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Abstract—In this paper, A single-phase improved active clamp
coupled-inductor-based converter with extended voltage doubler
cell is proposed for large-voltage conversion ratio applications. The
secondary winding of the coupled inductor is inserted into the half-
wave voltage doubler cell to extend the voltage gain dramatically
and decrease the switch voltage stress effectively. By combining
the coupled inductor and voltage doubler cell structure, the disad-
vantage of the potential resonance between the leakage inductance
and the diode stray capacitor is cancelled, and the unexpected high
pulsed current in the voltage doubler cell is decreased due to the
inherent leakage inductance of the coupled inductor. Meanwhile,
the active clamp scheme is employed to recycle the leakage energy,
suppress the switch turn-off voltage spikes, and implement zero-
voltage-switching turn-on operation. In addition, there is only one
magnetic component in the proposed converter and the coupled
inductor operates not only as a filter inductor, but also as a trans-
former when the main switch is in the ON state, which reduces the
volume of the magnetic core and improves the power density of the
converter. A 500 W prototype operating at 100 kHz with 48 V input
and 380 V output is built to verify the analysis. The maximum ef-
ficiency of the prototype is nearly 97% and the efficiency is higher
than 96% over a wide load range.

Index Terms—Coupled inductor and voltage doubler, high step-
up, switched capacitor.

I. INTRODUCTION

IN recent years, with the rapid increase in energy demand,
much attention has been paid to photovoltaic (PV) gener-

ation systems. In the grid-connected PV generation systems,
PV panels are usually connected in series to directly obtain a
high-bus voltage to supply the grid. Sometimes, a conventional
boost converter is applied to improve the maximum power point
track (MPPT) range of the systems. However, if the V–I char-
acteristics of the PV panels lack consistency, not all the PV
panels operate under the best condition. For instance, when
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Fig. 1. Module-integrated converter-based grid-connected PV system.

partial shading happens, the MPPT losses are increased consid-
erably [1], [2]. Modular systems are introduced to improve the
system MPPT efficiency. For example, as shown in Fig. 1, an
independent module-integrated converter is used for each PV
panel to transfer the energy to the grid. Thus, every PV panel is
decoupled with others, which makes the system configuration
flexible and maximizes the output power. Usually, the module-
integrated converter has a dc–dc stage and a dc–ac stage, and
one of the main challenges in this system is how to convert
the low voltage of the PV array to a high one with high effi-
ciency [3], [4]. Unfortunately, the conventional boost converter
is not suitable for high step-up conversion applications. First,
the high conversion ratio calls for high duty cycle, which results
in large conduction losses on the power device due to the large
peak current. Moreover, the voltage stress of the switch is equal
to the high output voltage, which makes only high on-resistance
switch to be used, which generates high conduction losses. In
addition, the switch and the diode operate under hard switching
condition, which leads to large switching losses [5]–[7].

To achieve a high conversion ratio and avoid operating at ex-
tremely high duty cycles, transformer-based converters are usu-
ally chosen. Many isolated current-fed converters, such as the
current-fed push–pull converters [8], the current-fed full-bridge
converters [9], and the dual boost converters [10], [11], are ap-
plied in high-conversion ratio applications. Compared with the
voltage-fed converters, the voltage stresses of the rectifier diodes
and the turns ratio of the transformer are reduced in the current-
fed converters due to their boost-type configuration, which make
them more suitable to obtain a high-voltage gain [12], [13].
However, the driving circuits and the sampling circuits in the
isolated converters may increase the system complexity and the
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cost compared with those in the nonisolated converters. More-
over, one inductor and one transformer are required at the very
least in these converters, which increases the circuit volume and
reduces the power density.

Another method for extending the voltage gain is to use
switched capacitor or switched inductor technology. With
switched capacitor technology, the conversion ratio of the con-
verter is increased and the voltage stresses of the devices are
reduced [14]. Additionally, a small resonant inductor is added
into the switched capacitor circuit to solve the diode reverse-
recovery problem and depress the large pulsed current across the
switches when they turn ON [15], [16]. However, when the con-
version ratio is extremely large, many switched capacitor stages
are required to achieve the high voltage gain, which makes the
circuit complex. Switched inductor technology is also helpful
for increasing the conversion ratio [17]. Unfortunately, the volt-
age stresses of the switches in these two types of converters
are still high, thus the high-voltage rated switch causes serious
conduction losses. The switched capacitor and the switched in-
ductor are combined together to extend the voltage gain greatly
and reduce the switch voltage stresses significantly [18], [19].
Unfortunately, the negative ports of the input and output sides
are not connected, which may cause large earth leakage current
in grid-connected systems.

