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57 ABSTRACT

Various enhancements to grid-interactive inverters in accor-
dance with embodiments of the invention are disclosed. One
embodiment includes input terminals configured to receive a
direct current, output terminals configured to provide an alter-
nating output current to the utility grid, a controller, an output
current sensor, and a DC-AC inverter stage comprising a
plurality of switches controlled by control signals generated
by the controller. In addition, the controller is configured to:
generate control signals that cause the switches in the DC-AC
inverter stage to switch a direct current in a bidirectional
manner; measure the alternating output current; perform fre-
quency decomposition of the output current; and generate
control signals that cause the switches in the DC-AC inverter
stage to switch current in a way that the magnitude of a
plurality of unwanted current components is subtracted from
the resulting output current.
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SYSTEMS AND METHODS FOR
INCREASING OUTPUT CURRENT QUALITY,
OUTPUT POWER, AND RELIABILITY OF
GRID-INTERACTIVE INVERTERS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present invention is a continuation of U.S.
patent application Ser. No. 13/546,993, entitled “Systems and
Methods for Increasing Output Current Quality, Output
Power, and Reliability of Grid-Interactive Inverters” to Jones
etal. filed, Jul. 11, 2012, which also claims priority under 35
U.S.C. §119(e) to U.S. Provisional Patent Application Ser.
No. 61/506,343 entitled “Isolated Grid-Tied Inverter Archi-
tecture with Combined Signal Processing for Low Current
Total Harmonic Distortion” to Jones et al. filed, Jul. 11,2011,
the disclosure of which is incorporated by reference herein in
its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to grid-interactive
inverters and more specifically to the current quality, power
production, and reliability of grid-interactive inverters.

BACKGROUND

[0003] Alternative energy systems can be classified accord-
ing to whether they are stand-alone systems or grid-con-
nected systems. Mostly, a stand-alone system is used in off-
grid applications with battery storage. In a grid-connected
system, excess power can be sold to an electric utility or “the
Grid”, typically in the afternoon hours of the day which
happen to coincide with peak rate times. When the grid-
connected system is generating less than the consumed
amount of power, the Grid continues to supplement the power
generated by the alternative energy system.

[0004] Grid-interactive inverters (commonly referred to as
grid-tie inverters) are a type of power inverter that converts
direct current (DC) into alternating current (AC) that is fed to
the Grid. Current will flow from the inverter to the Grid when
the instantaneous voltage supplied at the inverter outputs
exceeds the instantaneous grid voltage.

[0005] When a photovoltaic module is the source of the
direct current, a grid-interactive inverter inverts a relatively
low and variable DC voltage to a relatively high AC voltage
that is matched to the Grid. A variety of grid-interactive
inverter structures can be utilized in applications involving
photovoltaic modules including grid-interactive inverters that
are derivatives of a basic H-bridge topology and structures
that are derivatives of a neutral point clamped (NPC) topol-
ogy. A typical grid-interactive inverter includes a stage that
converts DC voltage to AC voltage using switches that switch
current in a bidirectional manner across the output terminals
of'the grid-interactive inverter to provide AC to the Grid. The
switches are typically implemented using transistors, which
are controlled using pulse width modulation (PWM) signals
that define the periods of time in which individual transistors
are ON or OFF. When the switches are controlled in an
appropriate manner and the voltage drop across the output
filter is sufficiently large relative to the Grid voltage, the
bidirectional flow of current through the output filter results in
a sinusoidal current at the output of the grid-interactive
inverter that is compatible with the Grid.
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[0006] In many implementations, the DC voltage received
by the grid-interactive inverter does not exceed the peak volt-
age of the Grid and so a direct DC-AC inversion is not per-
formed. Instead, multiple stages are utilized within the grid-
interactive inverter that boost the received DC voltageto aDC
voltage exceeding the rectified voltage of the Grid, and invert
the boosted DC voltage to provide AC to the Grid. A common
technique for boosting the DC voltage received from a pho-
tovoltaic module is to convert the DC to AC and to utilize an
appropriately wound transformer to step the AC voltage up to
a higher voltage. The stepped up AC output can be full wave
rectified to provide a DC voltage to the DC-AC inverter stage
that exceeds the peak voltage of the Grid. In many implemen-
tations, the DC-DC conversion stage utilize switches that
switch current in a bidirectional manner through the primary
coil of a transformer. The output of the secondary coil can
then be full wave rectified to accumulate charge on a DC link
capacitor. The DC link capacitor serves as an energy buffer.
The peak current draw on the DC link capacitor by the DC-
AC inverter stage typically exceeds the current provided to
the DC link capacitor by the DC-DC conversion stage. There-
fore, the DC link capacitor stores enough charge to meet the
peak current draw of the DC-AC inverter stage and enable
power to be exported by the grid-interactive inverter through-
out each grid cycle. The switching of current through the
primary coil of the transformer by transistors in the manner
outlined above can be controlled using PWM control signals.
As canreadily be appreciated, the AC in a DC-DC conversion
stage need not have a frequency and/or phase matched to the
Grid. Instead, the frequency and/or phase of the AC can be
determined based upon the performance of the DC-DC con-
version stage.

[0007] The PWM control signals that drive the switches in
the various stages of a grid-interactive inverter are typically
generated by a controller that monitors the Grid voltage and
adjusts the switching of the DC-AC inverter stage to produce
a current compatible with the Grid. The presence of a con-
troller within a grid-interactive inverter can enable other func-
tionality targeted at improving the efficiency and/or power
output of the inverter. For example, photovoltaic modules
typically have a non-linear output efficiency that can be rep-
resented as an [-V curve. The I-V curve provides information
concerning the current that the inverter should draw from the
photovoltaic module to obtain maximum power. Maximum
power point tracking is a technique involving application of a
resistive load to control the output current of a photovoltaic
module and maximize power production.

[0008] Micro-inverters are a class of grid-interactive
inverter that converts a DC voltage from a single photovoltaic
module to an AC voltage. A key feature of a micro-inverter is
not its small size or power rating, but its ability to perform
maximum power point tracking to control on a single panel.
Micro-inverters are commonly used where array sizes are
small and maximizing performance from every panel is a
concern.

[0009] Where panels are connected in series, a string
inverter can be utilized. A benefit of connecting panels in
series in this way is that the DC voltage provided to the string
inverter can be sufficiently high so as to exceed the peak grid
voltage. As noted above, a single stage inverter can be utilized
when the DC input voltage exceeds the peak grid voltage.
Typically, a single stage inverter is more efficient than a
multiple stage inverter due to energy losses that occur in
DC-DC conversion stages associated with the transformer
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and switching losses. String inverters are typically used with
larger arrays of photovoltaic modules.

