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Provided are methods, circuits, and systems for obtaining power from a power generator such as a photovoltaic cell or a fuel cell.
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Abstract

Provided are methods, circuits, and systems for obtaining power from a power
generator such as a photovoltaic ccll or a fuel cell. The methods, circuits, and systems
comprise converting substantially DC output power from the power generator into a high
frequency AC voltage while rejecting or minimizing oscillations in the output power from the
power generator; converting the high frequency AC voltage into a high frequency
substantially sinusoidal voltage or current; and converting the high frequency substantially
sinusoidal AC voltage or current into (i) a DC voltage or current, and (ii) a low frequency
substantially sinusoidal AC voltage or current; wherein the high frequency substantially
sinusoidal AC voltage or current is 1solated from the DC voltage or current or the low

frequency substantially sinusoidal AC voltage or current.
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POWER CONVERTER FOR A POWER GENERATOR

Field

This invention relates to circuits, systems, and methods for converting power obtained
from a power generator. The circuits, systems, and methods described herein may be used to

interface a power generator to a power distribution grid.

Background

Grid-connected power generation systems typically include two major parts: power
generators that produce the power and converters that receive, condition, and 1nject the power

into the power distribution grid. Power generators include, for example, photovoltaic (PV)

cells, fuel cells, and wind turbines.

To increase the overall efficiency of power generators under different circumstances,
such as partial shadowing of PV cells, or mismatches between PV cells or wind turbines,
independent control and power extraction is required for each power generator. This requires

using a separate converter for each power generator. This may be referred to as micro-

inverter technology.

In single-phase grid-connected power generation systems, the instantaneous output
power oscillates at twice the grid frequency. In systems where the power generators are PV
cells, the input power generation is DC and thus oscillation of the instantaneous power at the

converter output, if reflected in the input, causes the input operating point to deviate from
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DC. If there is any power oscillation on the PV cell side, maximum power is only achievable
at the peak of oscillation, which translates into less average power extraction than the
available maximum power [1,2]. This is a power loss that reduces the efficiency of the PV
cell system. Therefore, power pulsation is a key problem in such systems and the PV cell

converter should decouple the output power pulsation from the input DC power generation to

maximize the efficiency.

As noted above, if there is no power decoupling in a single-phase inverter, the power
generation at the PV cell terminal will contain oscillations that result in a deviation from the
optimum point. Energy storage in the circuit may supply oscillatory power and reduce power
pulsation at the PV cell terminal. The decoupling problem is normally resolved by using
large electrolytic capacitors (e.g., in the range of milli-Farads) to minimize the effect of the
output power pulsation on the input operating point. However, this is highly undesirable

because it decreases the life-time and increases the volume, weight, and cost of the mverter.

Depending on the topology, different locations of the energy storage are possible. For
example, for a single-stage topology energy storage may be implemented at the PV cell
terminals. For multi-stage topologies, when a voltage source inverter is employed at the
output, the power decoupling capacitor may be placed at the input terminals and/or at the DC
bus (e.g., between DC-DC converter and DC-AC inverter stages). It is beneficial to have
most of the decoupling capacitance on the DC bus because the voltage level is higher and the

same amount of energy storage can be achieved with a smaller capacitor.

The generation of a high DC voltage is not efficient and it poses an excessive voltage
stress on the inverter and on the output of the first stage. Moreover, the high voltage on the
bus enlarges high frequency ripples on the output current, which requires large passive filters

for compensation. Further, in such an approach relatively large electrolytic capacitors at the

input are still needed to remove any oscillations at the PV cell input.

Use of a voltage source inverter at the output requires a bulky inductor for connection
to the grid. To avoid this, a micro-inverter may use an unfolding power circuit in the last
stage. However, with this approach, a large electrolytic capacitor bank 1s still required at the
PV cell terminals because the voltage level is very low and the amount of capacitance

required becomes large. In general, topologies that use a transformer as an energy buffer

employ such a configuration for power decoupling [1,2,5].
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To reduce the amount of input capacitance required, a multistage approach may be
used as in [3] which processes the full output power. However, this reduces the efficiency
and increases the size and weight of the converter. Moreover, since the DC bus voltage is
very high the stress on the switches of the converter stages is very high and also the filter that

shapes the current becomes relatively large.