The problems existing in the conventional boost converter
working under the high step-up condition can be solved by intro-
ducing a coupled inductor [20]. The voltage gain is extended and
the voltage stress on the switch is reduced. Moreover, only one
magnetic component is used, which reduces the volume and the
complexity of the converter. However, the leakage inductance
of the coupled inductor may not only cause high voltage spikes
on the switch when it turns OFF, but also induce large energy
losses. A resistor–capacitor–diode (RCD) snubber can suppress
the voltage stress of the switch, but the leakage energy is dissi-
pated. A passive lossless clamp circuit composed of a diode and
a capacitor is added to clamp the turn-off voltage spikes on the
switch and recycle the leakage inductance energy [21]. Thus,
the low-voltage rated switches can be employed to improve
the efficiency. Meanwhile, the reverse-recovery problem of the
output diode is partly solved by the reasonable design of the
leakage inductance. Furthermore, many other high step-up con-
verters with coupled inductors technology and passive lossless
clamp have been proposed in the recent years [22]–[25]. How-
ever, the switches in these converters work under hard switching
condition.

As shown in Fig. 2, an active clamp coupled-inductor-based
converter (ACCIB converter) is proposed, in which the active
clamp scheme is introduced to replace the passive lossless clamp
circuit and achieve similar function [26]. In this converter, both
the main and auxiliary switches turn ON under zero-voltage-
switching (ZVS) condition. And the turn-off losses of the two
switches are reduced greatly due to the parallel capacitors Cs1
and Cs2 . Therefore, ACCIB converter is an acceptable candidate
for high step-up applications. Unfortunately, the voltage stress
of the output diode in ACCIB converters is higher than its out-
put voltage. Also the resonance between the leakage inductance
and the stray capacitor of the output diode causes some electro-

Fig. 2. Active clamp coupled-inductor-based converter in [26].

magnetic interference problems and further increases the output
diode voltage stress. Therefore, an additional RCD snubber has
to be employed to mitigate this problem.

In this paper, a novel single-phase improved ACCIB converter
with an extended voltage doubler cell is proposed to fulfill high
step-up requirements and solve the inevitable problems existing
in the ACCIB converter. Compared with the ACCIB converter,
a small capacitor and diode are added. The proposed converter
has the same advantages as those previously mentioned for the
ACCIB converter. Besides, the voltage stress of the output diode
is reduced and the resonance between the leakage inductance
and the stray capacitor of the output diode is eliminated. In ad-
dition, a higher conversion ratio is obtained due to the added
switched capacitor. Moreover, when the main switch is in the
ON state, the coupled inductor transfers the energy like a trans-
former. When the main switch is in the OFF state, the coupled
inductor transfers the energy as a filter inductor. Therefore, the
volume of the magnetic material is reduced due to the full uti-
lization of the coupled inductor.

This paper is organized as follows. The circuit introduction
and its steady-state operational analysis are given in Section II.
The circuit performance analysis is discussed in Section III.
Three novel converters derived from the proposed extended
voltage doubler cell are given in Section IV. The experimen-
tal results of a 500 W 48 V-input 380 V-output prototype with
100 kHz switching frequency are shown in Section V to verify
the analysis. A valuable summary is given in the final section.

II. PROPOSED CONVERTER AND OPERATION ANALYSIS

The proposed single-phase improved ACCIB with the ex-
tended voltage doubler cell is illustrated in Fig. 3(a). A conven-
tional boost converter can be obtained by removing the compo-
nents in the dashed blocks, including a main switch S, an output
diode Do , an inductor La , an output capacitor Co , and the load
Ro . The clamp circuit is marked in the rectangular block, which
is composed of an auxiliary switch Sc and a capacitor Cc . The
extended voltage doubler cell circuit is plotted in the elliptical
block, composed of an inductor Lb , a switched capacitor Cm ,
and a regenerative diode Dr . The inductor La is coupled to the
inductor Lb . The coupling reference is marked by “∗.”

