Innovation, Sciences et Innovation, Science and CA 2971903 C 2018/12/18

I*I Développement économique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (1 1)(21) 2 97 1 903
12 BREVET CANADIEN
CANADIAN PATENT
13 C
(22) Date de dépébt/Filing Date: 2010/02/19 (51) ClLInt./Int.Cl. HO2M 7/44 (2006.01),

HO02J 3/18(2006.01)

(72) Inventeurs/Inventors:
MATAN, STEFAN, US;

(41) Mise a la disp. pub./Open to Public Insp.: 2010/08/26
(45) Date de délivrance/lssue Date: 2018/12/18

(62) Demande originale/Original Application: 2 753 094 WESTBROCK, WILLIAM B., JR., US;

(30) Priorités/Priorities: 2009/02/19 (US61/153,940); HORTON, FRED C., US; -
2009/03/31 (USB1/165,167); 2009/11/20 (US61/263,239); KLEMM, JOSEPH M., US; -
2010/02/18 (US12/708,514) MARRONE, FRANK P., US;

MCKINLEY, ARNOLD F., US;
WISEMAN, KURT W., US

(73) Propriétaire/Owner:
XSLENT ENERGY TECHNOLOGIES, LLC, US

(74) Agent: RICHES, MCKENZIE & HERBERT LLP

(54) Titre : GESTION DE TRANSFERT D'ENERGIE POUR SOURCES D'ENERGIE LOCALES D'UNE CHARGE LIEE A
UN RESEAU
(54) Title: POWER TRANSFER MANAGEMENT FOR LOCAL POWER SOURCES OF A GRID-TIED LOAD

3
=1

Variahle Pawer: Constant Fowzr:

Low voltags High voltage UTILETY POWER
[1igh currant Low current : GRID 230
e e s e L . Pxn Purid U
METASTABLE DCTODC DC TO AC §223 2202 POWER
SOURCE CONVERTFR INVERTFR PL METER
N ). Y
> 7

TFeedback:

' zere crossing

3 TABLES Vamplitude
INVERTER 250 wavel:
220

] 1
) ]
: 1
i i
1
LN N
T > °r
H PARAM PARAM ! ‘B
| 242 244 !
| ! VAR
E CPU ! MSTER
! 240 ! 2
' i
H 1
H 1
1 ]
! }
: ]
i i

(57) Abrégé/Abstract:

A power transfer system provides power factor conditioning of the generated power. Power is received from a local power source,
converted to usable AC power, and the power factor is conditioned to a desired value. The desired value may be a power factor at
or near unity, or the desired power factor may be in response to conditions of the power grid, a tariff established, and/or
determinations made remotely to the local power source. Many sources and power transfer systems can be put together and
controlled as a power source farm to deliver power to the grid having a specific power factor characteristic. The farm may be a
grouping of multiple local customer premises. AC power can also be conditioned prior to use by an AC to DC power supply for
more efficient DC power conversion.

50 rue Victoria ¢ Place du Portage 1 ® Gatineau, (Québec) KI1AOC9 e www.opic.ic.gc.ca i+l

50 Victoria Street e Place du Portage 1 e Gatineau, Quebec KIAO0C9 e www.cipo.ic.gc.ca ( Eal lada



Abstract

A power transfer system provides power factor conditioning of the generated power.
Power is received from a local power source, converted to usable AC power, and the power
factor is conditioned to a desired value. The desired value may be a power factor at or near
unity, or the desired power factor may be in response to conditions of the power grid, a tariff
established, and/or determinations made remotely to the local power source. Many sources and
power transfer systems can be put together and controlled as a power source farm to deliver
power to the grid having a specific power factor characteristic. The farm may be a grouping of
multiple local customer premises. AC power can also be conditioned prior to use by an AC to

DC power supply for more efficient DC power conversion.
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POWER TRANSFER MANAGEMENT FOR LOCAL POWER
SOURCES OF A GRID-TIED LOAD

RELATED APPLICATION INFORMATION

[0001]  This application is a divisional of Canadian Application Serial No. 2,753,094 which
is the national phase of International Application No. PCT/US2010/024780, filed 19 February
2010 and published 26 August 2010 under Publication No. WO 2010/096682.

[0001a] The present application is a non-provisional of U.S. Provisional Patent Application
Serial No. 61/153,940 filed February 19, 2009, entitled "Power Transfer Management for
Local Power Sources of a Grid-Tied Load", and of U.S. Provisional Patent Application Serial
No. 61/165,167 filed March 31, 2009, entitled "Power Transfer Management for Local Power
Sources of a Grid- Tied Load", and of U.S. Provisional Patent Application Serial No.
61/263,239 filed November 20, 2009, entitled "Automatic and Remote Management of Power
Factor in Grid- Tied Solar Photovoltaic Systems", and claims the benefit of priority of said

applications.

FIELD
[0002] Embodiments of the invention relate to power conversion, and embodiments of the
invention more particularly relate to management of power transfer from a local power source

to a load that is tied to a utility power grid.

BACKGROUND

[0003]  There have been many efforts over time to use local power sources to supplement

energy requirements from a utility power grid. Common examples include solar cells with
photovoltaic (PV) inverters. Other examples may use wind energy, or another naturally
occurring source, such as geothermal energy. Such sources are used in tandem with power
drawn from a traditional power grid in the hope of reducing the power (and consequent cost)
drawn from the grid. Such systems are designed to deliver power from the source to a load
that includes both the local load and the power grid. Thus, from the perspective of the local
source looking out, traditional designs lump the local load and the grid as the target for power
delivery from the system. Therefore, in practice such systems have always supplied both real

and reactive power to the local load.
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[0004]  The power transfer from the local source to the local load is typically inefficient,
resulting in the user wasting energy generated locally, which is then drawn from the grid.
Thus, even where a local source may generate significant amounts of energy that would
seemingly satisfy the needs of the local load, the local load typically must also draw real and
reactive power from the grid at measurable cost to the customer.

[0005]  The tariff governing the cost of electricity to utility power grid customers depends
upon many factors, including size of a customer's base load, the time of day that the
electricity is demanded, and the type of power demanded (whether it be active or reactive
power). The tariff structure requires the customer to pay more, for example, if the power is
used during peak demand hours, when the utility has little reserve available for emergencies,
or, for example, if the type of power is active, instead of reactive power.  In general,
residential customers do not pay for reactive power under current tariffs, whereas industrial
customers do.

[0006]  Reactive power is becoming more costly to the utilities to produce than it once
was, for several reasons. First, the demand for reactive power is growing much faster than for
active power, because many new electronic and electrical products are requiring more
reactive power than ever before. These products include plasma and LCD TVs, computer
power supplies, and grid-tie electrical vehicles. Second, reactive power is more costly to
transport down long distance transmission lines than is active power, because it causes
voltage drops approximately 10 times greater than does active power. Third, although
reactive power can be compensated for on the local distribution lines, thereby canceling the
need to build larger generating stations many kilometers away, the compensators are

expensive to buy and maintain.

SUMMARY OF THE INVENTION

[0006a] Accordingly, it is an object of this invention to at least partially overcome some of
the disadvantages of the prior art.

[0006b] Accordingly, in one of its aspects, this invention provides a method comprising:
receiving, at a power converter, direct current (DC) power from a local power source, the
local power source and the power converter electrically located on a same side of a point of

connection to a utility power grid as a local load tied to the power grid, where the local load
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includes a consumer premises of the power grid; receiving characteristic shape and phase
information about a target periodic waveform having a phase with respect to an AC voltage of
the power grid; converting with the power converter the DC power to alternating current
(AC) power to deliver to the local load, including generating an output waveform to generate
a current with output hardware; conditioning a power factor of the AC power by controlling
the phase of the generated current with respect to phase of the voltage of the power grid,
including sampling the output waveform; comparing the output waveform to a corresponding
reference output waveform, the reference output waveform representing an ideal 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 and phase; and
delivering the conditioned AC power on the local load side of the power grid.

[0006¢] In a further aspect, the present invention provides inverter apparatus comprising:
input hardware to receive a direct current (DC) power from a local power source, the local
power source and the inverter electrically located on a same side of a point of connection to a
utility power grid as a local load tied to the power grid, where the local load includes a
consumer premises of the power grid; inverter hardware to convert the DC power to
alternating current (AC) power to deliver to the local load, including receive characteristic
shape and phase information about a target periodic waveform having a phase with respect to
an AC voltage of the power grid and generate an output current waveform based on a
reference output waveform representing an ideal version of the target periodic waveform
based on the received characteristic shape and phase information; power factor conditioning
hardware to condition a power factor of the AC power by controlling the phase of the
generated current output waveform with respect to phase of the voltage of the power grid
including offsetting the reference output waveform to generate the current waveform at a
desired power factor with respect to the AC voltage of the power grid; and output hardware to

deliver the conditioned AC power on the local load side of the power grid.
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[0006d] In yet a further aspect, the present invention provides a method comprising:
receiving, at an AC/DC power supply, alternating current (AC) power; conditioning a power
factor of the AC power by controlling a phase of current of the AC power with respect to
phase of an AC voltage of the power supply, wherein controlling the phase includes adjusting
the phase of the current of the AC power to be in phase with the phase of the AC voltage,
including generating a current waveform based on a reference waveform representing an ideal
version of the AC voltage of the power supply; converting the conditioned AC power into
direct current (DC) power; and delivering the DC power to a load of the power supply.
[0006e] In yet a further aspect, the present invention provides a method comprising:
receiving, at a power converter, direct current (DC) power from a local power source, the
local power source and the power converter electrically located on a same side of a point of
connection to a utility power grid as a local load tied to the power grid, where the local load
includes a consumer premises of the power grid; converting with the power converter the DC
power to alternating current (AC) power to deliver to the local load, including generating a
reactive power component from the DC power, wherein generating the reactive power
component includes generating an AC current waveform based on a reference waveform that
represents an idealized output waveform having a phase relative to an AC voltage waveform
of the power grid, and includes generating the AC current waveform out of phase with respect
to the AC voltage waveform of the grid, based on a table-based phase adjustment; and
delivering the AC power on the local load side of the power grid.

[0006f] In yet a further aspect, the present invention provides an inverter apparatus
comprising: input hardware to receive a direct current (DC) power from a local power source,
the local power source and the inverter electrically located on a same side of a point of
connection to a utility power grid as a local load tied to the power grid, where the local load
includes a consumer premises of the power grid, including the inverter hardware to generate
an AC current waveform based on a reference waveform that represents an idealized output
waveform having a phase relative to an AC voltage waveform of the power grid; inverter
hardware to convert the DC power to alternating current (AC) power to deliver to the local
load, including generate a reactive power component from the DC power and generate the AC

current waveform out of phase with respect to the AC voltage waveform of the grid, based on
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a table-based phase adjustment; and output hardware to deliver the AC power on the local
load side of the power grid.