In other approaches [5-10], an auxiliary power circuit is introduced that absorbs
power and provides energy when needed. As a result a large electrolytic capacitor 1s not
required. The auxiliary power circuit usually operates at high voltage to reduce the energy

storage component. Such approaches generally have low efficiency and have high number of

power processing stages.

Summary

Described herein is a power converter for use with a power generator, comprising: a
high side input point and a low side input point for receiving substantially DC power from the
power generator; a capacitor connected across the high side and low side input points; a first
means that receives voltage across the capacitor and converts the voltage into a high
frequency AC voltage while rejecting or minimizing oscillations in the received voltage; a
second means that converts the high frequency AC voltage into a substantially sinusoidal AC
voltage or current; an isolating transformer that receives the substantially sinusoidal AC
voltage or current; a third means that converts a high frequency substantially sinusoidal AC
voltage or current from the transformer into (i) a low frequency substantially sinusoidal AC

output voltage or current; and (i1) a DC output voltage or current; and a high side output point

and a low side output point for outputting the output voltage or current.

In one embodiment the high frequency AC voltage may be amplitude modulated by a

substantially sinusoidal voltage at a frequency that is related to a power distribution grid

frequency.

The first means may comprise a chopper circuit. Switches of the chopper circuit may
be controlled using pulse width modulation. The second means may comprise a resonant
circuit. The resonant circuit may be a series resonant circuit. The third means may comprise
a rectifier and optional filter, wherein the output is a DC voltage or current. The third means

may comprise a rectifier and an inverter, wherein the output is an AC voltage or current.
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Also described herein is a micro-inverter for a distributed power generator,
comprising: the power converter described above; and a controller that controls operation of
switches in the first means by comparing the voltage across the capacitor with a reference
voltage so as to minimize voltage fluctuations across the capacitor. The controller may
include one or more of a modified pulse width modulator, a duty cycle controller, and a
maximum power point tracker. The duty cycle controller may comprise a proportional

integral-derivative compensator.,

Also described herein is a power generation system, comprising: at least one micro-
inverter as described above; and at least one power generator. Each power generator may be

connected to a micro-inverter.

Also described herein is a method for obtaining power from a power generator,
comprising: converting substantially DC output power from the power generator into a high
frequency AC voltage while rejecting or minimizing oscillations in the output power from the
power generator; converting the high frequency AC voltage into a high frequency
substantially sinusoidal voltage or current; and converting the high frequency substantially
sinusoidal AC voltage or current into (i) a DC voltage or current, and (i1) a low frequency
substantially sinusoidal AC voltage or current; wherein the high frequency substantially

sinusoldal AC voltage or current is isolated from the DC voltage or current or the low

frequency substantially sinusoidal AC voltage or current.

In one embodiment the method may include amplitude modulating the high frequency

AC voltage by a substantially sinusoidal voltage at a frequency that is related to a power

distribution grid frequency.

The method may comprise using a chopper to convert output power from the power
generator into a high frequency AC voltage. The method may comprise using pulse width
modulation to control one or more switches of the chopper circuit. The method may include
comparing output voltage of the power generator with a reference voltage so as to minimize
voltage fluctuations of the power generator. The method may comprise using a resonant
circuit to convert the high frequency AC voltage into a high frequency substantially
sinusoidal AC voltage or current. The resonant circuit may comprise a series resonant circuit.

The method may comprise connecting the low frequency substantially sinusoidal output

voltage or current to a power distribution grid.
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In the above circuits, systems, and methods, the power generator may be a

photovoltaic (PV) cell or a fuel cell.

Brief Description of the Drawings

For a better understanding of the invention, and to show more clearly how it may be

carried into effect, embodiments will now be described, by way of example, with reterence to

the accompanying drawings, wherein:
Figure 1 is a generalized block diagram of a micro-inverter.

Figure 2 is a block diagram of a micro-inverter according to one embodiment.

Figure 3(a) is a circuit diagram of a micro-inverter with maximum power point

tracking according to one embodiment.

