, with-
out any additional components used. Although this topology has
the same voltage gain as the proposed SIMO step-down con-
verter in this study, three power switches are required for only
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one output terminal, and there is no voltage clamping function
within power switches.

As for the researches of interleaved step-down converters,
Lee et al. [16] proposed an interleaved buck converter with low
switching losses and improved step-down conversion ratio. Al-
though the voltage stresses across power switches are half of the
input voltage before turn-on or after turn-off when the operating
duty is below 50%, the switching losses are still high due to
the operation of hard switching, and its system control is more
complicated. Pan et al. [17] presented a novel transformerless
interleaved dc–dc converter with high step-down conversion ra-
tio and low switch voltage stress. Although this converter adds
two input capacitors as a voltage-divider circuit for increasing
the step-down conversion ratio and reducing the voltage stresses
of power switches, four power switches and two diodes are re-
quired so that the manufacturing cost is inevitably increased,
and its control scheme is more complicated. For the multiout-
put application, Huang et al. [18] investigated a single-inductor
dual-output buck converter. Although this converter can produce
two different output voltages, the step-down conversion ratio is
low, and its power conversion efficiency is degenerated due to
the operation of hard switching. Wu et al. [19] performed the
quasi two-stage architecture for the wide input voltage range and
the high step-down multiple output conversion. Unfortunately,
over two power switches for one output terminal are required.

In this study, a high-efficiency SIMO step-down converter
with a coupled inductor is designed and implemented. The pro-
posed converter uses two power switches to achieve the objec-
tives of high-efficiency power conversion, high step-down ratio,
and multiple output terminals with different voltage levels. In
the proposed SIMO step-down converter, the techniques of soft
switching is adopted to reduce the switching losses. Addition-
ally, the problems of the stray inductance energy and reverse-
recovery currents within diodes in the conventional step-down
converter also can be solved. The output voltage range of the
auxiliary circuit can be appropriately adjusted by the design of
an auxiliary inductor. Wai and Jheng [20] developed a high-
efficiency SIMO boost converter with the properties of voltage
clamping and soft switching. The major difference between this
study and [20] is the basic power conversion structure; i.e.,
the proposed circuit in this study is the buck-type converter
framework, and the one in [20] is the boost-type converter cir-
cuit. Wai et al. [21] investigated the design of a high-efficiency
bidirectional SIMO (BSIMO) power converter. In [21], three
power switches (a low-voltage switch, a step-down switch, and
a high-voltage switch), three inductors (a coupled inductor, an
auxiliary inductor, and a step-down inductor), five capacitors (a
clamped capacitor, a middle-voltage capacitor, and three filter
capacitors), and four diodes were required. To compare with
the proposed SIMO step-down converter including two power
switches, two inductors, four capacitors, and two diodes, the
circuit components of the low-voltage switch, the step-down
inductor, the clamped capacitor, and two diodes in [21] can be
saved. In other words, the proposed SIMO step-down converter
has simpler circuit framework and lower manufacturing cost
than the one in [21].

Fig. 1. System configuration of SIMO step-down converter.

II. CONVERTER DESIGN AND ANALYSES

The system configuration for the proposed high-efficiency
SIMO step-down converter topology is depicted in Fig. 1. This
SIMO step-down converter contains three parts including a high-
voltage-side circuit (HVSC), an auxiliary circuit, and a low-
voltage-side circuit (LVSC). The major symbol representations
are summarized as follows. Vbus (ibus) and VO1 (iO1) denote
the voltages (currents) of the input power source and the output
terminal at the HVSC and LVSC, respectively; VO2 and iO2
are the output voltage and current in the auxiliary circuit. Note
that, RO1 and RO2 are the equivalent loads in the LVSC and
auxiliary circuit, respectively. Cbus , CO1 , and CO2 are the filter
capacitors at the HVSC, the LVSC, and the auxiliary circuit,
respectively; C1 is the middle-voltage capacitor in the HVSC.
LP and LS represent individual inductors in the primary and
secondary sides of the coupled inductor (Tr ), respectively, where
the primary side passed though the power switch (S1) and the
middle-voltage capacitor (C1) is connected to the input power
source; Laux is the auxiliary inductor in the auxiliary circuit.
S1 and S2 are the high-voltage switch and the middle-voltage
switch, respectively.

The corresponding equivalent circuits used to define the volt-
age polarities and current directions are depicted in Fig. 2. The
coupled inductor (Tr ) in Fig. 1 can be modeled as an ideal
transformer including the magnetizing inductor (Lmp ) and the
leakage inductor (Lkp ) in Fig. 2. The turns ratio (N) and cou-
pling coefficient (kp ) of this ideal transformer can be defined
as

N = N1/N2 (1)

kp = Lmp/(Lkp + Lmp) = Lmp/LP (2)

where N1 and N2 are the winding turns in the primary and sec-
ondary sides of the coupled inductor (Tr ). Because the voltage
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Fig. 2. Equivalent circuit of SIMO step-down converter.

Fig. 3. Characteristic waveforms of SIMO step-down converter.

gain is less sensitive to the coupling coefficient, and the middle-
voltage capacitor (C1) is appropriately selected to absorb the
leakage inductor energy [22], the coupling coefficient could be
simply set at one (kp = 1) to obtain Lmp = LP via (2). In this
study, the assumption of the conduction voltage drops of the
switches and diodes to be neglected is made to simplify the
converter steady-state analyses.

