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Abstract: In this paper, a grid-connected micro inverter with a less number of power conversion stages and fewer passive
components is proposed. A high-frequency transformer and a series-resonant tank circuit is used to interface the full-bridge
inverter to the half-wave cyclo-converter. All power switches are switched with zero voltage switching. Phase-shift power
modulation is used to control the output power of the inverter. One of the first methods used to increase efficiency was to
remove the high-frequency transformer at the input stage or the line frequency transformer at the output stage as in transformer
less topologies. Unfortunately, transformer less topologies need more advanced control methods or modifications compared to
existing topologies to keep dc current and leakage current injection in to the grid under control. Hence, there is an increased
interest in grid isolated topologies as in with reduced number of power conversion stages, to increase the inverter efficiency and
to reduce the number of passive components so as to increase the reliability of the system. In this paper a micro inverter with
full-bridge inverter and a half-wave cycloconverter is proposed. Frequency modulation is used as the power control method of
this inverter. There is only one power conversion stage and hence a reduced number of power switches resulting in reduced
switching and conduction losses. The series-resonant tank is used to implement soft switching at the turn-on of the power
switches to reduce switching losses due to the increased switching frequency. The proposed micro inverter is simulated using
MATLAB/SIMULINK and the results are validated.

Keywords: Full-Bridge Inverter, Half-Wave Cycloconverter, Microinverter, Phase-Shift Power Modulation, Series-Resonant

Circuit, Zero-Voltage Switching (ZVS).

I. INTRODUCTION

Renewable energy has become a hot research area as a
result of increasing environmental issues due to fossil fuel
combustion. Biomass, solar, wind, tidal, and geothermal are
all potential renewable energy sources with low cost and
reduced environmental effects. Solar energy plays a major
role in renewable energy research as a sustainable and low
environmental impact energy source. Among potential solar
power generation systems, photovoltaic (PV) systems set to
grow fastest. There are four major applications of PV power
generation systems: off-grid domestic, off-grid non-
domestic, grid connected distributed, and grid-connected
centralized [1]. The PV inverter is the key element in grid-
connected PV energy systems. The main functionality of the
inverter is to convert PV-generated dc power into grid-
synchronized ac output. Grid-connected PV inverters are
categorized as micro-inverters, string inverters, multi-string
inverters, mini central inverters, and central inverters
according to the configuration of the inverter [2][3]. Among
these inverter configurations, the microinverter has gained
popularity, as it integrates a single solar panel (50-400 W)
to the grid. Only a few years back, the cost of the overall
inverter system was heavily dependent on the price of the
PV  module. With advancements in PV module
manufacturing technology and with the quantity of

production, the cost of the PV module has been drastically
reduced. Presently, the cost of the PV system is highly
dependent on the PV inverter topology.

Hence, new innovative topologies have been proposed
[4]-[12] or PV micro inverters with the main purpose of
increasing efficiency and reducing the manufacturing cost.
Bringing down the count of power switches by reducing the
number of conversion stages is one of the key strategies to
address the efficiency of the system. Also, manufacturing
cost of the system can be reduced by minimizing count and
size of passive components and power switches.
Importantly, as the lifetime of a modern solar panel is about
25 years [13], therefore guaranteeing the reliability of the
micro-inverter throughout its lifetime has become essential.
The main strategy used to increase the reliability of the
system is the removal of the electrolytic capacitors from the
system where possible, because the lifetime of electrolytic
capacitors reduces with elevated temperatures [14]. Also,
electrolytic capacitors contribute to the overall system cost
in larger percentage. One of the first methods used to
increase efficiency was to remove the high-frequency
transformer at the input stage or the line frequency
transformer at the output stage as in transformer-less
topologies. Unfortunately, transformer-less topologies need
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more advanced control methods or modifications compared
to existing topologies to keep dc current and leakage
current injection into the grid under control[9],[10],[11].
Hence, there is an increased interest in grid isolated
topologies as in with reduced number of power conversion
stages, to increase the inverter efficiency and reduce the
number of passive components so as to increase the
reliability of the system[4]-[6].

