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MULTIPORT TRANSFORMER ENABLED MODULAR MULTIPORT POWER
CONVERSION SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS

6601} This application is related to and claums prionity from the following US patents and
patent applications; this application claims priority from and the benefit of U.S. Patent
Application No. 18/627,004, filed April 4, 2024, which claims priority from and the benefit of
U.8. Provisional Patent Application No. 63/458,803, filed Apnil 12, 2023, This application also
claims priority from and the benefit of U.S. Provisional Patent Application No. 63/458,803, filed
April 12, 2023, each of which is incorporated herein by reforence in its entirety.
BACKGROUND OF THE INVENTION

6062} 1. Ficld of the Invention

00463} The present invention relates to power conversion systems, and more specifically to
multiport, modular power conversion systems capable of connecting to multiple encrgy sources
and/or multiple power consuming nodes simultancously.

D004} 2. Bescription of the Prior Art

[LEEERY It is generally known in the prior art to provide AC/DC converters, DC/AC inverters,
DC/DC converters and other means for connecting power sources £0 power consuming devices.
6006} Prior art patent documents inchude the following:

G047} U.S. Patent Publication No. 20210408937 for MM submodules scale-up
methodology for mv and hv power conversion system applications by tnventors Bhattacharva, et
al, filed June 24, 2021 and published December 30, 2021, 1s directed to modular multilevel
converter (MMC) scale~up control methodologies which can be applied for MV and HV DC
applications. In one example, an MMC includes first and second legs cach with submodule (SM)
groups connected in series, where cach SM group includes a plurality of $Ms; local group
controllers that can control a corresponding SM group; and a central controlier that can control
outpat voltage of the MMC via the local group controllers. The local group controllers can
provide capacitor voltage balancing {CVB) control of corresponding SM groups.

[G008] WIPO Publication No. 2022103858 for Multiport energy routing systers by inventors
Mauger, et al., filed November 10, 2021 and published May 19, 2022, is directed to a flexible
multiport energy routing system including a first port configured to connect to an AC grid, a
plurality of second ports configured to connect to a plurality of devices, a step-down transformer,
a power converter stack, and a third port. The step-down transformer can have a high voliage side
clectrically coupled to the first port and a low voltage side. The power converter stack can
comprise a plurality of power converter modules each having a first converter bridge connected

to the low voltage side of the step-down transformer and a second converter bridge connected to
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one or more of the plurality of second ports. Hach of the power converter modules can have a
converter transformer connected between the first and second converter bridges. The first and
second converter bridges can bidirectionally manage AC and DC power flows between the first,
second, and third ports.

(6009} U.S. Patent No. 11,196,338 for Semiconductor topologies and devices for soft starting
and active fault protection of power converters by tnventors Beddingfield, et al,, filed December
29, 2018 and 1ssued Deceraber 7, 2021, is directed to semiconductor topologies and devices that
can be used for soft starting and active fault protection of power converters. In one example, an
active switch device includes an active switch having a gating control input; and a thyristor
having a gating control input. The thyristor is coupled in parallel with the active switch. The
active switch can be an IGBT, MOSFET, or other appropriate device. In another example, a
power converter can include the active switch devices and switching control circuitry coupled to
gating control inpuis of the active switch devices.

(6816} U.S. Patent Publication No. 20210012944 for Transformer designs for verv high
1solation with high coupling by inventors Beddingfield, et al | filed July &, 2020 and published
Janoary 14, 2021, is directed to transformer designs that offer very high isolation while
maintaining high coupling between the windings. In one example, an isolation transformer
includes a first excitation coil wound around a first core and a second excitation cotl wound
about a second core. The second core is electrically separated from the first core by a high
resistivity magnetic material or a non-condactive material. The first and second cores can include
corresponding core segments arranged 1n a trident geonmetry or a quindent geometry. The core
segments can align when the first excitation coil is inserted into a void of the second excitation
coil. The isolation transformer designs are mechanically separable which can result in safe,
energized, plug operations.

6011} U.S. Patent Mo, 10,734,914 for Fault-tolerant controller for modular multi-level
converters by inventors Azidehak, et al,, filed September 26, 2019 and issued Aungast 4, 2020, is
directed to fault-tolerant controller architectures for multi-level converters. In one cxample, a
multi-level converter includes an array of power modules. The power modules can include a
controller communicatively coupled to controllers of adjacent power modules in the array of
power modules. Circuitry of the controllers can receive operational data from the adjacent power
modules; wdentify a fault condition in an adjacent power module using the operational data; and
inttiate reconfiguration of the array of power modules in response to an indication of the fault
condition, where the reconfiguration bypasses the adjacent power module. In another example, a
methad includes dentifying a fault condition in an adjacent power module in an array of power

modules based upon operational data from one or more adjacent power modules of the array; and
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nitiating reconfiguration of the array of power modules i response to an indication of the fault
condition.

16612} U.S. Patent Publication No. 20220199302 for Transformer and Method of
Engincering a Transformer to Incorporate a Leakage Tnductance by mventors Beddingficld, et al |
filed April 20, 2020 and published June 23, 2022, 18 directed to a transformer including a core
formed of at feast one MANC alloy. The MANC alloy has a predefined pernmeability.

G813} U.S. Patent No. 11,063,579 for Cureuit for providing vanable wavefornu excitation by
wmventors Beddingfield, et al., filed November &, 2018 and issued July 13, 2021, is directed to a
circuit for testing an electronic component, such as a transformer, including at least two power
supplies and at least two H bridge circuits. A first H bridge circuit is conductively coupled in
parallel to a first power supply. A sccond H bridge circutt is conductively coupled in paralicl to a
second power supply. The second H bridge cirauit includes one or more anti-series diodes for
preventing current from the first power supply from passing through the second H bridge circuit
o the second power supply. The first H bridge circuit and the second H bridge circuit are
configured to conductively couple 1o the electronic component for providing a voltage with a
predefined waveform to the electronic component.

13614} U.S. Patent No. 10,522,306 for System: and method of causing a zero-current crossing
in an electrical circuit by inventors White, et al,, filed May 26, 2017 and issued Deceraber 31,
2019, 1s directed to methods and systems for cansing a zero-current crossing in an electrical
circuit. The circuit can be a DC circwit in which case a switch is caused to open at or nearly at the
zero crossing. Altemnatively, the circuit can be an AC circuit,

(681 5] WIP( Publication No. 2022216738 for Modular multiport AC battery power
converter systems and methods of using same by inventors Mauger, et al, filed Apnl 3, 2022 and
published October 13, 2022, 1s directed to a power conversion system including a first battery
module, a second battery module, first and second transformers, and first, second, and third
current source converier bridges. The transformers can have fow voltage sides and high voltage
sides. The first bridge can be configured to connect the battery modules and the low voltage sides
of the transformers. A nud-point of the serial connection of the battery modules can be connected
to a mid-point of the series connection of the transformers. The second bridge can connect to the
high voltage side of the first transformer and one or more ports configured to transmit electrical
power to and/or receive clectrical power from an electrical load and/or source. The third bridge
can be contfigured to connect to the high voltage side of the sccond transformer and the one and
Ong OF WOFe Ports.

[0816] WIPO Publication No. 2022173791 for Unified control strategies for grid-connected

converters by mventors Miranbeigi, et al,, filed February 9, 2022 and published August 18, 2022,
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1s directed to a universal control (UniCon) scheme for grid-connected converters that allows
operation automatically in grid-following, grid-firming, and gnd-forming modes. The converter
does not need information on the grid or connected sources and loads. The converter can set its
own operating poiot based on Jocal measurements. The converter can operate over a wide range
of typically encountered steady-state, transient, and fault conditions. UniCon realizes a universal
control strategy for converters on the grid, allowing operation in distinct modes, including
dispatch 1v grid connected mode, and automatic load sharing in 1slanded or nucrogrid mode.
Under transient conditions, the converters provide inertial support and improve damping to
stabilize and reduce disturbances. Multiple converiers on the system do not require detailed
system knowledge or low-latency communications for {ast coordination, using communications
when avatlabie for slow coordination and system level optimization.