The coupled inductor can be considered as an ideal trans-
former, a parallel magnetizing inductance Lm , and a series leak-
age inductance LLk [21]. The equivalent circuit of the coupled
inductor is shown in Fig. 3(b). La and Lb represent the pri-
mary and the secondary windings, respectively. N is the turns
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Fig. 3. Proposed single-phase high step-up ZVT boost converters with im-
proved voltage gain extension cell and equivalent circuit of coupled inductor.
(a) Proposed converter. (b) Equivalent circuit of coupled inductor.

Fig. 4. Key waveforms of proposed converter.

ratio n2 /n1 . Cs is the parallel capacitor to achieve zero-voltage-
transition (ZVT) performance, which includes the parasitic ca-
pacitors of the main and clamp switches.

There are eight main subintervals during one switching cycle.
The key waveforms are shown in Fig. 4. The explanation of each
waveform is given as follows: iLk is the current through leakage
inductance LLk , also it is the input current of the converter; vds

is the voltage across main switch S; vC c is the voltage across
clamp capacitor Cc ; iC c is the current though clamp circuit Sc

and Cc ; iC m is the current through switched capacitor Cm ; vDo ,
vDr , iDo , and iDr are the voltages and currents of diodes Do

and Dr . The equivalent circuits for each subinterval are shown
in Fig. 5.

Fig. 5. Operation processes of proposed converter. (a) Subinterval 1 [t0 –t1 ].
(b) Subinterval 2 [t1 –t2 ]. (c)Subinterval 3 [t2 –t3 ]. (d) Subinterval 4 [t3 –t4 ].
(e) Subinterval 5 [t4 –t5 ]. (f) Subinterval 6 [t5 –t6 ]. (g) Subinterval 7 [t6 –t7 ].
(h) Subinterval 8 [t7 –t8 ].
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A. Subinterval 1 [t0–t1]

Before t1 , main switch S is in the ON state while clamp switch
Sc is in the OFF state. During this period, output diode Do

is antibiased. Magnetizing inductance Lm is charged by input
voltage Vin , thus the magnetizing current increases gradually
almost in a linear way. At the same time, the energy is transferred
to switched capacitor Cm by the coupled inductor. The current
through the secondary winding is limited by leakage inductance
LLk . The currents through Lm and LLk are given by

iLm (t) = ILm (t0) +
Vin

Lm
·(t − t0) (1)

iLk (t) ≈ iLk (t0) +
Vin − VC m /N

LLk
·(t − t0). (2)

B. Subinterval 2 [t1–t2]

Main switch S turns OFF at t1 , then parallel capacitor Cs

begins to resonante with leakage inductance LLk . Because Cs

is small and LLk is relatively large, the voltage vds on main
switch S rises almost at a constant slope from zero. The turn-off
losses of the main switch are reduced due to the existence of Cs

vds(t) ≈
ILk (t1)

Cs
·(t − t1). (3)

C. Subinterval 3 [t2–t3]

At t2 , the switching voltage of the main switch reaches the
clamp capacitor voltage, and the antiparallel diode of clamp
switch Sc is forced to conduct. Then vds is clamped to vC c by
the antiparallel diode of clamp switch Sc . Since clamp capacitor
Cc is much larger than Cs , Cs can be neglected and almost all
the current flow through Cc . After t2 , leakage inductance Lk

is discharged by the voltage of Vin−Vcm /N−VC c . As shown in
(4), compared with −VC c , the voltage of Vin−VC m /N is much
smaller and it can be neglected to simplify the expression. In this
short subinterval, the current through LLk decreases approxi-
mately linearly, as well as the current through the secondary
winding

iLk (t) = ILk (t2) +
Vin − VC m /N − VC c

LLk
(t − t2)

≈ ILk (t2) −
VC c

LLk
(t − t2). (4)

D. Subinterval 4 [t3–t4]

The voltage across output diode Do falls to zero at t3 , then
the energy stored in Lm and Cm begins to be transferred to the
load. Lm is discharged during this period. Leakage inductance
LLk begins to resonate with clamp capacitor Cc and switched
capacitor Cm . Due to the relative large resonant period, the
leakage inductance current reduces nearly linearly

iLm (t) = ILm (t3) −
[Vout − V C c − VC m ]

N ·Lm
·(t − t3) (5)

iLk (t) = ILk (t3) −
VC c − [Vout − VC m − VC c ]/N − Vin

LLk

· (t − t3). (6)

E. Subinterval 5 [t4–t5]

The turn-on signal is applied to clamp switch Sc at t4 . Sc

is turned ON when its body diode is conducting, thus the ZVS
turn-on condition is achieved. The equivalent circuit in this
subinterval is similar to that of subinterval 4.