Figure 3(b) 1s a circuit diagram of a micro-inverter with maximum power point

tracking according to another embodiment.
Figure 3(c) 1s a plot showing operating waveforms of the circuit of Figure 3(b).

Figure 4(a) is a plot showing typical current-voltage and power-voltage characteristics
and the maximum power point of a PV cell, and Figure 4(b) is a plot showing how the

characteristics change with amount of irradiation.

Figure 5 1s a plot showing typical steady-state operating waveforms of the

embodiment of Figure 2.

Figures 6(a) to (f) show schematic diagrams of equivalent circuits of the embodiment

of Figure 3(a), for each interval of the plot of Figure 5.

Figure 7 1s a circuit diagram showing the kth harmonic equivalent circuit of the circuit

in Figure 2.

Figures 8(a) and (b) are plots showing zero voltage switching of the switches M, (a)

and M, (b) of Figure 3(a), obtained from a simulation.

Figure 9 1s a plot showing the bus and grid voltage waveforms and the gate signals for

the embodiment of Figure 3(a) using modified pulse width modulation as described herein.
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Figure 10 is a plot showing output grid current waveform with conventional pulse

width modulation and with modified pulse width modulation.

Figure 11 is a plot showing zero voltage switching of a simulation based on the circuit

ot Figure 3(a).

Figure 12 1s a plot showing bus voltage and resonant tank current and voltage of a

simulation based on the circuit of Figure 3(a).

Detailed Description of Embodiments

Described herein are systems, circuits, and methods for obtaining power from a power
generator. A power generator may be, for example, a wind turbine, a fuel cell, or a
photovoltaic cell. The power generator may be a distributed power generator. Whereas
embodiments of the systems, circuits, and methods are described herein primarily with

respect to photovoltaic cells, it will be appreciated that the systems, circuits, and methods are

not limited thereto.

The systems, circuits, and methods described herein may be used in a micro-inverter
for a power generator. As used herein, the term “micro-inverter” refers to a device that
interfaces a power generator with a load, such as a power distribution grid. A system
including a micro-inverter is shown in the generalized block diagram of Figure 1. The micro-
inverter 20 receives power from a power generator 10, and outputs power to a load 30. The
micro-inverter 20 may include a power section 200 that may include one or more stages and
perform one or more functions, such as, for example, DC-DC conversion, DC-AC
conversion, or a combination thereof. The micro-inverter may include a control section 300
that may perform one or more functions such as, for example, maximum power point tracking
ot the power generator, and/or providing gating signals to the power section 200. The gating

signals may be determined by sensing the power generator voltage and/or current, and/or the

load voltage and/or current.

A micro-nverter as described herein increases the overall efficiency of power
generation under different circumstances and conditions. For example, in the case of a PV
cell, partial shadowing of the PV cell or mismatches between PV cells can degrade the

overall efficiency of the system. However, use of a micro-inverter for each PV cell, or for a
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PV cell string or module, permits independent control and power extraction from each PV
cell or PV cell string or module, maximizing power extraction from PV cells despite varying

conditions of individual PV cells.

A micro-inverter as described herein is compact, so as to be attached to a PV cell
(e.g., to the back of a PV cell). Since micro-inverters are exposed to a wide range of
environmental conditions, such as extremes of temperature and humidity, reliability and
maintenance of are major issues. This exposure also adversely affects the life expectancy and
performance of the inverter. These factors demand robust design and construction, and may
require more expensive components that lead to a higher manufacturing cost. Consequently,
challenges in the design of a micro-inverter include achieving compactness and low cost, e.g.,
by reducing the number and size of circuit components. Advantageously, a micro-inverter as

described herein does not require costly high voltage components and wiring.

