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BACKGROUND  [0004]Harmonic distortion of a waveform is characterized by the presence of
unwanted frequencies within the waveform that are integer multiples of the fundamental frequency
(known as "harmonics" of the fundamental frequency). Using Fourier analysis, all alternating
waveforms can be characterized as a sum of the fundamental sinusoidal frequency and its harmonics.
An idealized waveform for transferring energy is purely sinusoidal. Thus, the ideal power signal
waveform desired is purely sinusoidal with a fundamental of 50/60 Hertz (depending on the country)
with no harmonic distortion.  WO 2010/036974PCT/US2009/058492 [0005]In an electrical power grid,
unwanted harmonic distortion may cause the heating of induction motors, transformers, capacitors,
and may overload neutral power lines. Equipment that requires an accurate voltage wave shape, such
as silicon controlled rectifiers (SCRs), are also affected (e.g., overheating) by harmonic distortion.
[0006]In multi-phase systems, harmonics that are due to single phase distorting loads may spread
across the other (e.g., three) phases giving neutral currents (i.e., currents on the neutral line) a higher
value than the active line current. When harmonics are absent, the neutral line typically carries only a
small current. When single phase loads introduce harmonics, there is increased risk of overloading the
neutral line. Overloading the neutral line increases the risk of overheating and the risk of fire, and may
cause grounding problems. [0007]Harmonics in an electrical power grid system affect substation
transformers and power factor correction capacitors. Transformers are affected by a distorted current
waveform wherein they generate excessive heat, shortening their life expectancy. Capacitors are
affected by the voltage waveform creating excessive heat with an attendant risk of explosion. 



[0008]Harmonic distortion, both in the supply and the load are problematic and require careful
management. Electrical systems such as photovoltaic inverters that tie to the power grid in the United
States must comply with the UL 1741 interconnection standard. This standard requires that the total
root mean square of the harmonic voltages may not exceed thirty percent of the fundamental root
mean square output voltage rating (section 45.4.1). Any single harmonic may not exceed fifteen
percent of the fundamental root mean square output. These measurements must be made with the
inverter delivering one hundred percent of its output rating to a resistive load. [0009]DC to AC power
inverters, which commonly appear in photovoltaic or wind generation systems, use a pulse width
modulator (PWM) for sine wave generation. While this produces a relatively pure sine wave, harmonic
content remains, and may actually be introduced by other hardware in the inverter. Inverter power
output cannot achieve maximum performance with reducing the harmonics. Additionally, the
harmonics may need to be controlled and/or reduced to comply with interconnection standards for
equipment connected to the electrical power grid. Filters are commonly used in inverter supplies that
use a PWM to cancel harmonic distortion. These add significant cost and power transfer inefficiencies.
An alternative  to such filters is to compensate for detected harmonics by generating an inverse
harmonic signal and applying it to the PWM to cancel the distortion. Such an approach requires either
extensive software processing or additional costly hardware. In these traditional systems, the cost of
equipment rises as the number of harmonics needing control increases. To cut costs and complexity,
certain harmonics are often ignored, which runs counter to the desired effect. [0010]The phase shift
between grid voltage and current plays a significant role on the grid in the transfer of "reactive power."
When such phase shifts occur, the transmission lines act as inductive loads, which reduces the
voltage along the line. This effect on the transmission lines leads to brownouts and blackouts. It is in
the utilities' best interest to reduce such phase shifting everywhere on the grid up to a certain degree.
Common practice keeps the phase shift at about .90 or .95 power factor to prevent resonance
phenomena from occurring. Phase shifting is introduced by inductive loads but are commonly supplied
by large power generators many miles away. This phase shifting can be offset more locally by static
capacitive compensators, but that is costly. BRIEF DESCRIPTION OF THE DRAWINGS  [0011]The
following description includes discussion of figures having illustrations given by way of example of
implementations of embodiments of the invention. The drawings should be understood by way of
example, and not by way of limitation. As used herein, references to one or more "embodiments" are
to be understood as describing a particular feature, structure, or characteristic included in at least one
implementation of the invention. Thus, phrases such as "in one embodiment" or "in an alternate
embodiment" appearing herein describe various embodiments and implementations of the invention,
and do not necessarily all refer to the same embodiment. However, they are also not necessarily
mutually exclusive. 