SUMMARY OF THE INVENTION

[0010] Various enhancements to grid-interactive inverters
in accordance with embodiments of the invention are dis-
closed. One embodiment includes input terminals configured
to receive a direct current, output terminals configured to
provide an alternating output current to the utility grid, a
controller, an output current sensor, and a DC-AC inverter
stage comprising a plurality of switches controlled by control
signals generated by the controller. In addition, the controller
is configured to generate control signals that cause the
switches in the DC-AC inverter stage to switch a direct cur-
rent in a bidirectional manner across output terminals of the
grid-interactive inverter to provide an alternating current to
the utility grid, the controller is configured to measure the
alternating output current provided to the utility grid using the
output current sensor, the controller is configured to perform
frequency decomposition of the output current to determine
the magnitude of a plurality of unwanted current components;
and the controller is configured to generate control signals
that cause the switches in the DC-AC inverter stage to switch
current in a bidirectional manner across the output terminals
in a way that the magnitude of each of the plurality of
unwanted current components is subtracted from the result-
ing output current.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a system diagram of a power generation
system in accordance with an embodiment of the invention.
[0012] FIG. 2 is a circuit diagram of a grid-interactive
inverter in accordance with an embodiment of the invention,

[0013] FIG. 3 is a process diagram illustrating a harmonic
cancellation feedback loop in accordance with an embodi-
ment of the invention.

[0014] FIG.4 is a graph illustrating an output current wave-
form generated using harmonic cancellation in accordance
with an embodiment of the invention.

[0015] FIGS. 5a¢ and 556 illustrating the bidirectional
switching of current through a primary coil of a transformer in
a DC-DC conversion stage of a grid-interactive inverter.
[0016] FIG. 5S¢ illustrates the ON and OFF states of MOS-
FETS in a grid-interactive inverter during the bidirectional
switching of current through a primary coil of a transistor.

[0017] FIGS. 6A and 6B are charts showing variation of
efficiency of a grid-interactive inverter based upon the duty
cycle and switching frequency of a DC-DC conversion stage
at different output power levels.

[0018] FIG. 7 is a flow chart illustrating a process for
changing the switching frequency and/or duty cycle of a
DC-DC conversion stage in response to changes in the output
power generated by a grid-interactive inverter that includes
hysteresis in accordance with an embodiment of the inven-
tion.

[0019] FIG. 8 is a state diagram illustrating a process for
performing maximum power point tracking in accordance
with an embodiment of the invention.

[0020] FIG. 9 is a circuit diagram illustrating an inrush
current limiting circuit in accordance with an embodiment of
the invention.
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[0021] FIG. 10 is a circuit diagram illustrating a startup
power check circuit in accordance with an embodiment of the
invention.

[0022] FIG. 11a is a chart illustrating detection of an over-
current event in accordance with an embodiment of the inven-
tion.

[0023] FIG. 1154 is a flow chart illustrating a process for
performing overcurrent protection in accordance with an
embodiment of the invention.

[0024] FIG. 12 is a flow chart illustrating a process for
modifying the operation of a grid-interactive inverter as the
output power of a photovoltaic module fluctuates in accor-
dance with embodiments of the invention.

[0025] FIG. 13 illustrates symbol regions during a grid
cycle.

DETAILED DESCRIPTION
[0026] Turning now to the drawings, various enhancements

to grid-interactive inverters in accordance with embodiments
of the invention are illustrated. A variety of systems and
methods are discussed that can be utilized in any of a variety
of grid-interactive inverter topologies to improve output cur-
rent quality, power production and/or reliability. Grid-inter-
active inverters in accordance with embodiments of the inven-
tion can include some or all of the enhancements depending
upon the topology of the grid-interactive inverter and/or the
requirements of the specific application. Indeed, many of the
enhancements are appropriate in a variety of applications
including for use in micro-inverters and string inverters.
[0027] In a number of embodiments, the output current
quality of a grid-interactive inverter is improved by configur-
ing the grid-interactive inverter to perform harmonic cancel-
lation in the output current provided to the Grid. Grid-inter-
active inverters are typically expected to supply “clean”
power to the Grid. The degree to which current supplied by a
grid-interactive inverter is clean can be quantified by a mea-
sure called total harmonic distortion, which is the ratio of the
power of the current in the fundamental (typically 50 or 60
Hz) component divided by the sum of the power in the output
current that is due to other components up to the 40th har-
monic of the fundamental. The grid is rarely a perfect sinusoid
and there are non-linearities in the output filters of most
grid-interactive inverters. Therefore, driving the switches in a
DC-AC inverter stage of a grid interactive inverter with con-
trol signals that produce a perfect sinusoidal voltage across
the output filter of the inverter will not in general result in a
perfect sinusoidal current being provided to the Grid from the
output of the inverter. Accordingly, grid-interactive inverters
in accordance with embodiments of the invention perform
harmonic cancellation to reduce the power in the output cur-
rent due to components other than the fundamental compo-
nent. In several embodiments, harmonic cancellation is
achieved by performing frequency decomposition of the
observed output current waveform from the grid-interactive
inverter. In several embodiments, the frequency decomposi-
tion is performed using a Fast Fourier Transform (FFT). The
magnitude of each of the components (other than the funda-
mental component) can be determined and the PWM control
signals modified to subtract the unwanted components from
the observed output current waveform. In this way, the total
harmonic distortion of the current supplied by a grid-interac-
tive inverter can be significantly reduced.

[0028] In many embodiments, the power output of a grid-
interactive inverter that includes a DC-DC conversion stage is
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increased using real time control of the switching times in the
DC-DC conversion stage. The power generated by a photo-
voltaic module can depend upon a variety of factors including
(but not limited to) the time of day, shade, temperature and the
point on the I-V curve of the photovoltaic module on which it
is operating. As is discussed further below, the output power
and/or efficiency achieved by a grid-interactive inverter that
includes a DC-DC conversion stage can be significantly
increased by controlling the switching times of the transistors
within the DC-DC conversion stage based upon the input
power level, the output power level, and our the efficiency of
the grid-interactive inverter. In several embodiments, a con-
troller within the grid-interactive inverter can select switching
times based upon a look up table. In a number of embodi-
ments, a controller within a grid-interactive inverter can
select switching times using a real time optimization such as
(but not limited to) a steepest descent optimization. In this
way, the overall power output of the grid-interactive inverter
under any given operating conditions can be increased and/or
the efficiency of the DC-DC conversion stage within the
grind-interactive inverter can be optimized.

[0029] Inseveral embodiments, the power output of a grid-
interactive inverter that receives an input voltage from a pho-
tovoltaic module is increased by controlling the power point
of the photovoltaic module based upon the maximum power
output of the grid-interactive inverter instead of by perform-
ing maximum power point tracking. When the power output
of'a photovoltaic module is diminished (e.g. at the beginning
and end of each day), then the operating power point of the
photovoltaic module that maximizes the power output of the
grid-interactive inverter may not be the maximum power
point of the photovoltaic module. When a grid-interactive
inverter includes a DC-DC conversion stage, the output DC
voltage is a fixed ratio of the input DC voltage determined by
the windings of the transformer in the DC-DC conversion
stage. At low output power, DC-AC inverter stages typically
operate more efficiently at lower input DC voltages (and
therefore low DC link voltages) due to lower switching
losses. Therefore, operating a photovoltaic module at a lower
voltage than the maximum power point can increase the effi-
ciency of a grid-interactive inverter, where the reduction in
switching losses in the inverter offsets the reduction in power
output by the photovoltaic module. Accordingly, controlling
the input voltage to the grid-interactive inverter to maximize
power output to the Grid in accordance with embodiments of
the invention can achieve increased power output relative to
performing maximum power point tracking.