The characteristic waveforms are depicted in Fig. 3, and the
topological modes in one switching cycle are illustrated in Fig. 4.
The driving signal (T1) for the high-voltage switch (S1) is com-
plementary with the driving signal (T2) for the middle-voltage
switch (S2). The duty cycles for the high-voltage switch (S1)
and the middle-voltage switch (S2) are defined as d1 and d2 ,

respectively. Moreover, TS represents the switching period for
power switches (S1 and S2).

A. Mode 1 (t0 − t1) [see Fig. 4(a)]

In this mode, the high-voltage switch (S1 ) was turned ON, and
the middle-voltage switch (S2) was turned OFF for a span. The
current (iS1) from the HVSC passes through the middle-voltage
capacitor (C1), the primary winding (LP ), and the secondary
winding (LS ). At the same time, partial energy of the primary
winding (LP ) is transmitted to the auxiliary inductor (Laux ).
According to Kirchhoff’s voltage law [23], the voltage Vbus can
be given by

Vbus = VC 1 + vLkp + vLp + vLs + VO1 . (3)

Because vLkp = vLp(1 − kp)/kp and vLs = vLp/N , (3) can
be rearranged as

Vbus = VC 1 + vLp(1 − kp)/kp + vLp + vLs + VO1

= VC 1 + vLp/kp + vLp/N + VO1 . (4)

From (4), one can obtain

vLp =
kpN(Vbus − VC 1 − VO1)

(N + kp)
. (5)

B. Mode 2 (t1 − t2) [see Fig. 4(b)]

At time t = t1 , the high-voltage switch (S1) is turned OFF.
The parasitic capacitor (cs2) of the middle-voltage switch (S2)
starts to charge the middle-voltage capacitor (C1) until the para-
sitic capacitor (cs2) releases its stored energy completely. Then,
the voltage across the middle-voltage switch (vS2) resonates
toward zero, and this mode ends.

C. Mode 3 (t2 − t3) [see Fig. 4(c)]

At time t = t2 , the body diode of the middle-voltage switch
(S2) conducts to carry the current (iLkp ) because the leakage in-
ductor (Lkp ) has to release its stored energy persistently. More-
over, the diode (D1) conducts to carry the secondary current
(iLs) because the primary winding of the coupled inductor (Tr )
has to release its stored energy persistently. At the same time, the
auxiliary inductor (Laux) continuously releases its stored energy
for the output terminal (VO2) in the auxiliary circuit through the
diode (D2).

D. Mode 4 (t3 − t4) [see Fig. 4(d)]

This mode begins when the middle-voltage switch (S2) is
triggered. Because the body diode of the middle-voltage switch
(S2) has conducted in mode 3 (i.e., the voltage across the middle-
voltage switch (S2) is zero), the middle-voltage switch (S2) is
turned ON under the condition of ZVS, which is useful to reduce
the switching loss in the HVSC. In this mode, the current (iLkp )
continues to charge the middle-voltage capacitor (C1), and the
secondary winding (LS ) still provides the energy for the output
terminal (VO1) in the LVSC. Moreover, the auxiliary inductor
(Laux) still release its stored energy for the output terminal (VO2)
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Fig. 4. Topological modes: (a) Mode 1 [t0 − t1 ]; (b) Mode 2 [t1 − t2 ]; (c) Mode 3 [t2 − t3 ]; (d) Mode 4 [t3 − t4 ]; (e) Mode 5 [t4 − t5 ]; (f) Mode 6 [t5 − t6 ];
(g) Mode 7 [t6 − t7 ]; (g) Mode 8 [t7 − t8 ].

in the auxiliary circuit. When the auxiliary inductor current
(iLaux ) drops to zero, this mode ends.

E. Mode 5 (t4 − t5) [see Fig. 4(e)]

At time t = t4 , the auxiliary inductor (Laux) releases its
stored energy completely, and the diode (D2) turns OFF. At the
same time, the current (iLkp ) continues to charge the middle-
voltage capacitor (C1), and the secondary winding (LS ) still
provides the energy for the output terminal (VO1) in the LVSC.
During the middle stage of this mode, the primary winding (LP )
releases its stored energy completely, and the primary current
(iLkp ) drops to zero. After that, the middle-voltage capacitor
(C1) starts to release its stored energy for the LVSC via the

magnetic coupling way, and the primary magnetizing current
(iLmp ) via the flyback operational way induces the primary cur-
rent (iLkp ) magnetically to charge the middle-voltage capacitor
(C1). According to Kirchhoff’s voltage law [23], the voltage
(vLp ) can be given by

vLp = −VC 1 . (6)

Moreover, the voltage (vLs) can be expressed as

vLs = −VO1 (7)

According to (1) and (7), (6) can be rearranged as

vLp = NvLS = −NVO1 . (8)
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Due to the relations of (6) and (8), the voltage across the
middle-voltage capacitor (VC 1) can be represented as

VC 1 = NVO1 . (9)

F. Mode 6 (t5 − t6) [see Fig. 4(f)]

At time t = t5 , the middle-voltage switch (S2) is turned OFF.
The leakage inductor (Lkp ) releases its stored energy into the
middle-voltage capacitor (C1), and the parasitic capacitor (cs1)
of the high-voltage switch (S1) starts to release its stored en-
ergy for the input terminal (Vbus) of the HVSC. Consequently,
the polarities across the primary and secondary windings of
the coupled inductor are reversed instantaneously because of
Vbus > VO1 . Because the secondary winding (LS ) still needs to
release its energy for the output terminal (VO1) in the LVSC,
the diode (D1) continuously conducts to sustain the sum of the
currents (iLkp and iLs).