6017} WIPO Publication No. 2023288248 for Soft switching solid state transformers
implementing voltage stress mitigation techunigues by inventors Zheng, et al., filed July 13, 2022
and published January 19, 2023, is directed fo a soft-switching solid- state power transformer
ncluding a transformer, first and second auxiliary resonant circuits, first and second current-
source inverter {CSI) bridges, and a first transformer capacitor. The first auxiliary resonant
circuit can be coupled to a first winding connection of the transformer. The first auxiliary
resonant circuit can comprise a resonant capactior coupled across the first winding connection,
and a resonant inductor coupled across the first winding connection in parallel with the resonant
capacitor. The first CS1 bridge can be coupled to the first auxiliary resonant circuit. The second

auxiliary resonant circutt can be coupled to the second windmg connection of the transfommer.

transformer capacitor can be coupled to a high voltage side of the first winding connection and a
ground.

(6018} WIPO Publication No. 2022046959 for Energy meters and energy monitoring systems
and methods by inventors Kulkarni, et al., filed August 26, 2021 and published March 3, 2022, i
directed to an energy meter including a current sensor and an inferchangeable voltage sensor. The
current sensor can be configured to measure an electrical current flowing through a conductor,
The interchangeable voltage sensor detachably can be connected to the current sensor and
contigured to measure an electrical voltage carried by the conductor.

6015} WIPO Publication No. 2022173800 for Power converters utilizing deep learning
neural networks and methods of use by inventors Maranbeigy, et al,, filed February 9, 2022 and
published August 18, 2022, is directed fo a power converter systers comprising a power
converter. The power converter svstem can include a power converter electrically connected to a

local power supply and an electrical utility grid. The power converter can include an output
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configured to exchange electrical power with the electrical utility gnd. The power converter can
be further configured to monitor one or more electrical parameters of the electrical wtility grid
over a period of time and alter one or more electrical parameters of the output of the power
converter based on the monttored one or more electrical parareters of the electrical utility gnid n
real time using a deep leaming neural network.

SUMMARY OF THE INVENTION

G026} The present invention relates to power conversion systems, and more specifically to
multiport, modular power conversion svstems capable of connecting to multiple energy sources
and/or multiple power consaming nodes simultanecusly.

16021} It is an object of this invention to provide a system of easily modifiable and
clectrically isolated ports 1n a power conversion system: for sclectively charging and/or
discharging individual energy sources and sinks within an electnic power gnid.

6022} In one embodiment, the present invention is directed to a modular multiport power
syster, including a contral transformer, a plurality of galvamically isolated ports inductively
coupled to the central transformer via windings, one or more voltage sensors and/or one or more
current sensors for each of the plurality of galvanically isolated ports configured to detect the
voltage and/or current characteristics of ¢ach of the plurality of galvanically isolated ports, and at
least one controller operable to selectively isolate one or more of the plurality of galvanically
isolated ports, wherein cach of the plurality of galvanically 1solated ports are connected to one or
more sources and/or loads, wherein each of the plurality of galvanically isolated ports includes a
plurality of metal-oxide semiconductor ficld effect transistors (MOSFET) in an AC switch or H-
bridge configuration, and wherein the at least one controller is operable to stop MOSFET
switching by the plarality of MOSFETs on one or more of the plurality of galvanically isolated
ports in response to the voltage and/or current characteristics detected by the one or more voltage
sensors and/or the one or more corrent Sensors.

{6023} For all types of ports, whether they are AC ports or BC ports, there is a transformer
and there is a plus connection and a minus connection, providing a mininug of two connections.
Each connection point has a decoupling impedance associated with i, with the tmpedance being
an inductor, a capacitor, a resister, or any combination thereof] referred to as a decoupling
network. BEach decoupling network is connected to a connection point {¢.g., the plus connection,
the minus connection, ¢ic.) is one half of the total decoupling mmpedance. Careful selection of the
decoupling impedance allows for power flow across the terminals at different frequencies. It also
altows for high frequency decoupling of signals and noise from different terminals to other
teroinals through parasitic inter-winding capacitance of the transforwers. Alternatively, the

parasttic impedance of the transformer 1s able to be inductive, inductive-capacitive, and even
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nductive-capacttive with multiple inductors {(Ls) and capacitors (Ts) {or even resistors {Rs))
domunant at different frequencies. Careful selection of the decoupling impedance also allows for
carctul coupling of ditferent factors of the low frequency and high frequency signals from one
port to another port given the decoupling impedance design versus the transformer impedance
design. Furthermore, the careful selection of the decoupling impedance also ensures stability of
machine operation in multiple modes across all ports under iput and output voltage variations.
At all levels, the system 1s able to match the decoupling trapedances to the transformer
mmpedance curves as reflected from a first port to a second port, or as retlected from the second
port to the first port. The decoupling impedances are the same from winding one to winding two
{(from winding 1 to winding n) or are different {from winding | to winding n}. Decoupling
impedances are switched for different transfer characteristics for different sources and loads.
Furthermore, the system is able to convey power or {o convey communications, or to convey
both using various decoupling impedance characteristics.

[6824] In another embodunent, the present invention is directed to a modular multiport
power system, including a central transformer, a plurality of galvanically 1solated ports
inductively coupled to the ceniral transformer via windings, one or more voltage sensors and/or
one of more current scusors for cach of the plurality of galvanically isolated ports configured to
detect the voltage and/or current charactenstics of cach of the plurality of galvanically solated
ports, and at least one controller, including an artificial intelligence module, operable to
selectively manipulate one or more of the phurality of galvanically isolated ports, wherein each of
the plurality of galvanically isolated ports are connected to one or more sources and/or loads,
each of the plurality of galvanically isolated ports connected to the central transformer with one
or more impedance components, wherein the at least one controller receives instructions to
control a percentage of power drawn by or supplied from one of the plurality of galvavically
1solated ports, and wherein at least one controller 1s operable to adjust an 1mpedance for the one
or more impedance components, for at least one of the plurality of galvanically isolated ports to
achieve meet the percentage of power drawn by or supplied from the one of the plurality of
galvamcallv isolated ports.

16025] In vet another embodiment, the present invention is directed to a method of
transterring power from source nodes to load nodes, including providing a contral transformer,
connecting a plurality of sources and/or loads to the contral transformer via a plurality of
galvanically isolated ports, wherein each of the plurality of galvanically isolated ports inclade
on¢ or more voltage sensors and/or one or more current sensors for cach of the plurality of
galvamcally isolated ports configured to detect the voltage and/or current charactenistics of each

of the plurality of galvanically isolated ports and a plorality of metal-oxide semiconductor field
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effect transistors (MOSFET) in an AC switch or H-bridge configuration, the one or more voltage
sensors and/or the one or more current sensors transmitting data regarding the voltage and/or
current characteristics of cach of the plurality of galvanically isolated ports to at least one
controlier, and the at least one coutroller stopping MOSFET switching by the plumality of
MOSFETs on one or more of the plurality of galvanically isolated ports in response to the
voltage and/or current characteristics detected by the one or more voltage sensors and/or the one
OF MOTE CuTFent SCNSors.

06026} These and other aspects of the present invention will become apparent to those skilled
in the art after a reading of the following deseription of the preferred embodiment when
considered with the drawings, as they support the claimed invention.

BRIEF DESCRIPTION OF THE DRAWINGS

6027} FIG. 1 13 a circuit diagram of a modular, multiport power conversion svstem mcluding
seven ports according to one embodiment of the present invention.

[6028] FIG. 2 s a circuit diagram of a four-port multiport converter architecture according to
one embodiment of the present nvention.

13629} FIG. 3 is a schematic diagram of a system mcluding a modular, multiport power
conversion syster according to one embodiment of the present invention.

16630} FIG. 4 1s a circutt diagram of a three-pole altemating current {AC) port according to
one embodiment of the present invention.

G031} FIG. 5 is a circuit diagram of a direct current (DC) port of a modular, multiport power
conversion sysiem according to one embodument of the present invendion.

3632} FIG. 615 a civenit diagram of a MOSFET used in one or more poris of a modular,
multiport power conversion system according to one embodiment of the present invention.
6633} FIG. 7 is a circutt diagram of an insulated-gate bipolar transistor (1IGBT) used in one
or more ports of a modular, multiport power conversion system according to one embodiment of
the present invention.