[0006g] Further aspects of the invention will become apparent upon reading the following
detailed description and drawings, which illustrate the invention and preferred embodiments

of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007]  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.
[0008]  Figures 1-2 cach illustrate a block diagram of an embodiment of a system that

transfers power from a local source to a grid-tied load with power factor conditioning.
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[0009] Figure 3 is a flow diagram of an embodiment of a process for transferring
power from a local source to a grid-tied load with power factor conditioning.

[0010] Figure 4 is a block diagram of an embodiment of a system with multiple
power sources, a power extractor, and multiple AC loads.

[0011] Figure 5 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.

[0012] Figure 6 is a block diagram of an embodiment of a system that controls
harmonic distortion.

[0013] Figure 7 is a block diagram of an embodiment of a system with multiple
power sources, a power extractor, and multiple loads.

[0014] Figure 8 is a block diagram of an embodiment of a power extractor.
[0015] Figures 9-13 each illustrate a block diagram of an embodiment of an
example of power transfer circuitry.

[0016] Figure 14 is a block diagram of an embodiment of cogeneration of power
from a local source and a utility grid to a grid load that neighbors the local source.
10017] Figure 15 is a block diagram of an embodiment of a power factor
enhanced power supply.

[0018] Figures 16A-B illustrate an embodiment of phase, active, and reactive
power that are controlled by power factor conditioning.

[0019] Figure 17 is a block diagram of an embodiment of a system that controls
power factor at a local load.

[0020] Figure 18 is a block diagram of an embodiment of a system that controls
power factor on a grid-facing connection by controlling power factor at a local load.
[0021] Figure 19 is a block diagram of an embodiment of a system that controls
power factor at a grid connection by controlling power factor at a power source farm.
[0022] Figure 20 is a block diagram of an embodiment of a power factor
feedback mechanism.

[0023] Figure 21 is a block diagram of an embodiment of a communication
system to control power factor remotely.

[0024]  Figure 22 is a block diagram of an embodiment of a system that controls
power factor with a master/slave configuration.

[0025] Figure 23 is a block diagram of an embodiment of a control process for

power factor control.
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[0026] 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

[0027] Real-time conditioning of power factor enables more efficient power
transfer from a local source to a grid-tied local load. Additionally, the power transfer
from the source to the load is further improved with reduction of harmonic distortion
in accordance with total harmonic distortion control, and maximum power extraction
from unstable and variable energy sources with dynamic impedance matching.
Current systems that use power from a local source do not condition the power factor
of the generated power from the variable or unstable source. As used herein,
"metastable” refers to a source that may be unstable or variable in its production of
power. Examples of such sources are solar arrays, windmills, or other "green”
sources. As used herein, a "local" load and a "local" source are local with respect to
each other. Local refers to being on the same electrical system with respect to each
other, and more specifically, being on the same side of a power grid point of
connection (e.g., the "line in" from the grid that typically goes through a power meter
and breaker box). Local does not necessarily imply any specific geographic
requirements other than practical limitations for system design that would be apparent
to one skilled in the art.

[0028] In prior systems that attach metastable sources as power sources to a grid-
tied (local) load (e.g., a house, apartment, cabin, or other dwelling), power factor
conditioning is not considered with respect to the grid power. Power factor has not
been considered significant to a utility power consumer, but is rather a consideration
of the power utility and industrial consumers with large inductive machinery. Power
factor correction for utility consumers, especially with respect to power generated
from metastable sources, may not be considered because: a) impedance loads
typically have been thought of as the controller of power factor, not the inverters that
supply power to the load; and, b) in engineering models that consider power flow, the
local load is not usually distinguished from the general load on the side of the utility

power grid (looking out from the local source). Thus, maximizing power transfer to
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the local load is not considered in engineering models concerned with attaching
metastable sources to the power grid.

[0029] However, considering the local load separately from the general load on
the side of the utility power grid, and controlling power transfer to the local load,
including conditioning power factor of the generated power and maximizing power
transfer to the load can result in greatly improved power transfer efficiency.
Additionally, as set forth in more detail below, the use of power factor conditioning
can result in having only real power supplied by the metastable source, and all
reactive power requirements are supplied by the grid. In certain circumstances, the
grid may provide only reactive power, and no real power to the load.

[0030] Figure 1 is a block diagram of an embodiment of a system that transfers
power from a local source to a grid-tied load with power factor conditioning. System
100 represents a power system that includes metastable source 110, inverter 120, load
7102, and utility power grid 130. Load Z102 represents a consumer premises (e.g., a
home) tied to grid 130. Metastable source 110 (e.g., solar cells/array, wind power
generator, or other time-varying or green power source) and inverter 120 are local to
load Z102, and provide power to the load. More particularly, metastable source 110
produces a variable/unstable source of DC power (shown as Psource, or source
power). The source may be time-varying and/or change in available power due to
environmental conditions. Inverter 120 represents a dynamic power extractor and
inverter apparatus.

[0031] Under normal operation, DC power is drawn from source 110, and
extracted, inverted, and dynamically treated by inverter 120, to dynamically produce
maximum AC current relatively free of harmonic distortion and variability, and
completely in phase with the AC voltage signal from power grid 130. Putting the
generated AC current in phase with the grid AC voltage produces AC power with a
power factor at or near unity to load Z102, meaning that all reactive power drawn by
the load comes from grid 130. If source 110 produces enough energy to satisfy the
real power requirements of load Z102, the only AC power drawn from grid 130 by the
load is, or nearly is, exclusively reactive power. When source 110 is unable to
produce DC power sufficient to serve the load, real power may also be drawn from
the grid in the ordinary fashion.

[0032] Alternatively, as described in more detail below, the AC current may be

intentionally changed to be out of phase to a certain extent with respect to the AC
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voltage signal of the grid. Thus, the single inverter 120 can deliver power at any
desired power factor to compensate for conditions of power on power grid 130.
[0033] The inverter current (linverter) and the grid current (Igrid) are shown
pointed towards grid 130, illustrating the scenario where sufficient energy is produced
by source 110 to actually service Z102 with the load current (IL), and "give back” to
the grid. Power can be given back generally to the grid, and the customer can be
appropriately compensated for power provided to the grid. Additionally, a give back
scenario can involve providing power to a neighbor customer, as described in more
detail below with respect to Figure 14.

[0034] Grid 130 includes power meter 132, which measures the real power
consumed by load Z102. Typically, the voltage and current are measured, and the
power computed. Note that in the case where only reactive power is drawn from the
grid, power meter 132 will not measure any power usage by load Z102.

[0035] As discussed, in one embodiment, the power factor delivered by inverter
120 to load Z102 is at or near 1.0 for introduction to the local load and to the power
grid. In addition to power factor correction, inverter 120 provides harmonic distortion
correction, In one embodiment, inverter 120 provides table-based harmonic distortion
correction. Previous harmonic distortion techniques use a hardware-based method or
Fast Fourier Transform (FFT). The table-based method implemented on a processor
or controller reduces cost per inverter and scales better than typical hardware
implementations.

[0036] In addition to causing a power factor near or at unity for power delivered
from inverter 120, inverter also monitors the operating conditions, and provides
maximum power from the source 110 dynamically and in real time with changes in
the energy source and current load. Thus, if the amount of energy generated by source
110 changes, inverter 120 can modify the output based on that source in real time.
Additionally, if the resistive conditions of load Z102 (e.g., an inductive motor such as
a vacuum is turned on), power factor correction automatically tracks the needs of the
load and adjusts to the real-time changes in the load. Additionally, total harmonic
distortion adjusts for harmonic distortion more efficiently than what is required by
standards, thus complying with standards and improving performance of the system
by dynamically adjusting to variable and unstable power sources, and to a changing

load.
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[0037] Tt will be understood that if the output voltage and current of inverter 120
are matched in phase with each other and with the voltage on the grid (e.g., through a
phase lock loop, or through a power generation sampling and feedback mechanism),
any reactive power necessary will be absorbed from the grid. The more real power
provided by source 110, the further out of phase the grid voltage and the grid current
will be locally at Z102. If all real power is provided locally, the current and voltage of
the grid will be 90 degrees out of phase locally at load Z102, causing the grid real
power contribution to fall to 0 (recall that Preal=(Vmax*Imax/2)cos(Vphase-Iphase)).
[0038] Figure 2 is a block diagram of an embodiment of a system that transfers
power from a local source to a grid-tied load with power factor conditioning. System
200 provides one example of system 100 of Figure 1. Metastable source 210 is a
variable or unstable power source. System 200 includes inverter 220, which includes
DC/DC converter 222, coupled to DC/AC inverter 224, both of which are coupled to
and controlled by controller (CPU) 240. Additionally, switching device S226 (e.g., a
relay) selectively connects the inverter to load Z202 and grid 230.

[0039] Controller 240 monitors the AC current, which moves out of DC/AC
inverter 224, and the generated voltage of grid 230, which appears across load Z202.
Controller 240 controls at least one parameter, parameter 242, of the operation of
converter 222, and parameter 244, of the operation of inverter 224. Parameters 242
and/or 244 may be a duty cycle of a switching signal of the power extraction devices
(see figures below for further description). The modification of the parameter is
dependent on the quality of the monitored current and voltage. Controller 240 further
controls switching device S226 to couple the load to power produced (by converter
222 and inverter 224 from source 210), when suitably conditioned power is available
for use by the load.

[0040] In operation, controller 240 dynamically monitors the operation of the
system to extract and produce AC current from source 210 at a selected power factor
(e.g., fully in phase or at some other phase) with respect to the AC voltage provided
by grid 230. When the current is sufficiently conditioned and abundant for use with
the load, the load and the grid are presented with the full maximum real power,
meaning primarily or only reactive power is drawn from the power grid. Because
power meter 232 registers only real power drawn from grid 230 by load 2202, and not

reactive power, the real power drawn by the local load is not billed.

CA 2971903 2017-06-27



[0041] In one embodiment, utility power grid 230 includes var (volt-amperes
reactive) meter 234 to monitor the use of vars by load Z202. The vars may be
monitored by performing measurements based on the phase of the current and voltage
of the grid power at the load, and performing calculations based on the measured
values.

[0042] In one embodiment, inverter 220 includes tables 250, which provides a
table-based method for controlling power factor. The tables may include entries that
are obtained based on input conditions measured from the system, to achieve a desired
power factor. Feedback from the grid-tied node may include voltage zero crossing,
voltage amplitude, and current waveform information. With such information,
controller 240 uses tables 250 to adjust the operation of converter 222 and/or inverter
224, The tables may include setpoints that provide idealized output signals the system
attempts to create. By matching output performance to an idealized representation of
the input power, better system performance is possible than simply attempting to filter
and adjust the output in traditional ways.