In one embodiment, a micro-inverter may include one or more feature such as, for
example, communication, inversion (1.€., DC to AC conversion), peak power tracking,
islanding, etc. Such a micro-inverter may be integrated into a PV module. The term “PV
module” refers to one or more PV cells connected in series, parallel, and/or series-parallel to
etfect a desired electrical output. For example, a PV module may be the smallest discrete
unit provided (e.g., sold) to an end user of a photovoltaic conversion system. Typically, PV
modules are supplied with connectors or other suitable hardware to extract the DC output
from the module. However, as described herein, a micro-inverter may be integrated into a
PV module, wherein such connectors or other suitable hardware to extract the DC output are
replaced with a micro-inverter so as to obtain one or more electrical features, such as those
described above. Moreover, such integration of the micro-inverter with the PV module may
include packaging of the micro-inverter either substantially together or incorporated into the
module packaging, or in a manner that substantially unifies the micro-inverter with the
module packaging. The PV module packaging may be pre-existing or may be designed to
accommodate the micro-inverter. It will be appreciated that the inversion portion of the
micro-inverter may be of any design, such as, for example, but not limited to, current source,

voltage source, resonant, etc., and may include single or multiple power stages.

The control section 300 of a micro-inverter as described herein may include
maximum power point tracking (MPPT). As a result, MPPT may be performed on each

power generator independently. In the case of PV cells, this is useful where partial shading
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cannot be avoided since MPPT allows the maximum power to be extracted from each PV cell
for any instantaneous condition. MPPT removes any mismatch losses between PV cells in
the system. Further, micro-inverters as described herein provide modularity to individual
power generators, allowing a "plug and play" approach to their use in a distributed power
generation system. The control section may be implemented in whole or in part using
discrete components, using digital technology (e.g., in a digital signal processor (DSP), field
programmable gate array (FPGA), or application specific integrated circuit (ASIC) device),
or using a combination thereof. For example, one or more components of the control section
may be implemented in an algorithm using a suitable hardware language such as, for
example, very high speed integrated circuit (VHSIC) hardware descriptive language (VHDL),
register transfer language (RTL), or Verilog. Such an algorithm may be implemented in, for
example, a FPGA or ASIC device, or other suitable logic device. Use of digital technology

provides a controller that is compact and robust.

As used herein, the terms “maximum power point tracking (MPPT)” and “maximum
power point tracker (MPP tracker)” are distinct. “MPPT” refers to an algorithm and “MPP
tracker” reters to hardware (i.e., a circuit). The MPPT calculates the optimum operating
point for a distributed power generator such as a photovoltaic cell, and provides a reference

point for MPP tracker to steer the system toward the optimum operating point.

As used herein, the term “photovoltaic cell (PV cell)” refers to any cell having a light
absorbing material to absorb photons and generate electrons via a photoelectric effect. A
non-limiting example of a photovoltaic cell is a solar cell. The light absorbing material may
absorb light in any wavelength or combination of wavelengths, including, for example,
wavelengths of solar light that reach the earth’s surface, and/or wavelengths of solar light
beyond the earth's atmosphere. Two or more light absorbing materials having specific
wavelengths of light absorption may be used in combination to take advantage of different
light absorption and charge separation mechanisms. The light absorbing material may be
configured as, for example, bulk material, thin-film (e.g., inorganic layers, organic dyes, and
organic polymers), and/or nanocrystals. Photovoltaic cells may be combined into arrays,
strings, modules, or panels. For example, a photovoltaic cell string may include a plurality of
photovoltaic cells connected together in a series, parallel, series-parallel, or other

configuration. For simplicity, the term “PV cell” as used herein will refer to a single cell or

any such combination of cells.
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A review of existing micro-inverter topologies reveals that for power decoupling,
electrolytic capacitors, very high bus voltage, or auxiliary power circuits are used. The
former has life-time, size, and maintenance problems and the latter approaches mainly exhibit

low efficiency, high number of stages, and/or high voltage stress which compromise

performance.

A micro-inverter topology as described herein overcomes the aforementioned
problems. Figure 2 shows a block diagram of an embodiment of the power circuit 200
together with a control section 300. Referring to Figure 2, a capacitor Cpy 1s connected
across the power generator 10 and the input of a voltage chopper 210. The voltage chopper
topology may be, for example, half bridge or full bridge. From the voltage chopper, the
circuit includes a resonant tank circuit 220, an isolation transformer 230, a first converter
240, a capacitor Cyys, a second converter 250, and an output filter 260. The converters may
be voltage source converters. A half bridge or full bridge rectifier may be provided at the
output of the isolation transformer. The control section 300 provides gate signals for the
voltage chopper 210 and may also provide maximum power point tracking. The control
section also provides decoupling and high switching frequency of the voltage chopper stage
210, to ensure that main power pulsations are drawn from the bus capacitor Cy,s and input
power extraction is constant, while using only a small capacitor Cpy; at the PV terminal. The
decoupling method creates a DC plus AC voltage at the middle stage converter 240 and then
uses a modified pulse width modulation (PWM) technique to remove double trequency
harmonics from the output current. Therefore, the power pulsations have minimum impact
on the input power extraction or output power injection. By accepting a large AC oscillation
on the bus and controlling the average bus voltage, both the value of the bus capacitor and the