(G034} FIG. 8 is a circuit diagram of a MOSFET used in one or more DC ports of a modular,
multiport power conversion syster according to one embodiment of the present invention.
[6035] FIG. 9 1s a circoit diagram of an IGBT used in one or more DC ports of a modualar
multiport power conversion systen: according to one embodiment of the present invention.
6036} FIG. 10 is a schematic diagram of a system of the present invention,

DETAILED DESCRIPTION

G037} The present invention is generally directed to power conversion systems, and more
spectfically to multiport, modular power conversion svstems capable of connecting to multiple

energy sources and/or mulfiple power consuming nodes sumultaneousty.
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[G038] In one embodiment, the present mvention is directed to a modular multiport power
system, inchiding a central transformer, a plurality of galvanically isolated ports inductively
coupled to the central transformer via windings, one or more voliage sensors and/or ong or moie
current sensors for each of the plurality of galvanically isolated ports configured to detect the
voltage and/or current characteristics of cach of the plurality of galvamically 1solated ports, and at
least one controller operable to selectively isolate one or more of the plurality of galvanically
solated ports, wherein cach of the plurality of galvanically isolated ports are connected to one or
more sources and/or loads, wherein each of the plurality of galvamcally 1solated ports includes a
plurality of metal-oxide semiconductor ficld effect transistors (MOSFET) in an AC switch or H-
bridge configuration, and wherein the at least one controller is operable to stop MOSFET
switching by the plurality of MOSFETs on one or more of the plurality of galvanically isolated
ports in response to the voltage and/or current characteristics detected by the one or more voltage
sensors and/or the one or more current sensors.

[6839] In another embodunent, the present invention is directed to a modular moultiport
power system, including a central transformer, a plurality of galvanically 1solated ports
inductively coupled to the ceniral transformer via windings, one or more voltage sensors and/or
one of more current scusors for cach of the plurality of galvanically isolated ports configured to
detect the voltage and/or current charactenstics of cach of the plurality of galvanically solated
ports, and at least one controller, including an artificial intelligence module, operable to
selectively manipulate one or more of the phurality of galvanically isolated ports, wherein each of
the plurality of galvanically isolated ports are connected to one or more sources and/or loads,
each of the plurality of galvanically isolated ports connected to the central transformer with one
or more impedance components, wherein the at least one controller receives instructions to
control a percentage of power drawn by or supplied from one of the plurality of galvavically
1solated ports, and wherein the at least one controller 1s operable to adjust on-off duty cvcles
and/or phasing of the on-off duty cveles with respect to other ports, for at least one of the
plurality of galvanically isolated ports to achieve meet the percentage of power drawn by or
supplied from the one of the plurality of galvanically isolated ports.

13040} In vet another embodiment, the present invention is directed to a method of
transterring power from source nodes to load nodes, including providing a contral transformer,
connecting a plurality of sources and/or loads to the contral transformer via a plurality of
galvanically isolated ports, wherein each of the plurality of galvanically isolated ports inclade
on¢ or more voltage sensors and/or one or more current sensors for cach of the plurality of
galvamcally isolated ports configured to detect the voltage and/or current charactenstics of each

of the plurality of galvanically isolated ports and a plorality of metal-oxide semiconductor field
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effect transistors (MOSFET) in an AC switch or H-bridge configuration, the one or more voltage
sensors and/or the one or more current sensors transmitting data regarding the voltage and/or
current characteristics of cach of the plurality of galvanically isolated ports to at least one
controlier, and the at least one coutroller stopping MOSFET switching by the plumality of
MOSFETs on one or more of the plurality of galvanically isolated ports in response to the
voltage and/or current characteristics detected by the one or more voltage sensors and/or the one
OF MOTE CuTFent SCNSors.

[0041] Energy demand 1s 1increasing, with increases in sales of devices such as electric
vehicles signaling a need to stabilize and scale the grid. Needs for supplying power to the electric
power grid are multivanate, including needs for more efficient encrgy generation, encrgy storage,
and energy distribution. One 1ssue with energy distribution is the expanding physical footprint of
the grid infrastructure used to coordinate and deliver power to specific sources. Additionally,
scalability of existing infrastructure poses challenges as well, With existing systems, if new
components need to be added to a gnd, critical portions of gnid infrastructure, such as power
conversion systems, need to be taken oftline or replaced entirely. This is both inconvenient and
often impractical, as downtime of the grid often has devastating consequences. For this reason,
rather than expanding existing mfrastmeture, grid designers often need to create new elements of
the grid, including new power conversion systeras, expanding the physical blueprint taken up by
these devices.

[0042] Existing svstems need new reliable methods of scaling grid conversion systemas, such
that new sources and power consuning loads are able to be added or dropped at will,
Furthenmore, improvements need to increase the spatial efficiency of power conversion systerms,
preferably allowing multiple distributed energy sources to be converted at a single location and
provided to a plurality of sources cither at the same location or in different locations, the latter
also being made possible by enhanced gnd-support services such as demand response or “virtual
power plant”. Because electric vehicles arg able to act as sources of power and other distributed
encrgy sources, including solar pancls, are becoming more popular, the integration of a
distributed energy svstem is likely to become more critical in the future. Finally, for systems
incorporating multiple energy sources and sinks at a single location, methods for isolating
individual connected devices nead to be provided, to avoid risk of contamination of the larger
end from fatlure of a single device.

16043} Referring now 1o the drawings 1n general, the illustrations are for the purpose of
describing one or more preferred embodiments of the invention and are not intended o lunit the

nvention thereto.
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[6044] FIG. 1 1s a circuit diagram of a modular, multiport power conversion system including
seven ports according to one embodiment of the present invention. The present tnvention
includes a modular, multiport power conversion system (MM-PCS). The PCS includes a central
transformer with a plurality of ports that form an integral part of the PCS. The ports are able to
clude both altermating current (AC) and direct current {DC) ports as either sources or sinks for
power, allowing various power sources to be used to charge attached components. DT ports are
able to have either positive or negative polarity, or split 3-wire ports with positive, zero, and
negative voltage polaritics. Furthermore, AT ports included in the PCS include single phase or
three-phase AC ports. This is particularly useful for integrating a plurality of distributed energy
resources and distributed energy storage systems for connecting those resources to various power
consumung loads via a single PCS urat. This forrus 3 sort of “matnx” of both sinks and sources
that are able o be controlled simultaneously. The matrix is able to provide power transfer
between any two {or more} of the ports, while able to isolate other ports, such that the system is
able to selectively draw power from or transfer power to connected devices. The PCS 15 able to
provide power simultaneously from a plurality of sources to a single power consuming load, or
for multiple power consuming loads to draw power from a single power source simultanecusly.
In one embodiment. types of power sources able to be connected to the PCS mclude, but are not
limtted to, at least one batiery, at least one solar cell, at least one wind turbine, at least one power
plant, at least one microgrid, at least one steam turbine, at least one electric vehicle, and/or any
other form of power supplying or power storage device.

[(045] The number of ports of the PCS 1s equivalent 1o the nuraber of windings around the
central transformer, with more windings providing posaibilities for more energy sources or
energy storage devices 0 connect to the svstem. In one embodiment, the PCS includes at feast
three, at least five, at least seven, at least nine, at least tweunty, at least fifty, and/or any other
number of windings, and therefore any number of corresponding ports. One of ordinary skill i
the art will enderstand that the number of primary windings (i.c., windings that draw power from
a source} and the number of secondary windings (i.c., windings that deliver power to a load) are
not intended to be limited according to the present invention. Ports are able to be added or
removed over time by adding (or enabling} or removing {or disabling} windings to the
transformer, allowing for, by way of example and not limitation, a three-port PCS to later be used
for a seven-port application, greatly improving scalability of the system. Instead of being thought
of as being limited to a specific number of ports or connected devices, the scalabihity of the
central PCS is only really limited by the volt-ampere {VA) rating of the central transformer. In
one embodiment, the VA rating of the central transformer is between approximately | VA and

approximately 1000 MVA. One of ordinary skill in the art will understand that the VA rating of
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transformers used n the present invention are notf intended to be limiting and will depend on the
application for which each PCS is used. ¥ is also therefore important that, if new ports are added
to the PCS at a later time, that the addition of the new ports not cause the transformer to exceed
its VA rating, where that VA rating Lot may also be enforced by controls logic.

