AIRCRAFT POWER MANAGEMENT REFERENCE TO EARLIER FILED APPLICATION [0001]This
application claims the benefit of the filing date of United States = Patent Application Number
12/565,426, filed September 23, 2009, the disclosure of 5which is incorporated, in its entirety, by this
reference. FIBKIZMOHSBI he present invention relates!generally to powerRGERSgfEsEMore
particularly, the present invention relates to vehicle electric power management systems. 10
BACKGROUND [0003]The way that the Vietham War is now remembered as the helicopter war, the

current conflicts in Iraq and Afghanis{?lk@ﬁx?% W%ngﬁ eIof unmanned drones. Drones
e leviating the need for foo

may facilitate remote intelligence gathering, a t soldiers to enter into hostile

areas "blind," withgigtierg e dbitonmatieonmabeyi e loepiigo aiepirength of hostile forces. Drones

may provide close combat support, such as identifying and eliminating targets of interests, alleviating
the need to exposé¥Bidiers dméyerrligsien wavchadicarirbitadiling dneredldnitodifettgrenades,

road-side bombs, anti-aircraft weaponry, missiles, and other dangers. 20[0004]With aircraft generally
there is a long felt ity ﬁpgh%ﬁ%%mgﬁééﬂ%, filed September 23, 2009, the disclosure of

5 which is incorporated, in its entirety, by this reference.

FIELD

[0002] The present invention relates generally to power management. More
particularly, the present invention relates to vehicle electric power management
systems.

10 BACKGROUND

[0003]  The way that the Vietnam War is now remembered as the helicopter war,
the current conflicts in Iraq and Afghanistan may be remembered for the use of
unmanned drones. Drones may facilitate remote intelligence gathering, alleviating
the need for foot soldiers to enter into hostile areas “blind,” with little or no

15  information about the location and strength of hostile forces. Drones may provide
close combat support, such as identifying and eliminating targets of interests,
alleviating the need to cxpose soldiers and/or airmen to potential small arms fire,
mortars, rocket grenades, road-side bombs, anti-aircraft weaponry, missiles, and
other dangers.

20 |0004]  With aircraft generally there is a long felt need to enhance performance.
Prior power management improvements include those disclosed in U.S. Patent No.
5,315,819 (system with various modes of operation) and U.S. Patent No. 4,185,460
{(system controlling fuel supply to a turbine engine). However, operational
capabilities of conventional vehicles and aircraft, including unmanned drones, may

25 rermain limited.



Prior power management improvements include those disclosed in U.S. Patent No. 5,315,819 (system
with various modes of operation) and U.S. Patent No. 4,185,460 (system controlling fuel supply to a
turbine engine). However, operational capabilities of conventional vehicles and aircraft, including
unmanned drones, may 25remain limited. 2 BRIEF SUMMARY 100051The disclosed system and
method may enhance the performance of a vehicle. The vehicle may Include an electric power
management system that provides rapid vehicle response to throttle requests. In the case of an
aircraft, the power management system may employ a power bus that interconnects a power plant, a
propeller driv]g#ﬂ{'{, ttery, avionics, and auxiliary loads. A controller may direct the operation
of the power plant, the propeller drive unit, avionics, and auxiliary loads, and may receive feedback
from the batigy,gnd PAGrBus 10 & slov iale mode. e senelier mayditestaa he power plant
supply power to the propeier drive unit and other 1o s, and maintain the battery on approximately a

trickle charge, gr fISERATAR W HRFRARSEH ISRl IS e IGd CHANASS M RIBREIEI A G, HAL speed, the

propeller drive unit may track the output of the power plant as the power generated by the power plant
slowly increagag.Qidecieasas 4R adast thrpitleamadswYchas RN F-audden anfblasge change in
requested propeller drive unit speed, the controller may direct that the propeller drive unit quickly
increase spegsiWbypdsaning-additional powanimmdhedatien: imgepss, afthahbeingigeasdated by the
power plant. Subsequently, the controller may direct that the power plant generate a new power level
commensuradexiiitty thelsequasteitbpropeliecdibepemibspéed povktbbupoarrteiiyg dresvnihy any
auxiliary loads, as well as replenish the battery. 100061According to a first aspect of the present
invention, anaeleoticapbavsilinmalvade and miasysteive Gredbuehicia fnaletveproViged: Miselebectric power
management system may include a power plant configured to generate electrical power and to supply
a voltage to alpwhertiemodn the deatteliyr imterdiorshBetdes WItHCt e GWRRLOREY T Feisamens/ithay be
configured to be charged from current generated by the power plant and that is supplied from the 3
power plant e BEHE P RARGRS FONERBEE TrnbASuRRIRIRY R EeBIOPeIE Wrive unit
interconnected with the power bus. The propeller drive unit ma%{gbe configured to draw power from the

