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Abstract -- Existing photovoltaic (PV) panels have widely
varying input voltages based on the panel configuration and
size. In this paper, a novel topology with a single active switch —
combining boost, flyback, and charge-pump circuits — is
proposed in order to achieve wide input range, high voltage
gain, high efficiency, and low cost simultaneously. It meets the
input-voltage and power-level needs of the majority of modern
PV panels while still being suitable for connection with a high-
voltage dc bus. The circuit has been designed, simulated, and
implemented with the 20 to 70 V input, 200+£20 V output, and
220 W output power as a part of a PV ac module. Experimental
results verify the validity of the novel circuit and show 97.4%
peak efficiency and greater than 96.3% for 50 to 220 W.

Index Terms — High voltage gain, DC-DC converter, charge
pump, coupled inductor, AC module, photovoltaic systems

I. INTRODUCTION

PV ac module has been proposed as a trend for future PV
systems [1-4]. Advantages of using an ac module include
more flexibility in system expansion, less installation cost,
lower manufacturing cost through mass production, and
higher system-level energy harnessing ability under shaded
conditions, since each individual PV panel can be operated at
the maximum power point as compared to the single- or
multi- string inverters. The ac module is intended to integrate
a commercially available PV panel, typical power level less
than 300 W, with a power conditioning system. A number of
inverter topologies for PV ac module applications have been
reported so far with respect to the number of power stages,
location of power-decoupling capacitors, use of transformers,
and types of grid interface [5-15]. Unfortunately, these
solutions suffer from one or more of the following major
drawbacks: (1) the limited-lifetime issue of electrolytic
capacitors for power decoupling [5-9]; (2) limited input
voltage range for the available panels in the market [10-12];
(3) high ground leakage current when the common unipolar
pulse-width-modulation (PWM) scheme is used in a
transformer-less PV system [13]; (4) low system efficiency if
an additional high-frequency bidirectional converter is
employed [14-16]; and (5) increased cost and complexity of
the circuit if energy in the transformer leakage inductance is
recycled by either an active snubber or soft-switching circuit
[17-19].

Since galvanic insulation in an ac module for PV
application is not required by code, a non-isolated ac module
combining a non-isolated high step-up converter and a high-
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efficiency inverter with H6-type configuration, as shown in
Fig. 1, can be used to solve the above issues. We reported a
98.1% European Union efficiency inverter with H6-type
configuration using MOSFETs for all active switches, which
features low ground leakage current, no need for split
capacitors, and low output ac-current distortion, as the second
power stage of a PV ac module in [20]. This paper
concentrates on the first power stage — the non-isolated, high
step-up, dc-dc converter.

References [21-24] presented a variety of converters using
the combination of boost and flyback converters, where the
boost converter section utilizes the transformer winding to
achieve high voltage-conversion ratio. The leakage
inductance energy of the flyback transformer is captured in
the passive clamp circuit of the boost converter in order to
lower the voltage-stress of the active switch. The primary
current of these circuits needs to discontinuous, resulting in
higher input current ripple. References [25-26] proposed a
series of high boost-ratio switched-capacitor converters,
where capacitor-diode voltage-multiplier circuits were
adopted. These topologies have no coupled magnetics so the
size and weight can be reduced. The problem is high
conduction losses due to the diodes in series with the high
current loop. References [27-28] proposed a combination of a
high step-up converter with coupled magnetics and switched-
capacitor. Thus, a higher boost ratio can be achieved while
the switch current stress remains low. The problem is when
the input voltage range is wide, the duty cycle needs to
stretch to the upper or lower limit, which makes it difficult to
optimize the design for the entire range. Moreover, the
circuits have the problem to filter out the low frequency
ripple in the input side if a large inductor is not used in the
high voltage dc link [29].

In this paper, a novel topology with a single active switch
— combining boost, flyback, and charge-pump circuits — is
proposed in order to achieve wide input range, high voltage
gain, high efficiency, and low cost simultaneously. Detailed
circuit operation is described with topological changes in

l23(\)/—70 \% non-isolated 200420 V Grid
high step-up High-efficiency
DC/DC L H6-type
converter DC/AC
I T inverter

Fig. 1 PV ac module application of the proposed converter
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each stage of state transitions. Voltage gain and maximum
voltage stress across semiconductors in the proposed
converter are derived in continuous-conduction mode. To
verify the proposed approach, a 220-W hardware prototype
has been designed, fabricated and tested. Experimental results
verify the effectiveness of the proposed approach with 20-70
V input range, 2.9-10 times voltage gain, and 97.4% peak
efficiency for photovoltaic ac module applications.

II. BASIC OPERATIONAL PRINCIPLES OF THE NOVEL
CONVERTER

Fig.2 shows the circuit diagram of the proposed converter,
which is composed of one power MOSFET, one coupled
inductor, three diodes, and four capacitors. The main
configuration features are that a charge pump capacitor Cyymp
is connected directly across the primary and secondary sides
of the coupled-inductor and that a junction point of the clamp
capacitor C, is connected indirectly with the primary side of
the coupled-inductor via the clamp diode D, and also to the
secondary side of the coupled-inductor though the charge
pump diode Dy, The polarity of the coupled inductor
windings is illustrated by the conventional dot symbols.

