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Abstract—The interleaved operation of a two-inductor boost
converter system is a very attractive solution for converting the
low input voltage (30–50 V) of distributed power sources, such as
photovoltaic and fuel cells, to the high output voltage (380–760 V)
required in grid-connected power-conversion applications. How-
ever, a soft-switching method is required in the two main switches
to increase the overall power conversion efficiency. This paper pro-
poses a zero-voltage-transition (ZVT) two-inductor boost converter
using a single resonant inductor to meet these needs. To satisfy the
requirement of soft switching in the two main switches, a resonant
cell is constructed at the output side with a bidirectional switch,
two auxiliary diodes, and a single resonant inductor. This converter
has the advantages of simple circuitry, reduced size, and low cost
due to a single resonant inductor. The validity of the proposed ZVT
two-inductor boost converter is verified through experimental re-
sults.

Index Terms—Boost converter, interleaved, resonant, two-
inductor, zero-voltage transition (ZVT).

I. INTRODUCTION

A S the demand for distributed generation (DG) has in-
creased, single-phase grid-connected power conversion

systems have been widely studied in order to connect distributed
sources, such as photovoltaic and fuel cells, with grids [1], [2].

These power systems are commonly constructed in two
stages, which can be divided into the dc–dc converter, which
boosts a low voltage of 30–50 V to a high voltage of 380 V,
and the dc–ac inverter for connection to the 220-V ac volt-
age [3]. As a rule, a full-bridge or half-bridge topology-
based hard-switching inverter is applied for dc–ac inverters,
while various topologies, such as nonisolated/isolated and
voltage-/current-source types, have been proposed to satisfy a
high step-up voltage gain for dc–dc converters.

Therefore, the dc–dc converter naturally uses the boost topol-
ogy, and moreover, additional magnetic integrated topologies
have been developed by considering the tradeoff of increased
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cost for a sufficiently high-voltage output and improved stability
due to the galvanic isolation.

Boost topology with coupled inductors has been proposed for
nonisolated converters [4]–[6], where the secondary winding of
the coupled inductor serves as a voltage source in series with the
power branch. On the other hand, a two-inductor boost converter
has been developed for the isolated type [7]. Furthermore, a
boost converter with a hybrid structure that combines a coupled
inductor and a transformer has been attempted [8]–[11].

Among these topologies, the two-inductor boost converter has
inherent characteristics that are useful for high step-up convert-
ers in DG systems. Since this type of converter has a large input
current, the input current distributed by the two power branches
reduces the conduction losses of the power devices and the cop-
per losses of the inductors. Moreover, the input current ripple
can be reduced by applying an interleaved control scheme that
decreases the input filter size. This reduction is also very desir-
able in DG applications, in which the distributed sources should
always be operated at the maximum power point (MPP). Since
current ripples at the MPP result in power losses, the reduction
of input current ripples at the dc–dc converter can maximize
allowable power utilization.

However, the interleaved control-based two-inductor boost
converter is characterized by switching losses and diode reverse-
recovery losses that limit the switching frequency. Furthermore,
switch voltage stress at turn-off increases because of the resonant
phenomenon between the leakage inductance of the transformer
and the parasitic capacitance of the switch.

In order to overcome these drawbacks, the two-inductor boost
converter has been operated in the discontinuous conduction
mode (DCM) or in boundary conduction mode (BCM) [12],
[13], while the soft-switching scheme is applied in the continu-
ous conduction mode (CCM) [14]–[17]. However, the variable
operating frequencies that are the characteristic of the DCM or
BCM make the filter design difficult, and the peak current, there-
fore, increases. Similarly, in the CCM, the switching frequency
should be varied to produce variable output voltage under dif-
ferent load and input voltage conditions. Therefore, in [18], a
two-inductor boost converter with an auxiliary transformer was
attempted in order to achieve output-voltage regulation from full
load to no load over a wide input voltage range using a constant
switching frequency.