power plant WETREHAWESE {8 TaIEHRE HERESIREDEHfcIE Y AUBl e HPAPBE O figured to
direct the power management sys a plurality of distinct modes of operation.,Each distinct mode of
operation maﬁ}ﬁ%&??%‘ﬁ%éhﬁ%ﬁéﬁéﬁg%@%&&ﬁ@ﬁé%%ﬁé%?ﬁ%ﬁrﬁ%ﬁm%%rg?ﬁ” ?F]g}aélgr%ﬁ‘ﬁ%r may be
configured to;mainiein, bus.xaliage witin.mrange defined by 8 maimum and minimyim voltage while
bus current may remain approximately at a set paint. A HirSt distinct mode 6f operation may be a slow

throttle mode, and.a secand dissingt madesl AReALoR.MakBe.A fast il meds: iths slow throttle

mode, the flow of power may be substantially only from“the power plant and into the propeller drive
unit and the hattery < hathe, fast thratiieimadewhefowobarwen Raxde fiamdthe baitars and the power
plant into the propeller drive unit. In the fast throttle mode, an increase in propeller drive unit speed
that is requestieddsdnptiallyspaanketd g eremby entirghtipythe: BattoryerAtua resulic dhe fast throttle
mode, the propeller drive unit speed is not limited by a present level of power being generated by the
power plant. 4600 TdAlcoardingutaavitahacaspedhabtiier drisseni kpeahiieithapoeladiticgpower
management system for a vehicle may be provided. The electric power management system may
include a powemplantgonfigiare thtdsgenechts sidetribdbpowieryand to supply a voltage to a power bus,
and a battery interconnected with the power plant via the power bus. The battery may be configured to
either dischal@feurretcasdingtpeiest tascoridrarreoit Erehism MelpOWEINES TensEerget itself
depending upon a level of a bus voltage associated with the power bus. The system may include a
propeller drivey{ifi PrenssiHIBR PtAVESth The Ssie PRI I RHREtHE B A1 waviie pider bus. The
propeller drive unit may be configured to draw power from the power plant and battery vja the power

bus. A contrdIRFH P B IR P HS TR e BOVFERh R HER A eV aS S IRAPIY S PRty of distinct

modes of Op%ra%%%”mt%%g&gé?&f” wcztth the power bus. The battery may be configured to be charged from

current generated by the power plant and that is supplied from the



4 mode of operation may power the propeller drive unit in a different mannér, wherein the controller
may be configured to maintain bus voltage within a range defined by a maximum and minimum voltage
‘while bus current may remain approximately at a set point. A first distinct mode of operation may be a
slow control mode and a second distinct mode of operation may be a fast control mode. In the slow
control mode, the controller may direct that changes id the speed of the propeller drive unit track
changes in the power being generated by the power plant by directing the propeller drive unit to use
only approximately the amount of power being provided to the propeller drive unit from the power plant
via the power bus. In the fast control mode, the controller may direct the propeller drive unit to quickly
respond to aROHEBIAEH e St rEl Re ST BropE e Bt by reNshilthdddditional power
necessary from the battg%%o attain tl]fe r%?luesteol speed and in excess of the Egawer being provided to

the propeller e URTE By e SRUEF OTaHt HORIESE D AHERy VI T h SNEFBES ALY PSESH, the speed of

the propeller{driv unit is nlotlimitéed by a level of power bein nerat d$ the power plant.
10008 Accorti 8 B o o B RIS B negermen

may be provided The ethed iax Inglile arnetelng slegiis over om.aponsrplantjocated on a