F. Subinterval 6 [t5–t6]

Clamp switch Sc is turned OFF at t6 . After that, leakage
inductance LLk , clamp capacitor Cc , and switched capacitor
Cm stop resonating and a new resonance is formed by leakage
inductance LLk and parallel capacitor Cs . Because Cs is small
and LLk is relatively large, voltage on the main switch vds

decreases almost at a constant slope while the voltage across
clamp switch Sc increases from zero at the same rate. Thus,
the turn-off losses of the main switch are reduced due to the
existence of Cs

vds(t) ≈ VC c +
ILk (t5)

Cs
·(t − t5). (7)

G. Subinterval 7 [t6–t7]

The voltage of parallel capacitor Cs falls to zero at t6 , and
then the antiparallel diode of main switch S begins to conduct.
Cs and Llk stop resonating. The increasing rate of the current
through LLk is controlled by the output voltage

iLk (t) =
Vout −VC m +N ·Vin

N ·LLk
·(t − t6) ≈

Vout

N ·LLk
· (t − t6).

(8)

H. Subinterval 8 [t7–t8]

The turn-on signal is applied to main switch S when its an-
tiparallel diode is in the ON state. Main switch S turns ON with
ZVS. The equivalent circuit in this subinterval is similar to that
of subinterval 7.

At t8 , the voltage of Dr drops to zero. After that Lm is charged
by the input voltage and the energy is transferred to Cm by the
coupled inductor again.

III. CIRCUIT PERFORMANCE ANALYSIS

A. Voltage Gain

In the steady-state analysis, to simplify the analysis, the volt-
ages across clamp capacitor Cc and switched capacitor Cm are
considered to be constant. Also, the losses of the power devices
are not considered.

When the leakage inductance is zero, one switching period
can be separated into two sections. When the main switch is in
the ON state, the magnetizing inductor is charged by the input
voltage

VLm charge = Vin . (9)
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Fig. 6. Voltage gain of proposed converter.

And the voltage of the switched capacitor can be expressed
by

VC m = N ·Vin . (10)

When the main switch is in the OFF state, the magnetizing
inductor is discharged, and the voltage across the inductor can
be derived by

VLm discharge = VC c − Vin =
Vout

N + 1
− Vin . (11)

By applying the inductor volt-second balance principle to the
magnetizing inductor, the ideal voltage gain can be obtained by

Mideal =
Vout

Vin
=

N + 1
1 − D

. (12)

The operation analysis in the above section shows that the
leakage inductance of the coupled inductor causes little duty-
cycle loss. Considering the leakage inductance, the voltage gain
of the proposed converter is expressed by

M =
N + 1
1 − D

· 1
1 + 2 ·km ·N 2/D2 + 2 ·km ·N 2/(1 − D)2

(13)
where km = LLk ·fs /Ro . fs is the switching frequency. The de-
tailed analysis is derived in the Appendix.

The relationship between the conversion ratio, the duty cy-
cle, the leakage inductance, and the turns ratio are sketched in
Fig. 6. When the turns ratio is zero, the voltage gain of the pro-
posed converter is the same as that of the conventional boost
converter. With increasing turns ratio, the voltage gain increases
significantly. The leakage inductance affects the voltage gain of
the converter a little. As the leakage inductance increases, the
voltage gain decreases.

B. Voltage and Current Stresses

By neglecting the voltage ripple on the clamp capacitor, the
voltage stress of the main switch can be derived from (10) and
(11), which is given by

Vstress switch =
Vin

1 − D
=

Vout

N + 1
. (14)

Fig. 7. Voltage stress reduction effect.