A zero-voltage-transition (ZVT) interleaved boost converter
that operates in the CCM with a fixed switching frequency was
proposed by using a resonant cell [19]. However, it is not suitable
for DG applications because a resonant cell located at the input
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Fig. 1. Conventional two-inductor boost converter.

side causes increased input current ripple corresponding to the
resonant current.

Therefore, this paper proposes a novel nonisolated ZVT two-
inductor boost converter for high step-up applications. The zero-
voltage-switching (ZVS) turn-on of the main switches is fulfilled
through the resonant cell, which consists of a single resonant
inductor, one bidirectional switch, and two auxiliary diodes,
and the reverse-recovery losses of the rectifier diodes are elimi-
nated by the slope control at turn-off. Furthermore, the resonant
current does not perturb the input current shape since the reso-
nant cell is located at the output side. The experimental results
for a prototype 300-W ZVT two-inductor boost converter are
provided to verify the effectiveness of the proposed converter.

II. PROPOSED CONVERTER AND OPERATIONAL PRINCIPLE

A. Circuit Configuration

Fig. 1 shows a conventional two-inductor boost converter.
The input side is comprised of two inductors L1 and L2 and two
main switches S1 and S2 . The output side includes two rectifier
diodes D1 and D2 , and two output capacitors C1 and C2 , which
constitutes a voltage-doubler rectifier to obtain a high step-up
voltage gain. Therefore, the output voltage Vo increases two
times more than the basic single pulse width modulation boost
converter.

Although the voltage balance of the voltage-doubler rectifier
should be considered, it can provide twice as much boost than
a full-bridge rectifier. Furthermore, if the transformer is used
between the input and the output side for galvanic isolation, it
can decrease the transformer turn ratio. Considering the direct
relationship between the transformer’s turns and the leakage in-
ductance of the transformer, it can reduce the leakage inductance
of the transformer, thereby reducing the resonant phenomenon
at turn-off of the main switch.

Fig. 2 shows the proposed ZVT two-inductor boost converter,
which consists of a conventional nonisolated two-inductor boost
converter and a resonant cell. The resonant cells are comprised
of a single resonant inductor Lr , one bidirectional switch SA ,
and two auxiliary diodes DA 1 and DA2 .

In order to simplify the analysis of the operational modes,
L1 , L2 , C1 , and C2 have been replaced by current and voltage
sources, respectively, as shown in Fig. 3, under the following
assumptions.

Fig. 2. Proposed nonisolated ZVT two-inductor boost converter with a single
resonant inductor.

Fig. 3. Simplified circuit diagram.

1) Inductors L1 and L2 have large inductance values and their
currents are identical constants, i.e., IL 1 = IL 2 .

2) Capacitors C1 and C2 are large enough to neglect the
voltage ripple and their voltages are identical constants,
i.e., VC 1 = VC 2 .

3) Main switches S1 and S2 are ideal except for the output ca-
pacitors CS 1 and CS 2 and the diodes DS 1 and DS 2 are the
antiparallel diodes of S1 and S2 , respectively. The capac-
itors CS 1 and CS 2 are the sum of the parasitic capacitors
of the main switches and external added capacitors.

4) Rectifier diodes D1 and D2 are ideal except for the output
capacitors CD 1 and CD 2 .

5) Capacitors CS 1 and CS 2 are considerably larger than the
capacitors CD 1 and CD 2 .

B. Mode Operation

Fig. 4 shows the operational modes during the half switching
period, and Fig. 5 shows the theoretical waveforms of the pro-
posed converter during the one switching period Ts . There are
14 total modes for a single switching period. However, due to
the symmetrical operation of the proposed converter, only the
seven leading modes are analyzed.

