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(57) Abstract: Vehicles, systems, and methods are disclosed for providing and directing first power, such as vehicle generator
power, and alternate sources of power. In a particular embodiment, a vehicle includes a power distribution grid that includes a plur -
ality of power sources and a plurality of distributions buses configured to distribute power from the plurality of power sources. The
plurality of power sources include an engine-driven power source is contigured to provide first power where the first power has first
power characteristics. The plurality of power sources also includes a plurality of engine-independent power sources including a first
alternate power source configured to provide first alternate power. The first alternate power has first alternate power characteristics
that are different than the first power characteristics. The plurality of engine-independent power sources also includes a second al -
ternate power source configured to provide second alternate power. The second alternate power has second alternate power charac -
teristics that are different from the first power characteristics and different from the first alternate power characteristics. The vehicle
also includes a global controller that sends control signals to control generation of power by the engine-driven power source, the first
alternate power source and the second alternate power source via the plurality of distribution buses responsive to power demand of
the power distribution grid.



15

30

WO 2012/121831 PCT/US2012/024688

VEHICLE ELECTRICAL POWER MANAGEMENT AND DISTRIBUTION

FIELD OF THE DISCLOSURE

The present disclosure is generally related to vehicle power systems.

BACKGROUNMD

A large or complex vehicle, such as a commercial aircraft, may include an electric
power systern that distributes power to various electrical subsystems at different voltage levels
and different frequencies. For example, electrically-powered mechanical systems may use
alternating current {(AC) at relatively high voltage. By contrast, avionics systems conventionally
operate on direct current (DC) at relatively low voltage. Other systems may also be present that
use power of different characteristics.

Qu an awrcraft, electrical power 1s typically geverated by engine-driven geverators.
For example, power from an engine aboard the aircraft may be diverted to drive a generator. The
clectrical power may be converted using transformers, power electronics couverters, or
combination of both, and other devices to cither alternating or direct current at different voltages
used by subsystems. Diverting power from the engine increases engine fuel consumption, and
the engines may not operate at their highest efficiency. It is desirable to increase efficiency of

the atreraft and to decrease the cost of operating the aircraft.

Systems and method are disclosed that cnable distribution of power to vehicle
subsysterns. When different subsystems use power having different characteristics, such as AC
power versus DC power or power at different voltage levels, an engine-driven generator may
provide a portion of the power and a plurality of engine-independent power sources, regarded as
alternate power sources, may provide another portion of the power.

For example, the vehicle may be regarded as a systern that includes a power
distribution grid that supplies power to a plurality of subsystems. The power distribution grid
may include multiple power sources and wultiple power distribution buses that supply power of
different characteristics. Power supplied by engine-driven generators may be regarded as
generator power or first power that has particular charactenistics. The particular characteristics
of the first power may include, for example, AC power at high voltage, or BC power at high

voltage. Power generated from cnginc-independent or alternate power sources may be regarded
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as alternate power that has different characteristics than the first power. Alternate power, such as
AC or BC power at a different voltage level than the voltage level of the first power, may be
used by various subsystems or load arrays aboard the vehicle. Alternate power sources
independent of the engine may be used to provide alternate power to partially satisfy power
demands or to fully satisfy power demands of subsystems or load arrays to reduce power
extraction from engine. For one example, the power used by a particular load array may be
entircly supplied by a particular alternate power source. For another example, the power used by
the particular ioad array may be entirely supplied by converting a quantity of the first power,
such as via a power distribution-conversion unit, into power having the power characteristics
used by the particular load array. For still another example, power for the particular load array
may be partially supplied by the alternate power source and partially by power converted from
the first power, having first power characteristics, to power having the same power
characteristics as the alternate power provided by the alternate power source. A power
distribution-conversion uuit may be used to convert a quantity of power to power having
different power characteristics.

The engine-independent power sources, or alternative power sources, may be coupled
to the distribution buses or the lead arrays in different ways. An engine-independent or alternate
power source may be coupled directly to a power distribution-conversion unit. The power
distribution~-conversion uuit then converts alternate power produced by the engine-independent
power source into power having characteristics of power used by a particular load array.
Aliernatively, if the engine-independent power source produces alternate power having
characteristics used by a load array or a device coupled to a particular bus, the engine-
wdependent power source may be coupled divectly to a bus. Also, if the engine-independent
power source produces alternate power having characteristics used by a particular subsysten or
device, the enginc-independent power source also may be coupled directly to the particular
subsystem or device. Further, an engine-independent power source may be coupled to a control
architecture where one or rore controliers may determune whether alternate power produced by
the cugine~independent power source should be converted to power having different
characteristics or to what bus, load-array, or subsystem the engine-independent power source
should be coupled. The engine-independent power sources may reduce power demand on
vehicle engines and, thus, may reduce fuel consumption or emissions resulting from fuel

consumption.
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Iu a particular embodiment, a vehicle includes a power distribution grid that includes
a plurality of power sources and a plurality of distributions buses configured to distribute power
from the plurality of power sources. The plorality of power sources include an engine-driven
power source is configured to provide first power where the first power has first power
characteristics. The plurality of power sources also includes a plurality of engine-independent
power sources including a first alternate power source configured to provide first alternate
power. The first alternate power has first alternate power characteristics that are ditferent than
the first power characteristics. The plurality of engine-independent power sources also inchudes
a second alternate power source configured to provide second alternate power. The second
alternate power has second alternate power characteristics that are different from the first power
characteristics and different from the first alternate power characteristics. The vehicle also
meludes a global controller that sends control signals to control generation of power by the
engine-driven power source, the first alternate power source and the second alternate power
source via the plurality of distribution buses respousive to power demand of the power
distribution grid.

In another particular embodiment, a method mchades supplying first power having
first power characteristics from a first power source. The method also includes supplying a first
quantity of first alternate power having first altcrnate power characteristics used by a first
subsystern. A quantity of the first power is converted to supply a second quantity of power
having the first alternate power characteristics using a first converter. The second quantity of the
power having the first alternate power characteristics is supplied to the first subsystem.

In still another particular embodiment, a system includes a first controller configured
to control first power supplied to a first vehicle sabsystern. The first power has first power
characteristics. At least a portion of the first power s provided by a first engine-independent
power source aboard a vehicle. The system also includes a global controller configured to
receive signals from the first controller regarding power demand at the first vehicle subsystem
and a quantity of the first power available from the first enginc-independent power source.

The features, functions, and advauotages that are described can be achieved
independently in various embodiments or may be combined in yet other embodiments, further

details of which are disclosed with reference to the following description and drawings.
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BRIEF BESCRIPTION OF THE BRAWINGS

FIG. 1 is a block diagram of a first illustrative embodiment of a vehicle power system
configured to enable selective coupling of statter/generators and alternate power sources (via
controlier-converters) to power distribution/conversion units to provide power to distribution
buses to selectively provide power to various load arrays;

FIG. 2 is a block diagram of a second iilustrative embodiment of a vehicle power
system configured to enable selective coupling of power distribution/conversion unifs receiving
power from starter/generators and alternate power sources (via controlier-converters) to
distribution buses to selectively provide power to various load arrays;

FIG. 3 is a block diagram of the vehicle power systern of FIG. 2 in which the
alternate power sources are positioned in clectronic equipment bays as may beusedon a
vehicle;

FIG. 4 is a block diagram of a third tllustrative embodiment of a vehicle power
system configured to enable selective coupling of power disiribution buses and aliernate power
sources {via controller converters) to individual subsystems;

FIG. 5 1s a block diagram of an illustrative embodiment of a control systern depicting
a global controller and a plurality of local controllers used to control operation of advanced
power sources and converters in a vehicle;

FIG. 6 1s a flow diagram of a particular embodiment of a method of controlling
vehicle power sources;

FIG. 7 is a flow diagraro of a particular embodiment of a wethod of providing power
to a vehicle subsysten; and

FIG. B 1s a block diagram of a general purpose computer system operable to perform
computer-implemented methods or process computer-executable instructions according to a

particular embodiment.