[0043] While certain specific discussions are provided above with respect to
systems 100 and 200, in general, the systems may be further described by the
following. Metastable DC power is dynamically treated with an apparatus to produce
maximum AC power at unity power factor and low harmonic distortion. An apparatus
could be provided having circuitry to couple the metastable source to the load, such as
connecting to the load's grid connection. The apparatus may include a DC/DC
converter and a DC/AC converter (inverter) having at least one dynamically
modifiable parameter (e.g., duty cycle of a switching control component, pulse train
period of a pulse train used to construct a signal), controlled by a power generation
controller.

[0044] The controller dynamically modifies the parameters to produce low-
distortion AC current. In one embodiment, the AC current is entirely in phase with the
voltage provided by the grid, thus having a power factor near unity, so that all or most
of the actual real power requirements are provided by the apparatus. Consequently,
only or mostly reactive power, if any, would be drawn from the grid. Such an
approach maximizes the benefit of treating the load with energy drawn from the
metastable DC energy source, while minimizing the cost of drawing energy from the

grid.
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[0045] In one embodiment, the dynamic modification of the parameters is
performed with a table-based method for adaptively modifying the produced AC
current waveform to correct power-factor and to reduce total harmonic distortion.
Additionally, the energy transfer is maximized by the use of a dynamic means to
extract power, such as described in Besser et al., Multi Source, Multi-load Systems
with a Power Extractor, U.S. Publication No. 2008/0122518 Al, and as described in
more detail below with respect to Figure 4.

[0046] Figure 3 is a flow diagram of an embodiment of a process for transferring
power from a local source to a grid-tied load with power factor conditioning. 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. Additionally, it will be understood that not all operations
illustrated and discussed are necessary in every embodiment — some operations may
be optional.

[0047] The operation of an apparatus as discussed above with respect to dynamic
conditioning may be described nominally in four parts. In a first part (e.g., 302-308),
the AC voltage created by the apparatus is conditioned to be fully in phase with the
AC voltage of the utility power grid. The conditioning brings the generated AC
voltage into phase with the grid voltage. In the second part (e.g., 310-314), one or
more parameters of the converters are controlled until the AC current derived from
the apparatus is conditioned to be in a desired phase with respect to the AC voltage of
the utility power grid (which is also in phase with the generated AC voltage). In one
embodiment, the desired phase is fully in phase; thus, the power factor of the
generated power is brought to unity. In the third part (e.g., 318-320), the one or more
parameters can be further controlled until the total harmonic distortion of the AC
current from the apparatus is reduced to a satisfactory level. In the fourth part (e.g.,
322-326), the one or more parameters can be controlled to extract and provide

maximum real power from the DC power source in a non-variable, constant manner.
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[0048] In the first part, the voltage of the generated AC power is phase locked to
the phase of the voltage of the grid, 302. The source power is received, 304, and
converted into AC voltage and current, 306. The voltage of the grid can be measured
and the phase of the generated AC voltage locked to the phase of the grid, 308. The
AC voltage on the utility grid, across the local load, is periodically monitored by the
controller, for example, with phase lock looping, and the one or more parameters is
modified, until the inverter AC voltage is in phase with the power grid voltage.
[0049] In the second part, the power factor is conditioned, 310. The AC current
produced by the inverter is monitored at a periodic interval rate, and the grid voltage
phase is detected, 312. In one embodiment, the periodic interval rate of monitoring the
AC current is performed not fewer than 320 times per second. Dynamical
modification of the inverter parameter, based on a table of pre-defined values, occurs
until the alternating AC current produced by the inverter is at, or nearly in phase with,
the utility grid voltage across the load. Thus, the phase of the generated AC current is
locked to the grid voltage phase, 314.

[0050] In the third part, the AC current generated by the apparatus is further
conditioned to reduce total harmonic distortion, 316. The output signal being
generated is measured or sampled, 318, and the output signal is adjusted based on an
ideal signal through table lookup, 320. For example, the controller may dynamically
modify a table of sine-wave values during each periodic 1/320 second interval until
the total harmonic distortion satisfies a predetermined tolerance.

[0051] In the fourth part, the DC power is maximized, which results in the
maximum power transfer. The apparatus can impedance match between the source
and the load. The controller modifies a power extractor parameter (€.g., a parameter
212, 222, of the apparatus) to maximize the extracted current under then-current
conditions, 326. Such power conversion can be performed as described more below.
[0052] Figure 4 is a block diagram of an embodiment of a system with multiple
power sources, a power extractor, and multiple AC loads. System 400 represents a
power transfer system having an inverter. As understood in the art, an inverter is an
electronic device or system that produces alternating current (AC) from direct current
(DC). Generally the DC to AC conversion is accomplished as a conversion of square-
wave DC current to sinusoidal AC current. The inverter is generally the critical
component in traditional photovoltaic (PV) and other renewable energy systems

seeing it is responsible for the control of electricity flow between these energy
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systems and various electrical loads. The inverter performs the conversion of the
variable DC source to a clean 50-60 Hz sinusoidal alternating current (AC). Inverters
also perform maximum power point tracking (MPPT) ostensibly to keep power
generation as efficient as possible. An inverter as described herein may also have a
communications interface to a central station for the transmission of statistics and
alerts.

[0053] As illustrated, power extractor 422 may be a component of inverter 420.
Thus, the inverter system may include a power extractor as the power transfer
element. System 400 includes one or more power sources 412-414, which can be
dynamically coupled and decoupled to power extractor 422 to provide DC current. In
addition to power transfer, in system 400 inversion circuitry 424 acts as a consumer of
the output of power extractor 422. One or muitiple AC loads 442-444 may be
selectively, dynamically coupled and decoupled to inverter 420 to receive power from
inversion circuitry 424,

[0054] Inversion circuitry 424 generally converts the efficiently-transferred output
power of power extractor 422 and converts and filters the power in an efficient
manner. The result is an inverter of much higher efficiency than systems implemented
with traditional technologies. Discussions herein with regards to power distribution
strategy, distributing power to one or more loads, or other power transferring, applies
equally well to system 400 as it does to other described embodiments. Similar issues
of monitoring output power will be applied in inversion circuitry 424 as are
performed in power extractor 422. The mechanisms for monitoring the power output
may be different in inversion circuitry 424 than that of power extractor 422.

[0055] Inversion circuitry 424 is an algorithmically operated non-linear current
mode power converter. Inverter 420, via inversion circuitry 424, uses a geometric
structure or topology to perform its current switching from output provided by power
extractor 422, The current switching topology technology converts DC power into AC
power under microprocessor control. The microprocessor may be a separate
microprocessor than what may be employed in power extractor 422. The load
requirements of AC loads 442-444 for voltage, frequency, and/or phase may be
sensed under software control and thereby implemented to a desired voltage,
frequency, and/or phase. Alternatively, or additionally (for example, as an override),
the load requirements for voltage, frequency, and/or phase may be confi guration

controlled.
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[0056] Load monitor 426 represents one or more components, whether hardware,
software, or a combination (e.g., hardware with installed firmware control), which
monitors the output of inversion circuitry 424 for voltage (V), frequency (FREQ),
and/or phase. Based on what is detected, and/or based on rules or external input, load
monitor 426 can provide configuration to inversion circuitry 424. Note that even
when load monitor 426 is implemented in hardware, its input into inversion circuitry
424 can be considered "software control” if input into a microprocessor of inversion
circuitry 424. Load monitor 426 may also include a communication connection (not
shown) to, for example, a central station that sends configuration parameters that are
passed to inversion circuitry 424.

[0057] Additionally, or alternatively, to load monitor 426, inverter 420 may
include more "manual” configuration mechanisms. Such configuration mechanisms
may include switches (for example, commonly used configuration "DIP" (dual in-line
package) switches. Other switches or comparable mechanisms could also be used.
DIP switches typically have a row of sliders or rockers (or even screw-type rotational
mechanisms) that can be set to one or another position. Each switch position may
configure a different item, or the composite of all the switch positions can provide a
binary "number" input to a microprocessor. Frequency selection 432 represents a
configuration mechanism to set the output frequency of inverter 420. Voltage
selection 434 can be used to select the output voltage of inverter 420. Phase selection
436 can be used to select the output phase of inverter 420. The use of frequency
selection 432, voltage selection 434, and phase selection 436 can enable inverter 420
to operate correctly even in cases where voltage, frequency, or phase information is
provided incorrectly from a grid on which inverter 420 operates.

[0058] Figure 5 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 500 includes power source 504, load 506, and
output and control system 502. Power path 510 represents the path of electrical power
from source 504 to load 506, as controlled by output system 502.

[0059] Output system 502 includes input power converter 520 to receive input
power from source 504 and convert it to another form (e.g., DC to AC). Input power
converter 520 includes hardware components for receiving a power signal to convert,
and may include appropriate power components. In one embodiment, input power

converter 520 implements dynamic impedance matching, which enables the input
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electronics to transfer maximum power from source 504. 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 520 may receive control signals or
information from controller 530, as well as providing input to indicate operation of
the converter.

[0060] Input feedforward 512 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 530. Controller 530 controls input
power converter 520 based on the input information about the input power. Controller
530 represents any type of processor controller that may be embedded in output
system 502. Controller 530 may be or include any type of microcontroller, digital
signal processor (DSP), logic array, or other control logic. Additionally, controller
530 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.

[0061] Controller 530 drives programmable waveform generator 540 to generate
the desired output waveform. Generator 540 also lies on power path 510, and receives
input power from input power converter 520 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 5. Other power conversions can be accomplished similarly as shown and
described. In one embodiment, generator 540 includes a PWM to generate output
waveform 508. Generator 540 receives control signals and information from
controller 530, and may provide status or operations information or feedback to
controller 530. The output waveform may be either current or voltage.

10062] Output system 502 is able to incorporate specific timing, phasing, or other
frequency information, into generating output waveform 508. 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 502 as output sync 514. In a system where the output is
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anticipated (e.g., connecting to an electrical grid), certain voltage, timing, or other
information may be expected (e.g., 520V 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.

[0063] Controller 530 also measures output feedback 516 off power path 510, to
determine the actual output generated by generator 540. The actual output is
compared to an ideal reference to determine if the desired output is being generated.
In one embodiment, output feedback 516 is an abstraction to represent output
measurement by controller 530, and does not include separate components in itself. In
one embodiment, output feedback 516 includes a sampling mechanism or other data
selection mechanism to compare to the ideal reference signal. If output feedback 516
includes components separate from controller 530, it may be driven by controller 530,
and receive comparison data from controller 530 and provide error or feedback
information. In one embodiment, output feedback 516 is understood to include at least
hardware components necessary for a feedback control process to interface with the
output lines. Additionally, output feedback 516 may include other hardware for
performing measurements, computations, and/or performing processing.