[0012]Figure 1 is a block diagram of an embodiment of a system that controls harmonic distortion with
a software feedback control subsystem coupled to a hardware waveform controller. [0013]Figure 2 is a
block diagram of an embodiment of a system that controls harmonic distortion. [0014]Figure 3 is a
block diagram of an embodiment of an inner control loop of a nested feedback control system.  WO
2010/036974PCT/US2009/058492 [0015]Figure 4 is a flow diagram of an embodiment of a process for
generating an output signal based on an idealized reference signal. [0016]Descriptions of certain
details and implementations follow, including a 



description of the figures, which may depict some or all of the embodiments described below, as well
as discussing other potential embodiments or implementations of the inventive concepts presented
herein. An overview of embodiments of the invention is provided below, followed by a more detailed
description with reference to the drawings. DETAILED DESCRIPTION  [0017]As described herein, an
output is generated based on an idealized output, which provides harmonic distortion control of an
output signal for a given input signal. In one embodiment, software processing in conjunction with
hardware waveform generation and control ensures the shape, proportion, and timing of an output
waveform. The output waveform is based on input synchronization information, including, but not
limited to, timing, phasing, and/or frequency information, the instantaneous form of the actual output
waveform, and a reference "ideal" waveform represented by tabular data. By measuring the actual
output, and providing corrections to the control/generation mechanisms, a system converges on an
arbitrary output waveform given specific input information related to timing, phasing, and other
frequency characteristics, the actual output waveform, and a specific table representing an ideal target
waveform. Such a system can be used to produce any arbitrary output electrical waveform with low
undesired harmonic distortion, as well as an arbitrary phase relative to reference tabular data
representing an ideal waveform. Thus, both harmonic distortion and phase of the output signal can be
controlled. [0018]As described herein, rather than handling the "reactive power" problem mile away
from the load, the reactive power can be generated locally, resulting in a more cost effective method
for handling the "reactive power" problem that currently exists in grid-tied systems. hi one embodiment,
a grid-tied power conversion system provides a mix of active and reactive power on demand,
dynamically, which saves cost, and provides a more stable electrical power grid. In one embodiment, a
power conversion system dynamically changes the phase shift between its output current (locally) and
the grid voltage to provide a mix of active and reactive power on demand.  WO
2010/036974PCT/US2009/058492 [0019]Reference to generating reactive power locally and shifting
phase of an output waveform with respect to a target periodic waveform may be understood to
accomplish a similar purpose. In one embodiment, power factor is controlled locally at a load by
controlling the phase shift of the output waveform as facing an electrical grid. Thus, looking at the load,
power factor can be maintained at or very near '1 by matching the output waveform phase shift to that
of the load. Thus, the output waveform and load may be out of phase with respect to the electrical grid,
effective "generating reactive power" locally at a load. The phase can be controlled by matching the
output waveform to the ideal desired output waveform, rather than attempting to filter or match the
output to the grid and/or the load. [0020]A control process (e.g., implemented via software process of a



microprocessor or other form of controller) receives information about specific desired periodic timing,
phasing or other frequency information for a target or synchronization signal. The control process also
samples the instantaneous magnitude of the generated output waveform. The frequency information
and the instantaneous magnitude may depend on load characteristics. The control process compares
the received data to setpoints of a reference digitized ideal waveform (e.g., a reference waveform as
stored in tabular form), point by point, and computes error data, point by point. In one embodiment, the
comparing and computing are performed in parallel. The ideal waveform may be exactly synchronized
to the target or synchronization signal, or it may have a fixed phase offset. Where a phase offset is
applied, the phase offset can be hard coded or changed dynamically. [0021]The system applies the
generated error data to an appropriate feedback control subsystem (for example, a
proportional-integral-derivative (P1D) controller), which generates signal updates. In one embodiment,
the error data is point-to-point as with the reference signal, and may indicate changing or doing
nothing at a particular output point. The sum of the error data may be referred to as update tabular
data, which is applied to a hardware waveform generator and/or controller. The waveform generator
produces an output waveform that more closely matches the referenced ideal waveform. The system
allows dynamically adaptive improvements, either to the update algorithm or to the table of corrected
data for any arbitrary reference waveform. [0022]In a power conversion embodiment, the power
source is sampled and controlled by the control process through known techniques, such as MPPT
(maximum power point tracking) or Dynamic Impedance Matching (e.g., as described in co-pending
patent application no. 11/774,562, filed July 7, 2007, entitled "POWER EXTRACTOR DETECTING A
POWER CHANGE," and assigned to the same corporate assignee). Sampling and controlling the
power source for power conversion helps maximize the power transfer by the input power converter.
[0023]As described, the system can converge an output signal to an ideal reference signal without
analysis of or knowledge of specific harmonic distortion. However, by virtue of converging the output
signal and its waveform to an idealized signal/waveform, the system reduces multi-order harmonic
distortion in the output waveform regardless of its phase offset to the input synchronizing signal
without knowledge of relative power levels associated with individual harmonic frequencies. From one
perspective, harmonic distortion control may be achieved with a more deliberate focus on generation
of the output waveform, irrespective of information about specific harmonics of the output waveform.
Thus, focusing on generating an ideal output waveform rather than focusing on particular harmonics,
reduces the complexity of the distortion update system while more effectively reducing distortion
[0024]As described herein, the output waveform can be converged on a 