DETAILED DESCRIPTION

Embodiments disclosed herein include systerns and methods of providing power to
vehicle subsystems and of controlling distribution of power to vehicle subsystems. Ina
particular erabodiment, instead of relying on a first power {or generator power) provided by
engine~driven generators or other generators, one or more vehicle subsystems receive alternate
power from one or more engine-independent power sources. By using engine-independent

power sources, or “alternate power sources” {e.g., a fuel cell system, a battery, a recuperative

-4
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actuator, a supercapacitor, elc., that provide power independently of one or more engines), sowe
power demand may be removed from the engine-drive generators. Removing some of the power
demand frown the engine-driven gencrators may make the vehicle more fuel efficient or may
reduce vehicle operating emissions. Additionally, the alternate power sources may provide faster
dynaric response to power demands, as well as improved power avatlability and reliability.

The alternate power from the engine-independent power source may be supplemented
by converting a portion of the first power to a supply of power having power characteristics {e.g.,
alternating current, direct current, voltage level, etc.} like those of the alternate power source

cing supplemented. The enginc-independent power source, power distribution-conversion unit
that converts a portion of the first power to the supply of power having the characteristics of the
alternate power, or both, may be located proximate the vehicle load array or vehicle load arrays
that use the power having the aliernate power characteristics. Posttioning the aliernate power
sources or the power-distribution units near the vehicle load arrays that use the alternate power
may reduce power losses and may reduce weight of wiring used to distribute power 1o the
vehicle.

A conirol system may cnable a determination of which engine-independent power
sources may have excess power that may be shared with other subsystems. The control system
also may enable supplementing the aliernate power using the first power when power demand
exceeds a capacity of the engine-independent power sources.

Embodiments of the vehicle power systems and methods of providing vehicle power
may be used on aircrafl, spacecraft, surface ships, sabmarines, trains, buses, tracks, cars, or other
vehicles. For case of description herein, certain systems and methods of providing and
controlling vehicle power are described 1o the exemplary context of a large atreraft. The
following descriptions, however, should not be taken as limiting the use of the following systems
and methods to aircraft alone.

FIG. 1 is a block diagram of an illustrative embodiment of a vehicle power system
100, As illustrated, the vehicle power systera 100 is deployed on an aireraft equipped with two
engines {not shown) and each of the two engines drives a generator or starter/generator.
Generators used to supply power may or may not also include starters. For the sake of simplicity
m description, will be described 1o the text as generators even though the generators may also
include starters. In an aircraft with more than two engines, there may be additional generators

driven by additional engines. Also, one or more of the cogives may drive more than one
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generator. Further, in other vehicle contexts or in non-vehicle contexts, the generators may be
driven by turbines or other motivators powered by water, goothermal steam, wind, or other
forces and, thus, may not be cogive~-driven.

In general, there may be two types of power sources used in the vehicle power system
100. The first type of power source inchudes engine-driven power sources, such as one or more
feft generators or left starter/generators 102 and one or more right generators or right
starter/gencrators 103, The engine-driven generators 102 and 103 supply first power for the
vehicle. The generator power has first power characteristics, for example, alternating current
{AC) power at a high voltage between 200 and 400 volts AC (VAC). The second type of power
source includes cugine-independent, alternate power sources 120-127, such as fuel cell systerns,
batteries, recuperative actuators, supercapactiors, or other engine-independent power sources
aboard the vehicle. One or more of the alternate power sources may produce power having
alternate power charactenistics that are different from the first power characteristics of the first
power, For exaraple, one or more of the alternate power sources may produce direct carrent
{3C) power at a voltage level lower thau that of the first power, such as AC power at a higher or
lower voltage than the first power or direct current power at a high or low voltage.

For iHlustration, in an exemplary vehicle power system such as the vehicle power
system 100, the first power may be high voltage AC power at between 200 and 400 VAC. Asis
further described below with respect to FIG. 5, for exaraple, systerus aboard the vehicle also may
be supplied with low voltage AC (LVAC) power between 90 and 130 VAC. Systems aboard the
vehicle also may be supphied with high voltage DC (HVDC) power between +/- 135 VDC and
+/- 400 VD or low voltage DC (LVDC) power between +/- 24 to +/- 100 VDC).

In addition, although the vehicle power systern 100 shows single left and right buses,
for example, for the HVAC buses 110 and 111, the LYAC buses 152 and 133, the HVDC buses
150 and 151, and the LVDC buses 154-157, the exemplary buses shown roay signify multiple
buses that carry power having the indicated power characteristics.

In the vehicle power systern 100 of FIG. 1, distribution buses 150-157 may receive
power from both types of sources. For example, a left HVDC primary bus 150 may receive
power from an alicrnate power source § 120 via controller-converter ¢ 130, which controls
power output of the aliemate power source § 120, and via a left auto transforroer rectifier 1440.
The left HVDC primary bus 150 may also receive power from the left generator 102 via a left

HVAC bus 110 and via the left auto transformer rectifier 140, The left auio transformer rectifier

.
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140 converts power fromw both the alternate power source 0 128 (received via controller-
converter § 130} and from the left generator 102 (received via the left HVAC bus 110} to power
having normnal power characteristics of power carried by the left HVDC primary bus 150,
Power from the left HVDC primary bus 130 is received and used by the left HVDC load array
160. The left HVDC privnary bus 150 may be interconnected with a right HVDC primary bus
151 to provide redundancy or to supplement power supplied to the right HVBC primary bus 151
by other sources.

Note that the left auto transformer rectifier 140 is just one of a number of types of
power distribution-conversion units 109 that may be included in the vehicle power system 100,
An auto transformer rectifier, like the left auto transformer rectifier 140 may be an appropriate
device to convert a quantity of first power, which may have power characteristics nominally at
2060-400 VAC, from the lefi HVAC bus 110 to nominal +/- 135 to +/- 400 VD as carried by the
left HVDC primary bus 150. On the other hand, conversions from 200-400 VAC first power to
other voltage levels of AC power or various levels of DC power may be more appropriately
handled by another type of device. For example, an auto transformer, such as the left auto
transformer 142, may be an appropriate device to convert 200-400 VAC first power to nominal
96 to 130 VAC as carried by the left LVAC primary bus 152, Similarly, a transformer rectifier,
such as the left transformer rectifier 144, may be an appropriate device to convert 200-400 VAC
first power to nomival +/- 24 to +/- 100 VDC as carried by the left LVDC primoary bus 154,
Thus, the power distribution-conversion units 109 may include various types of devices for
converting and distributing power depending on the particular conversion that may be
performed.

Also note that the controller-converters 130-137 may be selectively coupled to power
distribution~conversion units 109, and the buses 110, 111, 150-157 may be selectively coupled to
respective load arrays 160-169 by one or more switches or contactors. Similarly, corresponding
left and right buses that carry power of the same characteristics, such as high voltage AC power,
LVAC power, HVDC power, or LVDC power, may be selectively coupled with one or more
switches or contactors 101 to enable selective intercounection of buses and sharing of power.
The switches or contactors 101 in the vehicle power system 100 (or in other power systems)
generally nclude electroroechanical or solid-state switches.  For example, the switch 101 used
to connect the left starter/generator 102 to the left HVAC bus 110 may be a solid-state switch,

while the switch connecting controller-converter 6 136 to center-left transformer-rectifier may
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be an electromechanical switch. Ouly the switch 101 between the left starter/gencrator 102 and
the left high voltage AC bus 110 is labeled with a reference number for the sake of visual
stmphicity wn FIG. 1 (as well as 10 FIGs. 2 and 3). Nouctheless, swiiches or contactors may be
deployed at various interconnections to provide configuration flexibility and device protection.