A micro-inverter with full-bridge inverter and a half-
wave cycloconverter is proposed in. Frequency modulation
is used as the power control method of this inverter. Hence,
it has some drawbacks such as a wide and unpredictable
noise spectrum, more complex filtering of the output voltage
ripple, and poor utilization of magnetic components [14]. A
dual-active-bridge based micro-inverter with phase-shift
modulation is proposed in [5]. Although there is a reduced
number of power conversion stages as in [4], the number of
power switches is increased compared to due to the four
quadrant switches in the output side active bridge [4] as
shown in Fig.1.
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Fig. 1. Proposed microinverter topology.
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Il. TOPOLOGY DESCRIPTION

The full-bridge inverter is used as the primary-side
inverter of the microinverter due to its higher voltage gain
compared to the half-bridge inverter, although the number
of switches in the full bridge circuit is twice that of the half-
bridge. As a consequence, the turns ratio of the high-
frequency transformer can be reduced by half, and hence,
the size of the transformer can be reduced. A half-wave
cycloconverter is used to integrate the microinverter to the
grid at the secondary side. By using a half-wave
cycloconverter, the number of switches in the secondary
side can be reduced by half compared to a full-wave
cycloconverter. This is expected to result in reduced
switching and conduction losses in the overall inverter. In
order to reduce the size of the isolation transformer, a higher
switching frequency with a constant duty ratio (50%) is used
to switch the power switches. As switching power loss in
the active switches is proportional to the switching
frequency, zero-voltage switching (ZVS) is used to turn ON
all the switches in order to reduce turn-on switching losses.

Turn-off switching power losses can be minimized by
adding additional output capacitance to each power switch.
ZVS is developed by using the resonant nature of the series-
resonant tank current in the inverter.

The series-resonant tank can be placed either in the
primary side, as shown in Fig.2, or in secondary side.
Placement of the series-resonant tank in the secondary side
may be more advantageous considering practical aspects,
such as the number of turns needed in the secondary side is
higher than that in the primary side with the same inductor
core. The large number of turns allows the inductor to be
wound in a more accurate manner. The resonant capacitor in
the series-resonant tank can be used to block any dc voltage
generated by the full bridge due to unbalanced operation.
The passive filter capacitor C buff at the primary-side dc
link is used to remove the double line frequency voltage and
current ripple. The average size of that capacitor is in the
milli farad range, and thus, electrolytic capacitors must be
used as the filter. The size of the buffer capacitor can be
reduced by using a series active buffer, as proposed in, or by
using the third ripple port, as proposed in.
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Fig.3. Waveforms of the full-bridge, half-wave
cycloconverter and resonant current when Vg, > 0.

The output filter capacitor C; and inductor L in the
secondary side are used to eliminate the switching
frequency ripple in the output current.

A. Power Modulation

As two bridges are connected through the inductor, there
are four power modulation methods, as given in and.
Frequency modulation in the resonant circuit causes an
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unpredictable noise spectrum, resulting in more complex
filtering of output voltage and poor utilization of magnetic
components. Hence, phase-shift power modulation is used
to control power output of this micro-inverter. All switches
are switched using a constant f; and a fixed duty ratio
(50%). f, is selected such that f; > f, , where f; is the resonant
frequency of the series resonant tank. Hence, the overall
impedance seen by the full bridge is inductive and the
resonant tank current will have a lagging power factor.

TABLE I: Switching Sequence of the Cycloconverter
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Fig. 4 Equivalent circuit of the half-wave cycloconverter.

The half-wave cycloconverter behaves as a controlled
half-wave rectifier when o = 0e. In such a case, the
switching sequence of the half-wave cycloconverter is
summarized in Table I. The grid-synchronized 50-Hz
sinusoidal current can be obtained by varying the switching
sequence starting instant with respect to the resonant
current.

B. Power Flow Calculation

The ideal waveforms of the microinverter are shown in
Fig. 3 by using two assumption made in Section I1-A where
PV input voltage and grid voltage are considered as constant
over one switching period of the microinverter. The
resonant current i_ of the inverter should lag the full-bridge
output vy, to ensure ZVS in the full-bridge inverter, as
shown in Fig. Then, the anti parallel diode in the power
switch will be turned ON before the power switch, ensuring

there will be zero voltage across power switch when it turns
ON. On the other hand, the resonant current should lead the
cycloconverter input voltage Vs, in order to ensure ZVS in
the half-wave cycloconverter. Also, ZVS turn-on of the
cycloconverter depends on the switching sequence of the
power switches. u3,L , u3,H should be completely turned
ON when Vg, > 0 and u3,H, u3,L should be completely
turned ON when V, < 0 during each switching cycle in
order to confirm ZVS in the cycloconverter switches. The
cycloconverter can be represented by using an equivalent
single reactive element, as shown in Fig. 4, due to the
current lagging operation of the cycloconverter.