synchronizing or target waveform of arbitrary shape and phase alignment. The output waveform can
be either a current waveform or a voltage waveform. The system generates an output signal, rather
than simply attempting to modify and/or filter an input signal. Thus, the system can converge the
output to the synchronizing (target) waveform with only input information related to timing, phasing,
and other characteristics of the synchronizing waveform. The generated output signal is compared to
ideal target waveform information to modify the output waveform during runtime or active operation of
the system. The comparison allows updating values to generate a new output waveform closer to the
ideal than originally expressed without the need to analyze the harmonic content of the output
waveform. [0025]In one embodiment, the ideal target waveform is stored as a table of value entries or
otherwise as a group of setpoints. The waveform entries (or setpoints) may be in any length or format,
integer or non-integer. The ideal target waveform entries may be generated dynamically in runtime, or
hard-code or pre-compiled from pre-computations. Either dynamic or pre-generation of the waveform
includes computing the values of ideal reference points based on an ideal form of a desired output
waveform. The values may be proportional to a normalized waveform (e.g., peak value of '1'), or may
be computed with a multiplier (scaling the waveform either up or down). The waveform shape may be
sinusoidal or non-sinusoidal in represented form. The ideal waveform may, for example, be a sine
wave, square wave, sawtooth, or other periodic waveform. [0026]In one embodiment, the waveform
entries are evenly spaced (in either the time domain or the frequency domain), but they are not
necessarily evenly spaced. Timing information could be included within the system to indicate when
samples should be taken to correspond to the setpoints of the ideal waveform. The waveform value
entries could be running forward in time or backward in time or any mix thereof. The entries may be
stored in a compressed or non-compressed format or state. In one embodiment, the data may be
altered during runtime to affect a change in the form of the ideal waveform to another (e.g., different)
ideal waveform. [0027]The comparison mechanism within the system implements a comparison
algorithm, which may be any standard or non-standard algorithm that compares two numbers. The
comparison may involve sampling techniques, but such techniques are not necessarily required. In
one embodiment, the comparison is point-by-point. Alternatively, multiple points may be sampled and
compared, or the sampling may otherwise be considered not point-by-point. [0028]The control process
may include a selection mechanism, which may perform any standard or non-standard selection
algorithm. One example selection algorithm is a Proportional-Integration-Derivative (PID) controller.
The selection algorithm itself may or may not perform calculations, and may or may not transform data
from the time domain to frequency domain or vice-versa as part of the selection process. In one the
selection mechanism selects data point-by-point. Alternatively, the selection mechanism may select
data by group. [0029]The system includes output hardware that generates the output waveform. 



The output hardware is driven by a control mechanism to cause the hardware to create the output
waveform. The updated table values may be applied to the output hardware using any standard or
non-standard technique to diive the generation of the output waveform. In one embodiment, the output
hardware is driven with Pulse-width Modulation (PWM). However, other digital, variable power control
mechanisms could be used. Alternatively, analog or step control mechanisms could be used to drive
the output. WO 2010/036974PCT/US2009/058492 [0030]As suggested above, in one embodiment,
the generated output waveform may be shifted in phase with respect to the synchronizing waveform.
As described herein, the timing could be adjusted by the controller to drive the output waveform
generation at a phase offset with respect to the synchronization waveform. Such phase shifting can be
accomplished dynamically without increasing harmonic distortion, in contrast to traditional systems that
manipulate or filter an input signal. [0031]Figure 1 is a block diagram of an embodiment of a system
that controls harmonic distortion with a software feedback control subsystem coupled to a hardware
waveform controller. System 100 includes power source 104, load 106, and output and control system
102. Power path 110 represents the path of electrical power from source 104 to load 106, as controlled
by output system 102. [0032]Output system 102 includes input power converter 120 to receive input
power from source 104 and convert it to another form (e.g., DC to AC). Input power converter 120
includes hardware components for receiving a power signal to convert, and may include appropriate
power components. In one embodiment, input power converter 120 implements dynamic impedance
matching, which enables the input electronics to transfer maximum power from source 104. Dynamic
impedance matching includes constantly tracking a maximum power point, as well as driving an input
power coupler (e.g., a transformer) to maintain as flat a power slope as possible (e.g., slope of zero).
Input power converter 120 may receive control signals or information from controller 130, as well as
providing input to indicate operation of the converter. [0033]Input feedforward 112 provides information
(e.g., maximum power value, frequency as appropriate, or other information to control the input power
converter hardware) about the source power to controller 130. Controller 130 controls input power
converter 120 based on the input information about the input power. Controller 130 represents any
type of processor controller that may be embedded in output system 102. Controller 130 may be or
include any type of microcontroller, digital signal processor (DSP), logic array, or other control logic.
Additionally, controller 130 may include appropriate memory or storage components (e.g., random
access memory, read only memory (ROM), registers, and/or Flash) to store code or values generated
or obtained during runtime operation or pre-computed. [0034]Controller 130 drives programmable
waveform generator 140 to generate 