Although F1Gs. 1-5 show single swiiches interconnecting various components, more
than one switch may be used as appropriate. For example, only one switch is shown connecting
the left high voltage AC bus 110 and a left 200-400 VAC load array 168, However, the left 200-
400 VAC load array 168 may actually include of a number of individual devices. Each of the
individual devices may be coupled to the left high voitage AC bus 110 via one or more switches.

The vehicle power system 100 of FIG. 1 is described in detail, beginning with a left
side of the vehicle power system 100. The vehicle power system 100 includes a left generator
102 (or starter/generator, as previously described). When the left generator 102 includes a
starter/gencrator, the left starter/gencrator 102 is supplied with power to rotate the left engine
{not shown) i order to start the left engine. After the left engine has been started, the left
starter/generator 102 converts mechanical energy from the rotation of the left engine into
electricity which may be routed to the left HVAC bus 110, If the left gencrator 102 1s solely a
generator, the left generator 102 converts mechantcal energy from the rotation of the left engine
into clectricity which may be routed to the lett HVAC bus 110, Also, as previeusly described,
there may be multiple generators or starter/generators powered by one or more engines on cach
side of the aircraft. However, only a singice left generator 102 is described for the sake of
stmplicity of description.

The left starter/generator 102 1s coupled via the switch 101 to the left high voltage
AC bus 110. The left HVAC bus 110 conducts first power generated by the left generator 102 to
other systems. In a particular embodiment, the first power distributed via the left high voltage
AC bus 110 15 200 to 400 volis alternating current (VAC). It 1s believed that 200 to 400 VAC 15
a relatively high voltage level for use as first power in many vehicles, such as large commercial
aircraft.

Iu a particular embodiment, the switch 101 way be used to selectively couple or
decouple the left generator 102 from the left high voltage AC bus 110, The switch 101 may be
operated by a local controller or a global controlier as described further with reference to FIG. S.
In the vehicle power systern 100, as well as other embodiments of vehicle power systems

described herein, switches Iike the switch 101 roay be used to selectively couple power sources
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or converters to corresponding devices or buses to control the distribution of power. As
previcusly explained, although the vehicle power system 100 includes numerous switches, only
the switch 101 1s labeled with a reference number.

The left high voltage AC bus 110 is coupled to a left 2060-400 VAC load array 168 via
a switch. Devices in the left 200-400 VAC load array 168 may receive first power directly from
the left high voltage AC bus 110. The left high voltage AC bus 110 may also be selectively
coupled to devices that convert the first power to power having alfernate power characteristics to
supplement power provided by other power sources described below. The alternate power
characteristics may differ from power characteristics of the first power.

The vehicle power system 100 may also mclude a plurality of alternate power sources
120-127. Each of the alternate power sources 120-127 may provide power with alternate power
characteristics that correspond to power demaunds of a particular load arvay 160-167. For
cxample, an alternate power source 0 120 may include a fuel cell system, a battery, a
supercapacitor, a recuperative actuator, a thermoelectric generator, another engine-independent
power source, or a combination thereof. The alternate power source § 120 may provide first
alternate power via a controller-converter 0 130 to the left avto transformer rectifier 140, The
left high voltage AC bus 110 may alse be selectively coupled via a switch to the left auto
transformcr rectifier 140, The left auto transformer rectificr 140 may be coupled to a left HVDC
primary bus 150, The left HVDC primary bus 150 may be selectively coupled via a switch to a
left HVDC load array 160. To supplement power that may be s provided by the alternate power
source § 120, the left auto transforruer rectifier 0 140 may be coupled to the left high voltage AC
bus 110 via a switch. Thus, for cxample, when power demand at the left HVDC primary bus 150
exceeds a capacity of the aliernate power source § 120, first power roay be drawn from the left
high voltage AC bus 110, converted by left auto transformer rectifier 140, and provided to
components of the left HVDC load array 160 via the left HVDC primary bus 150

The other alternate power sources 121-127 may be coupled to other distribution buses
that can selectively receive converted first power to met power demands. For exarple, the
alternate power source 2 122 may be coupled via the coutroller-converter 2 132 to the left auto
transformer 142, The left high voltage AC bus 110 may be selectively coupled to the left auto
trausformer 142, The left auto transformoer 142 way be coupled to a left LVAC primary bus 152
The left LVAC primary bus 152 may provide power to a left LVAC load array 162, An alternate

power source 4 124 may be coupled via a controller-converter 4 134 1o the left transformer

-G
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vectifier 144, The left HVAC bus 110 may be selectively coupled to a left transformer rectifie
144, The left transformer rectifier 144 may be coupled to a left LVDC primary bus 154 to
provide power to a left LVDC load array 164, An alternate power source 6 126 roay be coupled
via a controller-converter 6 136 to a center-left transformer rectifier 146 and to a left LVDC
sccondary bus 156, The left HVAC bus 110 may be sclectively coupled to the center-left
transformer rectifier 146, The center-left transformer rectifier 146 is coupled to 8 ieft LVDC
sccondary bus 156, The left LVDC sccondary bus 156 may provide power to a left LVDC
critical lpad array 166.

In this context, critical refers to a component of the vehicle that has been deemed
vequired in order to operate the vehicle in a safe wanner. For example, a critical coroponent may
be required o be present or required to be operable by a regulatory entity, such as the Federal
Aviation Administration. Thus, critical does vot iraply, for example, that the vehicle power
system 100 is not operable without the component, but rather refers to a class of components that
are required by a regulatory or other oversight agency. Accordingly, which components are
mandated to be “critical” may change from time to time or from one jurisdiction to another
jurisdiction. Which componcents are mandated to be eritical may also change based on a
particular use to which the vehicle is being put or based on other factors.

On a right side of the vehicle power system 100, alternate power sources, controller-
converters, power distribution-conversion units, and buses may be arranged similarly to
components on the icft side of the vehicie power system 100 described above. For example, an
alternate power source 1 121 may be coupled via a controller converter 1 131 to a right auto
transformer rectifier 141, A right HVAC bus 111 may also be selectively coupled via a switch to
the right auto transformeer rectifier 141, The right auto transformer rectifier 141 may be coupled
to a right HVDBC primary bus 151, which may provide power to a right HVDC load array 161.
An slternate power source 3 123 may be coupled via controller-converter 3 133 to a right auto
transformer 143, The right HVAC bus 111 may also be selectively coupled to the right auto
transformer 143, The right auto transformer 143 1s coupled to a right LVAC primary bus 1353,
which may provide power to a right LVAC load array 163, An alternate power source 5 125148
coupled via a controller-converter 5 135 to a right transformer rectifier 145, The right HVAC
bus 111 may also be coupled to the right transformer rectifier 143, The right transformer

ectifier 145 may be coupled to a right LVDC primary bus 155, which may provide powerto a

right LVDC load arvay 165, An alternate power source 7 127 may be coupled via a controiler-
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converter 7 137 to a center-right transformer rectifier 147, The vight HVAC bus 111 may also
be selectively coupled to the center-right transformer rectifier 147, The center-right transformer
rectifier 147 may be coupled to a right LVDC secondary bus 157, which may provide power to a
right LVDC critical load array 167,

A right starter/generator 103 may be sclectively coupled via a switch to the right
HVAC bus 111. The right generator (or starter/generator 103 may operate in a similar fashion
as the left generator (or starter/generator) 102, For example, when the right generator 103
includes a starter/generator 103, the right starter/generator 103 may factlitate starting a right
engine and then may be driven by the right engine to produce electricity (¢.g., second power or
secoud generator power). The right HVAC bus 111 may provide power via a switch to a right
200-400 VAC load array 169, In addition, onc or more auxiliary generators or starter/gencrators
106 moay be wechanically coupled to one of the engiues (vot shown) to provide backap for one or
more other generators or starter/generators 102 or 103, The left HVAC bus 110, the right HVAC
bus 111, and the one or more auxiliary geverators or starter/generators 106 roay be selectively
coupled together via switches to allow the one or more auxiliary generators or starter/generators
to provide power to the high voltage primary buses 110 and 111,