vehicle. The power plant may be interconnected with a bus. The"'method may include powering a
propeller drivie;sinif:@hthg vehiclpdad siawy toretlemedsad-aperation omanoliage.placed onto the

bus by the power plant. The propeller drive unit may be configured to drive a propeller using power

from the powesdgalanhindheoslowdnrettia mede whihadmetbed snay nelee suitchingdogafast throttle
mode of operation in which the propeller drive unit immediately draws additional power necessary from

the battery taripareasenpropetenspeed byirmaraotint reguestecphddnextess of hempewer being
provided to the propeller drive unit by the power plant via the bus, wherein in the fast throttle mode,
bus voltage Varieis@avonbde s€tpmintnaumy bpparatdoddweands tedjeshimité detnbattety dharge and
discharge rates. 4a [0008a]According to a fourth aspect of the present invention, a method of electric
power managesridine makybbe fasblagtl MRl ddlissth midyoitielndée geneatiripelscmay power from a
power plant located on a vehicle. The power plant may be interconnected with a bus. The method may
include powethRaplspeldrdtie oV ifeBsmarsiisnmiomis mbbe igpcubeffom a

voltage placed onto the bus by the power plant. The g@ropeller drive unit may be configured to drive a

propeller usifg PR tRE pRosFEpRE R Yot irrotnd hieauemihteiburmes fclude
switching to g fast throttle mode of operation in which the propeller drive upit immediately draws
aciitons! polies HELQE o DR 5 S T B ASPBI G NS S  HyFis ST Pogquested and
in excess of the power being provided to the propeller, drive unit ower plant via the bus,
wherein in th}{én‘gi oWt vfcﬁ%f!eg%?g qely %}“sre:% ré%heg E|Qsa&a 'vj\;"é’ 1’[’8&5:{}?&11%9g%t%gsgrﬁrgﬁ%rxlgﬁ%?étrlﬁeents about a set

point than in {a gt Aot modk. And:aRARQIILG £y BNludes A Roian having a constant

voltage gain. 100091Advantages will become more apparent to those skilled in t om the
following desgrigtion of the preferred embodiments which have been shown and described by way of
illustration. As will be realized, the system and method are capable of other and different

embodimentgg@ng thelc deiails Are-carakirobMAiGREAR IRVAIIRUS FESRRSmAGREREINGlY, the
drawings and description are to be regarded as illustrative in nature and not as restrictive. BRIEF

DESCRIPTIONsfeMr fhiHEdRHRIAMINGG Brovided. The electric power management system may include a

power plant configured to generate electrical power and to supply a voltage to a power bus, and a
battery interconnected with the power plant via the power bus. The battery may be configured to
either discharge current to the power bus or draw current from the power bus to charge itself
depending upon a level of a bus voltage associated with the power bus. The system may include
a propeller drive unit interconnected with both the power plant and the battery via the power
bus. The propeller drive unit may be configured to draw power from the power plant and battery
via'the power bus. A controller may be configured to direct the power management system in a

plurality of distinct modes of operation. Each distinct



100101Figure 1 illustrates an exemplary electric power management system; [0011]Figure 2 illustrates
an exemplary power bus; 10[00121Figure 3 illustrates exemplary control of a power management
system; 100131Figure 4 illustrates an exemplary method for switching control modes of a power
management system; 100141Figure 5 illustrates an exemplary power management system
architecture; 15[00151Figure 6 illustrates an exempla®y propeller drive unit schematic; 100161Figure 7
illustrates an exemplary PDU command curve; 100171Figure 8 illustrates an exemplary current
regulator; [00181Figures 9 and 10 illustrate exemplary voltage bands associated with PDU control;
20[0019]Figure 11 illustrates exemplary slow and fast throttle modes; [0020]Figure 12 illustrates
exemplary tramsienpf drelravionf00MdFigure kB dl dstrates iexahiflany hffene piatdinnttle control;

controller may be configured to maintain bus voltage within a range defined by a maximum and
minimum voltage while bus current may remain approximately at a set point. A first distinet
mode of operation may be a slow control mode and a second distinet mode of operation may be a
fast control mode. In the slow control mode, the controller may direct that changes in the speed of
the propeller drive unit track changes in the power being generated by the power plant by directing
the propeller drive unit to use only approximately the amount of power being provided to the
propeller drive unit from the power plant via the power bus. In the fast control mode, the
controller may direct the propeller drive unit to quickly respond to an increase in speed requested
of the propeller drive unit by drawing the additional power necessary from the battery to attain the
requested speed and in excess of the power being provided to the propeller drive unit by the power
plant from the battery via the power bus. As a resulﬁ, the speed of the propeller drive unit is not
limited by a level of power being generated by the power plant.