voltage stress on the inverter may be optimized. For example, the input and bus capacitors

may be reduced to less than 20 microFarad, an improvement of two or three orders of

magnitude, relative to prior designs. As a result, the topology and control systems described

herein yield a compact design suitable for micro-inverter application.

A micro-inverter as described herein employs an isolated resonant-mode topology
using a high switching frequency. The high switching frequency (e.g., 10 kHz or higher)
allows use of small circuit components, relative to a lower switching frequency, resulting in a
high power density. In general, as the switching frequency increases, switching losses
associated with turning on and off the active device(s) also increase, typically resulting in low

conversion efficiency. However, in the embodiments described herein, the high switching
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frequency does not affect the efficiency of the circuit because a soft switching technique is
employed. Soft switching refers to the switching of a device (i.e., turning the device on or
off) when there 1s zero voltage across the device (i.e., zero voltage switching (ZVY)) or zero
current through the device (i.e., zero current switching (ZCS)). That is, in a resonant-mode
topology the switching losses are low, allowing operation of a resonant converter at a high

switching frequency with low switching loss.

In one embodiment the isolated resonant-mode converter is a series resonant
converter. This embodiment exhibits near zero switching losses while operating at constant
and very high frequencies (e.g., 100 kHz or higher). The component count is low, making it

feasible for micro-inverter applications.

The embodiment of Figure 2 is suitable for obtaining power from a power generator
and interfacing the power with an AC load, such as a power distribution system. Figure 3(a)
shows an exemplary circuit diagram of an embodiment without a converter stage 250 (see
Figure 2), but with a load Ry, wherein the output may be DC. This embodiment also employs
a series resonant DC-DC converter. As shown in Figure 3(a), the embodiment may include a
control section 300, wherein maximum power point tracking (MPPT) may be employed. The
power generator 10 may be a PV cell. The circuit includes a chopper (M, M, shown with
their body diodes Dy and D), a series resonant tank (Cs, L), a high frequency isolation
transformer (1), a rectifying circuit (Dy, D) and an output filter (C¢). The function of the
chopper 1s to convert the DC input voltage (V,) to a high frequency AC voltage. The series
resonant tank converts this AC voltage into oscillatory (i.e., substantially sinusoidal) current
(1), with low frequency voltage components. This feature is useful, when, for example, the
load 1s an inverter which is injecting the power into a power distribution grid. Low frequency
ripple generated by the inverter may be substantially blocked by the resonant tank, preventing
1t from appearing at the input and allowing use of small energy-storage capacitors. The high
trequency transformer provides matching and isolation for the output voltage. The rectifying
circuit and the output filter convert the high frequency resonant current into a DC output
voltage. The load Ry, may be a DC load, a converter stage, or a converter and/or inverter
stage, as shown 1n Figure 2. For example, the load may be an inverter that produces AC

output power suitable for injection into a power distribution grid.

As used herein, the term “low frequency” refers to a harmonic frequency that is

derived from the AC grid frequency.

- 10 -
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As used herein, the term “high frequency” refers to a switching frequency of the

converter and one or more harmonics thereof.

An alternative embodiment is shown in Figure 3(b). This embodiment 1s based on a
full bridge resonant converter with a series resonant tank. The full bridge may be controlled
using a modified phase shift modulation technique. Soft switching of the power MOSFET
switches M;-M4 may be achieved by tuning the resonant frequency of the series resonant tank
circuit Cs-Lg lower than the operation frequency of the resonant inverter. This i1s an inductive
mode where the impedance viewed from the input port of the resonant tank Z;, becomes
inductive. Resonant current lags the fundamental voltage and as a result © becomes positive.
Switches M| and M; turn on during negative current, therefore, they have zero voltage turn
on because current always transfers from the anti-parallel diode to the MOSFET. The
scenario 1s the same for switches M, and My. All the switches turn off under non-zero

resonant current. Snubber capacitors may be used to reduce turn-ott switching losses.