In a particular embodiment, one or more of the available buses may be coupled to
high voltage sources to operate as the HVAC buses 110, 111 {or gencrator distribution buses).
Others of the available buses such as buses 114 and 151-157 may be coupled to aliernate power
sources {or power distribution-conversion units configured to convert first power to power
having aliernate power characteristics) such that they operate as alternate buses. Together, the
high voltage primary buses 110, 111, the alternate buses 114, 151-157, and the power sources
102, 103, 106, 108, and 120-127 form a power distribution grid that enables distributing power
throughout a vehicle. Buses of the power distribution grid may be selectively interconnected to
provide supplemental power or back up power. For exampile, the lefi HVAC bus 110 and the
right HVAC bus 111 may be selectively interconnected, and other feft and right buses also may
be selectively interconnected. To illustrate, the loft HVDC primary bus 130 may be selectively
coupled to the right HVDC primary bus 151, Thus, the left HVDC load array 160 and the right
HVDC load array 161 may recetve power from the left HVDC primary bus 150, the right HVDC
privaary bus 151, or both. Sinmlarly, the left LVAC primary bus 152 may be selectively coupled

to the right LVAC primary bus 153, the left LVDC primary bus 154 may be selectively coupled
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to the right LVDC primary bus 155, and the left LVDC secondary bus 156 may be selectively
coupled to the right LVDC secondary bus 157,

A ram air turbine 108 may be selectively coupled via a switch to the backap bus 114,
The backup bus 114 may be selectively coupled via switches to the high voltage primary buses
110 and 111 to provide backup power to the high voltage primary buses 110 and 111, The
backup bus 114 may also be selectively coupled to the LVDC secondary buses.

The alternate power sources 120-127 may provide a principal source of power to cach
of the corresponding load arrays 160-167 via the corresponding buses 1506-157. The alternate
power output by the alternate power sources 120-127 may be supplemented using first power
drawn from the left and right HVAC buses 110 and 111 and converted by the controller-
converters 130-137. For example, a portion of the first power may be selectively converted to
power having power characteristics of the power supphied by one or more of the alternate power
sources 120-127 to supplement the power provided by the alternate power sources 120-127 in
response to power demand at one of more of the load arvays 160-167. Further, by selectively
cross~-coupling corresponding left and right buses 110, 111, and 156-157, power output of each
of the buses 110, 111, 1506-157 may be supplemented by power available on corresponding buses
on an opposing side of the vehicle power systemn 100, Backup or supplementary power also may
be provided to cither or both sides of the vehicle power systern 100 by the auxiliary
starter/generator 106 and by the ram air turbine 108 via the backup bus 114,

In a particular embodiment, the alternate power sources 120-127 and the controlier-
converters 130-137 may be directly coupled to the power distribution-conversion vuits 140-147,
as described with reference to FIG. 1. In another particular embodiment, the alternate power
sources 120-127 and the controller-converters 130-137 may be divectly coupled to the power
distribution buses 150-157, as described with reference to FIG. 2. In another particular
erabodiraent, the alternate power sources 120-127 and the controller-converters 130-137 may be
directly coupled to the load arrays 160-167, as described with reference to FIG. 4. Particular
cmbodiments are not limited as to positions of the power distribution-conversion units 109, the
alternate power sources 120-127, and the controller-converters 130-137 relative to posttions of
the load arrays 160-169. Particular arrangements of components of the power distribution grid
may provide operational or manafacturiog cost savings. For example, vehicle weight doe to
wiring may be reduced by positioning a particular one or more of the alternate power sources

120-127 near a load that uses power from a particular aliernate power source.
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FIG. 2 1s a block diagram of a second iilustrative embodiment of a vehicle power
system 200. In the vehicle power system 200, cach device corresponds to one of the devices in
the vehicle power system 100 except that locations and intercounections of some of the device
have been changed in vehicle power system 200 relative to the vehicle power system 100, Thus,
cach device of the vehicle power systern 200 performs the same function as was described for the
corresponding device shown in the vehicle power system 100 of FIG. 1. Iun contrast to the
vehicle power system 100 of FIG. 1, in the vehicle power systera 200 of FIG. 2, alternate power
sources 220-227 may be coupled via associated controller-converters 230-237 directly fo buses
250-257. By contrast, in FIG. 1, the alternate power sources 120-127 are coupled via associated
controller-converters 130-137 to power distribution units 109 which, in turn, are coupled to the
buses 150-157. Asin FIG. 1, the high voltage primary buses 210 and 211 are coupled via the
power distribution-conversion units 209 to the buses 250-257. Coupling the alternate power
sources 220-227 via the controller-converters 230-237 may facilitate conditioning of local load
demand without changing the demands, fuel cousumption, or other operating conditions of large-
capacity engine-driven generators 202 and 203,

In addition to faciltating conditioning of local load demand, couphng the alternate
power sources 220-227 and the associated controller-converters 230-237 to the power
distribution buscs 250-257 directly (as in FIG. 2) or via the power distribution-conversion units
209 {as in FIG. 1) may facilitate the use of different component placersent and wiring
configurations. The different component and wiring configurations may yield additional
benefits. For example, in the vehicle power system 200, power distribution-conversion units 209
of the vehicle power systern 200 are shown as being located close to the left HVAC bus 210 and
the vight HYAC bus 211, The alternate power sources 220-227 and the controller-converters
2303-237 are located closer to load arrays 260-267 to which each provides power. Positioning the
alternate power sources 220-227 and the controller-converters 230-237 closer to their respective
load arrays 260-267 may reduce a length of the respective buses 250-257 used to carry power to
the load arrays 260-267.

Posttioning the alternate power sources 220-227 and the controller~-converters 230-
237 closer to their respective load arrays 260-267 may thus reduce a quantity of wire used n the
buses 250-257. Reducing the guantity of wire used in the mumerous buses 250-257 may reduce
the cost of manufacturing the vehicle. Reducing the quantity of wire used in the buses 250-257

may also reduce an overali weight of the vehicle and also the power losses, which way result in
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greater fuel efhciency and reduced emissions. Positioning the alternate power sources 220-227
and the controller-converters 230-237 closer to their respective load arrays 260-267 also may
contribute to a modular iraplementation of devices in the vehicle power systern 200 that may
simplify installation and maintenance activities.

However, as previously explained with reference to FIG. 1, embodiments of a vehicle
power system are not limited as to refative placement of the power distribution-conversion units
209, alternate power sources 220-227, controlier-converters 230-237, and loads 263-269.
Relative placement of the components may be made for the sake of cost savings, case of
installation or maintenance, or other factors.

FIG. 3 1s a block diagram of a third dHustrative embodiment of a vehicle power
system 300. Devices in the vehicle power system 300 that correspond to devices in the vehicle
power systern 300 may perform the same functions that were described above.

The particular illustrative embodiment of the vehicle power system 300 shows
alternate power sources 320-323 and controlier-converters 330-333 installed m forward and aft
electronic equipment bays 303-393. Although not shown tn FIG. 3, other corresponding
components, including the corresponding power distribution/control units 309 and the
corresponding buses 350-357 also may be installed in the equipment bays 390-393. Equipment
providing or using different types of power may be divided into different electronic equipment
bays, left or vight, forward or aft. Although FIG. 3 depicts oue forward equipment bay on cach
side of the vehicle and one aft equipment bay on cach side of the vehicle, it should be understood
that the number and placement of the cquipment bays 1s only for illustration. There may be
multiple forward or multiple aft cquipment bays on one or both sides of the aircraft.
Alternatively, there way only be one or more equipment bays on one side of the vehicle or only
at a forward or aft end of the vehicle on one or more sides.