[0068]  According to a third agpect of the present invention, a method of electric power
management may be provided. The method may include generating electric power from a power
plant located on a vehicle. The power plant may be interconnected with a bus. The method may
include powering a propeller drive unit of the vehicle in a slow throttle mode of operation from a
voltage placed onto the bus by the power plant. The propeller drive unit may be configured 1o
drive a propeller using power from the power plant in the slow throttle mode. The method may
include switching to a fast throttle mode of operation in which the propeller drive unit
imimediately draws additional power necessary from the battery to increase propeller speed by an
amount requested and m excess of the power being provided to the propeller drive unit by the
power plant via the bus, wherein in the fast throttle mode, bus voltage varies about a set point;

and upper and lower voltage limits set battery charge and discharge rates,



100221Figure 14 illustrates an exemplary command limiting gain; [00231Figure 15 illustrates an
exemplary bus voltage regulation; and 100241Figure 16 illustrates an exemplary current voltage
regulation. DETAILED DESCRIPTION 00251A system and method may provide an electric power
management system that enhances vehicle performannce. The electric power management system
may 5increase the response time of a vehicle to significant throttle increases. The vehicle may include
a power plant, a battery, and one or more propellerdrive units (PDUs) that are interconnected via a
power bus. A controller may direct the operation of the power plant and the propeller drive units in
multiple control modes. In a slow throttle mode of operation, the propeller drive units may draw power
primarily or 10 entirely from the power plant. In a fast mode of operation, the propeller drive units may
rapidly draw & from thecpitigyrin exeb ssnsetRhtheiNrspthBENgT owiey & tetifopeller drive unit
by the power plant via the power bus. 100261 The power management system may include a power

plant configuPS8 TomFERETATE! BEWET BRYLHpPl RSBt gR Yo srarBie SridsoRBe fiakimay
15include an internal combustion engjne, an external combustion enging, g fuel cell, or any other
power plant ESUSIANTED &SI YRHEr NPT R BB AL A Se S NG B ks  fuel.

The fuel may 1 209 0 HERE SNSTRLCLIRY SESIAIS ARSI P e oneo the

from a voltage placed onto the bus by the power plant. The propeller drive unit may be

configured to drive a propeller using power from the power plant in the slow throttle mode. The
method may include switching to a fast throttle mode of operation in which the propeller drive
unit immediately draws additional power necessary from the battery to increase propeller speed by
an amount rec;_uested and in excess of the power being provided to the propeller drive unit by the
power plant via the bus, wherein in the slow throttle mode, bus voltage is allowed to change in
smaller increments about a set point than in the fast throttle mode, and a control limiting

curve includes a portion having a constant voltage gain.



100271The power management system may include a battery or a battery pack 20 interconnected
with the power plant via the power bus. Depending upon a level of bus voltage, the battery may be
configured to either discharge current to the power bus_or draw current from the power bus to charge
itself. 10028 ¥APHIFHanagement system may inclide one or more proPERSEUAYAY45 nits
interconnected with both the power plant and the battery via the power bus. 25Each propeller drive
unit may be configured to draw power from the power plant and/or the battery via the power bus and

use the power drayggjcausesmauemepuel e atiele i ane STROCUMARS # Bropeliririve unit may

