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ABSTRACT

A modular power conversion system. The modular power
conversion system includes at least one first electric resource,
a modular power stage, at least one second electric resource,
and wherein the modular power stage comprising at last one
module including power electronics for converting power
between the at least one first electronic resource and the at
least one second electric resource.
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MODULAR POWER CONVERSION SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application 1s a Continuation-In-Part of
U.S. patent application Ser. No. 13/44°7,8977, filed Apr. 16,
2012 and entitled Modular Power Conversion System (Attor-
ney Docket No. J36), which claims priority to U.S. Provi-
sional Patent Application Ser. No. 61/476,153, filed Apr. 13,
2011 and enftitled Modular Power Conversion System,
Method and Apparatus (Attorney Docket No. 137), each of
which 1s hereby incorporated herein by reference 1n 1its
entirety.

TECHNICAL FIELD

[0002] The present mvention relates to a modular power
conversion system for distributed power generation, storage
and dispersed loads, and in particular to a modular power
conversion system and power electronics which facilitates
integration of the distributed power generation, storage and
dispersed loads to a flexible smart grid, microgrid or micro-
orid clusters.

BACKGROUND

[0003] The electrical grid in the United States, or in any
developed nation or continent for that matter, 1s the power
industry’s electrical network which essentially organizes four
critical operations, (1) electricity generation, (2) power trans-
mission, (3) power distribution and (4) electricity control.
The “grid” can also refer in certain instances to a regional
clectrical network or even a local utility’s transmission and
distribution grid.

[0004] Electricity generation 1s traditionally accomplished
by large generating plants such as nuclear reactors, hydro-
clectric dams, coal and gas fired boilers. The electric power
which 1s generated 1s stepped up to a higher voltage—at
which i1t connects to the transmission network. The transmis-
sion network will move, 1.e. “wheel”, the power long dis-
tances until 1t arrives at a local utility distribution network,
where at a substation, the power will be stepped down in
voltage—1Irom a transmission level voltage to a distribution
level voltage. As 1t exits the substation, 1t enters the distribu-
tion network. Finally, upon arrival at the service location such
as a residential home or commercial user, the power 1s
stepped down again from the distribution voltage to the
required service voltage(s).

[0005] The traditional grid, along with its regional distinc-
tions, are currently subject to the introduction of more effi-
cient and smarter, although often smaller power generation
technologies. Regional and local grids are now subject to low
level dispersed power generation from regional large and
small wind applications, small hydro-electric facilities and
even commercial and residential photovoltaic installations
for example. As such regional and local power producers
come on-line the characteristics of power generation can 1n
some new grids be entirely opposite of those listed above.
Generation may occur throughout the grid at low levels 1n
dispersed locations. Such characteristics could be attractive
for some locales, and can be implemented 1n the form of what
1s termed a “‘smart grid” using a combination of new design
options such as net metering, electric cars as a temporary
energy source, and/or distributed generation. The modular
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power conversion system described below 1s an example of at
least a portion of the developing “smart grid” technology.

SUMMARY

[0006] In accordance with one aspect of the present mnven-
tion, a modular power conversion system 1s disclosed. The
modular power conversion system includes at least one first
clectric resource, a modular power stage, at least one second
clectric resource, and wherein the modular power stage com-
prising at last one module including power electronics for
converting power between the at least one first electronic
resource and the at least one second electric resource.
[0007] Some embodiments of this aspect of the invention
may include one or more of the following. Wherein the sys-
tem further includes a brake module. Wherein the at least one
first electric resource includes a wind turbine. Wherein the at
least one first electric resource includes a photovoltaic array.
Wherein the at least one first electric resource includes a
Stirling generator. Wherein the at least one second electric
resource includes an end consumer. Wherein the end con-
sumer includes a building. Wherein the at least one second
clectric resource includes battery energy storage. Wherein the
modular power stage facilitates electricity conversion
between the at least one first and the at least one second
electric resources and allocates the most efficient distribution
of electricity based on produce and cost. Where the system
further includes a conditioner for conditioning the electricity
for power transmission. Wherein the modular power stage 1s
communitively connected to a remote control. Where the
system further includes a three phase inverter module to con-
nect a three phase grid. Where the three phase mverter module
turther includes three half bridges connected to a high and
low side of a DC bus. Wherein the system further includes a
motor controller for a permanent magnetic synchronous
motor which includes an analog/digital converter that con-
verts analog sensor signals from the permanent magnetic
synchronous motor to digital signals for use by a digital signal
processor 1ncluding half bridges across a DC bus and an
inductor-capacitor-inductor filter that produce three phase
AC power at a predetermined voltage and frequency, at least
one voltage sensor and at least one current sensor for three-
phase demodulation of the three phase signals and converting
the three-phase signals to a two-phase orthogonal reference
frame, and a position/velocity estimator for receiving speed
sensor signals from the motor and compiling a position and
velocity estimation of the motor.

[0008] In accordance with one aspect of the present mnven-
tion, a method for controlling a modular power conversion
system 1s disclosed. The method includes drawing power
from the least expensive source, as demand increases, draw-
ing power from the second least expensive source, directing
power to the highest priority circuits, and 11 the load of the
highest priority circuits 1s met, then directing power to the
second highest priority circuits.

[0009] Some embodiments of this aspect of the invention
may 1nclude one or more of the following. Wherein drawing
power Ifrom the least expensive source includes drawing
power from a photovoltaic array. Wherein directing power to
the highest priority circuits includes directing power to a
battery.

[0010] In accordance with one aspect of the present inven-
tion, a motor controller for a permanent magnetic synchro-
nous motor 1s disclosed. The motor controller includes an
analog/digital converter that converts analog sensor signals
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from the permanent magnetic synchronous motor to digital
signals for use by a digital signal processor comprising half
bridges across a DC bus and an inductor-capacitor-inductor
filter that produce three phase AC power at a predetermined
voltage and frequency, at least one voltage sensor and at least
one current sensor for three-phase demodulation of the three
phase signals and converting the three-phase signals to a
two-phase orthogonal reference frame, and a position/veloc-
ity estimator for recetving speed sensor signals from the
motor and compiling a position and velocity estimation of the
motor.