In excmplary vehicle power system 300 of FIG. 3, the left aft clectronic equipment
bay 390 may accommodate alternate power source § 320 and controller converter 0 330, as
shown in FIG. 3. Although not shown in FIG. 3, corresponding cquipment such as a left HVDC
primary bus 350 and a left auto transformer rectifier 340 may also be deployed in the left aft
electronic equipment bay 390, Hquipment in the left aft electronic equipment bay 390 may
provide power via a left HVDC primary bus 350 to a left HVDC load array 360, Thus, high-

voitage DC equipment may be grouped in the left aft clectronic equipment bay 390.
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On the other hand, lower voltage equipment may be housed in the left forward
electronic equipment bay 392. The left forward electronic equipment bay 392 may receive
alternate power source 2 322 and controller converter 2 332, Although not shown in FIG. 3, the
left forward electronic equipment bay 392 also may receive a left LVAC primary bus 352 and an
associated left auto transformer 342 (that may be used to draw power from a left HVAC bus 310
to suppliement the power available at the left LVAC primary bus 352) that provides power to a
left LVAC load array 362, The left forward clectronic equiprucnt bay 392 also may receive a left
LVDC primary bus 354 VAC primary bus 352 and an associated left transformer rectifier 344
(that may be used to draw power from the left HVAC bus 310 to supplement the power available
at the left LVDC primary bus 354) that provides power to the left LVDC load array 364.
Similarly, a center-left transformer rectifier 346 and a left LVDC secondary bus 356 may be
received 1o the left forward electronic equiproent bay 392, Similar arrangements of equipment
may be made in the right aft electronic equipment bay 391 and the right forward clectronic
equipment bay 393,

Installing some or all of the alternate power sources 328-323, controller-converters
330-333, power distribution units 309, and buses 350-357 in the cquipment bays 390-393 may
enhance access to the alternate power sources 320-323, power distribution-conversion units 309,

~
i
i

and buses 350-357. The enhanced access enables case of installation and maintenance, and may
reduce wiring requirements. However, erobodiments of the vehicle power system 300 do vot
limit placement of the alternate power sources 320-323, power distribution-conversion units 309,
and other devices.

The alternate power source § 320 and the controller-converter § 330 may provide
power to the left HVDC load array 360, Similarly, the aliernate power source 1 321 and the
controller-converter 1 331 may provide power to the right HVDC load array 361, However, in
the vehicle power system 300, sorae of the alternate power sources and controller-converters to
may provide power to multiple load arrays. For example, the alternate power source 2 322 and
the controller-converter 2 332 may provide power to cach of the left LVAC privaary bus 352, the
teft LVDC primary bus 354, and the left LVDC secondary bus 356, Simailarly, the alternate
power source 1 321 and the controller-converter 1 331 may supply the right HVDC primary bus
351, and the alternate power source 3 323 and the controller-converter 3 333 may supply each of
the right LVAC primary bus 353, the right LVDC primnary bus 3553, and the right LVDC

secondary bus 357,
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Multi-function controller-converters, such as the controller-converter 2 332 and the
controller-converter 3 333, that provide multiple power types (i.¢., power having different power
characteristics) may reduce a number of coutroller-converters and a nuraber of alternate power
sources to be carried aboard the vehicle. Thus, when anticipated demand for a particular type of
power may be met by a single alternate power source and a multi-function controller-converter,
additional manufacturing or operational costs may be saved. For example, material costs,
installation costs, maintenance costs, and weight may be saved.

The vehicle power system 300 also includes electronic equipment bays 390-393. The
alternate power sources 320-323 and the controlicr-converters 330-333 may be deployed in a
particular electronic equipment bay 390-393 may be based on the associated power distribution-
conversion units 309 and the associated buses 350-357 being located in or near the same
equipment bay. For example, the alternate power source § 320 and the controller-converter ¢
330 may be deployed in a left aft electronic cquipment bay 390. The left aft clectronic
equipment bay 390 may be close to the left HVDC load array 360 to reduce wiring coraplexity
and weight. The left aft electronic equipment bay 390 also may be close to the left auto
transformer rectifier 340 and the lefi HVDC primary bus 350.

Similarly, the alternate power source 1 321 and the controller-converter 3 331 may be
deployed in a right aft electronic equipment bay 392, which may be close to the right LVAC load
array 362, The alternate power source 2 322 and the controller-converter 2 332 may be deployed
in a left forward clectronic equipment bay 392, which may be close to the ieft LVAC load array
362, the left LVDC load array 364, and the left LVDC secondary load array 366. The alternate
power source 3 323 and the controller-converter 3 333 may be deployed in a right forward
electronic equipraent bay 393, which may be close to the right LVAC load array 363, the vight
LVDC lpad array 365, and the right LVDC critical load array 367, Locating equipment in the
electronic equipment bays 390-393 may simplify mamtenance and installation. Further, when
the electronic equipment bays 390-393 are located near loads that use power from the alternate
power sources 320-323 reduced lengths of the corresponding buses 352, 354, and 356 may be
used. Reducing the length of the buses 352, 354, and 356 may simphfy mstallation and
maintenance as well as reduce wiring complexity and weight of the vehicle.

FIG. 4 15 a block diagram of a particular illustrative embodiment of vehicle power
system 400. The vehicle power system 400 includes particular subsystems that are powered by

separate power sources and converters. In the vehicle power systeras 100, 200, and 300 of F1Gs.

- 16 -



(9]

10

5

25

19-0612-WO-PCT
WO 2012/121831 PCT/US2012/024688

1-3, alternate power sources may be used to supply power to a group of loads in a load array,
where loads in a load array uses the same power type (i.c., power with the same power
characteristics). Iu the embodiment illustrated 10 FIG. 4, separate power supplies are provided
for one or more individual devices or subsystems rather than providing a power supply for each
power type. For example, some or all of the individual devices or loads may have dedicated
alternate power sources and controller-converters. Note that, although the distribution buses
410, 440, 460, and 480 arc shown as being independent buses i FIG. 4, the distribution buses
410, 440, 460, and 480 may be interconnected as described with reference to FiGs. 1-3.

For example, the vehicle power system 400 may selectively provide power to a wing
ce protection systern {WIPS) 423, fan controllers 423, an environmental coutrol system (ECS)
power electronics cooling system (PECS) pump 427, and one or more compressors 429 via a
high voltage bus 410. The WIPS 423 may be powered by an alternate power source 2412 viaa
controller-converter 2 422, A portion of the first power from the high voltage bus 410 may be
converted to power having alternate power characteristics like the power supplied by the
alternate power source 2 412 to supplement alternate power from the alternate power source 2
412 respounsive to demand of the WIPS 423, The fan controllers 425 may be powered by an
alternate power source 4 414 via a controller-converter 4 424, First power from the high voltage
bus 410 may be converted to power having alternate power characteristics of the alternate power
provide by alternate power source 4 414 to supplement alternate power from the aliernate power
source 4 414 responsive to demand of the fan controllers 425, The ECS PECS pump 427 may be
powered by an alternate power source 6 416 via a controller-converter 6 426, An additional
portion of the first power from the high voltage bus 410 may be converted to power having the
power charactenistics of the alternate power source 6 416 to supplement alternate power from the
alternate power source 6 416 responsive to demand from the environmental control system pump
427. The onc or more compressors 429 ruay include & forward cargo air conditioning (FCAC)
compressor and an integrated cooling systern (ICS} compressor, which may be associated with
ong or more ECS recirculation fans (not shown). The one or more compressors may be may be
powered by an alternate power source 8 418 via a controller-converter 8 428, A portion of the
first power from the high voltage bus 410 may be converted to power having the power
characteristics of the alternate power supplied by the alternate power source 8 418 respousive to

demand from the one or more compressors 429,
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The vehicle power system 400 may also provide power to a cabiu aiv compressor
{(CAC) 453, one or more hydraulic pumps 455, and a nitrogen generation system (NGS) 457 that
each operate using nominal HVDC power. In the vehicle power systern 400, the CAC 453 may
be powered by an alternate power source 32 442 via a controller-converter 32 452, supplemented
responsive to demand by an HVDC bus 440, The one or more hydraulic puraps 455 may be
powered by an alternate power source 34 444 and a controller-converter 34 454, supplemented
respounsive to dermand by the HVDC bus 440. The nitrogen generation systern 457 may be
powered by an alternate power source 16 446 via a controller-converter 16 456, supplemented
responsive to demand by the HVDC bus 440,