/Y Yo [l N>+
Np C|| JX Ne
pump Dpump o
p— Cin '_l>|_ C0 p—
D

o

Fig. 2 Circuit diagram of the proposed converter

This proposed circuit combines the behavior of three
different converter topologies: boost, flyback, and charge-
pump. The flyback aspect of the topology allows the design
to be optimized in terms of the transformer turns-ratio,
allowing for much higher voltage gains than would be
possible with a boost converter. However, flyback converters
are notoriously inefficient and are very sensitive to leakage
inductance, which can cause undue voltage-stress on switches
and diodes. By using a clamp-circuit — identical to the output
of a boost-converter — after the main switch, much of the
efficiency issues can be resolved and the transformer design
becomes less complicated. Finally, adding a charge-pump
capacitor across the primary and secondary windings of the
transformer gives higher converter voltage-gain and reduced
peak current stress by allowing the current of the primary-
windings to continuous.

The equivalent circuit and key waveforms of the proposed
converter are illustrated in Fig. 3. The coupled inductor is
modeled as a magnetizing inductor L, an ideal transformer
with a turns ratio of Ng:Np, primary leakage inductor Li,; and
secondary leakage inductor L;y,. The voltage waveform vy is
the gating signal of the active switch S; ic. is the current of
the clamp capacitor C; iix; is the current of the primary

leakage inductor; i, is the current of the magnetizing
inductor L,,; the ijg, is the current of the secondary leakage
inductor; the vy is the drain-to-source voltage of the active
switch S; the vc. is the voltage of the clamp capacitor C,; the
Vo 1is the voltage of the output diode D,; the vepump is the
voltage of the charge pump capacitor C,,,,; the vy is the
voltage waveform of the magnetizing inductor L,

Vgs
lCc 4
1
k1 [
ILm —
ILk2 —
Vds
VCc
vDo
VCpump
VLm I
to 1 b tstats
(b)

Fig. 3 Basic principle of the proposed converter: (a) equivalent
circuit; and (b) key waveforms.

There are five distinct modes of operation for this circuit,
as shown as Fig. 4. The topological modes are briefly
described as follows.

[to, t;]: MOSFET is initially turned on. At t,, The diode
Dyump turns off. Input voltage applies to transformer primary
side and the primary current iy, increases with a rate limited
by magnetizing inductance. The energy is stored in the
primary winding. The clamp, pump and output circuits are
idle.

[t;, t2]: At t;, the active switch turns off. Primary current
ik decreases with a rate limited by leakage inductance and
the secondary current increases simultaneously. The energy
in the leakage inductance of the primary side is recycled. The
voltage-stress of the switch is limited by the clamp diode and
capacitor. The pump diode remains off.
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JHE

[, ts]
Fig. 4 Topological modes of the proposed converter

[to, t3]: At ty, the clamp diode turns off. The primary and
secondary windings are series-connected through the pump
capacitor. The primary current remains continuous and is
decreasing slowly at a rate limited by the magnetizing

inductance. The energy is transferred directly to the output
from the input source, pump capacitor and the coupled
inductor.

[ts, t4]: At t3, active switch and the charge pump diode
Dpump turn on. Primary current iy, is increasing at a rate
limited by the primary leakage inductance. The charge is
transferred from the clamp capacitor into the pump capacitor.
The secondary current is decreasing at a rate limited by the
secondary leakage inductance.

[ts, ts]: At t4, secondary current decreases to zero, output
diode turns off. Charging pump diode D, remains on.
Primary current iy, increases with a rate limited by
magnetizing inductance. At ts, voltage of Cpmp €quals voltage
of C,, and the state returns to initial condition.

Fig. 5 describes the analysis results of the voltage-
conversion ratio for the converter under the condition of the
coupling coefficient equal to 1 when output diode D, is on.
According to the voltage-seconds balance condition of the
magnetizing inductor, the voltage of the primary winding can
be derived as

v,.=V,-D/(1-D) (D
And the voltage of the secondary winding is
v e, _p No D )
sec pri in N 1_ D

p
Just like that of boost converter, the voltage of the clamp
capacitor is

P

Ve =V, 3)

And the voltage of the charge pump capacitor is the same as

3).

Fig. 5 Simplified voltage loop when output diode is on

According to the Fig. 5, the voltage conversion ratio can be

derived as
Vo (245 p) 1-) @)
Vin NP

And the voltage stress of the MOSFET, the clamp diode D,
and the pump diode Dy, is

Vds = VD(‘ = VDpump = & Vin +Vo &-{— 2 (5)

The voltage stress of the output diode D, can be expressed as

VD{): kl/m_i_Vo &+1 &-i—z (6)
N, N, N,

In order to reduce the inrush current of the charge pump
current loop, as shown in Fig. 4 during the [t;, t4] interval, it
is possible to insert a small inductor in the charge pump
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current loop just like what switched-capacitor resonant
converters do [9]. There are three optional places for the
insertion of the small inductor L,,, as shown in Fig. 6 (a) -

(©).