G. Mode 7 (t6 − t7) [see Fig. 4(g)]

At time t = t6 , the parasitic capacitor (cs1 ) of the high-voltage
switch (S1) releases its stored energy completely. Because the
leakage inductor (Lkp ) still release its stored energy persistently,
the body diode of the high-voltage switch (S1) conducts to carry
the current (iLkp ).

H. Mode 8 (t7 − t8) [see Fig. 4(h)]

At time t = t7 , the high-voltage switch (S1) is turned ON
under the condition of ZVS because the body diode of the
high-voltage switch (S1) has conducted in mode 7. It provides
a magnetizing path for the coupled inductor (Tr ) so that the
magnetizing inductor Lmp magnetizes again and the secondary
current (iLS ) gradually decreases. According to the magnetiz-
ing effect of the primary winding, the nondotted point voltage
of the secondary winding is negative. The diode (D1) will turn
OFF at time t = t8 to complete one switching period. After that,
it begins the next switching cycle and repeats the operation in
mode 1.

The mode operation conditions are summarized as follows.
In mode 1, the high-voltage switch (S1) was turned ON, and the
middle-voltage switch (S2) was turned OFF for a span. When
the high-voltage switch (S1) is turned OFF, the operation enters
mode 2. Moreover, the operation enters mode 3 when the body
diode of the middle-voltage switch (S2) conducts to carry the
current (iLkp ). Mode 4 begins when the middle-voltage switch
(S2) is triggered. When the auxiliary inductor (Laux ) releases
its stored energy completely, and the diode (D2) turns OFF, the
operation enters mode 5. Mode 6 starts when the middle-voltage
switch (S2) is turned OFF. In addition, the operation enters mode
7 when the body diode of the high-voltage switch (S1) conducts
to carry the current (iLkp ). When the high-voltage switch (S1)
is turned ON under the condition of ZVS, the operation enters
the mode 8. After the diode (D1) turns OFF, it begins the next
switching cycle and repeats the operation in mode 1.

The derivations of the voltage gain at the SIMO step-down
converter are introduced as follows. For easy to analyze, the
duty cycles for the high-voltage switches (S1) and the middle-

voltage switch (S2) are defined as d1 , and d2 , respectively. At
the SIMO step-down converter, d2 is approximately equal to
1 − d1 by neglecting the dead time. Because the middle-voltage
capacitor (C1) can be appropriately selected to absorb the leak-
age inductor energy [22], the coupling coefficient (kp ) could be
simply set at one. By using the voltage-second balance [23] of
the magnetizing inductor (Lmp ), one can obtain

N(Vbus − VC 1 − VO1)
N + 1

d1TS + (−VC 1)(1 − d1)TS = 0.

(10)
According to (10), the voltage gain (GV 1) of the proposed

SIMO step-down converter from the HVSC to the LVSC can be
represented as

GV 1 = VO1/Vbus = d1/(N + 1). (11)

For calculating the discharge time of the auxiliary inductor at
modes 3 and 4, the corresponding time interval can be denoted as
dxTS = (t4 − t2). At the mode 1, the auxiliary inductor voltage
(vLaux) can be expressed as

vLaux = Vbus − VC 1 − vLp − VO2 . (12)

According to (1), (9), and the relation of vLs + VO1 =
vLaux + VO2 , (12) can be rearranged as

vLaux =
Vbus − (N + 1)VO2

(N + 1)
. (13)

By using the voltage–second balance [23] of the auxiliary
inductor voltage (vLaux ), one can obtain

Vbus − (N + 1)VO2

(N + 1)
d1TS + (−VO2)dxTS = 0. (14)

From (14), the voltage gain (GV 2) of the proposed SIMO step-
down converter from the HVSC to the output terminal (VO2) in
the auxiliary circuit can be rearranged as

GV 2 =
VO2

Vbus
=

d1

(N + 1)(dx + d1)
. (15)

As can be seen from Fig. 3, the average value of the diode
current (iD2) can be calculated as

iD2(avg) =
1
TS

[
1
2
iLaux(max)d1TS +

1
2
iLaux(max)dxTS

]

(16)
where iLaux(max) is the maximum current of the auxiliary in-
ductor and can be expressed as

iLaux(max) = (VO2/Laux)dxTS . (17)

By substituting the aforementioned equation into (16), one
can obtain

iD2(avg) =
VO2

2Laux
dxTS (d1 + dx). (18)

Because the average current of the diode (D2) is equal to the
current (iO2), the current (iD2(avg)) can be represented as

iD2(avg) = VO2/RO2 . (19)
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Fig. 5. (a) Voltage gain (GV 1 ) with respect to duty cycle (d1 ) under different turns ratios; (b) voltage gain (GV 2 ) with respect to auxiliary inductors (Laux )
under different turns ratios.