C. Soft-Switching Principle

A significantly higher switching frequency is used in the
proposed inverter in order to reduce the size of passive
components. However, switching power losses in the power
switches are proportional to the switching frequency. ZVS is
proposed as a soft-switching method for this inverter to
reduce the switching power losses.
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Fig. 5. Overall structure of the microinverter.

On the other hand, all power switches in the full-bridge
are turned OFF with higher currents. Turn-off power losses
in the switches can be minimized, adding additional output
capacitance across each power switch.

D. Proposed Controller

The overall structure of the proposed microinverter is
shown in Fig.5. The microinverter controller has two
independent closed loops that control the output current (or
power) and the PV-link voltage of the microinverter. The
maximum power point (MPP) tracker locates and provides
PV MPP voltage and current set point to the respective loop
to obtain the desired control. In the current control loop,
inverter phase shift ¢ is used to control the output current of
the microinverter, as it can be shown from (19) that the
current can be effectively regulated by controlling ¢ in the
grid-connected mode. ¢ is varied within a specific limit
based on the peak value of the grid current io and the

International Journal of Scientific Engineering and Technology Research
Volume.04, IssueNo0.03, February-2015, Pages: 0547-0553



PRASANNA KUMAR.CH, JAYAKRISHNA.G

reference grid current i* o, peak. The required ¢ is
calculated by the phase-shift controller of the ac-ac
converter, using the phase locked loop output y as an input,
as shown in Fig.5. The phase-shift controller can be
developed either by using modulation methods or using a
lookup table. Although the lookup table is proposed as a
common ¢ control strategy for similar topologies, in this
paper, the required output current is calculated by
modulating ¢ using y. The full-bridge phase shift 6 can be
used to control the PV-link voltage of the inverter according
to (6) and, hence, the operating point of the PV
characteristic curve. The MPP tracker output voltage v+ DC
is fed forward to generate a reference for the voltage control
loop. All the constraints obtained in the Section I11-D can be
used to decide the allowable phase-shift combinations.

1. SIMULATION AND RESULTS

Firstly, simulations are done using passive networks for
different positions of filter capacitors and inductors. For all
the passive circuits, RLC load has been used and the
position of the filter has been shuffled to observe the
variations in the input and output voltages and currents and
the amount of distortions present in them. Further,
improvement of power factor is taken care of in the
subsequent circuits where feedback loops are employed
using analog circuits. A digital circuit implementation has
also been carried out using UC3854 chip but it is observed
that the power factor is very low. Hence, we are finally
concerned with PFC using Analog circuits.

TABLE Il: Microinverter Parameters

Parameter Value
Resonant inductor (L) 84.60uH
Resonant capacitor (C) 120.9nF

Switching frequency (fs) | 42.2kHz
Quality factor (Q) 4
Input voltage (Viy,) 40V
RMS output voltage (vouyt) 230V
Transformer turns ratio (n) 8

The overall structure of the proposed microinverter is
shown in Fig.6. The microinverter controller has two
independent closed loops that control the output current (or
power) and the PV-link voltage of the microinverter. The
maximum power point (MPP) tracker locates and provides
PV MPP voltage and current set point to the respective loop
to obtain the desired control. In the current control loop,
inverter phase shift ¢ is used to control the output current of
the microinverter, as it can be shown from (19) that the
current can be effectively regulated by controlling ¢ in the
grid-connected mode. ¢ is varied within a specific limit
based on the peak value of the grid current i, and the
reference grid current i,, peak. The required ¢ is calculated
by the phase-shift controller of the ac—ac converter, using
the phase locked loop output y as an input.
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Fig.6. Main circuit of Half-Wave Cycloconverter-Based

PV Microinverter.