the desired output waveform. Generator 140 also lies on power path 110, and receives input power
from input power converter 120 to output. While the power may be transferred, it is not necessarily
output with the same waveform as it is received. For example, a DC signal may be output as a
sinusoidal signal, as shown in the example of Figure 1. Other power conversions can be accomplished
similarly as shown and described. In one embodiment, generator 140 includes a PWM to generate
output waveform 108. Generator 140 receives control signals and information from controller 130, and
may provide status or operations information or feedback to controller 130. The output waveform may
be either current or voltage. [0035]Output system 102 is able to incorporate specific timing, phasing, or
other frequency information, into generating output waveform 108. Such timing, phasing, or other
frequency information may be referred to as "input synchronization data." In one embodiment, such
input synchronization data arrives from real-time load information, in which case it may be referred to
as "load synchronization input." The load synchronization input or input synchronization data indicates
information necessary to determine the synchronization signal discussed above. Such information is
indicated in output system 102 as output sync 114. In a system where the output is anticipated (e.g.,
connecting to an electrical grid), certain voltage, timing, or other information may be expected (e.g.,
120V at 60Hz), and an initial estimate programmed in or made by the system at startup. Based on load
synchronization data, the initial estimate may be adjusted. [0036]Controller 130 also measures output
feedback 116 off power path 110, to determine the actual output generated by generator 140. The
actual output is compared to an ideal reference to determine if the desired output is being generated.
In one embodiment, output feedback 116 is an abstraction to represent output measurement by
controller 130, and does not include separate components in itself. In one embodiment, output
feedback 116 includes a sampling mechanism or other data selection mechanism to compare to the
ideal reference signal. If output feedback 116 includes components separate from controller 130, it
may be driven by controller 130, and receive comparison data from controller 130 and provide error or
feedback information. In one embodiment, output feedback 116 is understood to include at least
hardware components necessary for a feedback control process to interface with the output lines.
Additionally, output feedback 116 may include other hardware for performing measurements,
computations, and/or performing processing. WO 2010/036974PCT/US2009/058492 [0037]Both
output sync 114 and output feedback 116 may be considered feedback loops. It will be understood
that output sync 114 and output feedback 116 are not the same thing, and serve different purposes.
Output sync 114 indicates what the ideal reference signal should look like, as stored in reference
waveform table 132. Output feedback 116 indicates how the actual output varies from the reference
signal. Update table 134 represents data generated in response to output feedback 116. In one
embodiment, output sync 114 is based on voltage information on the output of power path 110, while
output feedback 116 is based on output current generated at the output of power path 110.
[0038]Based on output sync 114 (or based on an initial estimate of the output sync), output system
102 stores and/or generates reference waveform table 132, which represents an ideal form of the
output waveform desired to be generated by generator 140. Reference waveform table 132 may be
stored as a table or other set of points (or setpoints) that reflect what the output waveform "should"
look like. While a sinusoidal waveform is represented, any periodic waveform could be used.
Reference waveform table 132 may alternatively be referred to as a reference waveform source. 



[0039]Based on output feedback 116, output system 102 generates update table 134. Update table
134 includes entries or points to indicate how to modify the operation of generator 140 to provide an
output more closely matching the waveform of reference waveform table 132. While indicated as a
table, update table 134 may be a stored table that is modified at certain intervals (e.g., each entry is
updated as necessary to reflect measured error data), or may be generated newly at each update
interval. Update table 134 may alternatively be referred to as an update data source. The "updates"
may be modifications of old values, the replacement of values, or may be stored in different locations
within a memory accessed by controller 130. In one embodiment, each value of update table 134
indicates an "up," "down," or no change for each of a set of points. Such values are applied to the
hardware that controls the output of generator 140 to cause the output signal to converge on the
desired ideal waveform. [0040]From one perspective, output system 102 can be viewed as having five
features or components. While these features are depicted in Figure 1 via certain block diagrams, it
will be understood that different configurations and a variety of different components can be used to
implement one or more of these features. For purposes of discussion, and not by way of limitation,
these features are described  following with references such as "Feature 1," "Feature 2," and so forth.
It will be understood that such a convention is merely shorthand to refer to the subject matter of the
described feature or component, and does not necessarily indicate anything with respect to order or
significance. [0041]Feature 1 may include means for incorporating specific timing, phasing or other
frequency information. The means includes hardware and/or software to generate and receive the
input synchronization data or load synchronization input referred to above, which is based on output
sync 114. Feature 2 includes reference waveform table 132, which may include a table of data or an
equation within software that represents the ideal form of output waveform 108. Feature 3 includes
controller 130, which may be or include a software algorithm that compares the actual output
waveform generated by generator 140 with the ideal tabular representation as represented by
reference waveform table 132. Feature 4 includes an algorithm within controller 130 that computes or
otherwise selects and generates update data represented by update table 134. Feature 5 includes
generator 140 that uses the update data from update table 134 to generate output waveform 108 of
the desired shape, proportion, timing, and phase. [0042]With regard to Feature 1, the specific timing,
phasing, or other frequency information provides synchronization information to the comparison and
update algorithms in controller 130. The information may come by way of a table, equation, sampling
of real-time hardware monitored signals, or other source. [0043]With regard to Feature 2, the data
representing the reference waveform, 