From (18) and (19), the duty cycle dx can be rewritten as

dx =
−d1 +

√
d2

1 + [8Laux/(RO2TS )]
2

. (20)

The minimum magnetizing inductor current (iLmp(min)) can
be represented as

iLmp(min) = iLmp( ave) −
ΔiLmp

2
(21)

where iLmp( ave) and ΔiLmp are the dc and ac components of
iLmp . As can be seen from mode 4 or mode 5 in Figs. 3 and 4,
the values of iLmp( ave) and ΔiLmp can be calculated via (9) as

iLmp( ave) =
VO1

NRO1
(22)

ΔiLmp =
vLmpΔt

Lmp
=

VC 1(1 − d1)TS

Lmp

=
NVO1(1 − d1)TS

Lmp
. (23)

According to (22) and (23), (21) can be rearranged as

iLmp(min) =
VO1

NRO1
− NVO1(1 − d1)TS

2Lmp
. (24)

By considering the boundary condition of continuous and dis-
continuous magnetizing inductor current, the minimum magne-
tizing inductor (Lmp(mim)) under continuous conduction mode
(CCM) can be obtained as

Lmp(min) ≥
N 2RO1(1 − d1)TS

2
. (25)

In this study, the value of the magnetizing inductor (Lmp )
should be selected over Lmp(mim) for ensuring the property of
CCM according to (25).

III. DESIGN CONSIDERATIONS

To verify the effectiveness of the proposed high-efficiency
SIMO step-down converter topology, a 150-V power supply
is utilized for the input power source (Vbus) in the HVSC to
imitate the rectifier of an utility power with the ac voltage 110
Vrms , and the desired output dc voltage is set at 12 V in the
LVSC. The maximum load current at the LVSC is set at 48 A,
and its equivalent load in the LVSC is RO1 = 0.25Ω. In the
proposed SIMO step-down converter, a 24-V battery module is
considered as the load in the auxiliary circuit. The maximum
battery floating charge voltage is set at VO2(max) = 27V, and the
allowable charging power is 100 W (RO2 = 7.2Ω). In addition,
this converter is operated with a 100-kHz switching frequency
(fs = 100 kHz), and the coupling coefficient could be simply
set at one (kp = 1) because the proposed circuit has a good
leakage energy recycling effect.

A. Determination of Duty Cycle and Turns Ratio

By substituting N = 1 ∼ 7 into (11), the curves of the volt-
age gain GV 1 with respect to different duty cycles (d1) are
depicted in Fig. 5(a). By analyzing Fig. 5(a), the turns ratio
(N ) of the coupled inductor can be selected as N = 4 when
the operational conditions are Vbus = 150V and VO1 = 12V
(i.e., GV 1 = 0.08) so that the corresponding duty cycle (d1) can
be obtained as d1 = 0.4. According to (15), one can calculate
the discharge duty cycle of the auxiliary inductor as dx = 0.04
by using the values of Vbus = 150V, N = 4, d1 = 0.4, and
VO2(max) = 27V.

B. Switch Voltage Stress Design

As can be seen from Figs. 3 and 4, the high-voltage
switch (S1) and the middle-voltage switch (S2) are not turned
ON simultaneously. The maximum voltage across the high-
voltage switch (S1) and the middle-voltage switch (S2) can be
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represented as

vS1,S2(max) = Vbus . (26)

Because the voltage across the middle-voltage switch (S2) at
the mode 1 can be represented as vS2 = VC 1 + vLp . Due to the
relations of (5) and (9), the voltage across the middle-voltage
switch (S2) at the mode 1 can be expressed as

vS2 = NVbus/(N + 1). (27)

According to the design of Vbus = 150V and N = 4, the volt-
age of the middle-voltage switch (S2) can be steadily clamped at
120 V. By analyzing (26) and (27), the maximum voltage across
the high-voltage switch (S1) and the middle-voltage switch (S2)
are not related to the duty cycles (d1 and d2) if the value of the
high dc-bus voltage (Vbus) and the turns ratio (N ) are fixed. Due
to the maximum voltage stress of vS1,S2(max) = Vbus and the
possible occurrence of the circuit stray effect, the switches (S1
and S2) with 200-V voltage rating can be selected.

C. Diode Selection

In this study, the voltage across the diode (D1) at the mode
1 can be expressed as vD1 = Vbus − [NVbus/(N + 1)] = 30V
via Vbus = 150V and N = 4. During the mode 5, the diode
(D2) turns OFF, and its voltage can be represented by vD2 =
VO2 + [Laux(diLaux/dt)]. Since the auxiliary inductor current
(iLaux ) is equal to zero at the mode 5, the voltage (vD2) can be
rearranged as vD2 = VO2 = 24V by considering VO2 = 24V.
Thus, low-voltage Schottky diodes can be selected for the diodes
(D1 and D2) to avoid the problem of reverse-recovery cur-
rents. In this study, the diode of Schottky Barrier Rectifiers
MBR20200CT is selected for D2 . Because the diode (D1) in
the LVSC has a quite large current flowing through, the conduc-
tion loss should be specially considered to select the diode with
low forward voltage for reducing the conduction loss. The con-
duction loss of D1 can be calculated as PD1,loss = iD1(avg)VF ,
in which iD1(avg) and VF are the average current and forward
voltage of D1 , respectively. In this study, the diode of Schottky
Rectifiers 60CPQ150 is selected for D1 . The forward voltage of
D1 is 0.67 V, which is smaller than the 0.9-V forward voltage
of a general diode.