[0011] In accordance with one aspect of the present mnven-
tion, a modular power conversion system 1s disclosed. The
system 1ncludes a backplane, a housing and a data connection
port and one or more modules that plug into said backplane,
wherein the backplane comprises at least one direct current
(DC) bus with positive and negative leads, a data connection
for each module, connections for electrical power inputs to
the module, connections for electrical outputs from the mod-
ule

[0012] Some embodiments of this aspect of the invention
may include one or more of the following. Wherein the mod-
ules are comprised of a microprocessor, one or more hali-
bridge circuits, power conditioning elements such as induc-
tors, capacitors, voltage and current sensors, electrical
connections. Wherein the modular power system may con-
nect rotating power generators including but not limited to
diesel gensets, Stirling gensets, and wind power, may connect
DC power sources including but not limited to solar photo-
voltaic arrays, fuel cells, may connect to the AC electrical grid
with one or more phases, may connect to an AC electrical load
with one or more phases, may connect to a rechargeable
battery, may connect to an electrical shunt. Wherein one or
more of the modules the microprocessors controls the power
flow through the module 1n an attempt to control the DC bus
voltage to a given set-point. Wherein voltage set-points of
some modules are set to different voltages. Wherein the volt-
age set-points of different modules are selected so only one
module 1s varying 1ts output at a time 1n the set of modules in
the modular power conversion system. Wherein one or more
modules are set to produce power at a range of voltages and
the microprocessors do not varying the power tlow to control
the DC bus voltage. Wherein the voltage set points are
selected to prefer renewable energy producers over fossil fuel
powered producers.

[0013] In accordance with one aspect of the present mnven-
tion, amethod to control the speed during startup and run time
of a brushless motor/generator in a Stirling engine where the
slow changing sinusoidal speed fluctuations of said motor/
generator are filtered out and the underlying speed controlled
1s disclosed.

[0014] In accordance with one aspect of the present mnven-
tion, a method to start and run a brushless motor/generator in
a Stirling engine by scheduling the controller gains based on
engine speed thresholds 1s disclosed.

[0015] In accordance with one aspect of the present mven-
tion, a method for displaying data values in real time from a
microprocessor that broadcasts data to a user interface 1s
disclosed.

[0016] In accordance with one aspect of the present mnven-
tion, A method for annotating software variables in an embed-
ded software system with engineering unit and scaling factors
by associating engineering and scaling factors with variable
types 1n a way that may be read from compiled binary file on
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a user interface to display embedded system variables with
engineering units 1s disclosed.

[0017] In accordance with one aspect of the present mven-
tion, a method for declaring Boolean status bits 1n a file at
design time where the file read by a 27 file to generate code
in a 3" file for an embedded system and which can be read by
a user interface device to display binary data from an embed-
ded system 1n meamngiul form to indicate value 1s disclosed.
[0018] Some embodiments of this aspect of the ivention
may include one or more of the following. Wherein the values
are displayed on the user interface to show the status bits 1n
one of 3 conditions which include no fault condition, no fault
condition now, but a fault has occurred previously and fault
condition.

[0019] In accordance with one aspect of the present inven-
tion, a modular power conversion system and power electron-
ics scheme enabling any power production device or entity to
connect to any load or electrical grid 1s disclosed. This 1s at a
fundamental level power conversion 1.e. electricity conver-
s10n, between “electric resources™ (An electric resource 1s an
clectrical entity which can act as a load, generator or storage).
At a more mvolved level as 1n the embodiments discussed
herein, this 1s more specifically, electricity conversion for
example from low level producer(s) such as a diesel or gas
generator, Stirling engine, wind turbine or photovoltaic array,
to a consumer such as a commercial or residential building,
either directly or via the grid. As described below, the goal 1s
more specifically a hardware and soitware power electronics
design and implementation of a modular power stage, 1.€. a
modular power conversion system which aggregates different
power production entities, transmission systems, consump-
tion and loads as well as energy storage.

[0020] In accordance with one aspect of the present inven-
tion, a modular power conversion system capable of facilitat-
ing and synchronizing a variety of power production, trans-
mission, consumption and storage entities for connection
with a smart grid electrical distribution network 1s disclosed.

[0021] In accordance with one aspect of the present mven-
tion, a power electronic system including power electronics
circuits and soitware for managing the power production
entities and the conversion of produced power to a single or
multi-phase current for transmission to an electrical grid or

load.

[0022] In accordance with one aspect of the present inven-
tion, each module or “block™ of the modular power conver-
sion system 1s interchangeable in the system to facilitate
clectricity conversion between electric resources. For
example one module or block could convert energy from a
desired producer directly to a commercial building power
type including but not limited to for example 220 VAC Single
Phase, 240/120 VAC Split Phase, 208/120 3-phase, or 380/
220 as 1s prevalent in Europe and China. The module or block
1s not limited to any specific conversion or operating param-

cters but 1s mtended to convert produced energy into any
world-wide standard.

[0023] In accordance with one aspect of the present mven-
tion, modules or blocks relating to power transmission of
produced electricity to grids, micro grids, smart grids or
energy storage entities are disclosed.

[0024] The modular power conversion system and power
clectronics of the present invention may allocate the most
elficient production, transmission and distribution of electric-
ity based on available power production entities and cost to
lower a consumers cost as well as lower the necessity for




US 2014/0091622 Al

over-generation 1.e. spinmng reserves at a national and
regional scale and lessen the potential for under-generation
and power failures. The power electronics are the vehicle for
communication between the modules which facilitates the
plug-1n nature of any compatible module 1into the modular
power conversion system.