Principle operating waveforms of the embodiment of Figure 3(b) are shown in Figure
3(¢). The output voltage of the converter (v,p) is regulated through the change of the phase
shift o between the two pulses for M, and M3 in Figure 3(c). The phase shift angle increases
when the input capacitor voltage decreases, and the phase shift angle decreases when the
Input capacitor voltage increases. In this manner, regardless of the output load (Ry)
stipulated by the next stage, or environmental conditions for the PV module, the input voltage

can be regulated to remove, reduce, or minimize oscillations from the input port and to

substantially avoid deviation from the maximum power point.

The embodiment of Figures 2 and 3(a) will now be described in detail. The inverter
output current controller forces the current to be in-phase with the grid voltage. Since the
input power extraction from the power generator is DC, the power oscillation will be drawn
from the bus capacitor Cyys and the resonant tank passive elements. As a result the passive

components may be small. With some simplification, bus voltage oscillation may be derived

as follows:

Pi. n

Wy Clms ‘/bu.s ( 1 )

>
A ‘/bus —

This equation shows that for a given DC bus voltage and input power, if the bus

voltage variation is large a smaller bus capacitor may be selected. For example, in a
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conventional approach the bus voltage variation may be 1 volt, whereas in the embodiments
described herein, the voltage variation may be 20 volts, so the capacitor may be 20 times

smaller. The bus voltage can be estimated as:

App—

| P,
— ,,D(..; 2 7L W :
g~ ous (2)
5 As a result the equivalent resistance of the embodiment may be calculated as:
7l 2 413})1&& (f) 2
ae\bv ) T — " 3} A TS S -~ bl F AN
o QP‘(:R( 2Pz n 7‘-2 AT.Z Rn - Wy \'fbus Y

3)

The maximum and minimum of this equation are used in the following discussion to

estimate maximum and minimum of R;.

Various techniques may be used to control the switches of the chopper. For example,
10 amodified puise-width-modulation (PWM) technique may be used. For example, in the
embodiment of Figure 3(a), an asymmetrical pulse-width-modulation (APWM) technique is
shown. A PV cell may be connected directly to the input of the resonant converter, as shown
in Figure 3(a). A challenge in using PV cells is presented by their nonlinear current-voltage
(I-V) characteristics, which result in a unique maximum power point (MPP) on the power-

1S voltage (P-V) curve, as shown in Figure 4. Therefore, to achieve maximum power point
tracking ability, the resonant converter can control its input voltage, so that it can operate at
any point of the PV cell I-V curve, or at least at points near the maximum power point

(MPP). The output voltage of the resonant converter may be regulated by a grid-connected

inverter.

20 An embodiment of an APWM series resonant converter control scheme is shown in
Figure 3(a). This embodiment includes a MPPT block 310 that receives the input current I,
and voltage V, information from voltage and current sensor blocks H and R, respectively, a
subtractor 320, a duty cycle controller 330, and an APWM modulator 340 that produces the
gate signals for switches M; and M,. In one embodiment the duty cycle controller may

25  1nclude a proportional integral-derivative (PID) compensator. The MPPT block generates a
reference voltage (V) which is compared with V, and the result fed to the PID compensator.

The PID compensator forces the input voltage to follow the voltage reference generated by
the MPPT block.

-12 -
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Operation of the series resonant converter of Figure 3(a) will now be described with
reference to the plot of typical steady state operating waveforms shown in Figure 5, and the
equivalent circuits shown in Figure 6. The equivalent circuits show the inherent output

capacitances Cy, and C,,; of M| and M;, respectively.

Interval (to-t)): At ty, the resonant current 1 is crossing zero. During this interval, M; 1s
on and M, 1s off. The output voltage Vap of the chopper is V,. Current 15, flows through the
diode D,. The voltage on the primary side of the transformer T is nV,, neglecting the voltage

drop of the diode. At t), M, is turned off for voltage regulation.
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