be configured to rotate a propeller and supply power to the battery, auxiliary loads, or other propeller
drive units via the pRWRIRUsPYWHSBHENGheRIREE UTHRASASHaaT AR Mads ofRepke! of the
associated propeller drive unit. [0029]The power management system may include a processing unit
configured to contekedshi proReller drivedddil inaa piurslitegbdistinstmedesafpgasatieon. Each distinct
mode of operation ay provide a different source of power, or a different combination of power sources,
that provides powesgabdachogiopealtediTRetiveriitifOORQ] & sk digtingt medepablepdration may be a
slow throttle mode, and a second distinct mode of operation may be a fast throttle mode. In the slow
throttle mode Sthe cwddnttereinofdhenbuspaitagéonayihe yntiataivedds yatdelgovigiaqplard 1T he flow of
power may be from the power plant and into the propeller drive unit and 15the battery, or the battery
may be on a float. igegseidiastibipropa lerefitheapdope ke rehietivait may be driven entirely, or almost
entirely, by power being generated by the power plant and available to the propeller drive unit over the

power bus. Mean/HHEEFHREGRE BN HERHR A WA ESsired state of charge (SOC) via either a

trickle charge of current from the power plant and into the battery, or a
{0610 Figure 1 illustrates an exemplary electric power management system;

10011] Figure 2 illustrates an exemplary power bus;
10 [6012] Figure 3 illustrates exemplary control of a power management system;
[0013] Figure 4 illustrates an exemplary method for switching control modes of

a power management system,

[0014] Figure 5 illustrates an exemplary power management system
architecture;
15 [0015] Figure 6 illustrates an exemplary propeller drive unit schematic;

[6016] Figure 7 illustrates an exemplary PDU command curve;
10017] Figure 8 illustrates an exemplary current regulator;
[6018] Figures 9 and 10 illustrate exemplary voltage bands associated with
PDU control;
20 j0019] Figure 11 illustrates exemplary slow and fast throttle modes;
[0020] Figure 12 illustrates exemplary transient behavior;
[6021] Figure 13 illustrates exemplary differential throttie control;
[6022] Figure 14 illustrates an exemplary command limiting gain,

[0023] Figure 15 illustrates an exemplary bus voltage regulation; and



20trickle discharge of current out of the battery and into the propeller drive unit or other loads.
[0031]The slow throttle mode may be a "steady state" or normal mode of control. In the slow throttle
mode, the propeller drive unit may respond to small changes in the speed requested. A speed request
may be asso®i&t&d Wit speed of a 25component of the propeller drive diit’SerH 44 ¥peed of a
rotor of a motor or WO 2011/0378528PCT/US2010/049451 generator, a speed of an engine or a
propeller, or a ground or air speed of the vehicle. [0032]The system may identify throttle requests as

being small by copaiing  iegiesissitanas i Srastkassasiaied i phiols request with a

pre-determined 5threshold. If the throttle request or associated requested change in speed is less than
the pre-determinegiirashelg. s eysipmay identify the throttle request as be small. As a result, the
system may remain in the slow throttle mode and not transfer to a fast throttle mode of control.

[00331In the slow{frpsie madesihe smalkthsatie yessastsamayindiatecthaha dopiatotamdriver does

not need a rapid change in vehicle speed. The system may adjust the power plant to increase or
decrease power bgifiggenesaiatidedommensMaelwiticpbaw: speag-afatprepaergrive unit

associated with the throttle request. As the power plant slowly adjusts to the new power level
associated with thmeral theangeiscspeediregelested) tmdivailatiteplouwerandhelbusdhanges. The

may include a power plant, a battery, and one or more propelier drive units (PDUs)
that are interconnected via a power bus. A controller may direct the operation of the
power plant and the propeller drive units in multiple control modes. In a slow
throttle mode of operation, the propeller drive units may draw power primarily or

10 entirely from the power plant. In a fast mode of operation, the propeller drive units
may rapidly draw power from the battery in excess of that currently being provided
to the propeller drive unit by the power plant via the power bus.
[0026] The power management system may include a power plant configured
to generate power and supply a voltage to a2 power bus. The power plant may

15  include an internal combustion engine, an external combustion engine, a fuel cell, or
any other power plant coupled to an electric generator. The power plant may accept
liquid hydrogen as a fuel. The fucl may run the engine, and in turn the generator
may generate power to be placed onto the power bus.
[06027] The power management system may include a battery or a battery pack

20  interconnected with the power plant via the power bus. Depending upon a level of
bus voltage, the battery may be configured to either discharge current to the power
bus or draw current from the power bus to charge itself.
[0028] The power management system may include one or more propeller drive
units interconnected with both the power plant and the battery via the power bus.