[0025] In accordance with one aspect of the present mnven-
tion, a modular power conversion system 1s disclosed. The
system 1ncludes a first electric resource, a modular power
stage, a second electric resource and wherein the modular
power stage includes at last one module including power
clectronics for converting power between the first and second
clectric resources.

[0026] These aspects of the invention are not meant to be
exclusive and other features, aspects, and advantages of the
present invention will be readily apparent to those of ordinary
skill 1n the art when read 1n conjunction with the appended
claims and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] These and other features and advantages of the
present ivention will be better understood by reading the
tollowing detailed description, taken together with the draw-
ings wherein:

[0028] FIG. 1 1s a diagrammatic representation of a smart
orid communications strategy;

[0029] FIG. 2-2M are an embodiment of a modular power
conversion system according to one embodiment;

[0030] FIGS. 3A-3B are adiagrammatic representation of a
power conversion system according to one embodiment;
[0031] FIG. 4 1s a diagrammatic representation of a power
conversion system according to one embodiment;

[0032] FIG. 5 1s a high level circuit diagram of an embodi-
ment of a power conversion system;

[0033] FIG. 6 15 a diagrammatic representation ol a power
clectronics system according to one embodiment;

[0034] FIG.71s adiagrammatic representation of a velocity
controller state machine;

[0035] FIG. 8 15 a diagrammatic representation of state and
transition values of an embodiment of a velocity controller
state machine;

[0036] FIG. 9 1s flow chart of state and transition values of
an embodiment of a velocity controller state machine;
[0037] FIG.10A 1s a block diagram of an embodiment of a
teedback loop for adjustments to rotor speed;

[0038] FIG. 10B 1s a block diagram of one embodiment of
a feedback loop for adjustments to rotor speed;

[0039] FIG. 11 i1s an embodiment of a CAN bus message
map,
[0040] FIG. 12 1s an embodiment of a Functional Group of

a CAN bus message map;

[0041] FIG. 13 1s an embodiment of Message Construction
of a CAN bus message map;

[0042] FIG. 14 1s an embodiment of Message Priority of a
CAN bus message map;

[0043] FIG. 15 1s an embodiment of a System Group of a
CAN bus message map;

[0044] FIG. 16 1s a further embodiment of a Functional
Group of a CAN bus message map;

[0045] FIG. 17 1s an embodiment of a Module Group of a
CAN bus message map;

[0046] FIG.18A-18D 1s an embodiment of Message Detail
of a CAN bus message map;
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[0047] FIG. 19 1s a diagrammatic representation of the
communications links and transmissions of an embedded
power electronics system according to one embodiment;
[0048] FIG. 20 1s a diagrammatic representation of an
extrapolation of data from recerved and missing data packets
in the communications and transmissions of an embedded
power electronics system according to one embodiment;
[0049] FIG. 21 1s a flow chart of an embodiment of the use
of a Session ID to confirm an interruption in the communica-
tions and transmissions of an embedded power electronics
system;

[0050] FIG. 22 1s a diagrammatic representation of sched-
ule table and data palette of the communications links and
transmissions of an embedded power electronics system
according to one embodiment;

[0051] FIG. 23 1s an embodiment of a representation of
diagnostic soitware for an embedded power electronics sys-
tem;

[0052] FIG. 24 1s an embodiment of a representation of
diagnostic software with a Symbol Information for an embed-
ded power electronics system;

[0053] FIG. 25 1s an embodiment of a representation of
diagnostic software for an embedded power electronics sys-
tem;

[0054] FIG. 26 1s an embodiment of a representation of
scripting soitware for an embedded power electronics sys-
tem;

[0055] FIG. 27 1s an embodiment of a representation of an
Error Log for an embedded power electronics system;

[0056] FIGS.28A-28E are embodiments of a power source
and load prioritizing control scheme;

[0057] FIG. 29 1s a schematic description of an inverter
state machine according to one embodiment;

[0058] FIG. 301saplotofthe Stirling engine torque accord-
ing to one embodiment;

[0059] FIG. 31 1s a schematic of an alternative engine start-
ing algorithm according to one embodiment;

[0060] FIGS. 32A-32B are representations of a method to

annotate software variables 1n an embedded system accord-
ing to one embodiment;

[0061] FIG. 33 1saflow chartofasoftware build process for

handling system-wide command and status bits according to
one embodiment;

[0062] FIG. 34 15 a diagrammatic representation of a single
phase power conversion system according to one embodi-
ment;

[0063] FIG. 35 1s a diagrammatic representation of one
embodiment of a phase locked loop for the phase synchroni-
zation of a single phase wavetform with the gnd;

[0064] FIGS. 36A-36C are diagrammatic representations
of inverter voltage and current control circuits according to
one embodiment;

[0065] FIG. 37 1s a diagrammatic representation of an inte-
grator based current-fault detection circuit according to one
embodiment;

[0066] FIG. 38 1s a diagrammatic representation of active
harmonic current detection and correction circuits according
to one embodiment;

[0067] FIG. 39 i1s a schematic description of an inverter
state machine according to one embodiment; and

[0068] FIG. 40 1s a diagrammatic representation of one
embodiment of the relationship between the modular power
conversion system, the grid, and a local load.
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[0069] Like reference symbols 1n the various drawings
indicate like elements.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0070] The electrical grid and 1ts various regional and local
distinctions are currently subject to the introduction of more
cificient and smarter, although often substantially smaller
power generation technologies. Regional and local grids are
now subject to low level dispersed power generation from
regional large and small wind applications, small hydro-elec-
tric facilities and even commercial and residential photovol-
taic installations for example. As such regional and local
power producers come on-line the characteristics of power
generation may in some new grids be entirely opposite of
traditional power generation by large mega-watt producing,
hydro-electric, nuclear and gas-turbine power facilities. Gen-
eration may occur throughout the grid at low levels 1n dis-
persed locations. Such characteristics could be attractive for
some locales, and may be implemented in the form of what 1s
termed a “smart grid” shown 1n FIG. 1 using a combination of
new design options such as net metering, electric cars as a
temporary energy source or storage and/or distributed gen-
eration. FIG. 1 1s reproduced from “An Overview ol Smart
Grid Standards™ by Erich W. Gunther of the EnerNex Corpo-
ration, published 1n February 2009.