6046} in one embodiment, a first port (PC1) is a three-phase AC port, mcluding an AC-side
filter, and connected to the central transformer by a first winding (W1}, In one embodiment, a
second port (PC2) ts a DT port including a single capacitor (C2) between the leads, and
connected to the central transtormer by a second winding (W2}, In one embodiment, a third port
{(PC3) 1s a BC port including moltiple capacitors (C3, C4) between the leads and connected to the
central transformer by a third winding (W3). In one embodiment, a fourth port (PC4) is a three-
phase AC port including an AC side tilier and conmected to the central transtormaer by a fourth
winding (W4}, In one embodiment, a fifth port {PU5} is connected to at least one solar cell and
connected o the central transtormer by a fifth winding (W3). v one embodiment, a sixth port
(PC6) 1s a DC port connected to at least one energy storage system including at least one
capacttor {C1) between the leads and comnected to the central transformer by a sixth winding
(W6} In one embodiment, a seventh winding (W7} is connected to the central transformer and is
able to connect to and form a seventh node of any type.

16647} The relative voliage across, or current supplied or drawn from the central transformer
for cach port, is able to be modified based on a tum ratio for the winding for each port. This
allows the transformer to step up or step down the voltage and/or current from individual sources
ot to individual sinks as needed to address a vanety of needs, allowing tor a more modular
configuration of the PCS. Therefore, the same PCS is capable of acting as a buck converter (ic.,
stepping down voltage) between one or more sources and one or more sinks or a boost converter
(1.c., stepping up voltage) depending on the needs of the specific situation. Furthermore, in one
embodiment, the central transformer includes a plurality of parallel circuit paths, such that
additional windings {(and therefore additional ports} are able to be added in series, which will
ingrease the voltage rating of the combined port) or in parallel, which will increase the current
rating of the combined port. However, the PCS can also use current and voltage control schemes
to provide buck or boost operation even with a fized turns ratio.

3048} The central transformer of the PCS in the present invention provides galvanic
isolation between cach of the ports, reducing the danger of electric shocks or current cross-over
between components connected to each port. The galvanic isolation is what mainly allows for
sclectivity in transterring power from one specific port A in the PCS to another specific port B,
even tf the PCS ncludes more ports than stuply port A and port B. In one embodiment, a

controller for the PCS is able to switch between islandmg and gnd connected modes for the PCS.
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The ability to individually 1solate cach port also allows for the system to easily cut off and
replace individual ports with new ports, either for purposes of upgrade or repair, without turning
off the PCS as a whole, providing for the ability to perform “hot swaps.” Furtheomore, fatlure of
an mdividual port does not cause fallure of the entive PCS, as the failed poit is able to be casily
1solated and cut off from the svstem. In one embodiment, in the event of a faulty port, the voltage
for the faulty port is dialed (or programmed) to a predetermined “touch safe” voltage (e.g.. by a
controller connecied to the PCS systen). By way of example and not imitation, i one
embodiment, the touch safe voltage is equal to approximately 0 'V or is less than approximately
60V oreven 28 V. In one embodiment, faults at individual ports are detected by at least one fault
detection algorithm, which is used to determine when the controller should dial, or program, the
port to the touch safe voltage. Active control of the voltage conditions 1s useful for a shutdown
and disconnect procedure for individual ports, while helping to prevent arc flashes, especially for
DC ports. In one embodiment, active voltage control is also used when cach pott is ramped up
into operating condition. Connection of the windings 1o sertes or in parallel on the transformer
does not eliminate the advantage of galvanic 1solation for the system, allowing for high
selectivity and modularity for the added ports.

13649} In onc embodiment, the at least one fault detection algorithn operates, at least in part,
based on data received from current sensors {(e.g., open loop, closed loop, flux-gate, ¢ic.)
measuring current into and/or out of one or more of the individual ports. In one embodiment, the
at least one fault detection algorithm operates, at lcast in part, based on data received from
voltage seusors {¢.g., capacitive-type voltage sensors, resistive-type voltage sensors, eic.)
measuring voltage across one or more of the individual ports. In one embodiment, for one or
more of the individual ports, the at least one falt detection algornithim detects faults based on
higher-than-expected input current levels (1.e., an undercurrent condition), greater-than-expected
output current levels (1.e., an overcurrent condition}, less-than-expected voltage levels (e, an
undervoliage condition}, greater-than-expecied voltage levels (i.e., an overvoltage condition),
and/or detection of an arc. In one embodiment, arc fault detection is based on detection of a
known high frequency signal coupled with one or more associated voltage or current levels. In
one embodiment, the fault detection algorithm is based on detecting more than one fault
condition simultancously {(¢.g.. an overcurrent condition and an undervoltage condition). fn one
cmbodiment, whether fault conditions occur “simultancously™ is based on whether they occur
and/or are detected within a preset time period. In one embodiment, the preset time perntod is

approximately 100 microseconds.
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(G050} In one embodiment, each port is separately grounded, including its own ground
reference, further providing for galvanic isolation. Furthermore, ports having separate grounding
systems provides for improved scalability of the PCS in terus of both power and voltage output.
6051} In one embodiment, one or more of the pors are capable of using zero-voltage
switching (ZVS). VS is particularly useful for hagh-frequency applications, especiallv for power
grid applications, as high-frequency circuits switch frequently and thus suffer more greatly from
switching losses. ZVS utilizes pulse-width modification (PWM) operations to, in 3 first mode,
delay the onset of a dran current in a switching transistor until the drain-source voltage over the
tranststor is zero and later, in a second mode, slows or delays the rate of merease of the drain-
source voltage while the drain current drops to zero. This greatly decreases the overlap between
drain current and drain-source voltage, thereby decreasig parasitic or switching power loss n
the cirauit, decreasing notse, and increasing the efficiency of the svstem. ZVS is especially
bencticial in transformer-related applications, as it decreases transformer inductance loss as well.
In ove embodiment, the ZVS is achieved through inclusion of at least one resonant circuit
between the source voltage connected to each port and the corresponding winding connected to
the transformer for each port. In one embodiment, the switch includes at least one metal-oxide
semiconductor ficld effect transistor (MOSFET) and/or at least one nsulated-gate bipolar
transistor {IGBT).

(6052} The magnetizing inductance of the transformer demonstrates a lagging current that is
able to be designed as a specific fixed percentage of the full load rated current of the transformer.
During hight foad current conditions, the magnetizing current essentially provides negative, or
lagging, current during a swiich voltage transition for the power converter. The negative, or
lagging, current enables the system fo discharge the device capacitance of the switches being
tumed on, which provides the zero voltage switching for the switch being tumed on.
Additionally, the negative, or lagging, magnetizing current enables charging the capacitor for the
switch being turned off. With this system, a bulkier resonant circuit is not required.

[G053] In one embodiment, one or more of the ports are capable of using zero-current
switching (ZCS}). ZCS 1s, stmtlarly to ZVS, very beneficial for high frequency applications. ZCS
1s similar to ZVS except that, in the first mode, it slows or delays the rate of increase of the drain
current, and, in the second maode, it delays the increase of the drain-source voltage until the drain
current drops to zero, Stmilarly to ZVS, i one embodiment, the ZCS is achicved through
inclusion of at least one resonant circuit between the source voltage connected to each port and
the corresponding winding connected to the transformer for each port. In one embodiment, the
switch includes at least one metal-oxide semiconductor ficld effect transistor (MOSFET) and/or

at least one msulated-gate bipolar transistor (IGBT).
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[3054] FIG. 2 15 a civenit diagram of a four-port multiport converter architecture according to
one embodiment of the present invention. One of ordinary skill in the art will understand that
while a four-port architecture is depicted in FIG. 2. altemative embodiments including various
other numbers of ports are also contemplated herein, as the architecture 1s scalable to greater than
four ports by increasing the capability of the central transformer and connecting more hmbs to it
The architecture shown is modular, alowing added ports to be AT three-phase without neutral,
AL three-phase with neutral, AC single phase, or DC, depending on the type of application. In
FIG. 2, a version is depicted with one AC three-phase without neutral port and three DC ports,
However, an AL three phase with neutral s also able to be incorporated into the same nnultiport
architecture. In one embodiment, the architecture includes inductors to assist in power transfer. In
onc embodiment, MOSFETs are included 1n untversal contigurations {(e.g., back-to-back
switches, also called AC switches) for either AC or DC ports, and H-bnidge configurations,
which are only used for BC ports. In one embodiment, one or more filters are included, with
differcut configwrations depending on AC or DC applications. Contactors are also included with
three-phase AC, single-phase AT, or DU, One of ordinary skill in the art will understand that
other protection elements, such as surge protectors or ground-fault detectors/interrupters or fuses
are also able to be included, though are not shown 1o FIG. 2.