[0030] In several embodiments, grid-interactive inverter
reliability is increased by utilizing circuits that limit inrush
currents when the Grid interactive inverter is first connected
to the Grid, circuits that perform startup power check to
prevent the grid-interactive inverter from attempting to sup-
ply power to the Grid until sufficient power is available at the
inverter’s input, and/or a controller that monitors for overcur-
rent events and disconnects the output drive of the grid-
interactive invertor in response to an overcurrent event. In
many embodiments, the performance of grid-interactive
inverters can be monitored using power line communication
between the grid-interactive inverters and a gateway con-
nected to an electrical panel. In a number of embodiments, the
Grid voltage is utilized by the grid-interactive inverter for
symbol time alignment and error correction codes are used to
correct packet errors resulting from impulse noise events in
the Grid and inverter-generated noise.
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[0031] Grid-interactive inverters and processes for improv-
ing output current quality, power production and/or reliability
in accordance with embodiments of the invention are dis-
cussed further below.

Power Generation Systems

[0032] Power generation systems in accordance with
embodiments of the invention include power generators, such
as (but not limited to) photovoltaic modules, that generate a
DC voltage. The DC voltage can be converted to AC and
supplied to the Grid via a grid-interactive inverter. The grid-
interactive inverter can be a micro-inverter or a string inverter.
In power generation systems that utilize micro-inverters, the
micro-inverters can communicate with a gateway via the
power line in accordance with embodiments of the invention.
[0033] A power generation system incorporating micro-
inverters in accordance with embodiments of the invention is
illustrated in FIG. 1. The power generation system 10
includes one or more photovoltaic modules 12 that are con-
nected via a grid-interactive inverter 14 to power lines 16,
which connect to an electrical panel 18 via a junction box 20.
The grid-interactive inverters are micro-inverters that convert
DC to AC for supply to the Grid 22. In a number of embodi-
ments the AC is supplied to the Grid via a meter 24 that can be
used to measure the amount of current supplied to the Grid
and/or consumed by other devices connected to the electrical
panel (not shown).

[0034] Inmany embodiments, the grid-interactive inverters
14 are configured to communicate with a gateway 26. The
grid-interactive inverters 14 can provide status information to
the gateway 26 and the gateway can provide control informa-
tion and/or additional information including (but not limited
to) firmware updates to the grid-interactive inverters. Systems
and methods for communicating via power lines in accor-
dance with embodiments of the invention are discussed fur-
ther below.

[0035] Although specific power generation systems are dis-
cussed above with respect to FIG. 1, any of a variety of power
generation systems in accordance with embodiments of the
invention can be utilized including power generation systems
that incorporate different types of power generators. In addi-
tion, power generation systems in accordance with embodi-
ments of the invention can incorporate grid-interactive invert-
ers that are string inverters. The manner in which grid-
interactive inverters can provide increased output current
quality, power production and/or reliability in a power supply
system in accordance with embodiments of the invention is
discussed further below.

Grid-Interactive Inverters

[0036] Grid-Interactive Inverters in accordance with
embodiments of the invention can be constructed using any
conventional grid-interactive inverter topology. Any of a vari-
ety of enhancements can be incorporated within the topology
in accordance with embodiments of the invention to increase
output current quality, power production and/or reliability.
Specific enhancements that can be incorporated into a grid-
interactive inverter in accordance with embodiments of the
invention are discussed further below with respect to the
generalized multi-stage grid-interactive inverter conceptually
illustrated in FIG. 2. As can readily be appreciated, the
enhancements are not limited to use with grid-interactive
inverters similar to the inverter illustrated in FIG. 2 and can be
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utilized in any of a variety of grid-interactive inverter topolo-
gies as appropriate to the requirements of a specific applica-
tion.

[0037] A generalized circuit diagram of a multi-stage grid-
interactive inverter in accordance with an embodiment of the
invention is illustrated in FIG. 2. The grid-interactive inverter
14 receives a DC input from a photovoltaic module 12 via
input terminals and provides an AC output to a set of power
lines 16 via output terminals. In the illustrated embodiment,
the grid-interactive inverter 14 includes a filter 30 that is
configured to reduce the impact of electromagnetic interfer-
ence that can back-propagate from the switching DC-DC
converter onto the wires that connect the inverter to the panel.
Without such a filter, unacceptable levels of radiated emission
on the DC lines may result. The current received from the
photovoltaic module is provided to a DC-DC conversion
stage 32 that provides current to a high voltage DC link
capacitor 34 at a voltage in excess of the peak voltage of the
Grid. The high voltage DC link capacitor 34 provides current
to a DC-AC inverter stage 36. The AC output of the DC-AC
inverter stage 36 is filtered by a passive filter 38 to eliminate
electromagnetic interference prior to providing the AC to the
Grid via the power lines 16. This low pass filter has a corner
frequency that is several orders of magnitude higher than the
low frequency grid waveform. The AC switching produces a
tremendous amount of high frequency noise that would
propagate onto the local grid if not rejected by this filter.
[0038] A controller 40 controls the switching in the DC-DC
conversion stage 32 and the DC-AC inverter stage 36. As
discussed further below, the controller 40 can be configured to
improve the quality of the output current by controlling the
switching in the DC-AC inverter stage 36 to perform har-
monic cancellation. The controller 40 can also be configured
to improve the power output of the grid-interactive inverter by
controlling the switching in the DC-DC conversion stage to
minimize power losses based upon the power output of the
photovoltaic module 12. In many embodiments, the control-
ler 40 also increases the power output of the grid-interactive
inverter by controlling the output voltage of the photovoltaic
module to maximize power output (as opposed to performing
maximum power point tracking). In a number of embodi-
ments, the controller 40 can prevent damage to the compo-
nents of the grid-interactive inverter by monitoring for over-
current events and disconnecting the output drive of the
DC-AC inverter from the Grid.

[0039] As can be readily appreciated, a variety of sensors
are utilized in conjunction with the controller to perform the
above functionality. In several embodiments, a grid-interac-
tive inverter 14 includes sensors that enable the controller to
measure input and output current, measure input and output
voltage, and detect Grid voltage zero crossings. In a number
of embodiments, the grid-interactive inverter 14 also includes
a temperature sensor. In other embodiments, any of a variety
of sensors appropriate to the requirements of a specific appli-
cation can be utilized.

[0040] As noted above, grid-interactive inverters in accor-
dance with embodiments of the invention can communicate
with each other and/or a gateway via the power lines to which
the inverter is connected. In the illustrated embodiment, the
grid-interactive inverter 14 includes a power line communi-
cation module 42 that handles the transmission of symbols
via the power lines 16.

[0041] Although specific grid-interactive inverters are dis-
cussed above with respect to FIG. 2, any of a variety of
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grid-interactive inverters can be utilized in accordance with
embodiments of the invention. The specific control processes
and circuits that can be incorporated into grid-interactive
inverters in accordance with embodiments of the invention to
achieve increased output current quality, power production
and/or reliability in accordance with embodiments of the
invention are discussed further below.