1) Mode 1 (t0–t1): Prior to t0 , switch S1 turns OFF and switch
S2 turns ON. Therefore, the energy stored in inductor L1
is transferred to the load through diode D1 , and the current
of switch S2 (i.e., iS 1) is the sum of IL 1 and IL 2 . At t0 ,
switch SA turns ON, and the resonant current iLr ramps up
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Fig. 4. Equivalent circuits for each operational mode: (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6. (g) Mode 7.
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Fig. 5. Theoretical waveforms of the proposed converter.

linearly until it reaches IL 1 at a slope of VC 1 /Lr . During
this time, the current of diode D1 decreases linearly to
zero, and it turns OFF softly with a zero-current-switching
(ZCS) condition. The required time in this mode is

t01 =
IL1

VC 1/Lr
. (1)

2) Mode 2 (t1–t2): The current iLr continues increasing be-
cause of the resonance of Lr , CS 1 , CD 1 , and CD 2 . At this
time, the voltage vDS 1 decreases to zero, and diode DS 1
begins to conduct. The resonant time is

t12 =
π

2

√
LrCr (2)

where Cr = CS 1 + CD 1 + CD 2 .
3) Mode 3 (t2–t3): While the current iS 1 flows negatively

through diode DS 1 , the gating signal of switch S1 is ap-
plied, thus satisfying the ZVS turn-on. The time delay Td

between SA and S1 can be obtained as

Td ≥ t01 + t12 =
IL1

VC 1/Lr
+

π

2

√
LrCr . (3)

At this time, the current iS 2 flows more than the sum of
IL 1 and IL 2 because of the added resonant current.

4) Mode 4 (t3–t4): Switch SA turns OFF and the energy stored
in inductor Lr is discharged through diode DA 1 . The cur-
rent iLr decreases linearly to zero, the current iS 1 increases
to IL 1 , and the current iS 2 decreases to IL 2 . In this mode,
the required time can be obtained as

t34 =
ILr peakLr

VC 1
(4)

where ILr peak is the maximum value of the resonant
current.

5) Mode 5 (t4–t5): The diode DA 1 turns OFF and it operates
as the charging mode of the basic boost converter.

6) Mode 6 (t5–t6): The switch S2 turns OFF and capacitor
CS 2 is linearly charged. Furthermore, capacitors CD 1 and
CD 2 are linearly charged and discharged, respectively.

7) Mode 7 (t6–t7): The voltage vDS 2 becomes VC 2 , and the
energy stored in inductor L2 is transferred to the load
through diode D2 . It operates identically as the discharging
mode of the basic boost converter.

The other half operational modes from 8 to 14 are symmetric
with the aforementioned modes.

C. Design Guide of Resonant Components Lr and Cr

The value of inductor Lr is selected to minimize the reverse-
recovery effects of D1 and D2 . Specifically, the rising slope of
iLr is appropriately selected, thus achieving the ZCS turn-off of
D1 and D2 . In this paper, the rising time of iLr from 0 to IL 1 or
IL 2 is chosen to be twice the reverse-recovery time trr of D1 or
D2 . From (1), the value of Lr is given by

Lr =
2trrVC 1

IL min
(5)

where IL min is the minimum value of the boost inductor current.
Afterward, the value of capacitor Cr is selected in order to

ensure soft switching even in the worst case. In Mode 2, the
maximum resonant current ILr peak is given by

ILr peak = IL1 +
VC 1

Zr

Zr =
√

Lr

Cr
. (6)

The current ILr peak should be sufficiently large to achieve ZVS
of the main switches and the resonant capacitor Cr limits the
main switch’s dv/dt at turn-off. Therefore, a relatively large
resonant capacitor is desirable. However, a large capacitor can
create additional switch losses and an increased resonant period
so it should be appropriately restricted. In this paper, the current
ILr peak is limited to 1.2 × IL 1 and the resonant capacitance is
obtained as follows from (6)

Cr =
Lr (ILr peak − IL1)2

V 2
C 1

. (7)



1970 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 4, APRIL 2012

Fig. 6. Operational limitation for the 300-W prototype with Vo = 380 V and
TS = 25 μs.