[0071] A highly efficient grid having a field area network
100 would enable the economical and efficient management
ol all resources on the grid such as large power production
from bulk wind 102 or other proprietary power and asset
production entities. The field area network 100 would com-
municate and interact directly with residential and commer-
cial loads and the modular power conversion system
described below 1s an example of at least a portion of the
developing “smart grid” technology which would assistin the
eilicient handling of distributed resources as they are applied
to the smart grid.

[0072] Turnming to FIG. 2 1s an embodiment of a modular
power conversion system 212 which consolidates the power
clectronics, including hardware and software in an inter-
changeable modular or “block™ format. It 1s the goal of this
format to be able to connect anything, e.g. a generator, wind,
thermal, photovoltaic etc., to anything else, e.g. battery stor-
age system, grid, residential or commercial load etc. This 1s
power conversion 1.€. electricity conversion and communica-
tion between “electric resources” (an electric resource 1s an
clectrical entity which can act as a load, generator or storage)
and 1n this mitial mstance more specifically, electricity con-
version for example from low level producer(s) such as a
Stirling engine, wind turbine or photovoltaic array, to a con-
sumer such as a commercial or residential building, either
directly or via the grid.

[0073] Efilicient use of electricity production given the
available supply, the average demand and the peak demand,
requires dynamic aggregation of electric resources. “Aggre-
gation’ 1s used here to refer to the ability to control electricity
flow 1nto and out of different electrical resources. Electricity
delivered during peak demand 1s expensive, costing signifi-
cantly more than off-peak power. A modular power conver-
sion system 212 which allocates the most efficient distribu-
tion of electricity based on production and cost may lower a
consumers cost first and foremost and in a broader nature
lower the necessity for over-generation 1.€. spinning reserves
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at a national and regional scale and lessen the potential for
under-generation and power failures.

[0074] As described, the disclosed embodiments relate to a
hardware and software design and implementation of a
modular power conversion system 212, where each module or
“block™ 1s interchangeable 1n the modular power conversion
system to facilitate electricity conversion between electric
resources. As described above one module or block could
convert energy from a producer 214 directly to a commercial
building power type for example 220 VAC Single Phase,
240/120 VAC Split Phase, 208/120 3-phase, or 380/220 as 1s
prevalent in Europe and China. Again, the module or block 1s
not limited to any specific conversion or operating parameters
but 1s mtended to convert produced energy into any world-
wide standard.

[0075] A second block could condition the electricity for
power transmission 216 to be added to and distributed by the
or1d. Additional blocks for other power production 214 such
as from photo-voltaic or tuel cells, or for energy storage 218
such as battery energy storage or for power consumption 220
using a power quality inverter and/or telecom system are also
contemplated. Grid tie management and management of
power distribution in general, for the modular power conver-
s1on system 212 1s a particularly important aspect whether the
orid 1s a conventional wide area grid network or a smart-grid
application. Underlying the hardware of the grid tie system
are software applications which scale the power for use.

[0076] Some embodiments of the modular power conver-
sion system 212 may be as shown 1n FIG. 2A. Fach module1s
connected to a DC bus 250 that provides the backbone to the
system. In some embodiments the modules are boxes that
plug into a back plane containing the high and low sides of the
DC bus 250 and a data bus 254 that connects each module to
a master controller 254. The inputs/outputs of each module
(not shown) may be on the front or on the back of the modular
power conversion system 212. In some embodiments, each
module includes at least a DSP controlled bridge circuit,
where the bridge circuit includes at least a half bridge and
may comprise a number of inductive and capacitive elements,
voltage and current sensing devices, transformers and relays.
In this document, the term DSP may be used to describe any
micro-processor with suificient input/output and speed to
read voltages, currents, control multiple sets of half-bridge
circuits and do the calculations to produce good quality AC
power from a DC bus. In some embodiments, the DSP micro-
processor 1s a digital signal processor running at 150 MHz.
The master controller 254 for the modular power conversion
system 212 may include a data mput/output device such as a
keyboard and display or a touch sensitive display or commu-
nication port to allow users to control the operation of the
modular power conversion system 212. The modular power
conversion system 212 may also include a wireless or hard
wired telecommunication ability to allow remote control and
access to the system data by the user or the grid power pro-
vider. The grnid power provider may use the modular power
conversion system 212 to remotely turn on electric power
sources such as generators, wind or PV arrays to provide
power to the grid. The grid power provider may also access
the modular power conversion system 212 to disconnect 1t
from the grid, This remote control of distributed power
resources and loads may allow the grid power provider to
minimize brown-outs or power disruptions or minimize elec-
trical costs by using the least expensive power at all times.
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[0077] An alternative embodiment may place all the com-
puting power 1n the master controller 252. Thus the operation
of each module including the bridge circuits would be fully
under the control of one or more DSPs 1n the master controller

254.