[0064] Both output sync 514 and output feedback 516 may be considered
feedback loops. It will be understood that output sync 514 and output feedback 516
are not the same thing, and serve different purposes. Output sync 514 indicates what
the ideal reference signal should look like, as stored in reference waveform table 532.
Output feedback 516 indicates how the actual output varies from the reference signal.
Update table 534 represents data generated in response to output feedback 516. In one
embodiment, output sync 514 is based on voltage information on the output of power
path 510, while output feedback 516 is based on output current generated at the output
of power path 510.

[0065] Based on output sync 514 (or based on an initial estimate of the output
sync), output system 502 stores and/or generates reference waveform table 532, which
represents an ideal form of the output waveform desired to be generated by generator
540, Reference waveform table 532 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 532 may alternatively be referred to as a reference waveform source.
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[0066] Based on output feedback 516, output system 502 generates update table
534. Update table 534 includes entries or points to indicate how to modify the
operation of generator 540 to provide an output more closely matching the waveform
of reference waveform table 532. While indicated as a table, update table 534 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 534 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 530. In one
embodiment, each value of update table 534 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 540 to cause the output signal to converge on the desired ideal
waveform.

[0067] From one perspective, output system 502 can be viewed as having five
features or components. While these features are depicted in Figure 5 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.

[0068] 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 514. Feature 2 includes reference
waveform table 532, which may include a table of data or an equation within software
that represents the ideal form of output waveform 508. Feature 3 includes controller
530, which may be or include a software algorithm that compares the actual output
waveform generated by generator 540 with the ideal tabular representation as
represented by reference waveform table 532. Feature 4 includes an algorithm within
controller 530 that computes or otherwise selects and generates update data

represented by update table 534. Feature 5 includes generator 540 that uses the update
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data from update table 534 to generate output waveform 508 of the desired shape,
proportion, timing, and phase.

{0069] With regard to Feature 1, the specific timing, phasing, or other frequency
information provides synchronization information to the comparison and update
algorithms in controller 530. The information may come by way of a table, equation,
sampling of real-time hardware monitored signals, or other source.

[0070] 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 532 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.

[0071] With regard to Feature 3, controller 530 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
error data, point by point. In one embodiment, the controller can process multiple
points at once instead of point-by-point.

[0072] With regard to Feature 4, controller 530 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
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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.

[0073] With regard to Feature 5, the new data values represented by update table
534 are applied to hardware in generator 540 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.

[0074] Figure 6 is a block diagram of an embodiment of a system that controls
harmonic distortion. In one embodiment, system 600 of Figure 6 is an example of a
grid-tied power conversion system implementing system 500 of Figure 5. Thus, input
602 may correspond to input power from source 502, and output 650 may correspond
to an output at load 506. In one embodiment, system 600 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.

[0075] System 600 inverts input DC power 602 into output AC power at output
650. In one embodiment, the voltage and current at output 650 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
650, but the current is not. Regulations UL 1247 require that the current be reduced in
harmonic distortion. As illustrated, system 600 provides at least the formation of an
ideal sinusoidal waveform, shifted in phase from the fixed voltage of the grid, yet
undistorted in aspect.

[0076] In one embodiment, the operations of system 600 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
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respect to system 600 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 wavetform
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.

[0077] The main power flow-through path in one embodiment occurs as follows:
Input 602 is DC input power. PWM generator 630 drives DC-to-AC converter 642
using a table of updated values (PWM table entry update 680). In one embodiment,
update table 680 corresponds with table 540 of Figure 5. Input DC power 602 passes
into DC-to-AC converter 642 of inverter hardware 640, and leaves as output AC
current waveform 650. Current waveform detector 644 detects the current waveform
at output 650. The input waveform is illustrated at PWM generator 630 as a perfect
sine wave, and distorted at current waveform detector 644. 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 640 also includes voltage waveform detector
646, which generates sync information 648, which corresponds to the output sync
information of Figure 5.

[0078] The control loop flow detecting and implementing the feedback occurs as
follows: Information about the DC input power 604 and input phase shift information
606 refines a reference ideal waveform 610. The reference ideal waveform, as
discussed above, can be stored as a table, In one embodiment, simultaneously the
output of PWM generator 630 is peak detected 622 and allowed to scale the ideal
table in reference waveform level control 624. The output of level control 624 is the
instantaneous ideal waveform desired. The reference waveform from reference
waveform level control 624 and the actual output is received at PID (proportional-
integral-derivative) controller 660.

[0079] PID controller 660 includes PWM table error detector 662, which receives
the scaled reference waveform and the actual output waveform. The error becomes

the error input for proportional error block 664, integral error block 666, and
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derivative error block 668. The sum of the error signals is PWM table error sum 669,
which provides the PID controller output to PWM table entry update 680. These
updated table values are fed back into PWM generator 630 and drive the generator to
adjust the output of inverter hardware 640, to converge the output signal to reference
waveform 610.

[0080] Figure 7 is a block diagram of an embodiment of a system with multiple
power sources, a power extractor, and multiple loads. System 700 provides a general
use case scenario for power extractor 730. Power extractor 730 is an example of a
power extractor according to any embodiment described herein. There may be one or
more power sources 712-714 coupled to power extractor 730. Note that different
power sources may require different coupling hardware. Input coupling hardware 720
includes interface circuits that couple the input power sources to power extractor 730.
In some embodiments, interface circuit 722 is different from interface circuit 724.
However, they may be the same.

[0081] Power sources 712-714 may be any type of DC power source (referred to
as a power source or an energy source). In general, examples of DC power sources
that may be used in accordance with embodiments of a power extractor include, but
are not limited to, photovoltaic cells or panels, a battery or batteries, and sources that
derive power through wind, water (e.g., hydro-electric), tidal forces, heat (e.g.,
thermal couple), hydrogen power generation, gas power generation, radioactive,
mechanical deformation, piezo-electric, and motion (e.g., human motion such as
walking, running, or other motion). More specifically with respect to the grid-tied
systems discussed herein, power sources 712-714 include any power source capable
of providing power to a grid-tied load.

[0082] In general, power sources may include natural energy sources and man-
made power sources, and may be stable (providing an essentially constant power but
variable in magnitude) and unstable (providing power that varies over time). Input
coupling hardware 720 may be considered to include the entire interface (e.g., from
the cable/wire/trace to the connector/pin to the circuitry), or simply include the
interface circuitry, The interface circuitry may include any type of discrete
components (e.g., resistors, capacitors, inductors/transformers, diodes, or other
electronics components) as is described herein, and as may otherwise be known in the

art.
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[0083] Additionally, in some embodiments, input coupling hardware 720 includes
switches (e.g., power field effect transistors (FETSs)) or other similar mechanisms that
enable one or more power sources to be selectively disconnected or decoupled from
power extractor 730. The coupling and decoupling of power sources can be
performed, for example, via control signals from a management portion of the power
extractor.

[0084] Similar to the input side, either power extractor 730 includes, or else there
is coupled to power extractor 730 in system 700, output coupling hardware 740.
Output coupling hardware 740 includes interface elements 742-744. There may be a
one-to-one relationship between interface elements 742-744 and loads 752-754, but
such a relationship is not strictly necessary. One or more loads can be coupled via the
same output coupling hardware. A similar configuration can exist in input coupling
hardware 720 — the relationship of elements to sources may be one-to-one, or some
other ratio. With a ratio other than one-to-one, there may be restrictions on selectively
bringing individual sources or loads on- and off-line. Such restrictions could result in
reduced efficiency (from an ideal otherwise potentially achievable) in impedance
matching, though group matching may not necessarily be less efficient. Thus, loads
and/or sources may be handled as groups, which can then be brought online or offline
as a group, and impedance matched as a group.

[0085] Loads 752-754 may also be selectively coupled to power extractor 730 via
output coupling hardware 740. One or more loads may be coupled or decoupled via a
control signal in accordance with a management strategy. Power transfer manager 734
generally represents any type of power transfer management circuit, and may include
one or more processing circuitry elements, such as microprocessors, field
programmable gate arrays (FPGA), application specific integrated circuits (ASIC),
programmable logic arrays (PLAs), microcontrollers, or other hardware control logic.
Management of the power transfer is performed by power transfer manager 734,
which can be considered to operate according to a power transfer management
strategy. Such a strategy controls how power will be transferred, or how power
transfer manager 734 will operate to manage power transfer. Operation to manage
power transfer may include setting output lines to an active or inactive state (e.g.,
toggling a microprocessor I/O pin), or otherwise sending configuration controls to

other circuits.
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[0086] Power transfer manager 734 monitors the input power for power changes
to determine how to control the operation of power transfer circuitry 732. Power
transfer circuitry 732 is described in more detail below, and generally enables power
extractor 730 to convert power from the sources into power to deliver to the loads. It
will be understood that with the ability to selectively couple and decouple sources and
loads, power transfer manager 734 may include logic to adjust the power transfer
according to any of a number of power transfer scenarios. Such ability enables
dynamic system configuration changes while power extractor 730 maintains transfer
efficiency.

[0087] Power transfer manager 734 and power extractor 730 can dynamically and
continuously adjust to system configurations, as well as continuously monitoring
input and/or output power curves. The logic accounts for the needs of the load(s), and
the input of the source(s). In some embodiments, the needs of the loads can be
determined by monitoring hardware. A simpler method is to include power profiles of
the intended loads, which informs power transfer manager 734 how to control the
output for particular loads. Power transfer manager 734 can identify which loads are
present, and thus which profiles are applicable, based on load detection/monitoring,
and/or via indication of a load by an external source (e.g., the load itself sends a signal
such a triggering a load pin on a microprocessor, or a system management entity
indicates which loads are present).

[0088] One inefficiency of traditional systems is the "always on" aspect to the
switching supplies. Traditional power transfer technology consumed power even
when the loads did not require power, and/or even when a source was not available.
Thus, some part of the power transfer circuitry was always consuming power. In some
embodiments, power transfer manager 734 can automatically turn power extractor
730 on and off based on the presence of power and/or load. Thus, for example, power
transfer manager 734 may automatically enter a sleep state if the input power drops
below a threshold (e.g., 1.0mA at 5V). When the power is above the threshold, power
transfer manager 734 may determine whether any loads are or should be connected. In
the absence of source and/or load, power transfer manager 734 may not provide
control signals, which results in no power transfer, or may produce signals to
deactivate active circuitry. Power transfer manager 734 can be sophisticated and also
or alternatively include a timer mechanism that enables the system to wake up after a

period of time (e.g., 5 minutes) to re-check on the status of the system.
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[0089] In some embodiments, the concepts of power management as embodied by
power transfer manager 734 may be considered to include multiple aspects. For
example, power management may include business rules and control, where each rule
may control a different aspect of power control, or control the same power control
aspect in a different manner. Business rules and control may be implemented as
hardware, software, or some combination. The business rules may be broken down
into planning rules, which are strategic rules that may look at impedance matching or
monitor the power curve. Organizational rules may be tactical rules that determine
how to deal with the multiple inputs and multiple outputs. The rules may provide
and/or implement parameters that provide the particular functionality of power
extractor 730. The control can implement actions or put into effect the business rules.
For example, in some embodiments, impedance matching may match only a single
power source. Selective matching would be performed for the input source that makes
the most sense to match.