16035} For all types of ports, whether they are AC ports or DC ports, there is a transformer
and there is a plos connection and a minus connection, providing a mininum of two connections.
Each connection point has a decoupling impedance associated with it, with the impedance being
an inductor, a capacitor, a resister, or any combination thereof, referred to as a decoupling
network. Each decoupling network is connected to a connection point {e.g., the plus connection,
the minus connection, ctc.) is one half of the total decoupling impedance. Carefal selection of the
decoupling impedance allows for power flow across the temminals at different frequencies. It also
allows for high frequency decoupling of signals and noise from different ternunals to other
terminals through parasitic inter-winding capacitance of the transformers. Alternatively, the
parasitic impedance of the transformer is able to be inductive, inductive-capacitive, and cven
inductive-capacitive with multiple inductors (L.s} and capacitors {(Us) {or even resistors (Rs})
dominant at different frequencies. Careful selection of the decoupling impedance also allows for
careful coupling of different factors of the low frequency and high frequency signals from one
port to another port given the decoupling impedance design versus the transformer impedance
design. Furthermore, the careful selection of the decoupling impedance also ensures stability of
machine operation in multiple modes across all ports under wwput and output voltage variations.
At all levels, the system s able o match the decoupling trapedances to the transformer

mpedance curves as reflected from a fivst port to a second port, or as retlected from the second
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port to the first port. The decoupling impedances ase the same from winding one to winding two
{from winding 1 to winding n} or are different (from winding 1 to winding n}. Decoupling
Furthermore, the system is able to convey power or to convey communications, or to convey
both using varions decoupling impedance characternistics.

6056} Advantageously, a fault on any one port in the system only leads to that port alone
becoming unavailable, with the remaining ports continuing to function as is. The central
transformer provides galvanic isolation from one port {o the rest, hence enabling continued,
uninterrupied operation, which also provides safety. Each port has a dedicated set of contactors to
isolate the port from the source or load to which it is connected. Firmware used for the modular
roultiport system implements a defined state machine to periodically check for faults, as part of
major transitions, and the firmware follows a predefined set of procedures to 1solate the faulty
port from the rest of the system.

[B057] Faults on ports in the system are able to be broadly categorized mto one of the
following types discussed below. First, instantaneous overvoltage or overcurrent 1s able to be
detected within a few microseconds by observing the transformer voltages and currents. For
overvoltage, the port is immediately isolated by stopping MOSFET switching. For overcurrent,
the transistors are repeatedly tumed off and on 1o first supply 1urush current to a connected load,
and 1f the fault persists, to clear a fuse or breaker. If the overcurrent persists given the limits of
the {2t curve of the machine, the port is then isolated by stopping MOSFET switching to prevent
damage to the machine and to resume operation of all other valid ports. In the case of
instantaneous overvoltage or overcusrent, the port is connected afier opeming contactors and the
port is marked as unavailable on a user inferface for the modular multiport system.

[3658] A second type of fault occurs when one or more MOSFETs fails to open. This is able
to be detected within a fow microseconds by ohserving the gate driver faults as well as
transformer voltages and currents. The port is then immediately isolated by stopping MOSFET
switching, with the port being disconnected after opening contactors and marked as unavailable
on a user interface for the modular multiport system.

[0059] A third tvpe of fault occurs when one or more MOSFETs fails to close. Thas is able to
be detected within a fow microseconds by observing the gate driver faults as well as the
transformer voltages and corrents. The ports are then immediately isclated by stopping MOSFET
switching if there 15 a universal port configuration, with the ports being disconnected after
opening contactors and marked as unavailable on a user interface for the modular multipont

system.
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(3066} A fourth type of fault is a contactor weld, which is able to be detected as part of the
state machine either during startup or after there is a need to disconneet the port manually or
automatically, as part of the requirements of the application. The port is then able to be 1solated
inmediately by stopping MOSFET switching (in a universal port configuration} and then port is
marked as unavailable on a user interface for the modular multiport systen.

G061} A fifth type of fault is a ground 1solation fault. In some applications, periodic
checking is performed for isolation of the ports with the ground. Preferably, the periedic 1solation
tests are performed as part of the state machine before commencing power flow, or even during

power flow. Ifthe isolation test marginally fails with a warning

p=2

the port is ramped down in
voltage and current, the contactor is opened, and the port is marked as unavailable on a user
interface for the modular multiport system. i the isolation test fails with an error, the power flow
o that port is immediately interrupted by stopping MOSFET switching, the contactor is opened,
and the port is marked as unavailable on a user interface for the modular multiport system.
[0062] For any type of port failure, if it was previously actively sourcing or consuming
power, an automatic power flow adjustment is made on other ports without the need for human
intervention. If a source port is faudted, other sources increase their power levels to compensate.
If the other sources reach capacity, then the power supplied to connected loads is throttied with
appropriate indications on a user interface for the modular multiport system. The system s able
1o receive a user seiting of a certain priovity to certain loads such that high priority loads stay on
while lower priority loads are disconnected. In the event that is only a single source port, which
is faulted, power transter is ceased and the machine is stopped. An additional source port 15 able
to be engaged if it 1s connected, in which case the converter will transition to the other source
port and attempt to provide the entire load demand from that source. The load power potentially
needs to be throttled down, however, depending on the tiae it takes to ramyp up other sources
{which varies for different types of sources). A prionty 1s also able to be set for certan loads
sach that higher priority loads stay on while lower priority loads are disconnected for a short time
to cover the ramp up delay. In the case of one or more load port failures, the source port powers
are throttled down without affecting other, active loads.

103663} In the case of source port transients, there 18 a need (o move away from conventional
controls and implement an emergency mode for steering power to the loads. There are many
types of emergency modes that are able to be utilized, including storing switching pattcrns
corresponding to different emergency modes, deliberate change of control gains only while in
emergency mode and then settling down to normal gains while tn emergency mode, or adopting a
different non-lincar control scheme to control the state of the machine or to control the identified

and critical state trajectories. For deeper and/or longer-lasting sags classified as transient(s},
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when the source port 1s unable to deliver rated or required and/or assigned power, either another
source is ramped up to supply power for a duration or certain loads are prioritized to stay on
while lower priority foads are switched off and resumed after the transient(s} bas/have subsided.
For surges, as long as the surge remains within the safe operating area (SOA) of the device, the
port is able to deliver more than the steadv-state rated power for a transient case. In this case, the
control system goes into emergency mode to detect this situation and compensate for the extra
power while continuing to deliver the required power levels for the loads.

0064} FIG. 3 15 a schematic diagram of a svstem mcluding a modular, multiport power
conversion system according to one embodiment of the present invention. In one embodiment,
operation of the PCS is directed by at least one MM-PCS controller. In one embodiment, the
MM-PCS controlier is configured to receive status data from one or more sensors. In one
embodiment, the PCS includes at least one sensor monitoring each port of the PCS. I a sensor
detects that a port has failed, or transmits a sensed value that indicates failure, then a status
update message or respective value is transmitted to the MM-PCS controller, allowing the MM-
PCS controller to 1ssue control signals to automatically galvanically isolate and cut-off the
compromised port from central transformer, preventing the damaged ports from parasitically
drawing current from the PCS or from potentially causing arc flashes or other harmfid
phenomena between the damaged port and other ports in the system. In one embodiment, the
MM-PCS controller is able to connect or disconnect individual ports through the use of
programmable breakers, and/or solid-state breakers, and/or AC/DC contactors and/or vacuum
breakers, and/or combinations of these breakers and contactors on cach pott.