The vehicle power system 400 may also provide power to an in-flight entertainment
(IFE) system (IFE) 473, lights (including an interior lighting system) 475, and one or more
galleys 477 that cach operate using nominal LVAC power. In the vehicle power system 400, the
IFE system 473 may be powered by an alternate power source 22 462 via a controller-converter
22 472, supplemented respounsive to dewand by an LVAC bus 460. The lights 475 ray be
powered by an alternate power source 24 464 via a controller-converter 24 474, supplemented
responsive to demand by the LVAC bus 460, The galleys 477 may be powered by an alfernate
power source 26 460 via a controller-converter 26 476, supplemented responsive to demand by
the LVAC bus 460.

The vehicle power system 400 may also provide power to a captain’s instrament bus
493, a first officer instrument bus 495, and avionics 497 that cach may operate using nominal
LVDC power. In the vehicle power system 400, the captain’s instrument bus 493 way be
powered by an alternate power source 32 482 via a controller-converter 32 492, supplemented
responsive to demand by an LVDC bus 480, The first officer’s instrument bus 495 may be
powered by an alternate power source 34 484 via a controller-converter 34 494, supplemented
respounsive to demand by the LVDC bus 480, The avionics 497 may be powered by an alfernate
power source 30 486 via a controller-converter 36 496, supplemented responsive to demand by
the LVDC bus 480.

In a particular embodiment, certain subsystems have a dedicated alternate power
source and other subsystems share one or more alicrnate power sources. For example, onc of the
HVDC devices, such as the hydraulics system 455, may have its own alternate power source
while other devices operating using HVDC power may share an alternate power source and

controller-converter. The relative cost, coraplexity, priority, and other criteria associated with
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wdividual subsystems or groups of subsysierns may be compared to determine whether
individual devices or groups of devices are to be associated with dedicated power sources.

FIG. 5 15 a block diagram of a coutrol system SO0 for controlling a plurality of vehicle
power sources. The control system 500 inchudes a global controiler 502 and a plurality of local
controllers 512, 5332, 552, and 572 that arc used to control operation of alfernate power sources
and converters in a vehicle. The global controller 502 may act as an energy and fault manager
for the vehicle. For exarnple, the global controller 502 may roonitor power availability and
demand throughout the vehicle based on reports from local controllers 512, 532, 552, and 572
via a data bus 505, In response to the reports, the global controller 502 may send control signals
via a switch bus 507 that cause power to be selectively distributed according to a control
algorithm. For example, the control signals may cause sources or loads to be added to a
distribution bus. In addition, the global controlier 502 may also communicate with the local
controllers 532, 552, and 572 in communication with converters 542, 562, and 582, respectively,
regarding a process employed by the converters 342, 562, and 582 in performing power
conversion. In one particular embodiment, the global controlier 502 evaluates system power
avatlability and performs appropriate scheduling and other energy distribution control, for
example, to optimize the distribution and consuraption of energy.

The control systern 500 may include one or more alternate power sources 540, 560,
and 580 that may be selectively controlled by local power controllers 532, 552, and 572,
respectively, via converters 542, 562, and 582, respectively. The power provided by the
alternate power sources 540, 560, and 580 may supplement a supply of first power provided by
an engine-driven power source, such as a generator 503, Alternatively, the first power may be
used to supplement power provided by the alternate power sources 540, 5360, and 580. The
generator 503 may selectively {e.g., via switches) provide power to major power distribution-
conversion units 530 {e.g., transformers, rectifiers, or other power conversion devices) and the
one or more buses to provide power to HYDC, LVAC, and LVDC load arrays, as previously
described with reference to FIGs, 1-4.

Iu a particular embodiment, local controller 0 512, which is a generator control unit
512, communicates with the generator or starter/generator 503. A system that includes multiple
generators may include at least one local controller i the form of a generator coutrol unit for
cach of the generators. Via the local controller § and generator control unit 512 and the data bus

503, the global controller 302 monitors power that may be available from the generator 503, A
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tocal controller 3 532 1s a power manager and voltage regulator that may cormunicate with a
converter 3 542 to determine power availability from an alternate power source 3 540.
Information regarding power availability or capability of the alternate power source 3 540 may
be provided to the global controlier 502 by the local controlier 3 532, Similarly, information
regarding power availability or capability of an alternate power source 2 560 may be provided to
the global controller 502 by a local controller 2 552, and information regarding power
avatlability or capability of an alternate power source 3 580 may be provided to the global
controller 502 by a local controller 3 572, As is the case with the local controlier 3 572, the local
controller 1 532 and the local controller 2 552 may include a power manager and voltage
regulator that operates with respective converters 542 and 562 to control output of alternate
power sources 540 and 560, respectively.

The global controller 5302 can determine an efficicut allocation of power throughout
the vehicle based on information regarding the capabilities and availability of each of the power
sources aboard the vehicle, ioctading the generator 503 and the alternate power sources 540, 560,
and 580. The global controller 502 may employ various methods of controlling allocation of
power, for example, to optimize cucrgy distribution and consumption. For example, power may
be allocated using information regarding power availability and demand communicated between
the global controller 502 and the local controllers 512, 532, 552, and 572, The allocation of
power way be made according to a control algorithm implernented by the global controller S02.
The control algorithm may include scheduling, dynamic scheduling, load shedding, lincarization
optivaization, or other algorithms to control power distribution to optimize energy distribution
and consumption. .

When cach of the alternate power sources 540, 560, and 580 is able to fully supply
the corresponding buses 550 and 570 (and the loads drawing from the buses, not shown in FIG.
5}, the global controller 502 may usc the switch bus 507 to decouple the generator 503 from the
buses 510, 550, and 570 to reduce the burden on the generator 503, Reducing the burden on the
generator 503 may reduce fuel consurmption and cmissions of the vehicle. As snother example,
when one of the local controllers 512, 532, 552, and 572 indicates that one of the buses or arrays
510, 550, and 570 has unmet power demand, the global controlier 502 may selectively couple the
generator 503 and the high voltage primary bus 510 to the bus or buses with unmet power

demand.
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Altervatively, when the global controller 502 determines from the local coutrollers
512, 532, 552, and 572 that power output of the gencrator 503 is sufficient to supply a power
demand of some or all of the buses or arrays 510, 550, and 570, the global controller 502 may
direct the local controllers 532, 552, and 572 and the converters 542, 562, and 582 to stop
drawing from the associated alternate power sources 540, 560, and 580. The global controller
502 thus may preserve capactty or availability of the alternate power sources 540, 560, 580 for
another phase of operation.

FIG. 6 is a flow diagram of a particular embodiment of a method 600 of controlling
vehicle power sources. For example, the method 600 may use a control system such as the
control system 500 of FIG. § to voounitor power demand for various loads or buses and to montitor
power capability of generators or other power sources to manage power distribution for a
vehicle,

Conditions of distribution buses, power sources, and loads may be registered, at 602.
For example, the conditions may be registered by a global controlier 1u communication with one
or more local controllers, such as the global controller 502 and the local controllers 512, 532,
552, and 572 of FIG. 5. The conditions of the distribution buses, power sources, and loads may
be checked, at 604, to adjust for changes throughout the course of an operation. As previously
described with reference to FIGs. 1-4, the power sources may include engine power provided by
the starter generators and alternate power from a plurality of alternate power sources that, along
with power distribution-conversion units, controller-converters, and distribution buses, may be
mterconuected i various ways. The alternate power sources may include one or wore fuel cell
systems, batteries, supercapacitors, thermoelectric generators, and other types of engine-
wdependent power sources. A deterronation is made, at 606, whether more power s required
{c.g., based on power demand) for one or more buses or loads. When it is determined that more
power is required, a power manager may provide instructions, at 624, that cause a load source to
be activated, at 622, to supply power to a bus or load requiring more power. Power conversion
and power quality control checks may be performed, at 620, to cnsure that adegquate power is
provided and that the power meets quality requireracuts.