D. Operational Limitations

Fig. 6 shows the required duty cycle according to the load
variation when a 300-W two-inductor boost converter operates
to regulate a 380-V output voltage with a 40-kHz switching
frequency.

The boundary load of the boost converter to differentiate
between the CCM and the DCM is calculated as

Re =
2L

TS D(1 − D)2 (8)

and the load within the DCM is presented as follows [20]:

RDCM =
2L

TS D2 · V 2
o − VoVin

V 2
in

(9)

This can be represented as a percentage of the base impedance
Rbase

Load(%) =
Rbase

RDCM
× 100

Rbase =
V 2

o

Po
(10)

where Po is the rated output power.
As shown in Fig. 6, the boost converter operates with the CCM

in full load regardless of the input voltage and the duty cycle is
constant within the CCM region regardless of the load variation.
Furthermore, the boost converter operates with the DCM in light
load, and the more the input voltage increases at a low voltage
(<100 V), the more likely that it goes into the DCM. However,
since the two-inductor boost converter should have a structural
minimum of a 0.5 duty cycle for safe operation with the CCM,
this limitation results in a limited operational area above a 0.5
duty cycle, as shown in Fig. 6. In the proposed soft-switching
scheme, the minimum duty cycle should increase more than 0.5
+ t34 /Ts because the one main switch should maintain the turn-
on state until the resonant current iLr decreases to zero after the
other main switch is softly turned ON. Therefore, the voltage

Fig. 7. Implementation of a microinverter with the two-inductor boost con-
verter and full-bridge inverter.

regulation cannot be achieved with a light load, and the variable
frequency control is required to overcome the problem.

E. Start-Up Issue

As mentioned earlier, the two-inductor boost converter should
have a minimum 0.5 duty cycle for stable operation, and this
leads to the difficult start-up for the two-inductor boost con-
verter. Since the output voltage Vo is zero before the circuit
starts up, the inrush current may damage the semiconductor
devices if the gating signal is applied.

To overcome this problem, several start-up schemes by the
initial precharging circuit of the output capacitor have been pro-
posed [9], [21]. In [9], the additional winding was added within
an integrated magnetic to form a push–pull circuit, and the
identical gating signals were applied at the two main switches
to charge the output voltage. Furthermore, this additional wind-
ing provides current path at the occasional duty cycle error
D < 0.5 for protective purpose. In [21], a flyback transformer
was formed by an additional winding within the boost induc-
tor, and two start-up methods are proposed. While a flyback
circuit charges the output voltage through the identical gating
signals, the combination of boost and flyback converter achieves
the precharging of the output capacitor through the interleaved
control.

However, the other precharging mechanism is possible with-
out the additional winding when the two-inductor boost con-
verter is applied in the single-phase grid-connected power-
conversion systems. Fig. 7 shows one example of a microinverter
that the full-bridge inverter follows the two-inductor boost con-
verter. While all gating signals turn OFF, the relay connected
in series with resistance is closed. Therefore, the output voltage
Vo reaches about the peak grid voltage through the antiparallel
diodes of the inverter switches.

III. EXPERIMENTAL RESULTS

To verify the theoretical operation and evaluate the per-
formance of the proposed converter, a 300-W two-inductor
boost converter prototype was designed. IRFB4332PbF MOS-
FETs (VDS = 250 V, ID @25 ◦C = 60 A, RDS (ON) = 0.029
Ω) from IR was used for the main switches S1 and S2 , and
MSR1560 diodes (VRRM = 600 V, IO = 15 A, trr = 45 ns) from
Onsemi were used for the rectifier diodes D1 and D2 .
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Fig. 8. Schematic diagram of the 300-W ZVT two-inductor boost converter.

Fig. 9. Photograph of the experimental prototype.