[3065] The galvamc isolation of the present system is achieved by the use of separate
windings to connect cach port to the transformer. Carrent i3 able to flow only from one winding
to another winding by maguetic flux change in the transformer. This change requires explicit
switching from each of the mvolved ports {or more specifically transistors in each port) to allow
energy flow, providing for extremely high selectivity in flow path. In one embodiment,
programmable contactors provide for selective remote {manual or avtomatic) transisior switching
to allow for the selective switching mechanism. This sort of switching also allows the
transformer to provide controlled incoming current to individual loads even where the overall
current from all energy resources into the system is quite high, preventing overcurrent from
potentially damaging the attached loads.

6066} In one embodiment, multiple PCS units are able to be connected either n parallel or
in series, allowing for power scaling as well as voltage scaling of the system. In one embodiment,
cach PCS umt has its own controller for controiling the voltage supplied to each port of the

corresponding PCS unit and allowing for control of power flow between each port. In one
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embodiment, a supervisory controller operates over multiple PCS wnits, providing higher level
voltage regulation. In one embodiment, the supervisory controller is operable to fransmit power
Hlow control commandds to one or more individual MM-PCS controliers and/or directly to
individual ports of one or mare PCS units. In an erabodiment of the present mvention having
multiple PCS units, only the series or parallel ports are electrically connected. In one
embodiment, the one or more individual MM-PCS controlers are connected to the at least one
supervisory controlier wirelessly via one or more dedicated signal frequencies, through at least
one EtherCAT cable, and/or through one or more wireless networks {¢.g., wireless local arca
networks, or WLAN, such as WI-FL, wireless personal arca networks, or WPAN, such as
BLUETOOTH). In one embodiment, one or more individual MM-PCS controliers are connecied
1o at least one energy management systern (EMS) (¢ .g., at least one server) operable to transnuit
commands to one or more individual MM-PCS controllers and/or to one of more supervisory
controfler.

0067} In one embodiment, the MM-PCS controller automatically performs diagnostic
evaluations of the PCS based sensor data received from a plurality of sensors, allowing the MM-
PCS controller to synthesize this data to determine the overall health of the svstem. In one
embodiment, diagnostics and prognostics are performed by a dedicated diagnostic and prognostic
module interfaced with the MM-PCS controller. In one embodiment, the diagnostic and
prognostic module is 3 cloud-based module, while, in another embodiment, the diagnostic and
prognostic module ts a component of a processor of the MM-PCS controller. In one embodiment,
the MM-PCS condrolier 15 configured to automatically transmtt status updates from the PCS as a
whole to at least one server and/or at least one database. In one embodiment, the MM-PCS
controlier is connected, either via cable or wirelessly, to at least one sapervisory controller
operable to provide new operational parameters to the MM-PCS controller to adjust to different
needs of the svstem {e.g., adjusting a maximum total voltage drop, adjusting a maxumum current
drawn by specific sinks, gtc). In one embodiment, the MM-PCS controllier is capable of
controlling a percentage of power delivered or consumed by cach port {e.g., port 1 delivers 20%
of power, port 2 dehivers 80% of power, etc.). In another embodiment, the amount of power
delivered or consumed by cach port 1s based on the mumber of windings in each port’s connection
to the central transformer.

6068} In one cmbodiment, the MM-PCS controller is programmed to include at least one
schedule of energy resources, indicating that different percentages of power will be delivered
from different power sources at different times and/or that different percentages of power will be
deltvered to different power consuming ports at different tunes. By way of example and not

limitation, in one embodiment, at least one solar cell 1s attached to a first port of the PCS. During
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the day time, the MM-PCS controller is configured to draw 50% of the total power input from the
first port, as the power generation from the at least one solar cell will be higher. However, during
the night time, the MM-PCS controiler is configured to only draw O to 5% of total power input
from the first port, reflecting decreased power production. In one embodunent, the schedule is
not based on times of a day, but based on pertodically cycling different sources. For example, in
one embodiment, power is drawn from a first port for an hour and then drawn from a second port
for an hour, with alternation back and forth. ¥n another embodiment, the energy moanagement
systern can impose any schedule on the source and sink ports to minimize and/or maximize any
function.

6065] The MM-PCS controller and/or supervisory controller is operable to utilize a plurality
of learming techmques including, but not himuted to, machine leaming (ML), artificial jntelhgence
{AD, deep learning {DL), neural networks (NNs), artificial neural networks {ANNs}, support
vector machines (SVMs), Markov decision process (MDP}, and/or natural language processing
{(NLP}. The MM-PCS controlier and/or supervisory controller is operable to use any of the
aforementioned leaming techniques alone or in combination.

13676} Further, the MM-PCS controller and/or supervisory controller is operable to utilize
predictive analytics techniques including, but not limited to, machine learming (ML), artificial
intelligence (Al), neural networks {(NNs) {¢.g., long short term memory (L8TM) neural
networks}, deep learning, historical data, and/or data mining to make futare predictions and/or
models. The MM-PCS controller and/or supervisory controller is preferably operable to
recommend and/or perform actions based on ustorical data, external data sources, ML, Al NNs,
and/or other leaming techniques. The MM-PCS controller and/or supervisory controller is
operable to utilize predictive modeling and/or optimization algorithms ncluding, but not imited
to, heuristic algorithms, particle swarm optimization, genetic algorithms, technical analysis
descriptors, combinatorial algorithms, quantum optimization algorithms, tterative methods, deep
learning techniques, and/or feature selection technigques.

[G071] In one embodiment, predictive analytics and/or machine learning techniques arc used
by the MM-PCS controller and/or supervisory controller to optimize percentages of power drawn
from specific power sources or distributed to specific power consuming devices over time. For
example, in one embodiment, the machine learning is trained on historical data of power usage
and/or power supply from each port in order to develop a bascline power curve for each port.
Basehining helps the MM-PCS controller and/or supervisory controlier to determine peak demand
times for power consuming nodes on the grid as well as peak power generation times for

individual power sources attached to the PCS.
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06672} FIG. 4 15 a civenit diagram of a three-pole altemating current {AC) port according to
one embodiment of the present invention. AT ports are particudarty useful for connecting to
POWET Sources, as power generation typically produces alternating current, even where the final
power consuming devices require DC. In one embodiment, the Xs shown in FIG. 4 represent
transistors in the circuit of the AC port, such as, but not limited to, metal-oxide semiconductor
field effect transistors {(MOSFETs), as shown in FIG. 6 or wselated-gate bipolar transistors
{}GBTs), as shown in FIG. 7.

[6873] FIG. 5 is a circuit diagram of a divect carrent (BC) port of a modular, multiport power
conversion system according to one embodiment of the present mvention. BC ports are often,
though not limited to, power conswning devices and/or batteries for storing and providing power
to the grid. Therefore, baving both the ports shown 1n FIGS. 4 and S helps to allow power
generating sources and power consuming nodes to attach to the same power system. Preferably,
for BC port applications, the Xs shown in FIG. 5 are replaced with the MOSFET shown in FIG.
8 or the IGBT shown in FIG. 9, but not both. However, sumilar to FIG. 4, in one embodument, the
Xs shown in FIG. 5 represent transistors in the civcuit of the AC port, such as, but not imited to,
MOSFETs as shown in FIG. 6 or IGBTs as shown in FIG. 7, but not a mixture of both.

16674} One problem posed by the present invention is that of grid forming capabilitics,
especially when the system is operating in an islanding, as opposed to grnid-connected, mode.
With large-scale, fossit-fuel {in addition to muclear and hvdroelectric) based energy resouvrces,
large spinning turbines have traditicnally been used to supply power to the grid. The spinning
energy in these turbines provides inertia to the grid that helps stabilize between energy
transitions. In particular, this process helps prevent the system’s energy from suddenly dropping,
providing time for rebalancing supply and loads. Many renewable resources, including solar cells
and battertes, however, do not provide such inertia, as they use inverters which are able to flip on
and off very quickly, without energy remaining in the form of a spmning turbine. While inverter-
based devices are typically able to respond to changes in required frequency more gquickly, and
therefore have reduced need for inertia, this fails fo account for the entirety of the issue. When
multiple generators are present, the lack of energy sources with substantial inertia creates an
issue with synchronizing the energy sources, creating a need for a grid-forming inverter to set a
frequency that other devices follow. An additional issue 1s with large and potentially sudden peak
currents, as oticn occur with devices such as heating, ventilation, and air conditioning (HVAC)
devices. Taken alone, high peak currents are hikely to cause significant 1ssues for smaller scale
energy resources, such as solar cells.