[0090] In some embodiments, determining how to transfer power to the loads or
determining a power transfer strategy includes determining or identifying and
selecting power distribution rules. The power transfer then occurs in accordance with
the selected power distribution rule. Power distribution rules can be simple or
complex, and may be generally classified as follows.

[0091] Hierarchical rules result in a simple precedence of one load over another.
As source power fluctuates up and down, the power transferred to the loads may be to
give preferential treatment to one load over the other. An example may be to favor the
operational circuitry of a mission-critical device, while giving lower preference to a
recharging one of several backup batteries.

[0092] Round robin rules institute a schedule for distributing power. For example,
power can be distributed to one load for a period of time, then to another, then to
another. Thus, all loads would receive some portion of distributed power in a given
period of time. Allocation-based rules may institute fixed allocations for each load.
For example, a system may allocate 80% of all distributed power to charging a main
battery, leaving 20% for one or more other loads.

[0093] Time based rules allow the distribution of power to be based on the time of
day, or time of week. For example, a system can be programmed with a sunrise/sunset
schedule and have logic to determine peak sun hours. Thus, power may be expected to

be at a peak from a solar panel at particular times of day. Based on the time of day,
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the system may distribute power according to one strategy or another. In another
scenario, a system may have historical data that indicates peak load use. Power may
be distributed at certain times of day according to the expected use. Note that as
described below, peak input power and peak load may be actively determined and
dynamically accounted for. Time based rules may then act as a framework for other
rules to be applied. For example, during certain times of day, a round robin may be
used, while a demand based strategy is employed at other times of day.

[0094] Functionality based rules enable the system to allocate power according to
the load's functionality or purpose in the system. For example, in a pacemaker, the
functional circuitry can be given priority over battery charging. Similarly,
navigational equipment may be given a preferential treatment over cabin lights in an
aircraft. Demand based rules can adjust the power transfer to be commensurate to
demand of the loads. Demand based rules may require the addition of detection
circuitry (not shown) in output coupling hardware 740. In some embodiments, power
extractor 730 includes load balancing logic (hardware and/or software) to implement
demand based rules. In some embodiments, command based rules can also be applied.
That is, a central station or other control entity can provide a rule for how power
should be distributed, which may override any other rules or conditions already in the
system.

[0095] As already suggested, the power distribution rules can be applied
consistently, or may be adjusted for any of a number of scenarios (e.g., change in
demand, time of day, number/strength of power sources, or other variable condition).
[0096] Power transfer manager 734 may include or have associated impedance
control 736. Impedance control 736 may refer to hardware and software that matches
the impedance of input coupling hardware 720 and/or output coupling hardware 740
with associated sources or loads, respectively. Techniques for impedance matching
are described above, and will not be repeated here.

[0097] Figure 8 is a block diagram of an embodiment of a power extractor. Power
change analysis circuitry 820 includes power change detection circuitry 830. Power
transfer circuitry 870 includes circuits 872, 8§74, and 876. Circuits 872 and 876
include transformer T1 (including inductors L1 and L3) and transformer T2
(including inductors L2 and L4). Circuit 874 includes capacitors C1 and C2 and node
NS5 separating C1 and C2, and connected to inductors L3 and L4. Power source 802 is

coupled to inductor L1 through conductor 804 of node N1, an interface connector, and
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anode N1*. The (*) designates the effective node, or the equivalent node seen
looking into the system from the outside (N1* is seen from source 802, and N2* is
seen from load 890). As an example, the interface connector may be a plug receptacle.
If the impedance difference between N1, the interface connector, and N1* are
relatively small, then they may be considered one node. Otherwise, they may be
considered more than one mode. Likewise with node N2*, a corresponding interface
connector, and node N2. Inductor L1 is between nodes N1* and N3, and inductor L2
is between nodes N4 and N2*.

[0098] Power change detection circuitry 830 detects a power change of power at
node N1* and provides a switching control signal on conductor 838 (from element
836) to one input of comparison circuit 840. In one embodiment, power change
detection circuitry 830 detects a slope of the power change and may be called power
slope detection circuitry 830, and provide a power slope indication signal. In one
embodiment, the power slope is an instantaneous power slope. Another input of
comparison circuit 840 receives a waveform such as a saw tooth wave from waveform
generator circuit 826. Comparison circuit 840 controls a duty cycle of switches S1 and
$2. In one embodiment, S1 and S2 are not both open or both closed at the same time
(with the possible exception of brief transitions when they are switching). Waveform
generator circuit 826 and comparison circuit 840 are examples of circuitry in
switching control circuitry 880.

[0099] When S1 is closed, electromagnetic fields change in T1 and T2 while the
electrostatic potential across C1 and C2 is altered and energy from power source 802
is distributed electromagnetically into T1 and T2, while electrostatically in C1 and
C2. When S1 opens, S2 closes and the magnetic flux in T1 begins to decrease. Thus,
the energy stored in T1 flows through N3 to capacitors C1 and C2 of circuit 874,
depositing some of the energy as an electrostatic field onto C1 and C2, and some of
the energy into T2 of circuit 876 through node N5 and inductor L4. The residual flux
in T2 also begins to decrease, transferring energy into load 890 through N2. When S1
closes and S2 opens again, the magnetic flux in T1 begins to increase while the
magnetic flux T2 also increases as it consumes some of the electrostatic energy that
was previously stored onto C1 and C2. Thus energy stored in circuit 874 is discharged
and transferred to T2 and the load. By driving the switches at a proper frequency, T1
and T2 can be driven to saturation, resulting in an efficient transfer of energy from

source 802 to the load.
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[0100] Multi-phase energy transfer combines two or more phased inputs to
produce a resultant flux in a magnetic core equivalent to the angular bisector of the
inputs. (Note: an angle bisector of an angle is known to be the locus of points
equidistant from the two rays (half-lines) forming the angle.) In this embodiment of
the power extractor, capacitors C1 and C2 are used to shift the phase of the current
that is applied to the secondary winding of T1 and T2 (L3 and L4 respectively). Thus,
multi-phased inputs are applied to the cores of T2 and T3. The summation of the
multiphase inputs alter the electromotive force that present during the increase and
reduction of flux in the transformer's primary windings L1 and L3. The result is the
neutralization (within the bandwidth of the operational frequency of the power
extractor) of high frequency variations in the reactive component of the impedance
that circuits 872 and 876 exhibit to the source and load respectively. Circuits 872 and
876 may be multiphase bisector energy transfer circuits to cause the multiphase
bisector energy transfer and to interface with circuit 874.

[0101] Due to the dynamic properties of circuit 872, power source 102 "sees" an
equivalent impedance at inductor L1 of power extractor 810. Likewise, with inductor
L2 and load 890. The input and output impedances of power extractor 810 are
adjusted by controlling the duty cycle of S1 and S2. Optimal matching of impedances
to the power source 802 occurs when maximum power extraction from the power
source is achieved.

[0102] Power slope detection circuitry 830, power change indication signal, and
comparison circuitry 840 are part of a control loop that controls the duty cycle of
switching circuitry 850 to achieve maximum power extraction (i.c., AP/AV = 0) from
power source 802. The control loop may also control the switching frequency of
switching circuitry 850 to influence the efficiency of power transfer through the
power transfer circuitry 870. Merely as an example, the frequency may be in the range
of 100 KHz to 250 KHz depending on saturation limits of inductors. However, in
other embodiments, the frequencies may be substantially different. The size and other
aspects of the inductors and associated cores and other components such as capacitors
can be chosen to meet various criterion including a desired power transfer ability,
efficiency, and available space. In some embodiments, the frequency can be changed
by changing the frequency of the waveform from waveform generator circuit 826. In

some embodiments, the frequency is controlled by a control loop as a function of
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whether an on-time rise of current is between a minimum and maximum current in an
energy transfer circuit.

[0103] As used herein, the duty cycle of switching circuitry 850 is the ratio of the
on-time of S1 to the total on-time of S1 and S2 (i.e., duty cycle = S1/ (S1452)). The
duty cycle could be defined by a different ratio associated with S1 and/or S2 in other
embodiments. When the voltages of power source 802 and load 890 are equal and the
duty cycle is 50%, there is zero power transfer through power extractor 810 in some
embodiments. If the voltages of power source 802 and load 890 are different, a higher
or lower duty cycle may cause zero power transfer through power extractor 810.
Thus, a particular duty cycle of switching circuitry 850 is not tied to a particular
direction or amount of power transfer through power transfer circuitry 870.

[0104] It will be understood that the power change can be continuously detected
and the switching control signal can be continuously updated. Using analog circuits is
one way to perform continuous detection and updating. Using digital circuits (such as
a processor) is another way to perform continuous detection and switching control
signal updating. Even though the updating from some digital circuits may in some
sense not be exactly continuous, it may be considered continuous when for all
practical purposes it produces the same result as truly continuous updating. As an
example, the updating of the switching control signal is also considered continuous
when the frequency of change is outside the control loop bandwidth. In some cases,
the updating of the switching control signal also could be considered continuous when
the frequency ot change is within the control bandwidth. Merely as an example, in
some implementations, the control loop bandwidth may be around 800 Hz. In other
embodiments, the control loop bandwidth is higher than 800 Hz, and perhaps much
higher than 800 Hz. In still other embodiments, the control loop bandwidth is lower
than 800 Hz and depending on the desired implementation and performance may be
lower than 400 Hz.

[0105] A processor/ASIC and/or field programmable gate array (FPGA) 822
(hereinafter processor 822), scaling circuitry 824, current sensors (CS) 862 and 864
may also be included. Processor 822 receives signals indicative of the sensed current
as well as voltage of node N1*. Letters A and B show connections between the
current sensors and processor 822. In one embodiment, processor 822 also gathers
information and/or provides control to sub-loads. The current information can be used

to indicate such information as the rate, amount, and efficiency of power transfer. One
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reason to gather such information is for processor 822 to determine whether to be in
the protection mode (such as the second mode) or the ordinary operating mode (such
as the first mode).

[0106] In a protection mode, there are various things processor 822 can do to
provide protection to power extractor 810 or load 890. One option is to open both
switches S1 and S2. Another option is to provide a bias signal to scaling circuitry 824,
which is combined in circuitry 836 with a power slope indication signal to create the
switching control signal on conductor 838. For example, if the bias signal causes the
switching control signal to be very high, the duty cycle would be low causing the
current to be small. The regulation of power in the protection mode can be to
completely shut off the power or merely to reduce the power. In the protection mode,
the goal is no longer to maximize the power transferred. In some embodiments, the
bias signal is asserted for purposes other than merely protection mode.