D. Coupled Inductor/Auxiliary Inductor Design

In this study, the rated output current at the LVSC (iO1)
is set at 45 A, and the corresponding output current of the
LVSC at the minimum load is set at 10% of the rated load
current at the LVSC, i.e., 4.5 A. As can be seen from mode
3 to mode 8 in Fig. 4, the current and voltage relation of
the secondary winding (LS ) can be approximately represented
as vLs = LS (ΔiO1/Δt). When one considers the predeter-
mined values of vLs = 12V and Δt = (1 − d1)TS = 6μs, and
the maximum variation of ΔiO1 = 45A − 4.5A = 40.5A, the
value of LS = 1.78μH can be calculated. In order to manu-
facture the inductor easily, the value of LS = 2μH is adopted
in the experimental prototype. Because the ratio of the primary
and secondary inductors in the coupled inductor (Tr ) is square
proportional to the turns ratio (N = 4), the value of LP can be

determined as 32μH. The selection of LP = 32μH satisfies the
condition in (25) for ensuring the property of CCM.

By substituting (20) into (15), the voltage gain (GV 2) of the
proposed SIMO step-down converter from the HVSC to the
output terminal (VO2) in the auxiliary circuit can be rearranged
as

GV 2 =
VO2

Vbus
=

2d1

(N + 1)(d1 +
√

d2
1 + [8Laux/(RO2TS )])

.

(28)
As can be seen from (28), the voltage of the output terminal

(VO2) in the auxiliary circuit can be appropriately regulated by
the design of the auxiliary inductor (Laux ) when the voltage
of the HVSC (Vbus), the turns ratio (N), the duty cycle (d1),
the switching cycle (TS ), and the equivalent load (RO2) are
determined in advance. By substituting N = 1 ∼ 7, d1 = 0.4,
RO2 = 7.2Ω, and TS = 10μs into (28), the curves of the voltage
gain (GV 2) with respect to different auxiliary inductors (Laux )
are depicted in Fig. 5(b). By considering N = 4, Vbus = 150V,
and VO2 = 24V ∼ 27V (i.e., GV 2 = 0.16 ∼ 0.18), the upper
and lower values of the auxiliary inductor can be obtained be-
tween 0.71 and 1.8 μH from Fig. 5(b). In this study, its average
value Laux = 1.3μH is adopted.

E. Filter Capacitor/ Energy-Transferring Capacitor Design

In the proposed SIMO step-down converter, the electric
charge variation (ΔQO2) of the filter capacitor (CO2) in the aux-
iliary circuit can be represented as ΔQO2 = (VO2/RO2)(d1 −
dx)TS = CO2ΔVO2 , and the voltage ripple of VO2 can be rear-
ranged as (ΔVO2/VO2) = (d1 − dx)/(RO2CO2fS ). By substi-
tuting d1 = 0.4, GV 2 = 0.18, and N = 4 into (15), the duty
cycle dx can be calculated as 0.04. If one sets the volt-
age ripple of VO2 to be less than 1%, the value of CO2
should be selected over 50μF by substituting d1 = 0.4, dx =
0.04, RO2 = 7.2Ω, fS = 100 kHz, and VO2 = 27V into the
function of CO2 = (d1 − dx)/[(RO2fS )(ΔVO2/VO2)]. More-
over, the electric charge variation (ΔQO1) of the filter ca-
pacitor (CO1) in the LVSC can be expressed as ΔQO1 =
(VO1/RO1)(1 − d1)TS = CO1ΔVO1 , and the ripple of the out-
put voltage (VO1) can be rearranged as (ΔVO1/VO1) = (1 −
d1)/(RO1CO1fS ). By substituting fS = 100kHz, d1 = 0.4,
RO1 = 0.25Ω, and VO1 = 12V into the function of CO1 =
(1 − d1)/[(RO1fS )(ΔVO1/VO1)], the value of CO1 should be
chosen over 2400μF with the constraint on the voltage ripple
to be less than 1%. According to the aforementioned consid-
eration, the values of CO1 = 2400μF and CO2 = 50μ F are
adopted in the experimental prototype.

The middle-voltage capacitor (C1) is used to transfer the en-
ergy from the input to the output including the leakage inductor
energy. Thus, the capacitance of C1 can be estimated by the
following equation:

C1 > 2PO1,rated/(V 2
C 1fS ) (29)

where PO1,rated is the rated output power of the LVSC. Accord-
ing to (9), (29) can be rewritten as

C1 >
2PO1,rated

(NVO1)2fS
. (30)
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By substituting N = 4, VO1 = 12V, fs = 100 kHz, and
PO1,rated = 540W(VO1= 12 V and iO1= 45 A) into (30), one
can obtain C1 > 4.69μF. Because the value of C1 should be
larger enough to avoid resonance with the leakage inductor [24],
one selects the middle-voltage capacitor as C1 = 10μF in this
study.

F. Feedback Control Design

In this study, the feedback control is used to solve the problem
of the output voltage varied with load variations, and a digital-
signal-processor (DSP) TMS320F2812 manufactured by Texas
Instruments is adopted to achieve this goal of feedback control.
In this feedback scheme, conventional proportional-integral (PI)
control without detailed mathematical dynamic model is uti-
lized. In this study, the output voltage (VO1) of the LVSC is
controllable via a conventional PI control framework, and the
voltage level of the output voltage (VO2) in the auxiliary cir-
cuit is regulated by the design of the auxiliary inductor (Laux ).
Although the voltage of the output terminal in the auxiliary cir-
cuit cannot be precisely controlled real time, the predetermined
voltage range by the design of the auxiliary inductor (Laux ) is
suitable for the floating charge voltage to a battery module as
the load in the auxiliary circuit.