can be of any length and of any format, integer or non-integer, if within a table. Such a table may be
generated dynamically at runtime or be hard-coded at compile time. The ideal form of the waveform
represented may be sinusoidal or non-sinusoidal. The waveform may be represented by data values
evenly spaced in the time domain or non-evenly spaced, forward in time or backward in time or any
mix thereof The waveform could alternatively be represented by data values in the frequency domain,
and organized in any fashion. The data may be compressed or non-compressed. The data may be
represented by an equation rather than computed data setpoints, or part by an equation and part by a
table. In one embodiment, the stored setpoints in a table are the computed results of an equation. The
data may be altered during processing at runtime to change the form of the ideal waveform to a
different ideal. The values in reference waveform table 132 can be modified or replaced with different
values if   altered at runtime. The data may be aligned to be in exact phase with the input waveform or
it may be shifted in phase. [0044]With regard to Feature 3, controller 130 may include any traditional or
standard comparison algorithm. A control algorithm compares data values representing the output
waveform, sampled by hardware, and transformed into software data values through standard or
non-standard sampling techniques. In one embodiment, the controller compares the ideal setpoints of
the table or equation computations with the synchronization information, point by point, and generates
en-or data, point by point. In one embodiment, the controller can process multiple points at once
instead of point-by-point. [0045]With regard to Feature 4, controller 130 includes a selection algorithm
which creates or generates new data using any standard or non-standard technique. In one
embodiment, the selection algorithm involves performing calculations. Alternatively, the selection
algorithm may simply select data without performing processing or performing calculations. The
selection algorithm may replace data values in a table of setpoints, or leave the data values in the
table preferring to use another storage area. The selection algorithm may transform the data from the
time domain to the frequency domain and vice-versa as part of its selection process. The algorithm
provides an error update mechanism (e.g., algorithm) in that it identifies data values that will correct
the output waveform when applied. Thus, the output waveform after application of the data values
appears more like the preferred ideal waveform. [0046]With regard to Feature 5, the new data values
represented by update table 134 are applied to hardware in generator 140 through standard processes
to drive the generation of the output waveform. In one embodiment, the new data values are applied
via a PWM mechanism or any other mechanism that transforms discrete data values into an analog
output form. [0047]Figure 2 is a block diagram of an embodiment of a system that controls 



harmonic distortion. In one embodiment, system 200 of Figure 2 is an example of a grid-tied power
conversion system implementing system 100 of Figure 1. Thus, input 202 may correspond to input
power from source 102, and output 250 may correspond to an output at load 106. In one embodiment,
system 200 controls harmonic distortion of the output current signal and the phase shift between the
grid voltage and the  output current signal of a grid-tied solar photovoltaic or other source, DC to AC
power conversion system. [0048]System 200 inverts input DC power 202 into output AC power at
output 250. In one embodiment, the voltage and current at output 250 are both ideal 60 Hz sinusoidal
waves, undistorted by spurious harmonics, where the current either lags or leads the voltage by a
phase shift. Such an implementation can be employed in a grid-tied system, where the output voltage
is firmly established by the grid-tie at output 250, but the current is not. Regulations UL 1247 require
that the current be reduced in harmonic distortion. As illustrated, system 200 provides at least the
formation of an ideal sinusoidal waveform, shifted in phase from the fixed voltage of the grid, yet
undistorted in aspect. [0049]In one embodiment, the operations of system 200 can be separated as
three elements. The first is to establish a table of ideal current waveform values for the desired
waveform with a desired angle of phase shift without distortion. While described more specifically to
output current waveforms and ideal current waveforms, it will be understood that such is a non-limiting
example, and the discussion with respect to system 200 could be applied also to controlling output
voltage waveforms, with modifications that will be understood by those skilled in the art. The second is
to compare an actual output signal generated by a waveform generator to the ideal waveform. The
third is to generate, with input timing information and the error information, an update table of values
that allows the waveform generator to correct the actual output waveform. The operations iteratively
improve the output waveform tending toward the ideal waveform (e.g., a sinusoid). Thus, the result of
the operations places a pure 60 Hz current waveform in-phase with, leading, or lagging the grid
voltage waveform. [0050]The main power flow-through path in one embodiment occurs as follows:
Input 202 is DC input power. PWM generator 230 drives DC-to-AC converter 242 using a table of
updated values (PWM table entry update 280). In one embodiment, update table 280 corresponds with
table 140 of Figure 1. Input DC power 202 passes into DC-to-AC converter 242 of inverter hardware
240, and leaves as output AC current waveform 250. Current waveform detector 244 detects the
current waveform at output 250. The input waveform is illustrated at PWM generator 230 as a perfect
sine wave, and distorted at current waveform detector 244. The amount of distortion may be
exaggerated, but illustrates that the output waveform may not even initially  look much like the ideal
desired waveform. However, the waveform converges through the feedback. Inverter hardware 240
also includes voltage waveform detector 246, which generates sync information 248, which
corresponds to the output sync information of Figure 1. 