Current Control and Harmonic Cancellation

[0042] Grid-interactive inverters in accordance with
embodiments of the invention can incorporate controllers that
control the switching in a DC-AC inverter stage to perform
harmonic cancellation. In a number of embodiments, har-
monic cancellation is achieved by observing the output cur-
rent of the grid-interactive inverter and performing a fre-
quency decomposition of the observed current. The controller
can then control the switching of the DC-AC inverter stage to
subtract the magnitude of the unwanted components from the
output current. In this way, the controller can reduce the total
harmonic distortion in the output of the grid-interactive
inverter. The process of performing harmonic cancellation
effectively involves creating a feedback loop that subtracts
unwanted components from the output current.

[0043] In several embodiments, harmonic cancellation is
performed using a feedback loop that performs a frequency
decomposition of the presently observed output current
waveform:

Max—1

Sobsny= Y (u + JB)A® +1D)

=0
where
ful) = sin@ntk + D fy 1)
fo =50 or 60 Hz

[0044] A vector that feeds back an iteratively accumulated
superposition that opposes the harmonic content in Sobs(t) is
constructed below:

Max—1

Sharmonic(t) = Z (@k + ],Bk )fk(f) +n()

=0

~

[0045] At each iterative time-step, the values of o, and f,
can be updated to increment or decrement in a direction with
the same sign to that of a, and f,. Negative feedback is
achieved by subtracting the array built from this superposi-
tion from the observed vector Sobs(t). The magnitude of the
harmonic correction array is also scaled by the magnitude of
the observed array and the entire correction vector can be
scaled by a constant that varies with the output power of the
inverter:

PWM,,,ecsion(D)=Kp(power)[Sobs(t)-Sharmonic(z)
*Max(Sobs(1))]

[0046] This array is passed through a low pass filter (imple-
mented, for example, as an exponential moving average



US 2014/0321173 Al

(EMA)) to bandwidth limit the rate of change and then added
to what would otherwise be the default sinusoidal PWM
control signal as follows:

PWMout(t)=[1+EMAPWM., ., orron(D))] sin(2mfs)

[0047] A harmonic correction current control loop that can
be utilized in a variety of grid-interactive inverters in accor-
dance with an embodiment of the invention is illustrated in
FIG. 3. The observed current signal enters from the left and is
operated on by a FFT block 52. The FFT block provides
coeflicients o, and 8, which are then input to an accumulator
(54) to produce o, and f,.. o, and 3, form the basis weights for
the signal Sharmonic(t) generated by the signal generator 56,
which is multiplied (58) by the maximum observed value of
the input current vector (60). The difference (62) between the
resulting processed vector and the incoming current observa-
tion is then weighted (64) by a constant Kp(power) that is a
function of the output power of the inverter. The resulting
error term is then low pass filtered (66) and directly applied to
the PWM control module (68) in order to drive the switching
transistors of the DC-AC inverter in such a way as to reduce
the power in the cancelled components of the observed output
current.

[0048] Results associated with the current control PWM
loop are shown in FIG. 4. The output current 70 is shown as
the lower amplitude, centered curve. The measured total har-
monic distortion of the signal is less than 2%. The grid voltage
72 is also shown (high amplitude centered curves). Inspection
of'the Grid voltage 72 reveals that its shape is not completely
sinusoidal and exhibits distortion particularly near crests and
troughs of the wave-shape.

[0049] The chart in FIG. 4 also illustrates the voltage 74
across the high voltage DC link capacitor of the grid-interac-
tive inverter. The high voltage DC link capacitor acts as an
energy buffer. During periods in which peak output current is
provided to the Grid, the charge accumulated on the capacitor
drops and the voltage drop across the capacitor is reduced.
During periods in which the output current drops, charge
accumulates on the capacitor. Two charging and discharging
cycles occur with respect to the high voltage DC link capaci-
tor for each cycle of the Grid. Due to the fact that energy
buffering is performed at high voltage (i.e. after the DC-DC
conversion), the capacitance of the high voltage DC link
capacitor can be lower than the capacitance that would be
used to store an equivalent amount of energy at a lower
voltage (e.g. where the energy buffering capacitor is located
prior to the DC-DC conversion stage). Energy stored in a
capacitor scales linearly with capacitance, but quadratically
with voltage. Therefore, a 10 times increase in voltage in the
DC-DC conversion can result in a 100 times drop in the
amount of capacitance used to buffer energy within the grid-
interactive inverter. Accordingly, highly reliable capacitors
such as (but not limited to) polypropylene metal film capaci-
tors can be utilized to implement the high voltage DC link
capacitor. Such capacitors are typically rated for longer useful
lifespan than higher capacitance capacitors that utilize higher
dielectric materials such as gel-based electrolytic capacitors.
[0050] In embodiments where a full-bridge output archi-
tecture is utilized within a grid-interactive inverter, the
inverter design allows ‘four-quadrant’ operation of voltage
and current waveforms. This means that the inverter can be
configured to supply reactive current to the Grid in order to
offset local reactive load demands. It also means that it is
possible to draw power from the Grid, for instance at times of
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day when energy is inexpensive, in order to rectify AC to DC
for the purpose of charging a battery. Supplying reactive
current to the Grid using the feedback loop outlined above can
simply be a matter of altering the objective function of the
harmonic current cancellation such that the resulting cor-
rected waveshape meets the desired leading or lagging power
factor. This is achieved by selecting a ratio of the fundamental
(50 or 60 Hz) real, L, and imaginary, Q,,, amplitudes
such that PF ;. _ ~cos(Angle(L,,,, /Q,.»)-

[0051] Although specific harmonic cancellation processes
and grid-interactive inverters configured to perform harmonic
cancellation are discussed above with reference to FIGS. 3
and 4, any of a variety of harmonic cancellation processes can
be implemented within a grid-interactive inverter in accor-
dance with an embodiment of the invention. Controlling
switching in a DC-DC conversion stage of a grid-interactive
inverter in accordance with embodiments of the invention is
discussed further below.

Increasing Output Power by Controlling Switching of
DC-DC Converters

[0052] DC-DC conversion stages utilized in many grid-
interactive inverters include two half-bridge (high and low
side) MOSFET devices joined by the primary coil of a trans-
former. The secondary coil of the same transformer can be
rectified and the resulting higher voltage charge stored on a
DC link capacitor. In many embodiments of the invention, a
controller within the grid-interactive inverter performs real-
time switching optimization (frequency and duty cycle) ofthe
DC-DC full bridge switching transistors in order to increase
the efficiency of the inverter. A variety of techniques can be
utilized to determine the frequency and duty cycle of the
switching including (but not limited to) table based and steep-
est descent approaches.

[0053] The efficiency of a transformer in a DC-DC conver-
sion stage is typically a function of frequency ata given power
level. Switching losses that increase with the frequency, how-
ever, can also impact the efficiency of a DC-DC conversion
stage. Accordingly, at any given operating power an optimal
combination of switching frequency and duty cycle exists. As
is discussed further below, a controller can determine the
output power of a photovoltaic module and generate control
signals that control the switching frequency and/or duty cycle
of the switching transistors to achieve an increase in effi-
ciency.