25  Each propelier drive unit may be configured to draw power from the power plant



15propeller drive unit may increase or decrease the speed of the propeller or other component in
accordance with the amount of power available on the power bus and being generated by the power
plant. In other words, in the slow throttle mode of operation, the propeller drive unit, or a speed thereof,
may "track” tTEGLBWEREEhg generated by the power plant. 20100341In thBGESIAHRIE4Hode, the
processing unit may direct the propeller drive unit to rapidly increase a speed of the propeller drive
unit, such as a motor or a propeller speed. As a result, the propeller drive unit may require more power

than currently being pEYRCS RS ARUEIRIGH ESING PAYSLRIEIMAY.DOLIESRRNGAERY to throtie

requests. Rather, it may take time for the power plant to come up 25to speed, I e., change the amount

of power being gengratishid NG BreRAlesSHuE: Ui madav. hiearditionalpowes ierassaly to rapidy

increase propeller, motor, or other speed from the battery via the bus. For example, in responding to a

throttle request, thergrepe!laudiyslypiven draWAX6L 55 RAWENRR) dhehus:aEng:the level of bus
voltage to fall to approximately battery voltage. Subsequently, the Sbattery may maintain bus voltage

at approximately batieryiv altagevantisugphitbengikegsaopspeliaeedessipethaprapglier drive unit to
quickly answer the throttle request and change the speed of the propeller drive unit to that requested.
100351The processirigpLinittimaysdinacidipeopaieedplantsio generate more or less power commensurate
with the speed requested. As the power plant gradually 10generates more or less power, the bus
voltage may retur@828]steadihsteteén whicgethenbysivoltage ischelng pletesatinachivy the power plant,
and the flow of power is once again from the power plant and into the propeller drive unit and any
auxiliary loads, as%fefigascihto emisoflcatitiobelicgrifo086] Fenowiy madisgearenisystem may

identify throttle change requests 15approximately equal to or above a pre-detelmined threshold as
being major throttigperation. Each distinct mode of operation may provide a different source of power,

or a different combination of power sources, that provides power to each propeller
10 drive unit.
[0030] A first distinct mode of operation may be a slow throttle mode, and a
second diétinct mode of operation may be a fast throttle mode. In the slow throttle
mode, the current level of the bus voltage may be maintained by the power plant.
The flow of power may be from the power plant and into the propeller drive unit and
15 the battery, or the battery may be on a float. As a result, the propeller of the
propeller drive unit may be driven entirely, or almost entirely, by power being
generated by the power plant and available to the propeller drive unit over the power
bus. Meanwhile, the battery may be maintained in a desired state of charge (SOC)
via cither a trickle charge of current from the power plant and into the battery, or a
20 trickle discharge of current out of the battery and into the propeller drive unit or
other loads.
[0031] The slow throttle mode may be a “steady state” or normal mode of
control. In the slow throttle mode, the propeller drive unit may respond to small
changes in the speed requested. A speed request may be associated with a speed of a

25 component of the propeller drive unit, such as a speed of a rotor of a motor or



change requests. Major throttle change requests may trigger the power management system to switch
from the slow throttle mode into the fast throttle mode. A predetermined threshold may be
approximately a five, ten, or twenty percent change in propeller drive unit speed. Other thresholds may
be used. 20[0U37{AUHSAally or alternatively, the elecgric power managerﬁgwgigfm(’méy switch from
the slow throttle mode into the fast throttle mode based upon user selection of one or more throttle
mode settings. The system may include various user selections and/or switches associated with a

slow throttle mode, & faslthr giledBese « &IROENSRRIMPAsS, a0d-AtBerieeptral ngdes. A selection of
a slow throttle mode switch may place the system in the slow throttle mode. Likewise, a selection of a