[0078] Examples of the hardware topology for the modules
in FIG. 2 are shown in FIGS. 2B-2M. An example of the
hardware topology for module 222 to control a 3-phase gen-
erator 222a 1s shown 1n FIG. 2B. The 3 power lines 256 are
connected to the midpoint of the 3 half bridges 259 between
the high and low side of the DC bus 250. The half bridges 259
in various embodiments may include 2 IGBT’s connected
across the DC bus. In some embodiments, the half bridges
could be constructed of 2 MOSFETs. In various embodi-
ments, The AC power from the generator may be rectified
eificiently into DC power through the rapid opening and
closing of the IGBTs 258. The opening and closing of the
IGBTs 258 are controlled by a DSP (not shown) based on the
high speed measurements of the voltages using sensors 262.
Some embodiments of the control algorithm of the DSP are
described tully below. In some embodiments, the module 222
may also include current sensors 260. In some embodiments,
module 222 may connect any one or more of the following list
ol generators, which may include, but are not limited to:
internal combustion engine generators, Stirling generators,
external combustion engine generators, wind turbine genera-
tors, and/or water turbine generators. In an alternative
example ol a module to connect a polyphase motor/generator
to the DC bus would a number of hali-bridge for each phase
of the motor including 5 and 7 phase motors.

[0079] Insome embodiments, the hardware topology mod-
ule 216 to connect to a 3-phase utility grid and a 3-phase load
may be that which 1s shown 1in FIG. 2C. Module 216 includes
a three phase 1nverter, connection hardware to the grnid and
transfer switch to supply a load either from the grid or
inverter. Three half bridges 239 are connected to the high and
low side of the DC bus 250. The IGBT’s 258 are controlled by
a DSP (not shown) based on the high speed measurements of
the voltages using sensors 262. The DSP controls the opera-
tion of the IGBT’s 2358 to create 3 time varying voltages in
lines 256 that have the desired amplitude, frequency and are
out of phase with each other. The control algorithm of the
DSP 1s described fully below. The produced voltage signals
are filtered by an inductor-capacitor-inductor (LCL) filter
264,266,264 to produce three (3) smooth sine waves. In some
embodiments, the output of the DSP-controlled bridges 259
and LCL filter 1s 60 Hz, 208 volt, 3-phase AC power. In other
embodiments, the output may 1include one or more of, but not
limited to, the following list: 50 Hz, 400 volt, 3-phase AC
power, 50 Hz, 200 volt 3-phase AC power, 60 Hz, 200 volt
3-phase AC power, 50 Hz, 380 volt 3-phase AC power. In
some embodiments, a transformer 268 may be included to
1solate DC bus 250 and the rest of the modular power conver-
sion system 212 from the 3-phase utility grid 2164 and the
3-phase load 220qa. The transformer may step the produced
voltage up or down as desired. A grid-tie protection relay 270
may be included to meet IEEE 1547 and ULL1741 standards to
connect to the utility. The grid-tie protectionrelay 270 may be
a SEL-347 that prevents connection to the grid until the
voltages measured by sensors 262A match the phase fre-
quency and amplitude of the grid voltages measured by sen-
sors 262B. The gnid-tie protection relay 270 may include
anti-islanding functionality that disconnects the module from
the grid, when the grid fails. A grid tie module may also
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include the ability to drive a local load off either the generator
or the grid. A transfer switch 269 will connect the load to the
orid when the grid 1s functioning properly. If the grid fails, the
transier switch 269 disconnects the load from the grnid and

connects 1t to AC power produced by the module 216 and
derived tfrom the DC bus 250.

[0080] FIG. 2D presents an embodiment of the hardware
topology of module 228 that connects a DC power source
228 A to the higher voltage DC bus 250 of the modular power
conversion system 212. In the embodiments shown, the DC

clement 1s connected via an inductor 264 and one half bridge
2359 to the high and low sides of the DC bus 250. The IGBT’s

258, 2584 are controlled by a DSP (not shown) based on the
high speed measurements by voltage sensor 262 and 262A to
boost the voltage of the DC power source 228 A to the DC bus
250 voltage. The DSP control algorithm to boost the voltage
may be one that 1s known 1n the art. The DC power source
228 A may be one or more of, but not limited, the following
sources: battery, photovoltaic array, and/or fuel cell. The
same hardware topology described 1n FIG. 2D supports bidi-
rectional power flow. Thus, 1t may also buck the voltage of the
DC bus 250 down to a lower voltage to charge a battery or
supply lower voltage DC power.

[0081] Alternative topologies/embodiments to connect DC

clements to the higher voltage DC bus 250 are presented 1n
FIGS. 2E and 2F. In FIG. 2E, the half bridge 1s connected to

the DC Flement 228B on one side and the low side of the DC
bus 250 on the other. The mid point of the bridge 1s connected
to the high side of the DC bus via an inductor 264. A DSP (not
shown) controls the opening and closing of the IGBTs 238,
258a based on an algorithm known 1n the art and the current
measured by sensor 260. The topology of FIG. 2E, like that of
FIG. 2D can buck down voltage for power flowing from DC
clement 228B or boost voltage up for power flowing into DC
clement 228B. One example 1s when DC element 228B 1s a
battery.

[0082] A hardware topology to connect DC bus 250 to an
clectrically 1solated second DC bus 251 1s shown in FIG. 2F.
The topology of FIG. 2F allows power to flow 1n both direc-
tions and DC bus 251 may be at a higher or lower voltage than
DC Bus 250. Two half bridges 259 may be connected across
cach bus and the midpoints of each pair connected across the
one side of a transformer 268. A DSP (not shown) controls the
IGBTs 258 to boost the voltage up or buck the voltage down
as needed. The DSP controls the opening and closing of the
IGBTs 258 based on an algorithm known 1n the art and the
current measured by sensors 260 or voltage measured by
sensors 264. The topology shown 1n FIG. 2F allows an exten-
s1on to the 1deas shown in FIG. 2A. The circuit in FIG. 2F
allows multiple DC buses at different voltages to which the
modules can attach. It may be less expensive or more efficient
to attach one or more modules to a DC bus at a different
voltage than the main DC bus 250. It may also be beneficial to
provide a DC bus and/or power supply that 1s 1solated from
main DC bus 250. The multiple DC buses may allow the
system architecture of the modular power conversion system
212 to be optimized for minimum cost and/or maximum
elficiency.