[6875] However, the present svstem addresses grid forming issues common in renewable

resources by providing a connection to multiple energy sources simultaneously, which are able to
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work together to provide peak currents in order to accommodate new devices coming online. In
one embodiment, the system includes a plurality of connected energy sources that combine to
contribute a single, larger load current that does not overwhelm individual devices. Inone
embodiment, the contribution of current from cach encrgy source is dependent on the transient
impedance and/or voltage-current curves for each device. In one embodiment, the transient
impedance for each source is determined, in real time, by at least one impedance sensor attached
to ecach encrgy source. In one embodiment, cach of the at least one impedance sensor introduces a
small perturbation signal in order {o determine the transient impedance. In one embodiment, the
peak corrent provided by the present system is at least ten times the average root mean squared
{(RMS) current of the circuit for at least one second. The capacitor between each battery in the
svstem and the winding assists in preventing the peak current from overwhelming the transient
impedance of the batteries, thereby stopping them from being mstantaneously drained.

[G076] Location data is created in the present invendion using one or more hardware and/or
software components. By way of example and not inutation, location data is created using the
(lobal Positioning System (GPS), low energy BLUETOOTH based svstems such as beacons,
wireless networks sach as WIFL, Radio Frequency (RF) inchuding RF Identification (RFID), Near
Field Commuunication (NFC}, magnetic positioning, and/or ccliular tnangulation. By way of
example, location data is determined via an Intemet Protocol (IP) address of a device connected
to a wireless network. A wireless router is also operable to determine identities of devices
connected to the wireless network through the router, and thus is operable to determine the
locations of these devices through their presence in the connection range of the wireless router.
{6877} FIG. 10 s a schematic diagram of an embodiment of the mvention iflustrating a
computer system, generally described as 808, having a network 818, a phuality of computing
devices 828, 8380, 848, a server 858, and a database 878,

(6078} The server 838 is constructed, configured, and coupled to enable commumnication over
a network 810 with a plarality of computing deviees 826, 838, 840. The server 850 includes a
processing unit 851 with an operating system 832, The operating system 852 enables the server
830 to communicate through network 816 with the remote, distributed user devices. Database
870 is operable to house an operating system 872, memory 874, and programs 876.

[6075] In one embodiment of the invention, the system 380 includes a network 818 for
distributed commumication via a wircless communication antenna 812 and processing by at least
one mobile communication computing device 830, Altematively, wireless and wired
communication and connectivity between devices and components described herein include
wireless network communication such as WI-FI, WORLDWIDE INTEROPERABILITY FOR
MICROWAVE ACCESS (WIMAX), Radio Frequency (RF) communication including RF
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dentification (RFID), NEAR FIELD COMMUNICATION (NFC), BLUETOOTH including
BLUETOOTH LOW ENERGY (BLE), ZIGBEE, Infrared (IR) communication, celiular
communication, satellite communication, Universal Serial Bus (USB), Ethernct communications,
communication via fiber-optic cables, coaxial cables, twisted pair cables, and/or any other type of
wireless or wired commumication. In another embodiment of the invention, the svstemn 88815 a
virtualized computing system capable of executing any or all aspects of software and/or
application components preseuted herein on the computing devices 820, 838, 846, In certain
aspects, the computer svstem 880 is operable to be implemented using hardware or a
combination of software and hardware, etther in a dedicated computing device, or infegrated into
another entity, or distributed across multiple entities or computing devices.

{6086} Bv way of example, and not imitation, the computing devices 8280, 830, 840 arc
intended to represent vanous forms of electronic devices including at least a processor and a
memory, such as a server, blade server, mainframe, mobile phone, personal digital assistant
(PDA), smartphone, desktop computer, netbook computer, tablet computer, workstation, laptop,
and other sumilar computing devices. The components shown here, their connections and
relationships, and their functions, are meant to be exemplary only, and are not meant to limit
implementations of the invention described and/or claimed in the present application.

{6081} In one embodiment, the computing device 820 includes components such as a
processor 868, a system memory 862 having a random access memory (RAM) 864 and a read-
only memory (ROM) 866, and a system bus 868 that couples the memory 862 to the processor
860, In another crubodiment, the computing device 838 1s operable to additionally include
components such as a storage device 898 for storing the operating systern 892 and one or more
application programs 8§24, a network interface unit 896, and/or an input/output controller 898,
Each of the components is operable to be coupled to each other through at least one bus 868, The
nput/output controlier 898 is operable 1o receive and process input from, or provide output to, a
number of other devices 899, inchuding, but not himited to, alphanomeric input devices, mice,
clectronic styluses, display units, touch screens, signal generation devices {e.g., speakers), or
printers.

13082} By way of example, and not hmitation, the processor 868 is operable to be a general-
purpose microprocessor {€.g., a central processing unit {CPU}), a graphics processing unit
{GPU)}, a moicrocontroller, a Digital Signal Processor (DSP), an Application Specific fotegrated
Circuit {ASIC), a Field Programmable Gate Armay (FPGA), a Programmable Logic Device
{(PLD), a controlier, a state machine, gated or transistor logic, discrete hardware components, or
any other suitable endity or combinations thereof that can perform calculations, process

mstructions for execution, and/or other mampulations of information.
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[B083] In ancther implementation, shown as 840 in FIG. 10, multiple processors 868 and/or
multiple buscs 868 are operable to be used, as appropriate, along with multipie memories 862 of
multiple types {¢.g., a combination of a DSP and a microprocessor, a plurality of
TOICTOPIGCESSOTS, ONG OF THOTS MICIOProcessors in conjunction with a DSP core).

[6084] Also, multiple computing devices are operable to be connected, with cach device
providing portions of the necessary operations {e.g., a server bank, a groap of blade servers, or a
multi-processor system). Altematively, some steps or methods are operable 1o be performed by
circuitry that is specific to a given function.

13085} According to various embodiments, the computer system 888 is operable to operate in
a networked envircnment using logical connections to local and/or remote computing devices
820, 839, 840 through a network 816. A computing device 838 is operable to connectto a
network 816 through a network interface unit 896 connected to a bus 868, Computing devices are
operable to communicate communication media through wired networks, direct-wired
connections or wirelessly, such as acoustic, RF, or infrared, through an antenna 897 in
compunication with the network antenna 812 and the network intertface unit 896, which are
operable to include digital signal processing circaitry when necessary. The network interface anit
896 is operable to provide for comumunications under various modes or protocals.

6086} In one or more exemplary aspects, the mstructions are operable to be tnplemented in
hardware, software, firmware, or any combinations thereof. A computer readable mediom is
operable to provide volatile or non-volatile storage for one or more sets of instructions, such as
operating systeras, data structures, program modules, applications, or other data embodying any
one or more of the methodologies or functions described herein. The computer readable medium
is operable to include the memory 862, the processor 868, and/or the storage media 8990 and is
operable be a single medium or multiple media (¢.g., a centralized or distributed computer
system} that store the one or more sets of instructions 900, Non-transitory computer readable
media includes all computer readable media, with the scle exception being a transitory,
propagating signal per se. The instructions 908 are further operable o be transmitted or received
over the network 818 via the network mterface unit 896 as commumnication media, which 1s
operable to include a modulated data signal such as a carrier wave or other transport mechanism
and includes any delivery media. The term “modelated data signal™ means a signal that has one
or mote of its characteristics changed or set in a manuer as to encode infornation in the signal.
16087} Storage devices 880 and memory 862 include, but are not limited to, volatile and non-
volatile media such as cache, RAM, ROM, EPROM, EEPROM, FLASH memory, or other solid
state memory technology: discs {e.g.. digital versatile discs (DVD), HD-DVD, BLU-RAY,

compact disc (CD), or CD-ROM) or other optical storage; magnetic cassettes, magnetic tape,
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magnetic disk storage, floppy disks, or other magnetic storage devices; or anv other medium that
can be used to store the computer readable instructions and which can be accessed by the
computer system 58§,

16088] In one cmwbodiment, the computer system 808 is within a cloud-based netwaork. In one
embodiment, the server 856 1s a designated physical server for distributed computing devices
828, 839, and 848, In one embodiment, the server 858 is a cloud-based server platform. In one
crabodiment, the cloud-based server platformo hosts serverless finctions for distributed
computing devices 828, 839, and 840,

13089} In another embodiment, the computer systent 868 is within an edge computing
network. The server 838 is an edge server, and the database 878 is an edge database. The edge
server 830 and the edge database 878 are part of an cdge computing platform. In one
embodiment, the edge server 830 and the edge database 878 are designated to distributed
computing devices 828, 838, and 849, In one embodiment, the edge server 858 and the edge
databasc 870 arc not designated for distributed computing devices 824, 830, and 848, The
disiributed computing devices 828, 830, and 840 connect to an edge server in the edge computing
network based on proximity, availability, latency, bandwidth, and/or other factors.