When it is determined that no buses or leads require more power, a determination
may be roade whether any buses or loads are in a fault condition, at 608, It is possible that, if
power is not required by a bus or a load, that the bus or the load has fatled. When itis

determuved that a bus or load 18 1n a fault condition, a faslt manager may provide instructions, at
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616, that cause the faulty buses or loads to be disabled, at 614, A power distribution architecture
may be reconfigured to ensure power availability to critical loads, such as avionics and flight
crew instruments, at 640, Based on the fault condition determined, loads may be shed to meet
critical load demands, at 642,

When no bus or load s determined to be in a fault condition, a deterrmination raay be
made whether energy is being regenerated by a load, at 610. For example, a control surface of
an aireratt may be abic to generate electrical power from air pressure applhied to a control surface,
such as a flap or rudder, using a recuperative actuator. In yet another example, vibration energy
may be stored or captured from a pre-determined vibrational source, ¢.g., wheel, strut, fuselage,
or other load source. When energy 1s being regenerated by a load, a load source may be
activated to store or use the regenerated encrgy, at 626. Power conversion and power quality
control checks are performed, at 620, to ensure that adequate power is provided.

When encrgy 18 not being regenerated by a load, a determination may be made
whether energy distribution is already being controlled to enable enhanced energy management,
at 612, Energy distribution controlled to enable enhanced energy management may result from
efficiently using energy by, for exaruple, reducing dependence on engine-driven generators when
alternate power sources supply sufficient power for buses or loads. When energy distribution
already 1s being controlled to enable enhanced energy management, ongoing checking of
conditions of distribution buses, power sources, and loads continues to be performed, at 604,
When energy distribution control to enable enhanced energy management is not already being
performed, an energy manager may provide instructions, at 632, that cause energy distribution
control to be performed, at 630.

FIG. 7 1s a flow diagram of a8 particular embodiment of a method 700 of providing
power to a subsystem, such as a vehicle subsystem. The method 700 may include supplying first
power from a first source, at 702, The first power source may inchude an engine-driven
generator on a vehicle or another power source. The first power may be supplied via a first
distribution bus. For cxample, the first power roay be gencrated by one of the starter/gencrators
102, 103, 202, 203, 302, and 303 of FiGs. 1-3 or the generator 503 of FIG. 5. The first
distribution bus may include one of the HVAC buses 110, 111, 218, 211, 310, and 311 of FiGs.
1-3, the HVAC bus 410 of FIG. 4, or the HVAC bus 510 of FIG. 5.

The method 700 may also include supplying first alternate power from a first

alternate power source to provide a first quantity of power having first alternate power
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characteristics used by a first subsystern, at 704, The first aliernate power source may be a
power source independent of the first power source, such as a battery or fuel cell that operates
mdependently of a generator that may be the source of the fivst power. In a particular
embodiment, the first alternate power source is one of the alternate power sources 320-127 of
FIGs. 1-3, one of the alternate power sources 412-418, 442-446, 462-466, 482-486 of FIG. 4, or
the alternate power sources 340, 560, 580 of FI(G. 5. The first alternate power may have
different power characteristics from the first power. For example, the first power may be
alternating current and the first alternate power may be direct current. In another example, the
first power may be relatively high voltage and the alternate power may be lower voltage. For
ilustration, the first alternate power may be high voltage DC power supplied by alternate power
source { 220 via controller-converter § 230 to the left HYDC load array 260 via the left HVDC
privaary bus 250, The frst subsystem may 1uclade a first vehicle subsyster, such as ouve of the
vehicle subsystems described with reference to FIG. 5.

Iu a particular embodiment, the fivst portion of the first aliernate power may be
supplied at a location that is proximate the first subsystem. For example, the engine-independent
power source may be located relatively near to the first subsystem and the first power source
may be located relatively far from the first subsysters. That s, the first alternate power source
may be located closer to the first distribution bus than the first power source s to the first
distribution bus,

A guantity of the first power may be converted by a first converter to a second
guantity of power having the first alternate power charactenistics, at 706. For example, referring
to FIG. 2, the left auto transformer rectifier 240 may convert a portion of the first power carried
by the left HVAC bus 210 to high voltage DC power used by the left HVDC load array 260.
The second quantity of power having the first alternate power characteristics may be supplied to
the first vehicle subsystem, at 708, Using the same example of supplying the lefi HVDC load
array 260, the power converted by the left auto transformer rectifier 240 s supplied to the left
HVDC primary bus 250,

The raethod 700 may also imclude supplying second alternate power froro an a second
alternate power source to provide a first quantity of power having second alternate power
characteristics used by a second subsystern, at 718, In a particalar embodiment, the eongine-
independent power source is one of the alternate power sources 320-127 of FIGs. 1-3, one of the

alternate power sources 412-418, 442-446, 462-466, 482-486 of FIG. 4, or the alternate power
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sources S40, 360, 58O of FIG. 5. The second alternate power may have different power
characteristics from the first power and from the first alternate power. For illustration, the
second alternate power may be low voltage DC power supplied by alternate power source 4 224
via controlier-converter 4 234 to the left LVDC load array 264 via the left LVDC primary bus
254.

An additional quantity of the first power may be converted by a second converter to a
sccond quantity of power having the second alternate power characteristics, at 712, For
example, referring to FIG. 2, the left transformer rectifier 244 may convert a portion of the
generator power carried by the left HVAC bus 210 to low voltage DC power used by the left
LVDC load array 264, The second quantity of power having the second alternate power
characteristics is supplied to the second vehicle subsysten, at 714, Using the same example of
supplying the left LVDC load array 264, the power converted by the left transformer rectifie
244 15 supphied to the left LVDC primary bus 254,

The raethod 700 may also mclude autornatically controlling energy distribution using
a global controller, at 716, For example, when power demand at the first subsystem is high,
more power may be supplicd fo the first subsystem via g first distribution bus from the first
power source, such as an engine-driven generator or other generator, as previously described. In
another cxample, when power demand at the first subsystern 1s low, less power may be supplied
to the first subsystem from the first power source or from the one or ruore alternate power
SOUrCes.

The method 700 may include detecting a fault condition, at 718, The fault condition
may be detected at one or more of the power sources, at one or more of the distribution buses, or
at one or more of the subsystems. A control signal responsive to the fault condition may be sent,
at 720. For example, the global controlier 502 of FIG. 5 may act as an energy and fault manager.
The global controller 502 may recontigure power distribution n the systern 500 responsive to
determining that a source or load on one of the buses 510, 550, 570 1s in a fault condition. To
tustrate, the global controller 502 may send control signals to switches via the switch bus 507 to
reconfigure the power distribution.

FIG. 8 is a block diagram of a general purpose computer system 800 operable to
perform computer-implemented methods or process compuier-executable instructions of an
embodiment of methods of providing power to vehicle systems or of controlling vehicle power

sources. The computer systero 800 may be posttioned aboard a vehicle, such as an awreraft. In

-4 -
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an itlustrative embodiment, a cormputing device 810 of the computing systern R00 may include at
least one processor 820, The processor 820 may be configured to execute instructions to
oplement a method of distributing vehicle power as described with reference to FIGs, 1-7. The
processor 820 may communicate with a system memory 830, one or more storage devices 840,
and onc or more iput devices 870, via input/output interfaces 850,

The system memory &30 may include velatile memory devices, such as random
access memory {RAM) devices, and nonvolatile memory deviees, such as read-only memory
(ROM), prograrmmable read-only memory, and flash memory. The system memory 830 may
include an operating system 832, which may include a basic/input cutput system for booting the
computing device 810 as well as a full operating system to enable the computing device 818 to
interact with users, other programs, and other devices. The system memory 830 may also
melude one or more application programs 834, such as instructions for configuring the
computing device 810 to distribute vehicle power, as previgusly described.