[0051]The control loop flow detecting and implementing the feedback occurs as follows: Information
about the DC input power 204 and input phase shift information 206 refines a reference ideal
waveform 210. The reference ideal waveform, as discussed above, can be stored as a table. in one
embodiment, simultaneously the output of PWM generator 230 is peak detected 222 and allowed to
scale the ideal table in reference waveform level control 224. The output of level control 224 is the
instantaneous ideal waveform desired. The reference waveform from reference waveform level control
224 and the actual output is received at PlD (proportionalintegral-derivative) controller 260. [0052]PID
controller 260 includes PWM table error detector 262, which receives the scaled reference waveform
and the actual output waveform. The error becomes the error input for proportional error block 264,
integral error block 266, and derivative en-or block 268. The sum of the error signals is PWM table
error sum, which provides the HD controller output to PWM table entry update 280. These updated
table values are fed back into PWM generator 230 and drive the generator to adjust the output of
inverter hardware 240, to converge the output signal to reference waveform 210. [0053]Figure 3 is a
block diagram of an embodiment of an inner control loop of a nested feedback control system.
Reference waveform control 300 is a controller of a grid-tied system. Reference waveform control 300
includes inner control loop 310 of a nested feedback control system. The nested loops are
interdependent. That is, the function of one control loop affects a signal that is used as an input to the
other control loop. The outer control loop corrects for transient harmonic distortion in the output
waveform as described previously Inner control loop 310 is completely nested within outer control loop
Inner control loop 310 receives as input information related to values for which inner control loop 310
provides feedback. [0054]Within inner control loop 310, input power information 302 is received and
combined with the error signal table peak adjust 352. As used herein, "combining" refers to performing
one or more operations with or based on the inputs, and is not to be understood as limited to addition
or accumulation functions. The  selective combination of input power information 302 and table peak
adjust 352 generates reference gain control 354, which sets and adjusts the gain of reference
waveform 304 at reference waveform gain 360 to dynamically adjust the inverter output to fit current
operating conditions that include input power and local grid characteristics. [0055]In one embodiment,
reference waveform control 300 adjusts the reference 



waveform as follows: The latest or most current sine wave generator table 308 is examined and the
peak table value is extracted by peak detector 320. Actual peak value 332 is compared to target peak
value 334, generating peak en-or value 336. Target peak value 334 may be hard coded based on
typical hardware characteristics, or it may be determine in real time. The error signal is conditioned by
PD control or controller 340 to tailor the frequency response of inner control loop 310 to prevent it from
interacting inappropriately with the outer control loop response. [0056]The output of HD control 340 is
the table peak adjust signal 352, which is combined with the input power information 302 to derive
reference waveform gain control signal 354. Using reference gain control signal 354, reference
waveform gain 360 can increase or reduce the amplitude of the reference waveform 304 to adjust
reference waveform output 306 to exactly match what is required for the operating conditions of the
system for power conversion. [0057]In one embodiment, input power information 302 is constant or
very slowly moving as compared to inner control loop 310 (e.g., approximately 10 times slower or
more). When input power information 302 is slow moving, inner control loop 310 fine tunes the
amplitude of reference waveform 304 in real time to assure that the PWM table values span a specific
range of values including specific minimum and maximum values. Containing the PWM table values
within a specific range of values enhances the ability of the grid tie converter to deliver maximum
output power while maintaining maximum waveform control resolution. [0058]Having interdependent
control loops could result in system instability, as error generated by one may be propagated and
amplified by the other in a spiraling-up fashion. One method to help achieve stability is to perform the
corrective operation of outer control loop less frequently than the corrective operation of inner control
loop 310. In that way, inner control loop 310 may have time to stabilize with respect to a given value of
reference waveform output 306 prior to the outer loop operating to correct harmonic distortion error. In
one embodiment, the outer control loop is performed at a frequency of lx as compared to a frequency
of 10x for inner control loop 310. The order of magnitude difference in frequency of adjustment allows
for more stable operation. It will be understood that I Ox is one example of an order of magnitude, and
the comparison in frequency of performance may be approximately 10, or more. [0059]Figure 4 is a
flow diagram of an embodiment of a process for generating an output signal based on an idealized
reference signal. Flow diagrams as illustrated herein provide examples of sequences of various
process actions. Although shown in a particular sequence or order, unless otherwise specified, the
order of the actions can be modified. Thus, the illustrated implementations should be understood only
as an example, and the process for establishing the secure channel can be performed in a different
order, and some actions may be performed in parallel. Additionally, one or more actions can be
omitted in various embodiments of the invention; thus, not all actions are required in every
implementation. Other process flows are possible. [0060]A power converter system receives input
power, 402. The system converts 