[0083] An embodiment of a three phase inverter module to
connect a 3-phase grid 1s presented 1n FIG. 2H. Three half
bridges 259 are connected to the high and low side of the DC
bus 250. The IGBT s 258 are controlled by a DSP (not shown)
based on the high speed measurements of the voltages using
sensors 262. The DSP controls the operation of the IGBT s
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258 to create three (3) time varying voltages 1n lines 256 that
have the desired amplitude, frequency and are have a phase
relationship with each other. The control algorithm of the
DSP 1s described fully below. The produced voltage signals
are filtered by an inductor-capacitor-inductor (LCL) filter
264,266,264 to produce three (3) smooth sine waves. In some
embodiments, the output of the DSP-controlled bridges 259
and LCL filter 1s 60 Hz, 208 volt, 3-phase AC power. In other
embodiments, the output may include one or more of the
following, including but not limited to 50 Hz, 400 volt,
3-phase AC power, 50 Hz, 200 volt 3-phase AC power, 60 Hz,
200 volt 3-phase AC power, 50 Hz, 380 volt 3-phase AC
power. In some embodiments, a transformer 268 may be
included to 1solate DC bus 250 and the rest of the modular
power conversion system 212 from the 3-phase utility grid
2164 and the 3-phase load 220qa. The transformer may step up
the produced voltage or step it down as desired. A grid-tie
protection relay 270 may be included to meet IEEE 1347 and
UL 1741 standards to connect to the utility. The grid-tie pro-
tection relay 270 may be a SEL-547 that prevents connection
to the grid until the voltages measured by sensors 262 A match
the phase frequency and amplitude of the grid voltages mea-
sured by sensors 262B. The grid-tie protection relay 270 may
include anti-1slanding functionality that disconnects the mod-
ule from the grid, when the grid fails.

[0084] An embodiment of a three phase inverter module to
connect to a 3-phase load 1s presented in FIG. 21. However, 1n
various embodiments, the configuration may vary. Three half

bridges 259 are connected to the high and low side of the DC
bus 250. The IGBT’s 258 are controlled by a DSP (not shown)

based on the high speed measurements of the voltages using,
sensors 262. The DSP controls the operation of the IGBT s
258 to create 3 time varying voltages in lines 256 that have the
desired amplitude, frequency and are out of phase with each
other. An embodiments of the control algorithm of the DSP 1s
described fully below. The voltage signals produced are {il-
tered by an inductor-capacitor-inductor (LCL) filter 264,266,
264 to produce 3 smooth sine waves. In some embodiments,
the output of the DSP-controlled bridges 259 and LCL filter 1s
60 Hz, 208 volt, 3-phase AC power. In other embodiments,

the output may include one or more of the following including,
but not limited to 50 Hz, 400 volt, 3-phase AC power, 50 Hz,

200 volt 3-phase AC power, 60 Hz, 200 volt 3-phase AC
power, 50 Hz, 380 volt 3-phase AC power. In some embodi-
ments, a transformer 268 may be included to 1solate DC bus
250 and the rest of the modular power conversion system 212
from the load 220a. In some embodiments, a transformer may
step up the produced voltage or step 1t down as desired.

[0085] Insome embodiments, a module to connect a single
phase generator 1s presented 1n FIG. 2J. Here the two power
lines 256 are connected to the midpoint of two half bridges
2359 that are 1n turn connected across the DC bus 250. In some
embodiments, the AC power from the generator 1s rectified
cificiently into DC power through the rapid opening and
closing of the IGBT's 258. In some embodiments, the opening
and closing of the IGBTs 258 are controlled by a DSP (not
shown) based on the high speed measurements of the voltages
using sensors 262. In some embodiments, the control algo-
rithm of the DSP 1s described fully below. In some embodi-
ments, the module 222 may also include current sensors 260.
In some embodiments, module 222 may connect one or more
of, but not limited to, the following list of generators: internal
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combustion engine generators, Stirling generators, external
combustion generators, wind turbine generators, water tur-
bine generators.

[0086] Anembodimentof asingle phase inverter module to
provide AC power to a single phase load 1s shown 1n FIG. 2K.
Two half bridges 259 are connected across the DC bus 250.
The power lines 256 are connected to the midpoint of the two
bridges 259. The IGBT’s 258 are controlled by a DSP (not
shown) based on the high speed measurements of the voltages
using sensors 262. The DSP controls the operation of the
IGBT’s 258 to create a time varying voltage 1n lines 256 that
have the desired amplitude and frequency. The control algo-
rithm of the DSP 1s described fully below. In some embodi-
ments, the voltage signals produced are filtered by an induc-
tor-capacitor-inductor (LCL) filter 264,266,264 to produce a
sine wave. In some embodiments, the output of the DSP-
controlled bridges 259 and LCL filter 1s 60 Hz, 120 volt,
1-phase AC power. In other embodiments, the output may
include one or more of, but not limited to, the following: 50
Hz, 220 volt, 1-phase AC power, 50 Hz, 100 volt 1-phase AC
power, 60 Hz, 100 volt 1-phase AC power, 50 Hz, 230 volt
1-phase AC power. In some embodiments, a transformer 268
may be included to 1solate DC bus 250 and the rest of the
modular power conversion system 212 from the load 2205.
The transformer may step up the produced voltage or step 1t
down as desired.