IV. EXPERIMENTAL RESULTS

A prototype with the following specifications is first designed
in this section to verify the design procedure given in Section
III.
Input voltage for HVSC Vbus = 150V.
Output voltage for LVSC VO1 = 12V.
Auxiliary output voltage VO2 = 24 V − 27 V.
Switching frequency fS = 100 kHz.
Coupled inductor LP = 32μH; LS = 2μH; N = 4;

kp = 0.95; EE-55 core.
Switch S1 , S2 : IRFP260N (200 V/50 A ×

2, RDS(on) = 40mΩ); TO-247AC.
Diode D1 : Schottky Rectifiers 60CPQ

150, (150 V/60 A × 2, VF = 0.67).
D2 : Schottky Barrier Rectifiers
MBR20200CT, (200 V/20 A, VF =
0.9).

Inductor Laux = 1.3μH.
Capacitor C1 = 10μF/250V.

CO1 = 2400 μF/35 V;
CO2 = 50μF/60V.

Note that, a battery with the electric specification of 12 V and
55 Ah, manufactured by the GS Battery Company, is adopted
and two batteries are connected in series to take as the output
load in the auxiliary circuit. The use of battery in the auxiliary
circuit is just an example for the equivalent load RO2 in Fig. 1,
not a power-supply source for the proposed high-efficiency
SIMO step-down converter. Even for two different voltages in
parallel, no large circulating current will occur because of the
directional diode of D2 and the design of VO2 > VO1 . In real ap-
plications, the battery module in the auxiliary circuit can supply
its power for other peripheral devices, for example, an electronic
control board, a cooling fan, etc. Although the voltage of the

Fig. 6. Practical photograph of SIMO step-down converter: (a) front side; (b)
reverse side.

middle-voltage output terminal (VO2) is incontrollable real time,
the predetermined voltage range by the design of the auxiliary
inductor (Laux) is suitable for the floating charge voltage to a
battery module as the load in the auxiliary circuit. As long as
the voltage of the middle-voltage output terminal (VO2) is larger
than the voltage of the battery module, one can use the floating
charge way to charge the battery module. The auxiliary battery
module used in this study also can be extended easily to other dc
loads, even for different voltage demands, via the manipulation
of circuit components design. The practical photograph of the
proposed SIMO step-down converter is depicted in Fig. 6, where
the front side and the reverse side of the converter prototype are
given in Fig. 6(a) and (b), respectively.

In general, a 48-V voltage source generated from the ac–dc
converter is used for communication systems in the network
communication room [15]. Traditionally, the buck converter is
used to step down the high voltage to a lower voltage. How-
ever, for the device that needs an input voltage of 3.3 V or
less, an extremely low duty cycle is necessary for the buck
converter if the input voltage is 48 V, thereby causing the con-
trol design to be tough and the accompanying power loss to
be relatively high. In this section, one modifies the duty cycle
d1 = 0.34 by substituting GV 1 = 0.068 and N = 4 into (11) for
further examining the performance of the proposed SIMO step-
down converter at the operational conditions of Vbus = 48V
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Fig. 7. Experimental voltage and current responses of SIMO step-down converter from Vbus = 150 V to VO 1 = 12 V at 15.3-A load current (iO 1 = 12.2 A
and iO 2 = 3.1 A).

and VO1 = 3.3V/V02 = 6−7 V Moreover, a 7.8Ω resistor is
taken as the equivalent load RO2 in this application. Note that,
the prototype circuit of the proposed SIMO step-down converter
in this alternative application is the same as Fig. 6, except for
the input/output voltage and current specifications, and the cor-
responding duty cycle design.

A. Experimental Results of Vbus = 150V/VO1 = 12V

The experimental voltage and current responses of the pro-
posed SIMO step-down converter from Vbus = 150V to VO1 =

12V at load currents of 15.3 A (iO1 = 12.2A and iO2 = 3.1A)
and 48 A (iO1 = 45A and iO2 = 3A) are depicted in Figs. 7 and
8, respectively. In the subfigures (a) and (b), the trigger signals
and voltage/current waveforms for the high-voltage switch (S1)
and the middle-voltage switch (S2) are shown. Moreover, the
voltage of the middle-voltage switch (vS2) is steadily clamped
at 120 V. As can be seen from the subfigure (c), the primary
leakage current (iLkp ) and the secondary inductor current (iLs)
of the coupled inductor change by turns, and the charge and
discharge current (iLaux ) of the auxiliary inductor is the same
as the analytical result in Fig. 3. In the subfigures (d) and (e), the
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Fig. 8. Experimental voltage and current responses of SIMO step-down converter from Vbus = 150V to VO 1 = 12V at 48-A load current (iO 1 = 45 A and
iO 2 = 3 A).

reverse-recovery currents can be alleviated owing to the selec-
tion of Schottky diodes for the diodes (D1 and D2). Note that,
the voltage spikes and oscillations in the measured waveforms of
vD1 and vD2 are mainly caused by the resonant phenomena be-
tween the circuit stray inductance and the parasitic capacitance
of the diodes. By observing the subfigure (f), the output voltage
of the LVSC can be stably adjusted by a conventional PI volt-
age controller to be VO1 = 12V when the input voltage of the
HVSC is Vbus = 150V. In addition, the output voltage (VO2)
in the auxiliary circuit does not exceed the maximum floating

charge voltage of the battery module. The trigger signals and
switch voltage waveforms of the high-voltage switch (S1) and
the middle-voltage switch (S2) are enlarged in the subfigure
(g). The switches of S1 and S2 turned ON under the condition
of ZVS are obvious. The aforementioned experimental results
agree well with those obtained from theoretical analyses given
in Section II.