the received power to a different form, or acts as a boost to clean up the input power signal and put a
clean signal back out onto the grid. A reference setpoint generator obtains input power information,
404. As discussed with respect to Figure 4, various processing elements may be described as
separate components of the system, such as the reference setpoint generator. These elements may
be separate components, or all part of a primary system controller, in accordance with what is
described in certain embodiments above. The system may include logic that samples the input power
and makes certain calculations to generate the information that is then sent to the signal generators.
The reference setpoint generator generates a group of setpoints that represent a reference (ideal
output) waveform, 406. The reference waveform is what the best possible output (or ideal output) of
the system would look like. [0061]In one embodiment, the reference setpoint generator stores the
reference waveform setpoints in a table for later use. Alternatively, the reference setpoints can be
computed from an algorithm that implements an equation. The reference setpoint generator may
occasionally update the reference setpoints, either in a scheduled (e.g., based on an amount of time)
way, or in response to detecting a difference in the input signal. [0062]The base output waveform
generator generates an output waveform, 410. In one embodiment, the system includes a sampling
circuit to sample the output waveform, 412. The sampler sends the output waveform sample to a
feedback system. The feedback system obtains a corresponding reference waveform setpoint, 414,
which indicates what the value of the sample should be. The feedback system compares the output
waveform sample to the reference waveform setpoint, 416, and generates a correction control signal
based on a difference between the output waveform sample and the reference waveform setpoint,
418. [0063]A system controller adjusts operation of a base output waveform generator based on
receiving the correction control signal. Thus, in response to receiving the correction control signal, the
system adjusts the operation of the output hardware, 420. In one embodiment, the generation and
sampling of the output waveform and subsequent error correction can be considered as a continuous
operation. That is, the operation will continue while the system is operational. Occasionally, the system
may adjust the reference waveform. Thus, the system may determine whether to recompute the
reference waveform, 422. If the system determines not to recompute, 424, the system will continue to
perform the "inner loop" of adjusting the output waveform as compared to the reference waveform. If
the system determines to recompute, 424, the reference setpoint generator updates its information
about the input power signal, recomputes the reference waveform, and the system compares the
output signal to the updated reference waveform. [0064]Various operations or functions are described
herein, which may be described or defined as software code, instructions, configuration, and/or data.
The content may be directly executable ("object" or "executable" form), source code, or difference
code ("delta" or "patch" code). The software content of the embodiments described herein may be
provided via an article of manufacture with the content 



stored thereon, or via a method of operating a communication interface to send data via the
communication interface. A machine readable medium may cause a machine to perform the functions
or operations described, and includes any mechanism that provides (i.e., stores (e.g.,
computer-readable medium) and/or transmits (e.g., communication medium)) information in a form
accessible by a machine (e.g., computing device, electronic system, etc.), such as
recordable/non-recordable media (e.g., read only memory (ROM), random access memory (RAM),
magnetic disk storage media, optical storage media, flash memory devices, etc.). A communication
interface includes any mechanism that interfaces to any of a hardwired, wireless, optical, etc., medium
to communicate to another device, such as a memory bus interface, a processor bus interface, an
Internet connection, a disk controller, etc. The communication interface can be configured by providing
configuration parameters and/or sending signals to prepare the communication interface to provide a
data signal describing the software content. The communication interface can be accessed via one or
more commands or signals sent to the communication interface. [0065]Various components described
herein may be a means for performing the operations or functions described. Each component
described herein includes software, hardware, or a combination of these. The components can be
implemented as software modules, hardware modules, special-purpose hardware (e.g., application
specific hardware, application specific integrated circuits (ASICs), digital signal processors (DSPs),
etc.), embedded controllers, hardwired circuitry, etc. [0066]Besides what is described herein, various
modifications may be made to the disclosed embodiments and implementations of the invention
without departing from their scope. Therefore, the illustrations and examples herein should be
construed in an illustrative, and not a restrictive sense. The scope of the invention should be measured
solely by reference to the claims that follow.  CLAIMS What is claimed is:  1. A method comprising:
receiving characteristic shape and phase information about a target periodic waveform; 



generating an output waveform with output hardware, the output waveform being an output current
waveform; sampling the output waveform;       comparing the output waveform to a corresponding
reference output waveform based on the sampling of the output waveform, the reference output
waveform representing an ideal current waveform version of the target periodic waveform based on
the received characteristic shape and phase information;       generating a feedback signal based on
comparing the output waveform to the reference output waveform; and       adjusting an operation of
the output hardware at runtime based on the feedback signal, wherein adjusting the operation of the
output hardware converges the output waveform toward the reference output waveform shape and
phase. 2. The method of claim 1, wherein generating the output waveform comprises:       generating
the output waveform based on a pulse width modulated base waveform, the pulse width modulated
base waveform created from entries in a pulse width modulator (PWM) table.  3. The method of claim
2, wherein adjusting the operation of the output hardware further comprises:       dynamically adjusting
one or more entries in the PWM table during runtime based on the generated feedback signal.  4. The
method of claim 1, wherein sampling the output waveform and comparing the output waveform to the
reference output waveform comprises: sampling and comparing point-by-point between the two
waveforms. 