fast throttle mode switgh may place the system in the fast throttle mode. 100381 Multiple modes of
control may be provided. The propeller drive units may include a processor and be self-regulating. The
flow of power maypg3Rj- Sdireatigradwithyesaest todherapelisrd e woisiifgwenpaaylew into the
propeller drive units in slow or fast throttle conditions. In addition to the slow throttle mode (powering
the propeller drivereqitftainithe;povwpeplani) daddhatastirrol ecquedesfbowprngthetlkdnge in
requested propeller drive unit speed from the battery), a regeneration mode may result in the propeller
drive units préviditigpbweér lfibatbrttigchbuguastbimitodhietbdttemesnd dtherlvagsdduchkashdaring
wind-milling) 100391 Thus, in normal operations, the propeller drive units may draw power to create
thrust. However, tHe systéamapdibeghrodidbdey eymaricigeakitighanbrpitimipg s angower.
Dynamic braking may include the using an electric motor of the propeller drive unit as a generator
when slowing the ¥8RIEI\STHEIHWEE IHHRRSIATTEBY R BropeTdhtnie meterad ob tHasipated as
heat. Additionally, "regenerative” power generated by the propeller drive unit may be placed on the
bus and lower endfyy S asTBAIUEiREdphamic braking to slow an aircraft may lower wear on

landing gear compgnents. oo
[0033] In the slow throttle mode, the small throttle requests may indicate that a

10 pilot or a driver does not need a rapid change in vehicle speed. The system may
adjust the power plant to increase or decrease power being generated to be
commensurate with a new speed of a propeller drive unit associated with the throttle
request. As the power plant slowly adjusts to the new power level associated with
the small change in speed requested, the available power on the bus changes. The

15 propeller drive unit may increase or decrease the speed of the propeller or other
component in accordance with the amount of power available on the power bus and
being generated by the power plant. In other words, in the slow throttle mode of
operation, the propeller drive unit, or a speed thereof, may “track” the power being
generated by the power plant.

20 [0634] In the fast throttle mode, the processing unit may direct the propeller
drive unit to rapidly increase a speed of the propeller drive unit, such as a motor or a
propeller speed. As a result, the propeller drive unit may require more power than
currently being provided by the power plant as the power plant may not respond
quickly to throftle requests. Rather, it may take time for the power plant to come up

25  tospeed, i.e., change the amount of power being generated. The propeller drive unit



100401The system may maintain the battery at approximately a 70-80% state of 20charge. In a
situation where it may be desirable to dump power, such as to rapidly decrease propeller drive unit
speed, a less than fully charged battery may have EeXCgss power storage capacity. Simultaneously, a
battery having @ %%&@%%OC may be sufficiently charged to support a fadtddhtr8l 4164 of operation
upon a substantial throttle request. 25 1.Exemplary Power Management System [0041]Figure 1
illustrates an exemplary electric power management system 100. The power management system 100

may include a fuelsunpi% 192 AR AR %Qé@s?-é}%a&?@tiﬁ_[x%gﬂe%gp%ﬁ& ZbBRWEbus 112, a

battery 114, and one or more propeller drive units , 118. The electric power management system

may include 5addijiasadpfewebRiRlRinaliNg.camRANeRtse{AA Rl Adfuabiankninay.stpmithe fuel supply
102. The fuel 102 may power the alternator rectifier unit 106. The flow of fuel to the alternator rectifier

unit 106 may be cenfiieliethbyraiite aantohit dhyThedevecensakl 84anay sludessigatrical and
mechanical components. As an example, the flow control 104 may include 10various solenoid
operated valves. Q¢harotfiipesvoligtectrmicalipponirolield values voiiydee Sisedqglrmahe ttmbodiment, the
fuel 102 may be liquid hydrogen. Other fuels may be used, including fossil fuels. [0043]The alternator
rectifier unit 106 nimjténcloeerannifaiermal cotapustigrproximately battery voltage and supply the
excess current needed for the propeller drive unit to quickly answer the throttle
request and change the specd of the propeller drive unit to that requested.
[0035] The processing unit may direct the power plant to generate more or less
power commensurate with the speed requested. As the power plant gradually
10 generates more or less power, the bus voltage may return to a steady state in which
the bus voitage is being determined by the power plant, and the flow of power is
once again from the power plant and into the propeller drive unit and any auxiliary
loads, as well as into or to float the battery.
[06G36] The power management system may identify throttle change requests
15  approximately equal to or above a pre-determined threshold as being major throttle
change requests. Major throttle change requests may trigger the power management
system to switch from the slow throttle mode into the fast throttle mode. A pre-
determined threshold may be approximately a five, ten, or twenty percent change in
propeller drive unit speed. Other thresholds may be used.
20 [o037] Additionally or altemativefy, the electric power management system
may switch from the slow throttle mode into the fast throttle mode based upon user
sclection of one or more throttle mode settings. The system may include various