13696} it 1s also contemplated that the computer systen 888 is operable to not include al of
the components shown in FIG. 10, 1s operable to include other components that are not explicitly
shown in FIG. 10, or is operable to utilize an architecture completely different than that shown in
FIG. 10 The vartous illustrative logical blocks, modules, elements, circuits, and algorithms
described m connection with the embodiments disclosed herein are operable to be implernented
as electronic hardware, computer software, or combinations of both. To clearly Hustrate this
interchangeability of hardware and software, various tHustrative components, blocks, modudes,
circuits, and steps have been described above generally in terms of their functionality, Whether
such functionality 1s implemented as hardware or software depends upon the particular
application and design constraints imposed on the overall system. Skilled artisans may
implement the described functionality in varying ways for cach particular application {c.g.,
arranged 1o a differont order or partitioned i a different way), but such tplementation decisions
should not be interpreted as capsing a departure from the scope of the present invention.

16091} Certain modifications and improvements will occur to those skilled in the art upon a
reading of the foregoing description. The above-mentioned examples are provided to serve the
purpose of clarifying the aspects of the invention and 1t will be apparent to one skilled in the art
that they do not serve to limit the scope of the invention. All modifications and improvements
have been deleted herein for the sake of conciseness and readability but are properly within the

scope of the present invention.
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CLAIMS

The invention claimed is:

1.

A modular multiport power system, comprising:

a central transformer;

a plorality of galvanically isolated ports inductively coupled to the central transtormer via
windings;

one or more voltage sensors and/or one or more current sensors for each of the plurality
of galvamcally 1solated ports configured to detect the voltage and/or current
characteristics of each of the plurality of galvanically isolated ports; and

at least one controtler operable to selectively isolate one or more of the plurality of
galvarucally isolated ports;

wherein each of the plurality of galvanicallv 1solated ports are connected to one or more
sources and/or loads within an electric power grid:

wherein the at least one controller s configured to selectively charge and/or discharge the
one or more sources and/or loads;

wherein each of the plurality of galvanically isolated ports includes a plorality of metal-
oxide semiconductor field effect transistors (MOSFET) or integrated gate bipolar
transistors (IGBT) in an AC switch or H-bridge configuration; and

wherein the at least one controller is operable to stop MOSFET or IGBT switching by the
plurality of MOSFETs or IGBTs on one or more of the plurality of galvanically
isolated ports in response to the voltage and/or current characteristics detected by the

one or more voltage sensors and/or the one or more current sensors.

2. The system of claim 1, wherein each of the plurality of galvanically isolated ports includes a

decoupling impedance module spanning comnection points between the plurality of galvasically

1solated ports and the central transformer, wherein the decoupling impedance module includes an

inductor, a capacitor, a resistor, or combinations thereof.

3.

The system of claim 1, wherein the plurality of galvanically isolated ports includes a

combination of AC and DC ports.

4. The system of claim 1, wherein the one or more current sensors include open-loop, closed-

loop, or flux gate current sensors.

5.

The system of claim 1, wherein the at least one controller uttlizes zero-voltage switching
o = @

{ZV S} or zero current switching (ZCS8) to manipulate current and/or voltage drawn by or supplied

from the plurality of galvanically isolated ports.

6.

The system of clatm 1, wherein the at least one controller receives mstructions to control a

percentage of power drawn by or supplied from one of the plurality of galvanically 1solated ports,

S
[9)
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and wherein the at least one controller 1s operable to adjust a duty cyele and/or phase for at least
one of the plurality of galvanically isolated ports to achieve meet the percentage of power drawn
by or supplied from the one of the plurality of galvanically isolated ports.
7. The system of claim 1, wherein the at least one controller includes at least one artificial
mtelligence module configured to determine which of the plurality of galvanically isolated ports
to disconnect, ramp up, or ramp down based on the voltage and/or carrent characteristics detected
by the one or more voltage sensors and/or one OF HOFC CUITCHL SCRSOTS.
8. The svstem of claim 1, wherem the plurality of galvanically isolated ports includes four or
more ports.
9. A modular nudtiport power system, comprising:
a central transtformer;
a plurality of galvanically isolated ports inductively coupled to the central transtormer via
windings;
one or more voltage sensors and/or one or more current sensors for cach of the plurality
of galvamcally 1solated ports configured to detect the voltage and/or current
characteristics of each of the plurality of galvanically isolated ports; and
at feast one controller, including an artificial intelligence module, operable to selectively
manipulate one or more of the plurality of galvanically isolated ports;
wherein each of the plurality of galvanically 1solated ports are connected to one or more
sources and/or loads;
wherein the at least one controller receives mstructions to control a percentage of power
drawn by or supplied from one of the plarality of galvanically isolated ports; and
wherein the at least one controller is operable to adjust respective on-off daty cycles
and/or phasing of the on-off duty cvcles with respect to other ports, 1o aclieve meet
the percentage of power drawn by or supplied from the one of the plurality of
galvanically isolated ports.
10. The system of claim 9, wherein cach of the plurality of galvanically isolated ports includes a
decoupling tmpedance module, wherein the decoupling tmpedance module includes an inductor,
a capacitor, a resistor, or combinations thereof.
11. The system of claim 9, wherein the plurality of galvanically isolated ports includes a
combination of AC and DC pouis.
12, The system of claim 9, wherein the one or more current sensors include open-loop, closed-

loop, or flux gate current sensors.
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3. The svstem of claim 8, wheremn the system includes a user interface, and wherein user
interface is configured to receive data from the one or more voltage sensors and/or the one or
more current sensors and to indicate which ports have faults.
14. The system of claim 9, wherein the one or more sources and/or loads include at least one
battery, at least one solar cell, at least one wind turbine, at least one power plant, at least one
microgrid, at least one steam turbine, and/or at least one electric vehicle.
15, The system of claim 9, wherein the at least one countrolier utilizes zero-voltage switching
{(ZVS) or zero current switching (ZCS) to mampulate current and/or voltage drawn by or supplied
from the plurality of galvanically isolated ports.
16. The system of claim 9, wherein the plurality of galvanically isolated ports inchudes four or
more ports.
17. A method of transferring power from source nodes to load nodes, comprising:
providing a central transtormer;
connecting a plurality of sources and/or loads to the central transformer via a plurality of
galvanically 1solated ports, wherein each of the plurality of galvamcally isolated ports
inchude one or more voltage sensors and/or one or more current sensors for cach of
the plurality of galvanically isolated ports configured to detect the voltage and/or
current characteristics of cach of the plurality of galvanically isolated poris and a
plurality of metal-oxide senuconductor ficld effect transistors (MOSFET) or
integrated gate bipolar transistors (JGBT) in an AC switch or H-bridge configuration;
the one ot more voltage sensors and/or the one or more cutrent sensors ransmitting data
regarding the voltage and/or current characteristics of each of the plurality of
galvanically isolated ports to at least one countroller
the at least one controller stopping MOSFET or IGBT switching by the plurality of
MOSFETs or IGBTs on one or more of the plurality of galvanically isolated ports i
response to the voltage and/or current characteristics detected by the one or more
voltage sensors and/or the one or more current sensors; and
the at least one controller peniodically cveling between drawmng from different sources
connected to one or more of the phirality of galvanically isolated ports.
18, The method of claim 17, wherein the plurality of galvanically isolated ports includes a
combination of AC and DC pouis.
19. The method of claim 17, wherein the at least one controller mcludes a machine learning
module contigured to determine when to cycle between the different sources.
20. The method of claim 17, further comprising antomatically performung periodic isolation fests

to determine the presence of a ground isolation fault.

27