[0107] Additionally, current sensors 852 and 854 provide signals indicative of the
current through switches S1 and S2, which are summed in summer 856. Power may
be related to the average current from summer 856. These may be provided to
integrator 858 to provide a signal indicative of the power, which is differentiated by
differentiator 832 and amplified by amplifier 834.

[0108]  Figures 9-13 each illustrate a block diagram of an embodiment of power
transfer circuitry, The power transfer circuitry of Figure 8 is reproduced in Figure 9,
and can be compared with alternative power transfer circuitry illustrated in Figures
10-13. The values of the resistors, capacitors and inductors (such as R1, R2, C1, C2,
C3,C4, 11,12, L3, L4, L5, and L6) are not necessarily the same in each figure.
Reference below to modifications of circuits 872, 874, and 876 will be understood to
be modifications with reference to what is depicted in Figure 9.

[0109] Referring to Figure 10, circuits 872 and 876 are modified to include an
RC circuit between inductors L3 and L4 and ground. Thus, the node of L3 connected
to ground in Figure 9 connects to R1 and C3 in parallel, which in turn connect to
ground. Similarly, L4 connects to R2 and C4 in parallel, which in turn connect to
ground. Additionally, circuit 8§74 is modified to include L5 connected between L3 and
4. N5, rather than being connected to L3 and L4, is connected (most logically in the
middle) to the windings of LS.

[0110] Referring to Figure 11, circuit 872 is modified to include resistor R

between L3 and ground, and circuit 876 is modified to include resistor R2 between L4
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and ground. Additionally, circuit 874 is modified to include inductor L5 between L3
and node N5 and inductor L6 between L4 and node N5. Capacitor C3 is connected
between L3 and L4.

[0111] Referring to Figure 12, circuit 872 is modified to include inductor L5
connected to L3, and L3 in turn connected to the parallel RC circuit of R1 and C3 to
ground. Similarly, circuit 876 is modified to include inductor L6 connected to LA,
where L6 is connected R2 and C4 in parallel to ground.

[0112] Referring to Figure 13, circuit 872 is modified to include inductor L5
between L3 and ground, and circuit 876 is modified to include inductor L6 between
L4 and ground. Circuit 874 is modified to connect R1 between L3 and N5, while R2
is connected between L4 and N5. Additionally, capacitor C3 is connected between L3
and R1 and ground. Similarly, capacitor C4 is connected between L4 and R2 and
ground.

[0113] Figure 14 is a block diagram of an embodiment of cogeneration of power
from a local source and a utility grid to a grid load that neighbors the local source.
System 1400 transfers power from a local source to a grid-tied load with power factor
conditioning. System 1400 represents a power system that includes metastable source
1410, inverter 1420, load Z1402, and utility power grid 1430. Load Z1402 represents
a first consumer premises tied to grid 1430, and load Z1404 represents a second

consumer premises tied to grid 1430 having meter 1432. Load Z1404 is not within
the same electrical system with respect to a connection point to grid 130 as load
71402, and is thus not local to load Z1402.

[0114] However, load Z1404 may be a neighbor, in that power output generated
from a power source local to load Z1402 may be directed to load Z1404 with
measurable effect. A load is not a neighbor for electrical purposes of the power
sources if the load is far enough away geographically that the effect of power transfer
from load Z1402 to Z1404 is only negligibly greater than an effect to the grid as a
whole.

[0115] Source 1410 and inverter 1420 are local to load 21402, and provide power
to the load. In one embodiment, under normal operation, DC power is drawn from
source 1410, and extracted, inverted, and dynamically treated by inverter 1420, to
dynamically produce maximum AC current relatively free of harmonic distortion and
variability, and completely in phase with the AC voltage signal from power grid 1430.

Putting the generated AC current in phase with the grid AC voltage produces AC

28

CA 2971903 2017-06-27



power with a power factor at or near unity to load Z1402, meaning that all reactive
power drawn by the load comes from grid 1430, If source 1410 produces more energy
than is needed to satisfy the real power requirements of load Z1402, the power-
corrected and distortion-filtered power may be delivered to grid 1430 for further
distribution.

[0116] The threshold voltage for transferring power to grid 1430 may be 3-5%
above the average voltage of the grid. Ideally, the customer associated with load
71402 would be compensated for the value of the excess power provided to grid
1430, either in the form of cash payments or as deductions from the cost of power
consumed from grid 1430.

[0117] Excess power from source 1410 that is fed back to grid 1430 may be
transferred to satisfy the load requirements of a neighbor load (e.g., load 21404 of a
second grid customer). In various embodiments, power may be transferred beyond a
single transformer. In addition to providing traditional cogeneration power to grid
1430 (the power having desirable power factor and distortion characteristics), the
operation of system 1400 can be modified to provide power having other
characteristics that may be more desirable to grid 1430 (e.g., the utility company),
particularly at times of peak power consumption.

[0118] More particularly, inverter 1420 may be configured (statically or
dynamically) to produce power with current and voltage leading or lagging the other.
In this way, power may be produced with a power triangle exhibiting inductive or
capacitive reactive power that may be used by the utility to counteract or offset
accretions of capacitive or inductive power, respectively, within a region of load
Z1402. Again, the potential effect created by a single inverter 1420 on the grid may
not transfer beyond one or two hops along the power grid. However, one or multiple
inverters in a region can be effective at providing control in their local region, among
a group of neighbors, for example. When that effect is multiplied by having such
inverters in many neighborhoods, the grid can much more effectively be managed by
local as well as utility power grid control.

[0119] Figure 15 is a block diagram of an embodiment of a power factor
enhanced power supply. In various embodiments, the efficiency of a power supply
can be increased based on power factor enhancements. AC/DC power supplies have
efficiency measured by comparing the AC power delivered to the supply with the DC

power delivered to the load. With power factor conditioning as illustrated in system
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1500, higher efficiency power supplies can be provided based on principles of power
factor control as described herein,

[0120] System 1500 includes grid AC 1510, which is an AC power source. Rather
than sending AC input directly to AC/DC converter 1524 as would be done in
traditional systems, power factor (PF) enhanced power supply 1520 (hereinafter
"power supply 1520") first conditions the power factor of the incoming AC power.
Power factor conditioner 1522 modifies the input AC signal from source 1510 to
deliver power to power supply 1520 having a power factor at or near unity at the
input. At or near unity, or putting one signal in phase with another can be understood
to mean that power factor is within a tolerance of a few percentage points from unity.
It will be understood that power factor may not immediately reach unity, but there
may be an adjustment period of up to several seconds to allow the system to condition
the power factor to the desired value.

[0121] By creating a unity or near unity power factor at the input of the power
supply, more real power is delivered to power supply 1520, which in turn increases
the efficiency of DC power delivery to DC load 1530. Thus, the efficiency of the
combined power factor conditioner and power supply with respect to the power
provided by source 1510 is greater than that of a traditional power supply alone.
[0122] Figures 16A-B illustrate an embodiment of phase, active, and reactive
power that are controlled by power factor conditioning. As is understood in the art,
the term "reactive power" refers to the power associated with voltage and current out-
of-phase by 90 degrees. Power in which the angle is out-of-phase by some other
amount, for example, 80 degrees or 30 degrees, is a "mixture” of both active and
reactive power.,

[0123] Consider a right triangle as illustrated in Figure 16A. In the triangle, base
1606 represents a voltage waveform, and hypotenuse 1604 represents current
waveform. The angle 1602 between the voltage and current waveforms is the same
angle as between active and apparent power. Adjusting the angle between the current
waveform and the voltage waveform conditions the power factor to or toward a
desired value,

[0124] Figure 16B illustrates the right triangle with base 1614 representing the
amount of active power, and vertical side 1616 representing the reactive power. Thus,
angle 1602 between the horizontal or base and the hypotenuse (apparent power 1612)

is the same as the angle between the voltage and current that together generates these
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powers. It will be understood that the length of hypotenuse 1612 is constant, and
hence rides the circumference of circle 1610. Hypotenuse 1612 represents the
"apparent” power. As angle 1602 increases, active power 1614 decreases, while
reactive power 1616 increases. It is therefore possible, by controlling the phase angle
to control the mix of active and reactive power.

[0125] The term "power factor" refers to the ratio of active 1614 to apparent 1612
power. It will be understood that the apparent power remains constant; thus, as angle
1602 increases, the power factor decreases. Therefore, an exactly meaningful, but
considerably shorter, term for "phase angle between voltage and current” is "power
factor”. In the technical language, the two terms are used interchangeably. The
maximum power factor equals 1, when phase angle 1602 has a value of 0. The
minimum power factor equals 0, when phase angle 1602 is 90 degrees.

[0126] With the advent of adaptive generation and control of arbitrary waveforms
at the electrical grid-tie by the power factor can be managed and controlled at the
output of the inverter. Controlling the power factor at the output of the inverter is
beneficial to the utilities because it provides an alternative means of providing the
local distribution system with reactive power. The utilities therefore save considerable
sums when local sources (e.g., solar photovoltaic (PV) systems) supply this reactive
power, than if they have to produce it themselves or compensate for it locally.

[0127] The State of California, United States, recently required utilities operating
in that state to pay solar PV owners for both active and reactive power when these
owners supply them to the grid. It is expected that other states will follow suit.
Therefore, there is considerable benefit to PV owners to supply a mix of both types of
power depending on their agreed taritf and/or PPA.

[0128] The utilities therefore have an incentive to produce tariffs encouraging PV
owners to construct power factor controlling PV systems, while PV owners have the
incentive to use them on their PV systems. Supplying power to the grid from a PV (or
other local source) system based on grid conditions (e.g., time of day, reactive and/or
active power needs) can create a benefit to both the utility and the consumers.

[0129] Figure 17 is a block diagram of an embodiment of a system that controls
power factor at a local load. System 1700 shows a typical inverter 1720 (e.g., a solar
PV inverter), which controls the power factor at point "A", tied to utility electrical
grid 1740 (hereinafter "grid 1740") through electrical measuring meter 1730

(hereinafter "meter 1730"). Point B represents the point of connection to grid 1740 for
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local load Z1702 and the electrical system associated with it (i.e., including source
1710 and inverter 1720). By providing a proper mix of active and reactive power, the
benefits to owner of source 1710 are maximized, according to agreed-on elements of a
tariff at meter 1730. Such control and management can occur either on demand, as,
for example, by remote control communications to remote control algorithms 1728, or
by automatic software algorithms 1726, both built into inverter 1720 itself. Inverter
1720 also includes inversion processor 1722 to provide power transfer functions as
described above. Inversion controller 1724 controls the operation of inversion
processor 1722 to convert power and condition the power factor.