[0054] The full-bridge switching of current through the
primary coil of a transformer in a DC-DC conversion stage in
order to lift panel voltage (typically between 20 and 40 Vdc)
to a higher voltage (e.g. between 340 and 630 Vdc) is illus-
trated in FIGS. 5a and 54. The periods of time in which each
pair of transistors is ON and OFF are determined by a PWM
signal provided to the gates of the transistors. A PWM control
signal is conceptually illustrated in FIG. 5¢. The two key
parameters in the PWM control signal are Ton and Toff. The
sum of these two parameters sets the switching frequency and
the ratio Ton/Ton+Toff defines the duty cycle. FIGS. 5a and
5b show the two on-state operating modes of the full bridge.
The time interval Ton.a indicates that current flows from the
upper left switching device, through the primary coil of the
transformer, to the lower right switching device. The time
interval Ton.b indicates that current flows from the upper right
switching device through the primary coil of the transformer
to the lower left switching device. Ton.a=Ton.b, the ‘a’ or ‘b’
designator simply indicates the path of current flow.
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[0055] In several embodiments, an improvement in overall
inverter efficiency can be achieved if Ton and Toff are varied
depending on the power. Tables showing variation in effi-
ciency of a grid-interactive inverter based upon the duty cycle
and switching frequency of the DC-DC conversion stage at
different output power levels are illustrated in FIGS. 6a and
6b. For each power level, a matrix of values for Ton and Toff
was tested. Ton values were varied across 15 values from 6.8
to 14 uSec and Toff varies across 8 values from 0.1 to 0.4
uSec. All 120 pairwise combinations are tested for overall
efficiency at the two different output power levels. As can be
readily appreciated by a comparison of FIGS. 64 and 65, an
optimal frequency and duty cycle exists. In addition, the
optimal frequency and duty cycle varies with the output
power delivered to the Grid by the grid-interactive inverter.
Accordingly, a controller can be configured to modify the
switching frequency and duty cycle of the PWM control
signal provided to the transistors within a DC-DC conversion
stage to increase efficiency based upon the output power of
the inverter. In several embodiments, the controller deter-
mines frequency and duty cycle based upon a look up table. In
many embodiments, the controller performs a steepest
descent process to continuously locate the most efficient fre-
quency and duty cycle for the DC-DC conversion stage.

[0056] A process for modifying the switching frequency
and duty cycle of a DC-DC conversion stage of a grid-inter-
active inverter using a lookup table in a manner that incorpo-
rates hysteresis in accordance with embodiments of the
invention is illustrated in FIG. 7. The process 80 commences
by sampling (82) the power level. The sampled power level is
compared (84) to a threshold. In the illustrated embodiment,
the threshold has hysteresis so as to prevent a rapid set of
changes in Ton, Toff if an inverter continued to operate near a
switching boundary of two power levels. Specifically, a
change occurs when the inverter output power exceeds a
threshold by some margin in both the increasing and decreas-
ing power level directions in order for a change to occur. Once
a change has been detected (84), then a look up table is used
to find the best Ton, Toff pairwise combination or the new
level of interest and the Ton, Toff pairwise combination is
used to control (86) the switching of the DC-DC conversion
stage. As can be readily appreciated, an arbitrary number of
power levels can be implemented.

[0057] Although the processes discussed above with
respect to FIG. 7 use look up tables to determine a Ton, Toff
pairwise combination for a given power output level, a variety
of real time optimization processes can be implemented in
accordance with embodiments of the invention to determine
an appropriate Ton, Toff pairwise combination. In several
embodiments, a steepest descent method is used to periodi-
cally update Ton, Toff. In this method, perturbation steps are
taken in 4 directions, shorter and longer Ton combined with
shorter and longer Toff. The resulting pair with the highest
efficiency is then held. In many embodiments, the grid-inter-
active inverter is able to measure its own efficiency using
input and output voltage and current sensors. Additional per-
turbation steps can be taken and the process continues indefi-
nitely. Local minima are avoided in the technique with a jump
step that moves the Ton, Toff pairwise combination more than
a single step away. As can be seen from FIGS. 6a and 65, local
minima are not common and can easily be managed with this
technique. In other embodiments, any of a variety of pro-
cesses for selecting Ton, Toff pairwise combinations in real
time to improve the efficiency of a grid-interactive inverter

Oct. 30, 2014

can be utilized as appropriate to the requirements of specific
applications in accordance with embodiments of the inven-
tion,

Maximum Power Point Tracking

[0058] Photovoltaic modules provide different power in
different points of their volt-ampere (I-V) characteristic. The
point in the I-V curve where output power is maximum is
called the maximum power point (MPP). Micro-inverters are
typically designed to assure that a photovoltaic module is
operated near its MPP. This is accomplished with a special
control circuit in called a MPP tracker (MPPT).

[0059] MPPTs in accordance with many embodiments of
the invention set the photovoltaic module operating voltage to
maximize output power to the Grid. As is discussed further
below, at low power the operating voltage that produces the
highest output power may not be the MPP. The photovoltaic
module operating voltage set point can be set by controlling
the conversion ratio between the DC link capacitor and the
Grid. The grid voltage is not influenced by the inverter due to
the low impedance nature of the Grid itself. Therefore, the
conversion ratio, called Gain, between the high voltage DC
link capacitor and the Grid serves to set the DC link voltage
via the simple relation:

Vb CJ.INK:\/Z Vorig/Gain

where Gain is a parameter that ranges from 0.55 to 1 (the
lower bound is set by the maximum allowed DC link voltage,
which is typically around 620 Volts and is set based upon the
requirements of a specific application).

[0060] Since the ratio of the photovoltaic module voltage to
the DC link is set by the fixed turn ratio of the transformer in
the DC-DC conversion stage, the Gain parameter is used to
set the photovoltaic module voltage in the system during
active export. For example, if the DC-DC transformer has a
ratioof 17:1,V_,, /=240 Vrms, and Gain is set to 0.8, then the
DC photovoltaic module voltage will be set to
V2*240/(0.8%17)=25 Volts. This single parameter, Gain, is
used to set the photovoltaic module operating voltage such
that the photovoltaic module operates at the point where the
product of the module’s voltage and current is maximized.
[0061] In order to continually track the maximum power
operating point of the photovoltaic module, the inverter per-
turbs the Gain parameter and then waits a period of time to
observe if the exported power has increased or decreased. If
the exported power has increased, then the perturbation con-
tinues in the same direction. If the exported power has
decreased then the direction is reversed. A key parameter to
choose is the perturbation step size of the Gain parameter. In
several embodiments of the invention, at least two step sizes
are possible. One is relatively small and is used during a
‘slow’ tracking mode while this other is relatively large and is
used during a ‘fast’ acquisition mode.

[0062] In several embodiments, the MPPT switches from
slow to fast mode when a deviation in output power above an
adaptive threshold is exceeded. This may happen, for
example, when a cloud crosses in front of the panel causing
total solar insolation to rapidly decline. Conversely, if when in
fast mode, only a small change in output power is observed
for some time, then the controller switches back to slow mode
and again uses relatively small steps of Gain to continue
tracking the photovoltaic module’s MPP. This hybrid
approach between fast and slow with corresponding coarse
and fine panel voltage adjustments simultaneously provides
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excellent dynamic tracking performance and high resolution
steady state performance. This means that the MPPT
increases the likelihood that the inverter is producing as much
power as possible during both static and dynamic insolation
scenarios thereby maximizing MPPT efficiency (defined as
the ratio of the integral of actual panel output to the integral of
ideal panel output).