The processor 820 also may communicale with one or more storage devices 840, The
storage devices 840 may include nonvolatile storage devices, such as magnetic disks, optical
disks, or flash memory devices. In an alfernative embodiment, the storage devices 840 rnay be
configured to store the operating system K32, the applications 834, the program data 836, or any
combination thercof. The processor §20 may communicate with the one or more communication
witerfaces 860 to coable the computing device 810 to communicate with other computing
systems 880

The dlustrations of the embodiments described herein are intended to provide a
general understanding of the structure of the various embodiments. The illustrations are not
witended to serve as a coropleie description of all of the elements and features of apparatus and
systems that utilize the structures or methods described herein. Many other embodiments may
be apparent to those of skill in the art upon reviewing the disclosure. Other embodiments may be
utitized and derived from the disclosure, such that structural and logical substitutions and
changes may be made without departing from the scope of the disclosure. For example, method
steps may be performed 1o a different order than is shown in the figures or one or more method
steps may be omitted. Accordingly, the disclosure and the figures are to be regarded as
iHastrative rather than restrictive.

Moreover, although specific embodiments have been tlhustrated and deseribed herein,

it should be appreciated that any subsequent arrangement designed to achieve the same or simnilar

- 25 .
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results may be substituted for the specific ernbodiments shown, This disclosure s intended to
cover any and all subsequent adaptations or variations of various embodiments. Combinations of
the above embodiments, and other embodiments not specifically described herein, will be
appareut to those of skill in the art upon reviewing the description.

The Abstract of the Disclosure is submutted with the understanding that © will not be
used to fnterpret or limit the scope or meaning of the claims. In addition, in the foregoing
Detailed Description, various features may be grouped together or described in a single
embodiment for the purpose of streamlining the disclosure. This disclosure is not to be
interpreted as reflecting an intention that the claimed embodiments require more features than
are expressly recited in cach claira. Rather, as the following claims reflect, the claimed subject

matter may be directed to less than all of the features of any of the disclosed embodiments.

- 26 -
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WHAT IS CLAIMED IS:

1. A vehicle comprising:

a power distribution grid comprising a plurality of power sources and a plorality of
distribution buses configured to distribute power from the phurality of power
sources, wherein the plurality of power sources include:
an engine~driven power source configured to provide first power, the first power

having first power characteristics;

a plurality of engine-independent power sources including:

a first alternate power source configured to provide first alternate power,
the first alternate power having first alternate power characteristics
that are different than the first power characteristics; and

a second alternate power source configured to provide second alternate
power, the second alternate power having second alternate power
characteristics that are different from the fivst power characteristics
and different from the first alternate power characteristics; and

a global controller that sends control signals to control output of power by the cogine-
driven power source, the first alternate power source and the second alternate
power source to the plurality of distribution buses responsive to demand on the

power distribation grid.

2. The vehicle of claim 1, wherein, 1o respounse to fucreased demand at a first distribution
bus of the plurality of distribution buses, the global controlier sends a first control signal that

causes the first aliernate power source to adjust a fivst supply of the fivst alteroate power,

3. The vehicle of claim 1, wherein, in response to increased demand at a second
distribution bus of the phlurality of distribution buses, the global controller sends a second control
signal that causes the sccond alternate power source to adjust a second supply of the second

alternate power.

4. The vehicle of claim 2, further comprising a first controller-converter coupled to the

first alternate power source to control a first output of the first alternate power source.

5. The vehicle of claim 4, further comprising a first power distribution-conversion unit

configured to receive a supply of the first power via the first distribution bus and convert a fivst

-2
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quantity of the first power having the first power characteristics to first supplemental power

having the first alternate power characteristics.

6. The vehicle of claim 5, wherein the first controller-converter is coupled directly to the
first power distribution-conversion unit and the first power distribution-conversion vt is

coupled directly to the first distribution bus.

7. The vehicle of claim 5, wherein the first controller-converter and the first power

distribution-conversion unit are coupled directly to the first distribution bus.

8. The vehicle of claim 5, wherein the first controller-converter is coupled directly to a

first load array recciving the fivst alfernate power.

9. The vehicle of claivo 1, further coraprising a second power distribution-conversion
unit configured to receive a supply of the first power from a first distribution bus of the plurality
of distribution buses and convert a second quantity of the first power baving the first power

characteristics to second supplemental power having the second alternate power characteristics.

19. The vehicle of claim 1, wherein the first power characteristics include a 200 to 400
volt alternating current, the first aliernate power characteristics include one of an alternating
current between 90 and 130 volt and a direct current between one of +/- 24 volts and +/- 100

voits and between +/- 135 volts and +/- 400 volis.

11, The vehicle of claim 1, wherein the plurahity of engine-independent power sources
includes one or more of!

a fuel cell systemy;

a battery;

a recuperative actuator;

a supercapacitor; and

a thermoelectric generator.

12. A method comprising:
supplying first power having first power characteristics from a first power source;
supplying first alternate power from an alternate power source to provide a first quantity

of power having first alternate power characteristics used by a first subsystenty;

- 28 .
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converting a gquantity of the first power to produce a second quantity of power having the
first alternate power characteristics to supply a second quantity of power having
the first alternate power characteristics using a first converter; and

supplying the second quantity of power having the first alternate power characteristics to

the first subsystem.

13. The method of claim 12, further comprising automatically controlling the first
quantity of the first alternative power and the quantity of the first power converted to supply the
sccond quantity of the power having the first alternate power characteristics using a global

controller,

14. The method of claim 12, wherein the first power source inchudes a first generator and

the first alternate power source provides power independently of operation of the first generator.

15, The method of claim 12, further comprising:

supplying a first quantity of second aliernate power having secoud alicroate power
characteristics used by a second subsystem from an additional alternate power
source to the second subsysterny;

converting an additional quantity of the first power to produce an additional quantity of
power having the sccond alternate power characteristics to supply a sccond
quantity of power having the second power characteristics using a second
converter; and

supplying the second quantity of the power having the second alternate power

characteristics to the second subsysten.

16. A systern comprising:

a first controller configured to control first power supplied to a first vehicle subsystem,
the first power having first power characteristics, wherein at least a portion of the
first power is provided by a first engine-independent power source aboard 4
vehicle; and

a global controller configured to receive signals from the first controller regarding power
demand at the first distribution bus aund a quantity of the fivst power available

from the first engine-independent power source,

299 .
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wherein, when a quantity of the fivst power supplied by the first engine-independent
power source i less than a power demand of the first vehicle subsystem, the global controlier
causes first power having first power characteristics from an engine-driven power source to be
converted into additional power having the first power characteristics and making the additional

power available to the first vehicle subsystem.

17. The system of claim 16, wherein the global controller cornmunicates with the first
controller regarding a process to be employed by a converter coupled with the first controller to
perform power conversion from the first power having the first power characteristics to the

additional power having the first power characteristics.

IR, The system of claim 16, finther comprising a fault mavager in communication with
the global controller and the first controller, wherein the faunlt manager is configured to identify a
fault condition and to cause the global controller to redivect available vehicle power to correct for

the fault condition.

19. The system of claim 18, wherein the fault manager is further configured to at least

one of identify a faulty load and disable the faulty load.

20. The system of claim 16, further comprising a regencration ruanager configured to

identify a source of regenerated power and to cause the regenerated power to be stored or used.

- 30~
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