[0087] Anembodimentof a single phase inverter module to
provide AC power to a single phase grid 1s shown 1n FIG. 2L.
In this embodiments, two half bridges 259 are connected
across the DC bus 250. The power lines 256 are connected to
the midpoint of the two bridges 259. The IGBT’s 258 are
controlled by a DSP (not shown) based on the high speed
measurements of the voltages using sensors 262. The DSP
controls the operation of the IGBT’s 238 to create a time
varying voltage 1n lines 256 that have the desired amplitude
and frequency. The control algorithm of the DSP 1s described
tully below. The voltage signals produced are filtered by an
inductor-capacitor-inductor (LCL) filter 264,266,264 to pro-
duce a sine wave. In some embodiments, the output of the
DSP-controlled bridges 259 and LCL filter 1s 60 Hz, 120 volt,
1-phase AC power. In other embodiments, the output may

include one or more, but 1s not limited to, the following: 50
Hz, 220 volt, 1-phase AC power, 50 Hz, 100 volt 1-phase AC

power, 60 Hz, 100 volt 1-phase AC power, 50 Hz, 230 volt
1-phase AC power. In some embodiments, a transformer 268
may be included to i1solate DC bus 250 and the rest of the
modular power conversion system 212 from the load 2165. In
some embodiments, the transformer may step up the pro-
duced voltage or step 1t down as desired. In some embodi-
ments, a grid-tie protection relay 270 may be included to meet
IEEE 1547 and UL1741 standards to connect to the utility.
The grid-tie protection relay 270 may be a SEL appropriate
for single phase that prevents connection to the grid until the
voltages measured by sensors 262A match the phase fre-
quency and amplitude of the grid voltages measured by sen-
sors 262B. In some embodiments, the grid-tie protection
relay 270 may include anti-islanding functionality that dis-
connects the module from the grid, when the grid fails.

[0088] In some embodiments, an mnverter module with a
orid-tie contactor and a transier switch, such as the embodi-
ments shown 1n FIG. 2M, 1s included. The hardware topology
including the half bridges 259, LCL filter, transformer 268
and grid-tie protection relay 270 may be the same/similar as
described above for FIG. 2L. In some embodiments, the mod-
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ule in FIG. 2M add a transfer switch to connect the load to the
orid or the AC power from the module when the grid fails. In
some embodiments, the transfer switch also disconnects the
orid from the AC power when the grid fails.

Prioritizing Power Suppliers

[0089] In some embodiments, the modular power conver-
sion system 212 may direct the power from a number of
sources to one or more loads or sinks of power. The power
sources may include, but are not limited to, one or more of the
following: internal combustion engine generators, Stirling
generator, external combustion engine generators, renewable
power generators, battery and the electrical grid. Renewable
power generators may include, but are not limited to, one or
more of the following: solar photovoltaic, wind turbine gen-
erators, hydro power generators, etc. In some embodiments,
the sinks or users of power may include the electric grid, in
plant AC loads, DC loads, battery charging, brake or shunt.
The following describes an embodiment of a modular power
conversion system 212 designed such that energy flows as
desired. In general, 1t 15 desirable to draw power from the least
expensive source of power first and as the demand for addi-
tional power increases, use the next least expensive power and
so on until that last source of power engaged 1s the most
expensive power. Similarly, in some embodiments, the power
flows to the highest priority circuits first and when the load of
the highest priority circuits 1s met, power 1s supplied to sec-
ondary and tertiary circuits. By way of example a modular
power conversion system connecting a PV circuit, the grid, a
local load and a battery may be organized to take power from
the PV first, the grid second and the battery last. The same
system might charge the battery first and then supply power to
the load and grid. Embodiments of circuits to connect these
sources and loads are presented i FIGS. 2A-2M and
described above.

[0090] In some embodiments, prioritization may be
achieved by assigning a specific and different operating point
to each energy producer or consumer “node”. This operating,
point 1s assigned in terms of a voltage regulation point on a
common DC bus (1.e. shared by all such nodes). Each node
embodies a voltage regulating control which in operation
attempts to bring the common DC bus voltage equal to 1ts
assigned operating point. In some embodiments, the node
does this by either causing current to flow into the common
DC bus thereby raising 1ts voltage, or causing current to flow
out of the common DC bus thereby lowering 1ts voltage. In
some embodiments, each node causes current to flow 1n a
direction that balances the current tflow from other nodes such
that the desired bus voltage 1s maintained. In some embodi-
ments, the voltage regulators of each node are setup so that
only one node at a time 1s not 1n saturation, meaning that all
but one node are either fully open or fully closed to power
flow and one node 1s actively varying the power flow to or
from the DC bus to control the DC bus voltage. Alternative
systems may be setup with nodes that do not attempt to
control the DC bus voltage. Examples of such nodes may
include a PV array operating with a maximum power point
tracking and an engine-driven generator operating at a fixed
or system-commanded engine speed. In some embodiments,
the operating points of each energy producing or consumer
node may be changed any time the system 1s on including, but
not limited to, while the system 1s running. In some embodi-
ments, the operating points may be changed using a user
interface. In some embodiments, an overvoltage level may be
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set on the DC bus 250 so that if the DC bus voltage reaches a
set voltage, the system will shut off. In some embodiments,
the overvoltage level of the DC bus 250 may be changed any
time the system 1s on including, but not limited to, while the
system 1s running. In some embodiments, the overvoltage
level of the DC bus 250 may be changed using a user inter-
face.

[0091] A PV array operating with a maximum power point
tracking (MPPT) algorithm. In this case the PV subsystem
will attempt to seek out the combination of voltage and cur-
rent at the PV array that result in the greatest supply of power
from the array. Maximum power does not correspond with
either maximum voltage or maximum current and therefore 1t
1s counterproductive to require the MPPT implementation to
operate at a fixed voltage target. Instead the MPPT PV node 1s
allowed to operate over any range of voltage that 1t can

achieve while other consumer nodes continue operate at fixed
voltage points and consume the energy that 1s available from

the PV.

[0092] An engine-driven generator operating at a fixed or
system-commanded engine speed. In this case the generator
will deliver whatever net energy remains irom the raw energy
(fuel) that 1s supplied to its engine. Like the MPPT example
above, other nodes will consume as much of this available
energy as they able up to their respective limats.

This type of node, as an energy producer, always supplies all
of its capacity to the common bus, even when that capacity
exceeds the combined demand of the consumer nodes.