The voltage stress of the clamp switch is the same as that of the
main switch. The proportion of the voltage stress and the output
voltage with different turns ratios is plotted in Fig. 7. It can be
seen that the voltage stress of the switch decreases sharply with
increasing turns ratio. Thus, the high-performance switches can
be used here to improve the efficiency. The RMS current of the
main switch is given by

Istress main =
Io

1 − D

·
√

(N 2 + 3) ·D2 + (6N − 2N 2) ·D + 4N 2

3 ·D . (15)

The voltage stress of the diodes is equal to the output voltage.
The voltage stress and the average current of the diodes are
given by

Vstress diode = Vout (16)

Istress diode = Io . (17)

The voltage stress and RMS current of the added switched
capacitor are given by

Vstress C m = N ·Vin (18)

Istress C m = 2 ·Io ·
√

1
3D ·(1 − D)

. (19)

C. Soft Switching Condition

The turn-off losses of both the main and clamp switches are
reduced due to the parallel capacitor. The ZVS turn-on condition
of the clamp switch can be realized by applying the turn-off
signal to the clamp switch when its antiparallel diode is in the ON
state during subinterval 6. To obtain the ZVS turn-on condition
of the main switch, the energy stored in the leakage inductance
should be larger than that stored in the parallel capacitor when
the clamp switch turns OFF. Therefore, the voltage of the main
switch can fall to zero before it turns ON. The ZVS-on condition
is expressed in (20), and the equivalent expression is derived in
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Fig. 8. ZVS soft switching condition with Vin = 48 V and Cs = 3 nF.

TABLE I
PERFORMANCE COMPARISON BETWEEN CONVENTIONAL BOOST CONVERTER,

ACCIB CONVERTER, AND PROPOSED CONVERTER

(21) for better understanding

Lk ·ILk (t7)2 ≥ Cp ·Vmos(t7)2 (20)

LLk · [(N − 1) ·Io ]2 ≥ Cs ·V 2
in . (21)

The relationship between the leakage inductance and the out-
put current to implement ZVS soft switching performance with
Vin = 48 V and Cs = 3 nF is illustrated in Fig. 8. When the turns
ratio is lower than one, the ZVS turn-on condition of the main
switch cannot be implemented. When the turns ratio is higher
than one, as the output current increases, the leakage inductance
required to realize ZVS soft switching condition decreases.

D. Performance Comparison

Table I shows the circuit performance comparison between
the conventional boost converter, ACCIB converter, and the
proposed converter. The proposed converter has one additional
diode compared with the ACCIB converter. However, an extra
RCD snubber is required in the ACCIB converter to eliminate
the resonance between the leakage inductance and the stray
capacitor of its output diode.

The relationships between the voltage gain and the duty cy-
cle in the conventional boost converter, ACCIB converter, and
the proposed converter are shown in Fig. 9. It can be seen that

Fig. 9. Voltage gain comparison.

Fig. 10. Diode voltage stress comparison.

the ACCIB converter is a buck-boost-type converter while the
proposed converter is a boost-type converter. Therefore, com-
pared with the ACCIB converter, a lower turns ratio of the
coupled inductor can be employed to realize the same conver-
sion ratio, which helps reduce the copper losses and the leakage
inductance of the coupled inductor.

The comparison of the output diode voltage stresses between
the conventional boost converter, ACCIB converter, and the pro-
posed converter is shown in Fig. 10. In the ACCIB converter,
the voltage stress of the output diode is determined by the duty
cycle and the turns ratio of the coupled inductor, and it is always
higher than the output voltage. Fortunately, the voltage stress of
the output diode in the proposed converter is the output voltage,
which is the same as that in the conventional boost converter.

It is worth mentioning that one more step is required in the
start-up process for the proposed converter compared to the
conventional boost and ACCIB converters. In the proposed con-
verter, before it works, the voltage on the switched capacitor
Cm is zero. When the main switch turns ON, the voltage on Cm

is charged by the input voltage through the coupled inductor.
Therefore, some narrow pulse width signals should be applied
to the switch, which helps to limit the possible inrush current.
Fortunately, the leakage inductance can benefit to suppress the
pulsed current during the start-up operation. Once the voltage
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Fig. 11. Variations of proposed converter. (a) Converter A. (b) Converter B.
(c) Converter C.

TABLE II
CIRCUIT PERFORMANCE COMPARISON

on Cm reaches N·Vin , the normal start-up control method can
be used in the proposed converter.