[0130] It is possible to control the power factor at either Point B or Point C by
controlling the power factor at Point A. It will be understood that Point C can be
interpreted as anywhere on the grid. There are practical limits in distance to trying to
control power factor too far away from meter 1730. Thus, Point C may be just beyond
the meter, or some reasonable distance beyond the meter. There is an implementation
in which monitoring can be done by the utility (for example, by using WiFi (e.g.,
802.1x wireless systems)) for all or many of the arrays in a neighborhood or
geographic area. Assuming there is a neighborhood of PV arrays automatically
correcting for power factor, they can coordinate to benefit the utility if the utility has
tariff agreements with the neighborhood owners to control their output power factor.
In such an implementation, those inverters might need to know the power factor
beyond the meter, but not so far away that it becomes meaningless.

[0131] Figure 18 is a block diagram of an embodiment of a system that controls
power factor on a grid-facing connection by controlling power factor at a local load.
System 1800 illustrates controlling the power factor at either Point B or Point C by
controlling power factor at Point A. At any moment in time, the amount of power
flowing into local load Z1802 is dictated by the characteristics only of the load, and
not by anything else. That power can come from either inverter 1810 (from a local
source), from grid 1830, or from both together. Both inverter 1810 and grid 1830
produce an apparent power, which consists of both active and reactive power (refer to
Figures 16A and 16B above).

[0132] Hence, if an established tariff has the customer of Z1802 paying only for
active power supplied by grid 1830, the best benefit to the consumer is to reduce the
flow of active power from the grid across meter 1820. In that case, inverter 1810

should supply all active power and no reactive power, to satisfy the demands of local
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load Z1802. The reactive power needed by load Z1802 is then supplied in total by the
grid. Reducing the phase angle at Point A will of necessity cause all reactive power to
come from the grid. It will be understood that if the power factor of power from
inverter 1810 is unity (1), then the reactive power component coming from inverter
1810 is zero, and all reactive power must be supplied by grid 1830. Thus, controlling
the power delivery at point A necessarily affects the power coming into the electrical
system from point B.

[0133] On the other hand, if an established tariff requires the customer to pay a
higher cost for the reactive power than for the active power, the best benefit is for the
inverter to provide all of the demands of load Z1802 for reactive power, while letting
the grid supply most, if not all, of the load's active power demand. Increasing the
phase angle at Point A will accomplish that goal for similar reasons to those
mentioned above.

[0134] It may be that the best benefit to a customer according to an established
tariff is to produce a mix of both active and reactive power. To the extent both can be
supplied from a local power source, the needs of the local load can be satisfied by the
local source. To the extent the local source supplies more than the local load requires,
the remainder of the generated conditioned power can flow out onto grid 1830.
[0135] Thus, it will be understood that "best benefit" to the customer depends
upon what an established tariff dictates. In many cases the best benefit can be
calculated dynamically and applied in real time. For example, software algorithms
embedded in the controlling apparatus of inverter 1810 can perform the calculations.
At other times and situations, "best benefit" settings can be applied remotely through
communications links.

[0136] Figure 19 is a block diagram of an embodiment of a system that controls
power factor at a grid connection by controlling power factor at a power source farm.
In the case of a large local power source, such as a very large PV array, or a green
energy "farm” (such as a "solar farm"), the "best benefit" at some particular moment
may be controlled by the needs of the utility instead of the needs of the consumer. For
example, the utility may be in need of an insertion of reactive power to the grid to
support drooping voltages. In such a case, the utility may have devised a tariff,
attached to a PPA (power purchase agreement), which gives the utility the right to

control the power factor settings at the output of the solar farm. The power factor
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settings can be controlled remotely by the utility, rather than by local decision-
making.

[0137] System 1900 illustrates such a scenario of a power source "farm”
controlled by a master controller. System 1900 includes multiple inverters 1912-1916.
Each inverter has an associated remote control mechanism 1922-1926, respectively.
The remote control mechanisms may include communication interfaces (including
connectors, physical networking interfaces, protocol stacks, and anything else
necessary to communicate and receive commands remotely). The remote control
mechanisms then also have control logic to apply the remotely received commands to
adjust performance or output of the associated inverter.

[0138] The operation of the inverter is described above with respect to other
figures. In addition to applying changes in response to a feedback signal, or instead of
applying changes in response to a feedback signal, an inverter can apply changes in
response to a remote command. The command may indicate a desired power factor, a
delta or correction value, a relative value that can be applied, or may indicate to
measure locally and correct based on measured values.

[0139] Master controller 1932 may be located at a utility, or may be a master
controller located within the same electrical system as the inverters (i.e., on the same
side of the point of connection to grid 1950). Master controller 1932 includes software
algorithm mechanisms 1934 to enable the master controller to determine what power
factor should be applied from the inverters based on conditions of the grid. Remote
control algorithms 1936 represent mechanisms used by master controller 1932 to
communicate with the inverters,

[0140] It will be understood that each inverter 1912-1916 individually can be set
to a particular power factor, and the cumulative effect of the multiple devices in
coordination would be to provide conditioned and filtered power at a particular power
factor. While it is conceivable that the inverters individually may operate at different
power factors, and as a whole system provide power at a particular power factor, there
may be more efficiency in operating each inverter at the target power delivery
conditions (power factor, voltage, and frequency). One advantage to such an approach
is that the interfacing of the inverters to grid 1950 through point B at meter 1940
should be simpler and more efficient than if each inverter were operating at different

settings.
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[0141] With the configuration of system 1900, during an emergency the utility
could remotely command all or some of the inverters in the farm to produce a
majority of reactive power. It will be understood that in system 1900 there is no local
load, but rather grid 1950 acts as an infinite sink of power. The grid will take either
active or reactive power. Hence the utility can command the inverters to produce
whatever mix of power they need to stabilize the grid voltage. Thus, control at the
various points Al, A2, ..., AN, can affect the grid at points B and C, at least within a
certain geographic region.

[0142] As described, power factor conditioning provides a mechanism for the
selection of a mix of active and reactive power at the output (points A1-AN) of each
inverter 1912-1916, and at the grid-tied electrical meter (point B and/or point C),
automatically using software algorithm(s) embedded within each inverter.
Additionally, system 1900 provides a mechanism for the remote selection and
establishment of such a mix over communication interfaces (e.g., an internet browser,
telephone, radio or other manner of communications) using software protocols built
into each inverter. Additionally, system 1900 provides a mechanism for master
controller 1932 to control the desired mix of active and reactive power emanating
from one or more slave inverters, using either the automatic mechanism of each
inverter and/or the remote communications mechanism.

[0143] Figures 20, 21, and 22 illustrate various mechanisms used to provide
power to loads and deliver excess power to an electrical grid. Figure 20 focuses on
the use of grid monitoring to identify the power factor at the grid, feeding the
information to a single inverter, where internal algorithms determine a preferred mix
of active and reactive power. Figure 21 focuses on the use of communication
protocols over communication media or communication lines the internet, cell phone
lines, or other communications medium to allow remote power factor setting, The
remote communication may allow for utility control of the power factor setting, rather
than owner control. Such control is possible in a configuration such as that of system
2100. Figure 22 focuses on the use of a master controller, which dictates a desired
output mix to single inverters, or to groups of inverters. The master controller can act
according to an automatic mechanism relying on its internal software algorithms, or to
a remote communications mechanism relying on remote communications.

[0144] Figure 20 is a block diagram of an embodiment of a power factor

feedback mechanism. System 2000 illustrates source 2010 providing DC power to
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inverter 2020, which includes inversion processor 2022, inversion controller 2024,
and software algorithm 2026. Power is delivered from inverter 2020 to load Z2002.
System 2000 also illustrates monitoring of power factor at point B with power factor
feedback 2032. Alternatively, monitoring could occur at point C beyond meter 2030

as well as at point B.

[0145]  Monitoring the power factor at either point B or point C on grid 2040 allows
software algorithms 2026 (i.e., control logic) to compare the actual power factor with the

desired power factor, and thus self-regulate the output power of inverter 2020 at point
A. As shown above, by controlling the output at point A, inverter 2020 moves the
power factor of the grid-tied connection or the point of connection looking out to the
arid toward a value of best benefit. The best benefit may not always be a power factor
of unity. As described above, the power factor may be best set at a value based on
power grid conditions as well as tariff conditions. Algorithm(s) 2026 may use a "best
benefit" calculation that depends on the currently applicable tariff, which may include
any and all factors that the utility might require in such a tariff.

[0146] Figure 21 is a block diagram of an embodiment of a communication
system to control power factor remotely. System 2100 illustrates source 2110
providing DC power to inverter 2120, which includes inversion processor 2122,
inversion controller 2124, software algorithm 2126, and remote control mechanism
2128. Power is delivered from inverter 2120 to load Z2102. Power from grid 2140 is
measured at meter 2130. Power factor may be measured at point B (or some other
point C) and provided to software algorithm 2126 as power factor feedback 2132.
[0147] System 2100 also illustrates the use of remote communication 2162. Each
form of communication may use a different communication protocol. Remote control
2128 may include support for one or multiple communication mechanisms. Such
mechanisms may include communication, for example, over the internet by web
browser 2152, by cell-phone or other mobile application 2154, by radio transmitter
(by any signal in an RF band) 2156, by home or community wireless systems (e.g.,
IEEE 802.1x systems) 2158, via Telnet 2160 or other dial-up mechanism, or by
another communication mechanism. Such communication portals may feed
commands, made at a location remote to load Z2102, to the power factor controller
mechanisms of inverter 2120 (e.g., software algorithm 2126, inversion controller
2124, and inversion processor 2122). Inversion controller 2124 changes the power

factor at point A, which ultimately changes the power factor at points B and C on grid
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2140. The communication protocols include two direction communications, allowing
information on the current power factor setting, either at point A, point B, and/or
point C to be made to the remote controller. In one embodiment, the remote controller
makes the decisions of "best benefit" power factor setting instead of allowing such a
decision to be made locally, or to override such a decision made locally.

[0148] Figure 22 is a block diagram of an embodiment of a system that controls
power factor with a master/slave configuration. System 2200 includes multiple
inverters 2212-2216, each with an associated remote control mechanism 2222-2226.
Each inverter can provide a specific mix of active and reactive power to deliver to
grid 2250 through meter 2240. Each inverter 2212-2216 is shown having an effective
point A: A1, A2, ..., AN. It will be understood that in certain embodiments all these
points may be the same point. The output of all inverters is combined and delivered to
the grid.

[0149] Master controller 2232 sends commands to one or more individual
inverters 2212-2216 of system 2200 using a remote communication mechanism.
Master controller 2232 controls the individual inverter "slaves"” through a
communication system via remote control 2222-2226. In one embodiment, master
controller 2232 applies its own internal software algorithms 2234 to determine how to
guide the behavior of the individual inverters, such illustrated in Figure 19 above.
Alternatively, master controller 2232 may use its own communication channel(s) via
remote communication algorithms 2236 to communicate with one or more remote
locations. In the case of remote communication, commands may appear in master

controller 2232 over a communication portal, such as over the internet by web

browser 2262, by cell-phone or other mobile application 2264, by radio transmitter
2266, by wireless systems 2268, via Telnet 2270, or other type of interactive channel

and protocol. Such commands are forwarded by master controller 2232, after
processing, to slave inverters 2212-2216. The slave inverters then change the power
factor at A accordingly, thus affecting the power factor at points B and C on grid
2250.