[0093] In various embodiments, a given node may be of a
type that may provide current tlow 1n etther direction, or only
in one direction or the other. For example a grid-tied inverter
may be designed to permit current flow in either direction; a
photovoltaic array can only provide current flow into the
common bus. It cannot consume current flowing out of the
bus.

In various embodiments, 1t may be assumed that each node
also embodies a current regulating or limiting control. The
value assigned to each node’s current control 1s chosen
according to the physical limits or needs of that node (or the
broader physical constraints of the overall system 1f they are
more restrictive). For example, a battery charger node may be
configured with current limits according to the physical
requirements of the attached batteries, and possibly further
restricted by the current carrying capacity of associated com-
ponents and wiring that make up the charging system. In some
embodiments, the value assigned to each node’s current con-
trol may be changed any time the system 1s on including, but
not limited to, while the system 1s running. In some embodi-
ments, each node’s current control may be changed using a
user interface.

[0094] In various embodiments, the current limits of each
node, when and 1f they are reached, will override the node’s
voltage regulating control and at this point the node will cease
its ability to regulate the bus voltage and enter a mode of
constant current regulation. Each node will act up to the limaits
of 1ts ability, expressed in terms of current flow 1n one direc-
tion or the other, to maintain the common DC bus at 1ts
assigned voltage level. Once this limit 1s reached, that node
continues to operate at 1ts maximum capacity but inherently
yields 1ts control of the bus voltage to other nodes which have
greater capacity.
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Backup Power System

[0095] Referring now to an embodiments of a power sys-
tem FIG. 28 A including a battery 218 A, a Stirling generator
222A, an 1inverter connected to a load 249 and a brake 244 A
that are interconnected with a modular power conversion
system 212. The modular power conversion system 212 1n
this example includes the following modules in FIG. 2A:
brake module 244, a generator module 222, an AC nverter
module 220 and a battery module 218. The brake module 244
1s a power sink and connects an electrical resistor 222A that
can dissipate excess electrical power from the DC bus 250 by
converting it to heat. In some embodiments, the power from
the DC bus 250 may be purposely directed to the brake
module 244 to create heat as the primary purpose of the
system.

[0096] The generator module 222 as described above 1s a
power source that converts the polyphase electrical power
from the electric generator 222A into DC power on the DC
bus 250. The AC Inverter module 220 1s a power sink that
converts DC bus power to AC power and delivers 1t to an
external load 249. The battery module 218 may be act as
either a sink or a source of power to the DC bus 250.

[0097] Invarious embodiments, the Stirling generator may

be one of the various embodiments shown and described 1n
U.S. patent application Ser. No. 12/829,320 filed Jul. 1, 2010,

now U.S. Publication No. US-2011-0011078-A1 published
Jan. 20, 2011 and entitled Stirling Cycle Machine (Attorney
Docket No. 178), which 1s hereby incorporated herein by
reference 1n 1ts entirety.

[0098] The prioritization of the nodes or modules may be
conceptualized 1 FIG. 28B, where the operating mode 1s
plotted against the DC bus voltage. In this embodiment, the
battery boost module 218 may be programmed to supply
enough current to bring the DC Bus voltage to 385 VDC up to
its current limit. In one example the battery module 218 1s
limited to 20 amps. In this same example, the Stirling engine
may be controlled to a specific speed and temperature. The
Stirling generator module 222 supplies the net power to the
DC bus, which will drive the bus voltage higher. The AC
inverter module 220 supplies the power demanded by the load
249. The module controlling the brake 244 1s programmed to
limit the DC bus voltage to 400 volts. In operation, the battery
module 218 will supply power to the DC bus 250 until the DC
bus voltage meets the battery module’s setpoint of 385 volts.
When the generator 222A 1s supplying power, the DC bus
voltages may rise above 385 volts at which point the battery
module 218 will stop supplying power and begin to absorb
power by charging the battery 222 A. The battery module 218
will continue to absorb more and more power as the voltage
rises up to the charging limit of the battery 218A. If the
generator continues to supply more power than the battery
and the load can absorb then the added power will drive the
DC bus voltage higher until the DC bus voltage reaches the
brake module voltage set point. The brake module 244 will

engage the resistor 244 A progressively by increasing the duty
cycle of one of the IGBT’s 258 in FIG. 2G. In this embodi-

ment the brake module 244 1s set to 400 volts. If the load 249
exceeds the power supplied by the generator 222A, the DC
bus voltage will drop until 1t reaches the battery module
voltage setpoint. In this embodiment the battery module set
point 1s 385 VDC. If the DC Bus voltage reaches 385 VDC,
the battery module 218 will start to supply power from the
battery 218 A to meet the load demand. If the load exceeds the
generator and the battery power capacity, then the DC bus
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voltage will drop below 385 DC. If the DC bus voltage drops
low enough the nverter module 216 will shut down and
disconnect the load. This simple example illustrates how

power flows to the sinks (battery 218A, brake 244 A) and from

the sources (generator 222 A, battery 218A) can be controlled
or prioritizing by individually setting the operating voltages
for each of the control modules. However, in various embodi-
ments, the values given may vary.

Grid-Tied Power System

[0099] An embodiments of a system including a grid-tied
inverter and a solar PV array 1s sketched 1in FIG. 28C. The
clectrical grid 216 A and the AC load may 1n one embodiment
be connected to a module 216 that syncs the inverter output to
the grid 216A and connects the AC load 220A to either the
inverter or the grid 216 A. The prioritization of the nodes or
modules for a grid-tied example may be conceptualized in
FIG. 28D, where the operating mode 1s plotted against the DC
bus voltage. In this embodiment, the battery boost module
218 15 programmed to supply enough current to bring the DC
Bus voltage to 385 VDC up to 1ts current limait. In one embodi-
ment the battery module 218 1s limited to 75 amps. In this
same embodim<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>