[0063] When photovoltaic module wattage is diminished,
for instance at the beginning and end of each day, then it may
in fact be the case that the photovoltaic module voltage oper-
ating point that maximizes the energy exported to the Grid by
a grid-interactive inverter is not the MPP. This is because the
grid-interactive inverter operates more efficiently at lower DC
link voltages than at higher DC link voltages. This follows
from the fact that less energy is lost when switching MOSFET
devices in the DC-AC inverter stage across lower voltages.
Therefore, when export power is low, there can be a net
advantage in total production to operating away from the
MPP by forcing the photovoltaic module voltage to be lower
than the point that would otherwise be specified by the MPP.
In several embodiments, the Gain is set away from the MPP at
the beginning and end of each day in order to maximize total
production.

[0064] A process for performing maximum power tracking
in accordance with an embodiment of the invention is illus-
trated in FIG. 8. The process includes both slow (92) and fast
(94) tracking states and describes the relative step size of the
Gain parameter as being approximately 10x larger in the fast
state (94) as compared to the slow state (92). In other embodi-
ments, the step sizes can be dimensioned in a manner appro-
priate to the requirements of a specific application. In the
illustrated embodiment, an exponential moving average
(EMA) with exponential parameter 27> is used to construct an
adaptive moving threshold to gate a transition from slow to
fast mode. A slower average, with EMA exponent 27> is used
to set the adaptive level for transition from fast to slow mode.
In addition parameters K and L scale the averages and a
transition between states occurs based upon whether a power
change, AP, between perturbation steps exceeds or is less than
the scaled average (as appropriate). In other embodiments,
any of a variety of transition criterion can be utilized in
accordance with the requirements of a specific application.
[0065] Finally, if the average power falls below a threshold,
then the Gain parameter is set (96) to a constant and the MPPT
is effective disabled. This may cause the panel to operate
away from the MPP. However, as previously described, this
choice yields higher total output power when the absolute
power level has fallen below a threshold (e.g. 5 Watts, a case
which can last for 20 or 30 minutes at the beginning and end
of each day).

[0066] Although specific processes for controlling photo-
voltaic module voltage operating points to maximize power
output are discussed above with respect to FIG. 8, any of a
variety of processes that involve operating away from the
MPP at lower power levels can be utilized as appropriate to
the requirements of specific applications in accordance with
embodiments of the invention.

Increasing Reliability

[0067] A key aspect of grid-interactive inverter design is
the expected operational lifetime of the inverter. A variety of
stresses can be placed upon the components of a grid-inter-
active inverter during normal operation that can significantly
reduce the expected operational lifetime of the inverter. Vari-
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ous techniques for increasing the reliability of grid-interac-
tive inverters in accordance with embodiments of the inven-
tion are discussed further below including circuits configured
to limit in rush current when the grid-interactive inverter is
first connected to the Grid, circuits that perform startup power
check to prevent the grid-interactive inverter from attempting
to supply power to the Grid until sufficient power is available
at the inverter’s input, and/or use of a controller that monitors
for overcurrent events and disconnects the output drive of the
grid-interactive invertor in response to an overcurrent event.

in Rush Current Limiting Circuits

[0068] Grid-interactive inverters in accordance with many
embodiments of the invention store energy in a high voltage
DC link capacitor having capacitance on the order of 10’s to
100’s of micro-Farads. Instantaneous application of grid volt-
age to the output of a DC-AC inverter stage (before the output
drive is engaged) can cause the body diodes of the switching
MOSFETs in the DC-AC inverter stage to become forward
biased such that the voltage applied across the terminals of the
link capacitor equals v2Vgrid. With a 240 Vrms grid, for
example, 340 Vdc can be instantly applied across the termi-
nals of the link capacitor. This can result in tremendous inrush
current if allowed to operate unabated. To mitigate this inrush,
an inrush current limiting circuit can be utilized.

[0069] An inrush current limiting circuit in accordance
with an embodiment of the invention is illustrated in FIG. 9.
The inrush current limiting circuit 110 operates in a com-
pletely passive manner and requires no active micro-proces-
sor control. This is important in as much as the AC connection
to grid may be made prior to the DC connection to a panel
(used to power the microprocessor) or may be made at night.
The on-state resistance of the MOSFET power transistor 112
is an order of magnitude smaller than that of the negative
thermal coefficient (NTC) devices that are typically used to
limit inrush current. Similarly, the initial off-state resistance
of the overall inrush limiter can be set several orders of
magnitude higher than that of the initial off-state resistance of
an NTC device. This means that both the initial inrush limit
and the final active resistance are dramatically better than that
of an NTC device.

[0070] In the illustrated embodiment, at the time of initial
connection, the rectified Grid voltage is applied across points
Vdd,Vss and the current that flows through the DC link
capacitor is limited by the relatively high resistance value of
113. Meanwhile, the capacitor 114 is slow charged through
resistors 115 while the gate of transistor 112 is protected with
diodes 116. Component values are scaled such that the rate of
charge of capacitor 114 slower than the rate of charge of the
DC link capacitors. This ensures that the link capacitors are
sufficient charged to prevent inrush current above a given
amperage threshold before transistor 112 enters a fully satu-
rated ‘on’ state. This activity happens only when the inverter
goes from a state of being disconnected to connected to the
Grid. The circuit is fully autonomous and improves the reli-
ability of the inverter by protecting components from inrush
currents during connection events throughout the lifetime of
the device.

[0071] Although a specific inrush current limiting circuit is
illustrated in FIG. 9, any of a variety of current inrush limiting
circuits appropriate to the requirements of specific applica-
tions can be utilized in accordance with embodiments of the
invention. Processes for further increasing reliability of grid-
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interactive inverters by using startup power checks in accor-
dance with embodiments of the invention are discussed fur-
ther below.

Startup Power Check

[0072] Grid-interactive inverters including (but not limited
to) micro-inverters have active components that are powered
via energy supplied from the photovoltaic panel rather than
the Grid. This means there is a causality issue associated with
starting export at the beginning of a day some period after
sunrise. The inverter, for example, draws a minimum of W
watts when it connects to the Grid. When the panel is not able
to supply W watts and an attempt to connect to the Grid is
made, then an immediate brown-out event will likely occur in
which the main supply voltage from the panel drops below the
necessary voltage to provide minimum expected voltage
regulation to various circuits within the grid-interactive
inverter. When this occurs the inverter immediately discon-
nects from the Grid due to sensing a panel voltage low event.
The connection instance of the inverter to the Grid (switching
the AC drive from a passive to active state) invariably results
in some amount of current rush until all internal loops have
stabilized. This rushing AC current is not catastrophic, but it
places additional stress on components that should be avoided
if possible. Hence it is desirable to have only a single grid
connection event per day. In many embodiments, a power
check circuit is utilized to determine whether the photovoltaic
module is generating sufficient power to support connection
of the grid-interactive inverter to the Grid. The power check
circuit is a circuit incorporated within the grid-interactive
inverter that enables the inverter to measure the power being
generated by a photovoltaic module and make a determina-
tion concerning whether there is sufficient power to start
providing power to the Grid.