IV. CIRCUIT VARIATIONS

As shown in Fig. 11, by changing the connection of the diode
anode, three novel high step-up converters can be obtained with
the similar circuit performance as the proposed converter, which
are named Converter A, Converter B, and Converter C, respec-
tively. In Fig. 11(a), when the main switch is in the ON state,
the energy is transferred to switched capacitor Cm by the cou-
pled inductor through switch S and regenerative diode Dr from
the input source. In Fig. 11(b), when main switch S is in the
ON state, the energy is transferred to Cm not only through the
coupled inductor, but also through Dr from the input source
directly. In Fig. 11(c), when main switch S is in the ON state,
the energy is transferred to Cm from the input source through
the coupled inductor and from clamp capacitor Cc through Dr .
When main switch S is in the OFF state, the working processes
of these three converters are similar to that of the proposed
converter. A brief circuit performance comparison between the
proposed converter and the three derived converters is given in

TABLE III
PARAMETERS OF PROTOTYPES

Table II. It can be seen that the voltage gain of Converter A is
the same as that of the proposed converter. The voltage gains of
Converters B and C are both higher than that of the proposed
converter. However, the current stresses of the main switches in
these converters are larger than that of the proposed converter.

V. EXPERIMENTAL RESULTS AND ANALYSIS

To demonstrate the effectiveness of the theoretical analysis,
a 500 W prototype of the proposed converter is built and tested.
At the same time, a 500 W prototype of the ACCIB converter
is built as a comparison. The parameters of the converters are
described in Table III. Generally, the size of the magnetic com-
ponent accounts for a large proportion of the system volume.
In the proposed converter, a Kool Mμ core with part number
KS184-125A from Magnetic Company is used as the coupled in-
ductors. The 3 mm2 litzendraht wire is employed as the primary
winding, and the 1 mm2 litzendraht wire is adopted as the sec-
ondary winding. For the published ACCIB converter, the same
core and litzendraht wires are applied to make a relatively fair
performance comparison between these two converters. In fact,
the coupled inductor in the proposed converter can deliver the
energy to the load during the switch turn-on and turn-off stages.
However, the coupled inductor in ACCIB converter stores its
energy during the switch turn-on stage and releases the energy
to the load during the switch turn-off stage. As a consequence, a
smaller magnetic core can be applied in the proposed converter
to reduce the size. The photograph of the coupled inductor in
the proposed converter is shown in Fig. 12 to give a clear un-
derstanding of the main part of the converter.

Figs. 13–16 show the waveforms of the proposed converter
at full load with 48 V input voltage. Fig. 17 is the waveform
comparison between the proposed converter and the ACCIB
converter.

The experimental waveforms of clamp capacitor voltage vC c ,
main switch voltage vds , and clamp capacitor current iC c are
shown in Fig. 13. It can be seen that when the main switch
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Fig. 12. Photograph of coupled inductor in proposed converter.

Fig. 13. Clamp circuit performance.

Fig. 14. ZVS-on performance of main switch.

Fig. 15. ZVS-on performance of clamp switch.

Fig. 16. Voltage and current waveforms of Do and Dr .

Fig. 17. Output diode voltage stress comparison between proposed converter
and ACCIB converter.

Fig. 18. Efficiency comparison between proposed converter and ACCIB
converter.

turns OFF, the voltage of the main switch is clamped to that
of the clamp capacitor. Thus, the turn-off voltage spikes of the
main switch are suppressed greatly. The voltage stress of the
main switch is about 150 V, which is far lower than the output
voltage.

The gate-source voltage, drain-source voltage, and current
waveforms of the main and clamp switches are shown in Figs. 14
and 15, respectively. ZVS turn-on conditions are realized for
both the main and the clamp switches during the whole switch-
ing cycle, which reduces the switching losses greatly.

The voltage and current waveforms of the output diode and
the regenerative diode are illustrated in Fig. 16. It is shown that
the voltage stresses of these two diodes are equal to the output
voltage.