The experimental response of the proposed SIMO step-down
converter from Vbus = 150V to VO1 = 12V under the condi-
tion of load change is depicted in Fig. 9. As can be seen from
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Fig. 9. Experimental response from Vbus = 150 V to VO 1 = 12 V under
load current variation between iO 1 = 12.2 A and iO 1 = 20 A.

Fig. 10. Power conversion efficiency of SIMO step-down converter from
150 V to 12 V/24–27 V under different load currents.

Fig. 9, the output voltage of the LVSC can be stably controlled
to be VO1 = 12V under the load current variation between
iO1 = 12.2A and iO1 = 20A owing to the PI closed-loop volt-
age control. The output voltage of the auxiliary circuit (VO2)
just changes slightly from VO2 = 24.7V to VO2 = 24.5V, and
its voltage still does not exceed the maximum floating charge
voltage of the battery module. Fig. 10 summarizes the conver-
sion efficiency of the proposed SIMO step-down converter from
Vbus = 150V to VO1 = 12V/V02 = 24−− 27 V under differ-
ent load currents (iO1 + iO2). The conversion efficiency (η) of
the proposed SIMO step-down converter is defined as the output
power dividing by the input power as follows:

η =
VO1iO1 + VO2iO2

Vbusibus
≡ PO1 + PO2

Vbusibus
(31)

where Vbus (ibus) and VO1 (iO1) denote the voltages (currents) of
the input power source and the output terminal at the HVSC and
LVSC, respectively; VO2 and iO2 are the output voltage and cur-
rent in the auxiliary circuit; PO1 = VO1iO1 and PO2 = VO2iO2
are the output powers of the LVSC and the auxiliary circuit,
respectively. On the experimental system, the converter effi-
ciency is evaluated via Power Analyzer PA4400A equipment,
manufactured by the AVPower Company. The bandwidth of

the PA4400A is dc to 500 kHz, and the accuracy of the mea-
sured power is within ±0.1%. From the experimental results
in Fig. 10, the average conversion efficiency of the proposed
SIMO step-down converter is over 90%, and its maximum effi-
ciency is 95.8% at the 15.3-A load current (iO1 = 12.2A and
iO2 = 3.1A). As a result, the objective of high-efficiency power
conversion can be achieved by the proposed SIMO step-down
converter.

B. Experimental Results of Vbus = 48V/V01 = 3.3V

The experimental voltage and current responses of the pro-
posed SIMO step-down converter from Vbus = 48V to VO1 =
3.3V at load currents of 3.15 A (iO1 = 2.3A and iO2 = 0.85A)
and 9.19 A (iO1 = 8.35A and iO2 = 0.84A) are depicted in
Figs. 11 and 12, respectively. In the subfigures (a) and (b),
the trigger signals and voltage/current waveforms for the high-
voltage switch (S1) and the middle-voltage switch (S2) are
shown. Moreover, the voltage of the middle-voltage switch (vS2 )
is steadily clamped at 38 V. As can be seen from the subfigure
(c), the primary leakage current (iLkp ) and the secondary in-
ductor current (iLs) of the coupled inductor change by turns,
and the charge and discharge current (iLaux) of the auxiliary
inductor is the same as the analytical result in Fig. 3. In the
subfigures (d) and (e), the reverse-recovery currents can be alle-
viated owing to the selection of Schottky diodes for the diodes
(D1 and D2). Note that, the voltage spikes and oscillations in
the measured waveforms of vD1 and vD2 are mainly caused by
the resonant phenomena between the circuit stray inductance
and the parasitic capacitance of the diodes. By observing the
subfigure (f), the output voltage of the LVSC can be stably ad-
justed by a conventional PI voltage controller to be VO1 = 3.3V
when the input voltage of the HVSC is Vbus = 48V. In addi-
tion, the output voltage (VO2) in the auxiliary circuit is about
6.7 V. The trigger signals and switch voltage waveforms of the
high-voltage switch (S1) and the middle-voltage switch (S2) are
enlarged in the subfigure (g). The switches of S1 and S2 turned
ON under the condition of ZVS are obvious.

The experimental response of the proposed SIMO step-down
converter from Vbus = 48V to VO1 = 3.3V under the condition
of load change is depicted in Fig. 13. As can be seen from
Fig. 13, the output voltage of the LVSC can be stably controlled
to be VO1 = 3.3V under the load current variation between
iO1 = 2.3A and iO1 = 5A owing to the PI closed-loop voltage
control. The output voltage of the auxiliary circuit (VO2) just
changes slightly from VO2 = 6.7V to VO2 = 6.6V. Fig. 14
summarizes the conversion efficiency of the proposed SIMO
step-down converter from Vbus = 48V to VO1 = 3.3V/VO2 =
6 − 7V under different load currents (iO1 + iO2). From the
experimental results in Fig. 14, the average conversion efficiency
of the proposed SIMO step-down converter is over 94%, and its
maximum efficiency is 95.9% at 3.15-A load current (iO1 =
2.3A and iO2 = 0.85A).

C. Performance Comparisons

The performance comparisons of the proposed SIMO step-
down converter with similar researches in the announced works
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Fig. 11. Experimental voltage and current responses of SIMO step-down converter from Vbus = 48 V to VO 1 = 3.3 V at 3.15-A load current (iO 1 = 2.3 A
and iO 2 = 0.85 A).