TABLE I
EXPERIMENTAL CONDITIONS

To construct the resonant cell, two FDP19N40 MOSFETs (VDS

= 400 V, ID @25 ◦C = 19 A, RDS (ON) = 0.2 Ω) from Fairchild
were connected in an antiparallel configuration and used for the
bidirectional switch SA , and FFP08H60S diodes (VRRM =
600 V, IO = 8 A, trr = 45 ns) from Fairchild were used as
the auxiliary diodes DA 1 and DA 2 . An additional RCD snubber
circuit across the main switch was used to prevent voltage stress
at turn-off. Fig. 8 shows a schematic diagram of the 300-W ZVT
two-inductor boost converter, and Fig. 9 shows a photograph of
the experimental prototype. The other experimental conditions
are summarized in Table I.

Fig. 10 shows the steady-state waveforms of the input current
and output voltage. Although each boost inductor current, i.e.,

Fig. 10. Total input current waveform iin (=iL 1 + iL 2 ), boost inductor
current waveforms iL 1 and iL 2 , and output voltage waveform Vo at Vin = 30 V
and Po = 300 W.

iL 1 and iL 2 operates at a 40-kHz switching frequency, the total
input current operates at 80 kHz, and the ripple is reduced due
to the interleaved operations.

Figs. 11 and 12 show the ZVS waveforms of the main switch
S1 at a 100% load for Vin = 30 V and Vin = 50 V, respectively.
As shown in Figs. 11(b) and 12(b), which are magnifications
of the original waveforms, the main switch is softly turned
ON.

Fig. 13 shows the operational waveforms under light load
conditions. As shown in Fig. 13(a), the ZVS waveform is con-
firmed until 5% load under Vin = 30 V conditions. However,
under Vin = 50 V conditions, the ZVS waveform is confirmed
until 20% load, since the duty cycle is limited by the minimum
value of 0.5 for safe operation as shown in Fig. 6. Below this
duty cycle, the output voltage increases beyond 380 V due to
the DCM operation.

The efficiency of the prototype was measured as shown in
Fig. 14. The overall efficiency is increased through the ZVS
operation of the main switches. Specifically, the efficiency in-
creased more under Vin = 30 V conditions compared with Vin
= 50 V conditions, since the magnitude of the input current is
larger at Vin = 30 V for the same output power. Furthermore,

PELS TECH
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Fig. 11. Gate-to-source voltage waveforms of the main switch S1 and the
bidirectional switch SA , resonant current waveform iLr , and drain-to-source
voltage waveform of S1 VD S 1 at Vin = 30 V and 100% load. (a) Original
waveforms. (b) Magnified waveforms of (a).

Fig. 12. Gate-to-source voltage waveforms of the main switch S1 and the
bidirectional switch SA , resonant current waveform iLr , and drain-to-source
voltage waveform of S1 VD S 1 at Vin = 50 V and 100% load: (a) original
waveforms and (b) magnified waveforms of (a).

Fig. 13. Gate-to-source voltage waveforms of the main switch S1 and the
bidirectional switch SA , resonant current waveform iLr , and drain-to-source
voltage waveform of S1 VD S 1 at (a) Vin = 30 V and 5% load and (b) Vin =
50 V and 20% load.

Fig. 14. Efficiency of Vo = 380 V.

the European efficiency was improved from 91.3% to 92.4%
due to the ZVS operation under the Vin = 30 V condition.

IV. CONCLUSION

This paper proposed a nonisolated ZVT two-inductor boost
converter using a single resonant inductor for high step-up ap-
plications. Since the two main switches operate with ZVS,
switching loss and diode reverse-recovery loss are reduced.
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Furthermore, simple implementation and reduced size are pos-
sible due to the use of a single resonant inductor. Although
variable switching frequency control must be utilized for the
output-voltage regulation of the proposed converter under light
load conditions at Vin = 50 V, the system efficiency is improved
over a wide range of loads. The experimental results demonstrate
that the proposed ZVT two-inductor converter is an excellent
candidate for use in high step-up applications.
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