[0073] A power check circuit in accordance with an
embodiment of the invention is illustrated in FIG. 10. The
power check circuit 140 switches on prior to the decision to
engage the AC and DC drives of the grid-interactive inverter.
The power check circuit operates by connecting (though a
power MOSFET 142) a fixed resistance 144 in parallel across
the supply terminals of the panel. The resistor 144 is scaled
such that Rpowicheck:Vzmm/ P, Inthis equation, V. is the
minimum operational panel voltage and P,,,;,, is the minimum
inverter consumption when grid interactive under export of O
watts of power. Connecting the resistor 144 and then checking
that the voltage on the panel remains above V,,,,, provides an
indication that enough power is being generated by the panel
for a successful grid-connection event to occur without occur-
rence of a brown-out. If power check passes, then the AC and
DC drives are enabled sequentially one after the other. Next,
maximum power point tracking begins. If at any point an AC
Over Current event or the Panel voltage drifts too low, then the
AC and DC drives are enabled and the power check procedure
is re-initiated.

[0074] Although a specific power check circuit is illus-
trated in FIG. 10, any of a variety of circuits can be incorpo-
rated within a grid-interactive inverter to check the output
power generated by a photovoltaic module in accordance
with embodiments of the invention. Processes for increasing
the reliability of grid-interactive inverters by performing real-
time overcurrent protection in accordance with embodiments
of the invention are discussed further below.
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Real-Time Overcurrent Protection

[0075] Grid-intertie involves real-time maintenance of a
nearly constant impedance between the high voltage DC link
capacitor and the present grid voltage at all phases of any
given line cycle. The output AC drive switching PWM control
signal generated by the controller within the grid-interactive
inverter sets this impedance and controls the rate of current
flow from the high voltage DC link capacitor to the relatively
lower voltage Grid. The Grid, however, is a very low imped-
ance source itself, and if for any reason a mismatch occurs
between the inverter output and the Grid voltage, then very
large currents can rush into or out of the inverter. Reasons for
these mismatches include Grid-instabilities such as instanta-
neous voltage or phase changes. An overcurrent event can be
defined as an event in which the sensed AC output current
exceeds a predetermined threshold, |A,,|. Overcurrent events
in accordance with this definition are illustrated in FIG. 11a.
[0076] To protect the inverter output-stage from overcur-
rent events, the output drive of the grid-interactive inverter
can be immediately disconnected by simultaneously setting
all MOSFET gates to a low state within the DC-AC inverter
stage. A process for disconnecting the output drive of a grid-
interactive inverter in response to over current events in accor-
dance with an embodiment of the invention is illustrated in
FIG. 115. The process 150 is continuously operating as a
background process when the controller of a grid-interactive
inverter is active. A current sample is obtained 152, a deter-
mination is made concerning whether the sample has a value
in excess of the predetermined threshold, |A,,l. In the event
that the current exceeds the predetermined threshold, then a
count is incremented 154. Any combination of more than K
over-current events causes the output drive to immediately
disconnect 156. A disconnect of the AC drive means that all
output MOSFET gates are set to a low state simultaneously.
This sends any residual current through the body diodes of
each MOSFET and initiates a passive connection to the Grid
in which the output drive simply rectifies the Grid voltage to
the high voltage DC link capacitor. In this mode no current
flows from the Grid to the inverter’s high voltage DC link
capacitor once the DC link voltage is equal to or greater than
the peak AC voltage. Once current ceases to flow, the inverter
is protected from any further grid anomaly that may occur.
[0077] Although specific processes for providing overcur-
rent protection are discussed above with reference to FIGS.
11a and 115, any of a variety of processes can be utilized to
sample current and disconnect the output drive of a grid-
interactive inverter in accordance with embodiments of the
invention. A description of typical operation flow in which
various processes and circuits discussed above can be used in
combination to improve the performance and reliability of the
grid-interactive inverter is described below.

Daytime Flow

[0078] Due to variation in solar insolation throughout the
day-to-day operation of a grid-interactive inverter, the grid-
interactive inverter will experience periods in which a photo-
voltaic module provides negligible power, provides lower
power sufficient to start the grid-interactive inverter, and pro-
vides high power. Various processes are described above for
achieving additional power production during the low power
operation of a grid-interactive inverter and for preventing
harm to the grid-interactive inverter as it transitions from ON
to OFF states.
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[0079] A flow chart illustrating various processes per-
formed during the day-to-day operation of a grid-interactive
inverter in accordance with embodiments of the invention is
illustrated in FIG. 12. The process 160 commences when the
photovoltaic module produces sufficient power that the power
check is passed (162) and so the grid-interactive inverter can
commence supplying power to the Grid without risk of brown
out. At which point, a controller within the grid-interactive
inverter commences sending control signals to the switches
within the DC-AC inverter to enable (164) the AC drive and
current control functionality of the grid-interactive inverter.
Due to the low power produced during the photovoltaic mod-
ule during the initial start up phase, the Gain of the grid-
interactive inverter is set to a constant. The controller can then
start providing (166) control signals to start driving the DC-
DC conversion stage and adjusting the frequency and duty
cycle of the DC-DC conversion stage switching to increase
the output power of the inverter. As the power output by the
photovoltaic module increases, the MPPT is enabled (168)
and the Gain of the grid-interactive inverter is optimized for
power export (i.e. no longer constant). As power drops, the
MPPT is disabled (170) and the Gain is fixed to a constant
until such time as the power output of the photovoltaic neces-
sitates shutting down the grid-interactive inverter.

[0080] Throughout the operation of the process shown in
FIG. 12, a background process is performed to determine
(172) whether an over current event has occurred and/or (174)
whether the voltage of the photovoltaic module has dropped
to a value that is too low to continue providing power to the
Grid. In the event that either event occurs, the controller
ceases driving the DC-DC conversion stage and the DC-AC
inverter stage. In addition, the power check circuit can be
activated.

[0081] Although specific processes for managing the
exporting of power to a grid using a grid-interactive inverter
during the day-to-day operation of a photovoltaic module are
discussed above with reference to FIG. 12, any of a variety
and/or combination of processes appropriate to the require-
ments of a specific application can be utilized to manage the
operation of a grid-interactive inverter in accordance with an
embodiment of the invention.

Power Line Communication

[0082] In several embodiments, grid-interactive inverters
include the capability of communicating via the power lines
to which the inverters are connected. Communicating over
the Grid using power lines as a medium involves careful
consideration for noise while at the same time necessitating a
simple implementation to allow for low cost. Some features
of'the Grid as a communication medium can assist in reducing
cost. In several embodiments, the Grid is used for symbol
time alignment. The grid phase is known to all inverters by
way of a zero crossing detection and phase lock tracking.
Recovered grid frequency and phase can be divided into an
equal number of segments at each inverter. These segments
can be used to define symbol time boundaries as subsets of
each line cycle frequency and phase.

[0083] In a number of embodiments, the grid-interactive
inverter utilizes a multi-rate on-off keying power line com-
munication physical layer and media access control protocol.
In several embodiments, the physical layer of the protocol
provides a series of different rates that are achieved by
increasing or decreasing the signal constellation density on
each line cycle. Forward error correction can also be inte-
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grated. In other embodiments, any of a variety of communi-
cation protocols can be utilized in accordance with embodi-
ments of the invention. The manner in which forward error
correction can be integrated to reduce the number of packet
errors that occur when communicating via power lines in
accordance with embodiments of the invention is discussed
further below.