5. The method of claim 1, wherein comparing the output waveform to the reference output waveform
comprises:        precomputing a set of ideal sample points representing the reference output waveform
prior to sampling the output waveform; and storing the precomputed sample points.  6. The method of
claim 1, wherein comparing the output waveform to the reference output waveform comprises:
comparing a sample point of the output waveform to a corresponding reference setpoint with a PID
(proportional-integral-derivative) controller.  7. The method of claim 1, wherein adjusting the operation
of the output hardware further comprises:       adjusting the operation of the output hardware to reduce
harmonic distortion in the output waveform without performing a specific harmonic distortion analysis.
8. The method of claim 1, further comprising: dynamically adjusting entries in a reference waveform
table during runtime to dynamically adjust the reference output waveform.  9. The method of claim 1,
further comprising:       shifting the output waveform in phase dynamically with respect to the target
periodic waveform without increasing harmonic distortion. 
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CLAIMS 

What is claimed is:  

1. A method comprising: 

 receiving characteristic shape and phase information about a target periodic 

waveform;  

 generating an output waveform with output hardware, the output waveform 

being an output current waveform;  

 sampling the output waveform;  

 comparing the output waveform to a corresponding reference output 

waveform based on the sampling of the output waveform, the reference output 

waveform representing an ideal current waveform version of the target periodic 

waveform based on the received characteristic shape and phase information;  

 generating a feedback signal based on comparing the output waveform to the 

reference output waveform; and  

 adjusting an operation of the output hardware at runtime based on the 

feedback signal, wherein adjusting the operation of the output hardware converges the 

output waveform toward the reference output waveform shape and phase.  

 

2. The method of claim 1, wherein generating the output waveform comprises:  

 generating the output waveform based on a pulse width modulated base 

waveform, the pulse width modulated base waveform created from entries in a pulse 

width modulator (PWM) table.  

 

3. The method of claim 2, wherein adjusting the operation of the output hardware 

further comprises:  

 dynamically adjusting one or more entries in the PWM table during runtime 

based on the generated feedback signal.  

 

4. The method of claim 1, wherein sampling the output waveform and comparing 

the output waveform to the reference output waveform comprises:  

 sampling and comparing point-by-point between the two waveforms.  

 

5. The method of claim 1, wherein comparing the output waveform to the 

reference output waveform comprises:  

10. A power conversion system comprising:       a reference waveform representing an ideal current
waveform version of a target periodic waveform, the reference waveform generated based on the
received characteristic shape and phase information of the target periodic waveform;       output
hardware to generate an output waveform, the output waveform being an output current waveform; a
feedback loop to measure the output waveform; and       a controller to compare output waveform
measurements to the reference waveform and generate a feedback signal based on the comparison;
wherein the output hardware is to adjust an operation based on the feedback signal, wherein to adjust
the operation of the output hardware is to converge the output waveform toward the reference
waveform shape and phase.  11. The power conversion system of claim 10, wherein       the controller
is to compare the output waveform measurements point-by-point to setpoints representing the
reference waveform. 12. The power conversion system of claim 10, further comprising:       the
controller to dynamically adjust entries in a reference waveform table representing the reference
waveform during runtime to dynamically adjust the reference waveform. 
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 precomputing a set of ideal sample points representing the reference output 

waveform prior to sampling the output waveform; and  

 storing the precomputed sample points.  

 

6. The method of claim 1, wherein comparing the output waveform to the 

reference output waveform comprises: 

 comparing a sample point of the output waveform to a corresponding 

reference setpoint with a PID (proportional-integral-derivative) controller.  

 

7. The method of claim 1, wherein adjusting the operation of the output hardware 

further comprises:  

 adjusting the operation of the output hardware to reduce harmonic distortion in 

the output waveform without performing a specific harmonic distortion analysis.  

 

8. The method of claim 1, further comprising:  

 dynamically adjusting entries in a reference waveform table during runtime to 

dynamically adjust the reference output waveform.  

 

9. The method of claim 1, further comprising:  

 shifting the output waveform in phase dynamically with respect to the target 

periodic waveform without increasing harmonic distortion. 

 

10. A power conversion system comprising:  

 a reference waveform representing an ideal current waveform version of a 

target periodic waveform, the reference waveform generated based on the received 

characteristic shape and phase information of the target periodic waveform;  

 output hardware to generate an output waveform, the output waveform being 

an output current waveform;  

 a feedback loop to measure the output waveform; and 

 a controller to compare output waveform measurements to the reference 

waveform and generate a feedback signal based on the comparison;  

 wherein the output hardware is to adjust an operation based on the feedback 

signal, wherein to adjust the operation of the output hardware is to converge the 

output waveform toward the reference waveform shape and phase.  

13. The power conversion system of claim 10, further comprising:       the output hardware to shift the
output waveform in phase dynamically with respect to the target periodic waveform without increasing
harmonic distortion. 
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11. The power conversion system of claim 10, wherein  

 the controller is to compare the output waveform measurements point-by-point 

to setpoints representing the reference waveform.  

 

12. The power conversion system of claim 10, further comprising:  

 the controller to dynamically adjust entries in a reference waveform table 

representing the reference waveform during runtime to dynamically adjust the 

reference waveform.  

 

13. The power conversion system of claim 10, further comprising:  

 the output hardware to shift the output waveform in phase dynamically with 

respect to the target periodic waveform without increasing harmonic distortion. 

 

 

  

 