The experimental results comparison of the output diode volt-
ages between the proposed converter and ACCIB converter are
shown in Fig. 17. The resonance between the leakage induc-
tance and the stray capacitor of the output diode exists in the
ACCIB converter, which increases the voltage stress of the out-
put diode and causes additional losses on the diode. Although
a RCD snubber is employed to solve the problem, the voltage
stress of the output diode is still higher than 750 V. The voltage
stress can be reduced by adjusting the parameter of the snub-
ber, but the losses on the snubber are increased in that case.
Fortunately, in the proposed converter, the voltage stress of the
output diode is 380 V, and there are no voltage spikes on the
diode. Low forward voltage drop diode can be used to improve
the efficiency.
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The measured efficiency comparison at different loads be-
tween the proposed converter and the ACCIB converter is shown
in Fig. 18. The highest efficiency of the proposed converter is
96.9%, and the efficiency is higher than 96% over a wide load
range. Compared with the ACCIB converter, there is about 2%
efficiency improvement at full load and about 6% efficiency
improvement at light load. The losses on the RCD snubber in
the ACCIB converter are about 4.7 W, which is almost constant
and not relative to the load condition. Therefore, it accounts for
about 0.9% losses at full load and approximately 5% losses at
light load. Though a lossless snubber can be applied to cancel
the clamp losses, the complexity of the converter will increase,
and this converter will have even more components than the
proposed converter.

VI. CONCLUSION

A single-phase improved ACCIB converter with extended
voltage doubler cell for high step-up applications has been pre-
sented in this paper to boost the relative low output voltage of
the PV panel to supply the grid. By introducing the extended
voltage doubler cell, which consists of a coupled inductor, a
switched capacitor and a diode, the voltage stress of the switch
is reduced greatly, and low voltage rated, low on-resistance, and
high performance switch is adopted to reduce the conduction
losses. Meanwhile, the active clamp circuit is applied to make
all the switches work with ZVS-on condition and minimize the
switching losses. Furthermore, the turn-off voltage spikes on the
main switch are suppressed and the leakage inductance energy is
recycled. The steady-state operational analysis and the main cir-
cuit performance are discussed to explore the advantages of the
proposed converter. Finally, a 500 W prototype of the proposed
converter has been built to verify the analysis and the experi-
mental results have demonstrated that the proposed converter
is an excellent power converter for high step-up applications
without isolation requirement.

APPENDIX

By considering the leakage inductance of the coupled induc-
tor, the voltage gain of the proposed converter is derived as
follows.

The time intervals from t1 to t4 and from t5 to t8 are relatively
short and cannot be considered in the voltage gain analysis. The
ideal current waveform of the leakage inductance is taken as a
straight line during each subinterval due to the relatively large
resonant period. The simplified waveforms are shown in Fig. 19.

The whole switching period can be separated into two sec-
tions. During the section from t1 to t5 , the main switch is in the
OFF-state and the clamp switch is in the ON state. According
to the current balance law, the average currents through the out-
put diode and the regenerative diode are both equal to the load
current. Therefore, the peak current of the output diode is given
by

IDo peak =
2 ·Io

1 − D
. (A1)

Fig. 19. Simplified waveforms.

And the voltage across the leakage inductance during this
section can be derived

VLk t15 = Lk ·
N ·IDo peak ·fs

1 − D
=

2 ·N ·LLk ·Io ·fs

(1 − D)2 . (A2)

The output voltage is expressed by

Vout = VC c + VC m + (VC c − Vin − VLk t15) ·N. (A3)

During the other section from t5 to t9 , the main switch is
in the ON state and the clamp switch is in the OFF state. The
peak current of the regenerative diode and the voltage across the
leakage inductance during this section are given by

IDr peak =
2 ·Io

D
(A4)

VLk t59 = Lk ·
N ·IDr peak ·fs

D
=

2 ·N ·LLk ·Io ·fs

D2 . (A5)

The voltage across the switched capacitor is expressed by

VC m = N ·(Vin − VLk 59). (A6)

In addition, by applying the inductor volt-second balance
principle, the voltage across the clamp capacitor can be obtained,
which is given by

VC c =
1

1 − D
·Vin . (A7)

From (A2), (A3), and (A5)–(A7), the voltage gain expression
can be calculated out as follows:

M =
N + 1
1 − D

· 1
1 + 2 ·km ·N 2/D2 + 2 ·km ·N 2/(1 − D)2

(A8)
where km = LLk · fs /Ro .
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