[0150] Figure 23 is a block diagram of an embodiment of a control process for
power factor control. The control process illustrated may be implemented, for
example, by software algorithms in an inverter or a master controller, in accordance
with what is described above. Comparison algorithm 2310 receives input about the

time of day 2314, power currently available from connected power sources 2316, and
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tariff characteristics 2312. The comparison algorithm could be implemented as table
lookups, as variable calculations, or in a state machine. Time of day 2314 is
determined by a clock input. Tariff characteristics 2312 are configured into the system
to indicate the most current tariff in place from the utility company. The tariff
characteristics could be implemented as a set of rules or in a state machine. Power
available 2316 is determined by measuring output at the devices that make up the
power sources. The comparison generates a result that indicates a set of conditions
based on the tariff.

[0151] The comparison algorithm result is received at determination algorithm
2320, which computes best benefit power factor 2330 based on the comparison result
and multiple other conditions or factors. The characteristics of the tariff have
associated best benefit criteria 2322, which is a set of rules that is used to interpret an
intersection of the time of day, available power, and tariff characteristics.
Determination algorithm 2320 also takes into consideration power factor as measured
at the meter 2324 (either at points B or C). In one embodiment, there is also the
possibility of remotely controlling or influencing the process; thus, remote override
2326 is considered by determination algorithm to determine if a remote or external
command or control influences the determination.

[0152] In one embodiment, remote settings 2318 can be applied over remote
communication channels as discussed above. Tariff settings can be configured and
changed dynamically from a remote system. In addition to changing tariff
characteristics 2312, best benefit criteria 2322 can also be changed or configured
remotely.

[0153] The determination is implemented in the system by setting parameters that
affect the power factor of the system. Thus, the output of the determination algorithm
can be parameters used to set or adjust settings on current system controls that
produce the current power factor. Similar to how settings may be remotely influenced,
the determination process can also be remotely overridden. Overriding the process
may be done by commands or controls that cause the system to not implement power
factor changes computed by the determination algorithm, as well as by commands
that override the settings computed by the determination algorithm.

[0154] As set forth in the claims below, in one embodiment, a method is
implemented that includes receiving, at a power converter, direct current (DC) power

from a local power source, the local power source and the power converter electrically
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located on a same side of a point of connection to a utility power grid as a local load
tied to the power grid, where the local load includes a consumer premises of the
power grid, converting with the power converter the DC power to alternating current
(AC) power to deliver to the local load, conditioning a power factor of the AC power
by controlling the phase of the generated current with respect to phase of the voltage
of the power grid, and delivering the conditioned AC power on the local load side of
the power grid.

[0155] The receiving may include receiving power from a metastable power
source, or receiving the power at a micro-inverter installed on the consumer premises.
A metastable local power source may include a solar power source, a tidal power
source, a wind power source, or a thermally coupled heat source.

[0156] Conditioning the power factor may include receiving characteristic shape
and phase information about a target periodic waveform having a phase with respect
to an AC voltage of the power grid, generating an output waveform with output
hardware, sampling the output waveform, comparing the output waveform to a
corresponding reference output waveform, the reference output waveform
representing an ideal 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 and phase.

[0157] Conditioning the power factor may further include conditioning the power
factor by adjusting a phase of generated AC current with a table-based phase
adjustment, or conditioning the power factor of the generated AC current based on
conditions of the power grid. Conditioning based on conditions of the power grid may
include measuring one or more conditions of the power grid from the customer
premises, receiving measurements from outside the customer premises, or receiving a
remote communication from the other side of the point of connection indicating a
power factor adjustment and adjusting the power factor in response to receiving the
remote communication. Receiving remote communication may include receiving a
communication via internet, cellular, radio, or WiFi interface.

[0158] Conditioning the power factor based on conditions of the power grid may

include receiving a communication from a master controller on the same side of the
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point of connection indicating a power factor adjustment, and adjusting the power
factor in response to receiving the communication. Conditioning the power factor may
include degrading the power factor away from unity responsive to conditions of the
power grid.

[0159] Conditioning the power factor may include adjusting the power factor to
approximately unity or to approach unity. Conditioning the power factor may include
conditioning the power factor of the generated AC current based on a best benefit
analysis, including considering a power rate tariff set by a utility of the power grid.
[0160] Delivering the conditioned AC power may include delivering conditioned
AC power to the power grid. The power may be delivered to a specific geographic
area, or to a neighbor load.

[0161] In an implementation of an inverter apparatus, the inverter may include
input hardware to receive a direct current (DC) power from a local power source, the
local power source and the inverter electrically located on a same side of a point of
connection to a utility power grid as a local load tied to the power grid, where the
local load includes a consumer premises of the power grid, inverter hardware to
convert the DC power to alternating current (AC) power to deliver to the local load,
power factor conditioning hardware to condition a power factor of the AC power by
controlling the phase of the generated current with respect to phase of the voltage of
the power grid, and output hardware to deliver the conditioned AC power on the local
load side of the power grid.

[0162] The power factor conditioning hardware may include a software algorithm
to locally determine power factor conditioning. The inverter may further include a
remote control mechanism to receive a command from a remote device providing
input for determining power factor conditioning.

[0163] In one embodiment, an implementation of power factor conditioning is
performed for an AC to DC converter, where the method may include receiving, at an
AC/DC power supply, alternating current (AC) power, conditioning a power factor of
the AC power by controlling a phase of current of the AC power with respect to phase
of an AC voltage of the power supply, wherein controlling the phase includes
adjusting the phase of the current of the AC power to be in phase with the phase of the
AC voltage, converting the conditioned AC power into direct current (DC) power, and

delivering the DC power to a load of the power supply.
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[0164] Conditioning the power factor may include conditioning the power factor
by adjusting a phase of AC current based on a table-based phase adjustment.

[0165] 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 and/or transmits) information in a form accessible by a machine
(e.g., computing device, electronic system), 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, or other hardware
storage media). A communication interface includes any mechanism that interfaces to
any of a hardwired, wireless, optical, medium to communicate to another device, such
as a memory bus interface, a processor bus interface, an Internet connection, or a disk
controller. 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.
[0166] 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), or other programmable devices), embedded controllers, or
hardwired circuitry.

[0167] 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.
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The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

l. A method comprising:

receiving, at a power converter, direct current (DC) power from a local power source,
the local power source and the power converter electrically located on a same side of a point
of connection to a utility power grid as a local load tied to the power grid, where the local
load includes a consumer premises of the power grid;

converting with the power converter the DC power to alternating current (AC) power
to deliver to the local load, including generating a reactive power component from the DC
power, wherein generating the reactive power component includes generating an AC current
waveform based on a reference waveform that represents an idealized output waveform
having a phase relative to an AC voltage waveform of the power grid, and includes
generating the AC current waveform out of phase with respect to the AC voltage waveform of
the grid, based on a table-based phase adjustment; and

delivering the AC power on the local load side of the power grid.

2. The method of claim 1, wherein generating the reactive power component comprises:
generating the reactive power component in response to detection of a reactive power

need by the local load.

3. The method of claim 1, wherein generating the reactive power component further
comprises:

generating an output current waveform with output hardware;

sampling the output current waveform;

comparing the output current waveform to a corresponding reference output
waveform;

generating a feedback signal based on comparing the output current waveform to the
reference output waveform; and

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

to converge the output current waveform toward the reference output waveform and phase.
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4, The method of claim 1, wherein generating the reactive power component in response
to detection of the reactive power need by the local load further comprises:
generating an output current having a leading phase with respect to power grid

voltage at the point of connection.

5. The method of claim 1, wherein generating the reactive power component in response
to detection of the reactive power need by the local load further comprises:
generating an output current having a lagging phase with respect to power grid

voltage at the point of connection.

6. The method of claim 1, wherein generating the reactive power component comprises:
generating the reactive power component in response to detection of a reactive power

need by a local region.

7. The method of claim 1, wherein the local power source comprises a local renewable

energy source.

8. The method of claim 1, wherein generating the reactive power component comprises:
generating the output waveform based on the reference waveform having a phase that

is in-phase with the AC voltage waveform of the grid.

9. The method of claim 1, wherein generating the reactive power component comprises:
generating the output waveform based on the reference waveform having a phase that

is out of phase relative to the AC voltage waveform of the grid.

10. An inverter apparatus comprising:

input hardware to receive a direct current (DC) power from a local power source, the
local power source and the inverter electrically located on a same side of a point of
connection to a utility power grid as a local load tied to the power grid, where the local load
includes a consumer premises of the power grid, including the inverter hardware to generate
an AC current waveform based on a reference waveform that represents an idealized output
waveform having a phase relative to an AC voltage waveform of the power grid,;

inverter hardware to convert the DC power to alternating current (AC) power to

deliver to the local load, including generate a reactive power component from the DC power
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and generate the AC current waveform out of phase with respect to the AC voltage waveform
of the grid, based on a table-based phase adjustment; and

output hardware to deliver the AC power on the local load side of the power grid.

11. The inverter apparatus of claim 10, wherein the inverter hardware is further to
generate an output current having a leading phase with respect to power grid voltage at the

point of connection.

12. The inverter apparatus of claim 10, wherein the inverter hardware is further to
generate an output current having a lagging phase with respect to power grid voltage at the

point of connection.

13. The inverter apparatus of claim 10, wherein the inverter hardware is further to
generate the reactive power component in response to detection of a reactive power need by

the local load.

14. The inverter apparatus of claim 10, wherein the inverter hardware is further to
generate the reactive power component in response to detection of a reactive power need by a

local region.

15. The inverter apparatus of claim 10, wherein the inverter hardware is further to
generate an output current waveform with output hardware;
sample the output current waveform;
compare the output current waveform to a corresponding reference output waveform;
generate a feedback signal based on comparing the output current waveform to the
reference output waveform; and
adjust an operation of the output hardware at runtime based on the feedback signal to

converge the output current waveform toward the reference output waveform and phase.

16. The inverter apparatus of claim 10, wherein the local power source comprises a local

renewable energy source.
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17. The inverter apparatus of claim 10, wherein the inverter hardware is to generate the

reactive power component based on the reference waveform having a phase that is in-phase

with the AC voltage waveform of the grid.

18. The inverter apparatus of claim 10, wherein the inverter hardware is to generate the
reactive power component based on the reference waveform having a phase that is out of

phase relative to the AC voltage waveform of the grid.
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