Use of Error Correction Codes

[0084] Impulse noise events in the Grid and inverter-gen-
erated self-noise invariably lead to symbol flips that can lead
to packet errors. Error correction code can be utilized to
increase link reliability. In several embodiments, a (24, 12)
Golay error correcting code is utilized that conveys 12 bits of
information for each 24 total transmitted bits and can correct
up to 3 possible errors. In a number of embodiments, length
24 symbol Golay codewords are transmitted overaspanof {1,
2,3,4, 6,12, 24} line cycles. This corresponds to {24, 12, 8,
6, 4,2, 1} transmission regions per line cycle. Note that the
pairwise product of the corresponding elements of each of the
above arrays always equals 24 (the number of symbols per
Golay codeword) and that both arrays include the set of
integer divisors of 24. The effective user data rate (no parity)
for each of these divisors is {720, 360, 240, 180, 120, 60, 30}
bits per second. The seven separate transmit symbol constel-
lations corresponding to the transmission rates above are
illustrated in FIG. 13. In the figure the relative phase of a line
cycle from O to 1 (0 to 2mw) is displayed on the x axis. Then for
each of the seven rates per line cycle, the center position of
each possible symbol is displayed on the y axis.

[0085] This adaptive rate approach provides up to 10 log
10(720/30)=13.8 dB of signal to noise ratio gain from the
highest to lowest rate. The combination of grid aligned sym-
bol synchronization, Golay forward error correction, and
adaptive rate modulation form a powerful yet low complexity
implementation to achieve robust communication over the
power line medium.

[0086] Although specific error correction methods are dis-
cussed above with respect to Golay error correction code, any
of a variety of error correction processes appropriate to the
requirements of specific applications can be utilized in accor-
dance with embodiments of the invention. Furthermore, the
communication protocol need not adapt and can simply
involve transmitting at a fixed rate using grid aligned symbol
synchronization.

[0087] While the above description contains many specific
embodiments of the invention, these should not be construed
as limitations on the scope of the invention, but rather as an
example of one embodiment thereof. Accordingly, the scope
of the invention should be determined not by the embodi-
ments illustrated, but by the appended claims and their
equivalents.

What is claimed:

1. A grid-interactive inverter configured to receive direct
current and to provide alternating current to a utility grid,
comprising:

input terminals configured to receive a direct current;

output terminals configured to provide an alternating out-

put current to the utility grid;
a controller;

an output current sensor;

a DC-AC inverter stage comprising a plurality of switches

controlled by control signals generated by the controller;
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wherein the controller is configured to generate control
signals that cause the switches in the DC-AC inverter
stage to switch a direct current in a bidirectional manner
across output terminals of the grid-interactive inverter to
provide an alternating current to the utility grid;

wherein the controller is configured to measure the alter-
nating output current provided to the utility grid using
the output current sensor;

wherein the controller is configured to perform frequency

decomposition of the output current to determine the
magnitude of a plurality of unwanted current compo-
nents; and

wherein the controller is configured to generate control

signals that cause the switches in the DC-AC inverter
stage to switch current in a bidirectional manner across
the output terminals in a way that the magnitude of each
of'the plurality of unwanted current components is sub-
tracted from the resulting output current.

2. The grid-interactive inverter of claim 1, wherein the
resulting output current includes a lower total harmonic dis-
tortion than the initially measured output current.

3. The grid-interactive inverter of claim 1, wherein the
DC-AC inverter stage is an H-bridge inverter comprising four
MOSFETs configured to receive PWM control signals from
the controller, where the PWM control signals configure the
MOSFETs to switch current in a bidirectional manner
through an output filter connected to the output terminals of
the grid-interactive inverter.

4. The grid-interactive inverter of claim 1, wherein the
controller is configured to perform frequency decomposition
of'the output current by performing a Fast Fourier Transform
of the measured output current.

5. The grid-interactive inverter of claim 4, further compris-
ing:

an output voltage sensor:

wherein is configured to:

measure output current power using the output current
sensor and the output voltage sensor;

observe a maximum output current value using the out-
put current sensor;

obtain the amplitude and phase of the harmonics of the
fundamental component of the output current using
the result of the Fast Fourier Transform;

scale the amplitudes of the harmonics by the maximum
observed output current value;

subtract the scaled harmonics from the output current
measurements;

scale the difference between the measured output cur-
rent and the scaled harmonics by an amount that is a
function of the measured output current power to
create an error term;

low pass filter the error term;

generate PWM control signals that are supplied to the
switches in the DC-AC inverter based upon the low
pass filtered error term.

6. The grid-interactive inverter of claim 1, further compris-
ing:

a DC-DC conversion stage comprising a plurality of
switches connected to a primary coil of a transformer,
and a full bridge rectifier connected to the output of a
secondary coil of the transformer, where the plurality of
switches in the DC-DC conversion stage are controlled
by control signals generated by the controller; and
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a DC link capacitor configured to link the DC-DC conver-

sion stage and the DC-AC inverter stage;

wherein the controller is configured to generate control

signals that cause the switches in the DC-DC inverter
stage to switch the direct current received via the input
terminals in a bidirectional manner across the primary
coil of the transformer;

wherein the transformer is wound so that the output voltage

of the secondary coil is greater than the input voltage of
the primary coil; and

wherein the DC link capacity provides a direct current to

the DC-AC inverter stage.

7. The grid-interactive inverter of claim 6, wherein the DC
link capacitor is a propylene metal film capacitor.

8. The grid-interactive inverter of claim 6, further compris-
ing:

an output voltage sensor;

wherein the controller is configured to measure the power

of the alternating output current provided to the utility
grid using the output current sensor and the output volt-
age sensor; and

wherein the controller is configured to select a new switch-

ing frequency and duty cycle for the switches in the
DC-DC conversion stage based upon at least the mea-
sured power of the alternating current provided to the
utility grid.

9. The grid interactive inverter of claim 8, further compris-
ing:

an input current sensor; and

an input voltage sensor;

wherein the controller is configured to measure the power

of the direct current received via the input terminals of
the grid-interactive inverter; and

wherein the controller is configured to select a new switch-

ing frequency and duty cycle for the switches in the
DC-DC conversion stage based upon the ratio of the
measured power of the direct current received via the
input terminals to the measured power of the alternating
current provided to the utility grid.

10. The grid-interactive inverter of claim 9, wherein the
controller is configured to select a new switching frequency
and duty cycle for the switches of the DC-DC conversion
stage based upon the ratio of the measured power of the direct
current received via the input terminals to the measured
power of the alternating current provided to the utility grid
using a look up table.

11. The grid-interactive inverter of claim 9, wherein the
controller is configured to select a new switching frequency
and duty cycle for the switches of the DC-DC conversion
stage based upon the ratio of the measured power of the direct
current received via the input terminals to the measured
power of the alternating current provided to the utility grid by
perturbing at least one of the frequency and duty cycle of the
switches in the DC-DC conversion stage and measuring the
power of the resulting output alternating current to determine
whether the perturbation resulted in an increase in the ratio of
the measured power of the direct current received via the
input terminals to the measured power of the alternating
current provided to the utility grid.

12. The grid-interactive inverter of claim 6, wherein the
controller is configured to perform a maximum power point
tracker process.