Fig. 6 Three optional places for the insertion of the inductor L,

III. EXPERIMENTAL RESULTS

Fig. 7 shows the prototype photograph of the charge-
pumped high step-up converter targeted at PV ac module
application. As shown in Fig. 8, the implemented circuit of
the prototype has the following parameters: 20-70 V input
voltage, 200 V output voltage, 11-220 W output power, and
85-kHz switching frequency. The transformer core size is
equivalent to ETD 39, Np = 10 T, Ng = 27 T, L,=24 pH,
L1=0.4 uH, Li=3.1 pH. The clamping capacitor C¢ and
charge-pump capacitor Cyym, are X7R 2x4.7uF. The small
inductor L, is 75 nH. The output capacitor Cq is 2x22uF
film capacitor. The active switch is 100-V, 9-mQ MOSFET
(FDB3632). The clamping diode D¢ and charge-pump diode
Dp are 100-V, 10-A Schottky diode (STPS10AH100). The
output diode Dg is 600-V, 12-A ultra fast reverse recovery
diode (15ETHO06S). A small auxiliary diode D, (1A/600V),
a snubber capacitor C,(10nF/300V), and a Zener diode D,
(0.5 W/200V) are used as a partial-loss-recovery snubber for
the output diode.

Fig. 7 Prototype photograph of the proposed high step-up

converter
Y Y\ | m_D'_
o . ) y—o
Np I Ng
Cpump Lux =& D,
Daux
Dp C
o
-_— C, —>— —

% T

[ O

Fig. 8 Implemented circuit of the prototype

Fig. 9 shows the experimental waveforms of the pumped
capacitor current and voltage under the 45 V input and 200 V
output voltage, and 1 A output current conditions. It can be
seen that no severe inrush current in the charge pump circuit
and the voltage stress of the pump capacitor is less than 100
V. So, the compact ceramic capacitor can be used as the
pump capacitor.

(5 A/div) \

% ICpum

RO/l
 Vopump (50 V/div)

t (2 p/div)

Fig. 9 Experimental waveforms of the pump capacitor current and
voltage

Fig.10 (a)-(c) highlight the experimental verification for
the active-device voltage and current, primary- and
secondary-current at 85 kHz, 200V output voltage, and 220
W output power operation under 20 V, 45 V and 70 V input
voltage conditions. The experimental waveforms show a
good agreement with the analysis results. It is observed that
the stress of the active switch is 60-90 V, which is much less
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than the 200 V output voltages. The lower the input voltage
is, the less voltage stress of the active switch. Additionally, it
is found that the primary current does not drop to zero and
has reduced peak current stress for the primary-windings and
input filter.
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Fig. 10 Experiment verification for active device voltage and
current, primary and secondary current: (a) 20V input voltage; (b)
45 V input voltage and (b) 70 V input voltage

Fig. 11 shows the experimental results of the output diode
voltage stress in the worst case — maximum input and output
voltage, and 220 W full load conditions. It can be seen that
the partial-loss-recovery snubber circuit works well by
observing that the peak voltage of the output diode is less
than 450 V.

V5o(200 V/div)

SN

0\ /div)
Vos (90 V/div)

£ (100 nS/div)

Fig. 11 Experimental results of the output diode voltage stress

Fig. 12 compares the experimental results with the
calculated results of (4) showing the voltage gain as a
function of the duty cycle. Both results agree with each other
very well even with all the parasitics omitted in (4).

12
t \ \
| —— Measured Gain —e— Predicted Gain p

§ //

’ -

Voltage Gain (Vo /Vin)
o

4 [
2 ¥
.
0 20 40 60 80

Duty Cycle (%)
Fig. 12 Measured and predicted voltage gain.

Fig.13 describes the experimental results for efficiency
under different input-voltages and output-loads with a 200-V
output condition. The efficiency of the converter peaks at
97.4% and remains above 96.3% for the input voltage range
0f 20 to 70 V and the output power range of 50 to 220 W.
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Fig. 13 Experimental results of efficiency as a function of the input
voltage and the output power

IV. CONCLUSION

A high-efficiency dc-dc converter with a combination of
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boost- and flyback-converters, including a charge-pump
circuit for continuous input current operation, is proposed for
wide input PV module applications. Key features of the
proposed circuit are reduction of transformer and device
voltage and current stresses with continuous input current,
leakage inductance energy recovery, and avoiding the use of
electrolytic capacitor due to reduced ripple current. The
circuit has been designed, simulated, and implemented with
the 20 to 70 V input, 200£20 V output, and 220 W output
power as a part of a PV ac module. Experimental results
verify the validity of the novel circuit and show 97.4% peak
efficiency and greater than 96.3% for 50 to 220 W.
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