[13]–[19] are summarized in Table I. The ultrahigh step-down
converter presented in [15] majorly has three power switches,
one coupled inductor, and one energy transferring capacitor.
Although the switches (S1 and S2) and the diode d1 in this
study corresponds to the switches (Q1 , Q2 , and Q3) in [15],
the cost of a power MOSFET plus its driving circuit is usually
higher than the diode price, and extra power for driving the
power MOSFET is required. Moreover, the leakage inductance
energy needs to pass through two switches in [15] for charging
the energy transferring capacitor (CB ) although the function of
state 2 in [15] is similar to the one of mode 3 in this study. For
the same ZVS in the state 3 of [15] and the mode 4 of this study,

the leakage inductance current still passes through two switches
in [15]. Although the topology in [15] has the same voltage gain
as the proposed SIMO step-down converter in this study, one
more power switch is required in [15]. Extra conduction loss and
driving power will be unavoidably occurred in [15]. In addition,
the maximum voltage across the switch (Q2) is equal to the
input voltage in [15]; i.e., it has no voltage clamped function in
this study. Besides, the step-down converters in [13]–[16] only
have one output terminal.

As can be seen from Table I, the maximum conversion effi-
ciency of the interleaved step-down converter in [17] is slightly
higher than the one in this study. However, four power switches
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Fig. 12. Experimental voltage and current responses of SIMO step-down converter from Vbus = 48 V to VO 1 = 3.3 V at 9.19-A load current (iO 1 = 8.35 A
and iO 2 = 0.84 A).

are at least required for one output terminal; i.e., its manu-
facturing cost will be increased. For the multi-output step-
down converter design, the power conversion efficiency in
[18] is degenerated due to the operation of hard switching.
Although there are three output terminals in [19], ten power
switches are required to perform high step-down multiple out-
put conversion. Inevitably, the control complexity and manu-
facturing cost of the circuit in [19] will be broadly increased.
In comparison with existing works [13]–[19], the proposed
SIMO step-down converter has superior properties with high
conversion efficiency, high step-down ratio, low manufactur-
ing cost, and multiple output terminals with different voltage
levels.

Yau et al. [24] investigated a high step-down bidirectional
converter utilizing four power switches, one coupled inductor,
and two energy-transferring capacitors. In the step-down mode,
the capacitor is connected between the input voltage and the
coupled inductor, which plays a role to step down the input
voltage. Although the switch (Q3) and the capacitor (C2) in
Fig. 1 of [24] can be served as an active clamping circuit as well
as another output voltage, some possible drawbacks are recited
as follows: 1) the switch (Q3) is operated at a high current spike
to result in extra switching loss; 2) the capacitor (C2) taken as
the main energy storage component will be easily influenced by
EMI; and 3) as can be seen from in [24, Figs. 18 and 19], the
voltage clamped performance is not good.
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TABLE I
PERFORMANCE COMPARISONS OF SIMO STEP-DOWN CONVERTER WITH OTHER ANNOUNCED WORKS

Major Step-Down Output Power Maximum Conversion Amount of power Output
References Input Voltage Output Voltage Ratio Examination Efficiency switches terminal

[13] 48 V 24 V D 115 W 93.6% 2 1

[14] 100 V 50 V
D + 1

N Dx − Da

1 + ( 1
N − 1)(Da + Dx )

300 W 95% 2 1

[15] 48 V 3.3 V
D

N + 1
50 W 95% 3 1

[16] 150 V 24 V D/2 240 W 96.25% 2 1
[17] 400 V 25 V D/4 400 W 94.4 & 96.7%

(synchronous rectifier)
4 1

[18] 2.4–5 V V1 :1.8 V V2 : 3.3 V D 2 W 70% 2 2
[19] 48–85 V V1 :10 V V2 : 5 V V3 : 3.3 V N 100 W 91.5% 10 3
This study 150 V V1 :12 V V2 :24 – 27V D

N + 1 612 W 95.8% 2 2
48 V V1 :3.3 V V2 :6 –7 V 32 W 95.9%

Fig. 13. Experimental response from Vbus = 48 V to VO 1 = 3.3 V under
load current variation between iO 1 = 2.3 A and iO 1 = 5 A.

Fig. 14. Power conversion efficiency of SIMO step-down converter from 48 V
to 3.3 V/6–7 V under different load currents.

V. CONCLUSION

This study has successfully developed a high-efficiency
SIMO step-down converter, and this coupled-inductor-based
converter was applied well to a single input power source plus
two output terminals composed of an auxiliary battery module
and a low-voltage load. The experimental results reveal that the
maximum efficiency was measured to be 95.8%, and the aver-
age conversion efficiency was measured over 90%. The major

contributions of the proposed SIMO step-down converter are re-
cited as follows: 1) this topology adopts two power switches with
the property of ZVS to achieve the objective of high-efficiency
SIMO step-down power conversion; 2) the voltage ratio can be
substantially increased by using a coupled inductor; 3) the stray
energy can be recycled by a middle-voltage capacitor to ensure
the property of voltage clamping; 4) an auxiliary inductor is
designed for providing the charge power to the auxiliary battery
module, and the charging voltage range can be appropriately
regulated by the design of the auxiliary inductor; and 5) the
copper loss in the magnetic core can be greatly reduced as a
full copper film with lower turns. This high-efficiency SIMO
step-down converter topology provides designers with alterna-
tive choices for stepping down a high-voltage dc bus generated
by the rectifier of an ac utility power to multiple outputs with
different voltage levels. The auxiliary battery module used in
this study also can be extended easily to other dc loads, even
for different voltage demands, via the manipulation of circuit
components design.
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