The calculation of resonant components of the inverter
is based on the equations presented in Section. With varying
output power, it is difficult to choose the proper resonant
component size to allow soft-switching operation
throughout the whole operational range. Therefore, the
average power of the inverter is used to calculate the
equivalent load resistance of the inverter. The quality factor
Q of the series resonant circuit is chosen as 4 in order to
confirm validity of the sinusoidal approximation. The ratio
of switching frequency to resonant frequency f is chosen as
1.1 in order to verify the soft-switching operation of all
power switches of the inverter.
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Fig.7. Half wave cycloconverter sub system.
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Fig.7 shows in-phase grid voltage and current waveforms
of the simulated microinverter rated to 278W and it is
evident that wused phase-shift modulation and its
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implementation is viable to use in this topology. Fig.8
shows the full-bridge output v, the cycloconverter input
Vi, and the primary-side resonant current i_ of the inverter
at the positive peak of the grid voltage. The resonant current
i_ lags the full-bridge output voltage vy and leads the
cycloconverter input Vo and hence verifies that ZVS occurs
at all power switches. unfiltered current iy at the
cycloconverter output. A similar set of waveforms is shown
in at the negative peak of the grid voltage.
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Fig.8. Controller circuit diagram.
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The 100-W microinverter prototype is designed and
built in the laboratory for verification purposes. Metal—
oxide semiconductor field-effect transistors (MOSFETS) are
used as power switches with appropriate voltage and current
ratings. The MOSFET gate drivers are developed using
opto-isolators and MOSFET gate drive integrated circuits
(1C). A TMS320F28335 digital signal processor is used to
control the microinverter. The dead bands in the input full-
bridge control signals are chosen Full-bridge output voltage
Vg, , resonant current i , and cycloconverter input voltage
Voip at o = m? in the positive half cycle of the inverter output.

TABLE Il1: Simulation Parameters

Parameter Value
Resonant inductor (L) 14260
Resonant capacitor (C) 0.69uF
Switching frequency (f;) 56.7kHz
Leakage inductance of transformer primary winding | 0.1uff
Leakage inductance of transformer secondary winding | 23.5uH
[nput voltage (Viy) 40V
Transformer turns ratio (n) §
Qutput filter capacitor (C'y) W
Input buffer capacitor (Ch, 1) 8800pF
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Fig.9. Mppt circuit diagram.

The maximum power point tracking (MPPT) capability of
the microinverter is tested by using the same solar array
simulator. The typical PV characteristic curves generated by
the solar array simulator mode of the power supply are
shown in Fig.9. The MPP tracker of the inverter is
developed by using perturb and observation method (P&O).
Peak power of the PV output curve is incremented in 2%
intervals from the corresponding value of the lower curve of

to the corresponding value of the upper curve in order to test
the MPP tracking capability.

Fig.10. Output current(A)and grid voltage(V)of the
inverter.

The results from that test are shown in Fig.11. In both
modes, full-bridge phase shift 0 is varied from its minimum
to maximum value and inverter phase shift ¢ is varied from
its minimum to maximum value at each step of 6 which
shows that the inverter is able to operate over a range of

constant current and constant voltage points as well as at
MPP of the tested PV curves.

International Journal of Scientific Engineering and Technology Research
Volume.04, IssueNo0.03, February-2015, Pages: 0547-0553



PRASANNA KUMAR.CH, JAYAKRISHNA.G

| — Ty, |
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Fig.12. Simulated resonant current iL, full bridge output
voltage (1:2) scaled cycloconverter input voltage.

A similar set of waveforms is shown in Fig at the
negative peak of the grid voltage. Fig.12 shows that the full-
bridge voltage vy, leads the resonant current i and hence
confirms the soft-switching operation at the input full-
bridge. Also, the resonant current i, leads the cycloconverter
input, and hence, there is ZVS in the cycloconverter power
switches.

IV. CONCLUSION

A microinverter topology is proposed with a half-wave
cycloconverter and a full-bridge inverter. There is only one
power conversion stage and hence a reduced number of
power switches resulting in reduced switching and
conduction losses. The transformer size is reduced because
it is placed in the high-frequency link of the inverter
resulting in a small and reduced weight system. The series-
resonant tank is used to implement soft switching at the
turn-on of the power switches to reduce switching losses
due to the increased switching frequency. The operation of
the inverter is critically analyzed and methods are presented
to calculate the size of the resonant components. A
relationship between the inverter phase shift, the full-bridge

phase shift, the voltage gain of the inverter, the quality
factor of the series-resonant tank, and the delivered power is
derived. The soft-switching operation of the full-bridge and
the half-wave cycloconverter is analyzed using the derived
resonant current equation for the three stepped full-bridge
output voltage and the half-wave cycloconverter input
voltage. Simulation results are presented to verify the design
process and the operation of the inverter. Therefore it is
used as an efficient micro inverter in PV applications.
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