user selections and/or switches associated with a slow throftle mode, a fast throtile

mode, a regeneration mode, and other control modes. A selection of a slow throttle



motor 108 and a generator 110. The internal combustion motor 108 may run on the 15fuel 102. The
internal combustion motor 108 may operate in conjunction with the generator 110 to generate power.
The generator 110 may place the generated power ontg the power bus 112. In an alternative
embodiment, ¥{228y ¥ ¥hay include an external comﬁlstion motor, a ba®&r/UsHE BHMdte fuel cells,
a solar array, an environmental energy harvesting device, or other devices instead of an alternator
20rectifier unit and/or motor. [00441In a slow throttle mode, power primarily or exclusively from the

generator 110 may,Rawerfhg 1859@L%&ﬁé%ﬁé%@&ﬂ@sx%ﬁmif&ﬁe%%s"%QJW&?Q@&&&% 18 may be

connected to the power bus 112. 100451THe power bus 112 may be interconnected with a battery

114. The 25battery,d fuipaydnrludRidssinaiersliiiR sR1ssahhatirrv:Rasksml ispattery 114 may be

operable to draw current from, or placed current onto, the power bus 112. In one embodiment, the

battery may be a lifhag) ion hatieni. Baebskatten:apek, TRy AAMMRESE RPRpIMmatelylQG batteries.

The battery may be manufactured from Al23 Systems, inc.TM of Watertown, MA. Other batteries may

be used. 5100461 Asamaxampiecdtife genesator tiQiganeraiesiaveiage thatds higher than the
voltage of the battery 114, current may flow from the generator 110 into the propeller drive units 116,

118 and the battergittdociiargngdhe hatterpibbél Onrtve aifier Pewel, ths fopatteritive units 116,
118 may be drawing sufficient current and power from the power bus 112 such that the bus voltage
falls. If the bus voltagecllofdity betowithddvatefssttitaigle ofthieidrattdnaddidioounrént sioay flow from the
battery 114 into the propeller drive units 116, 118, powering, at least in part, the propeller drive units
116, 118 from the @m{@m@. (powering the propeller drive unit from the power plant) and the fast

throttle mode (powering the change in requested ﬁropeller drive unit speed from the
battery), a regeneration mode may result in the propeller drive units providing power

10 onto the bus and into the battery and other loads (such as during wind-milling).
{60391  Thus, in normal operations, the propeller drive units may draw power to
create thrust. However, the system may also provide for dynamic braking and
burning reactive power. Dynamic braking may include the using an electric motor
of the propelier drive unit as a generator when slowing the vehicle. The power

15 generated by the propeller drive unit may be dissipated as heat, Additionally,
“regenerative” power generated by the propeller drive unit may be placed on the bus
and lower energy consumption. Using dynamic braking to slow an aircraft may
Jower wear on landing gear components,
[0040]  The system may maintain the battery at approximately a 70-80% state of

20 charge. In a situation where it may be desirable to dump power, such as to rapidly
decrease propeller drive unit speed, a less than fully charged battery may have
excess power storage capacity, Simultancously, a battery having a 70-80% SOC
may be sufficiently charged to support a fast control mode of operation upon a
substantial throttle request.

25 L Exemplary Power Management System



H.Exemplary Power Bus 100471Figure 2 illustrates an exemplary power bus 200. The bus 200 may
15include busswork 202 and interconnect an alternator rectifier unit (ARU) 204, a battery 206, a
propeller drive unit 208, avionics 210, and a payload 212. The power bus 200 may interconnect
additional, feW&r2Bi/ 4 ative components. 100481 The alternator rectifidf {204 /184 brovide
power onto the busswork 202. The avionics 210, such as actuators, and payload 212, such as sensors
and 20imaging devices, may take power from the busswork 202. The propeller drive unit 208 and

battery 206 may afgadake Pewer.fiam, g Ausswark 202, aswelhas RULAGYER ARG e bygswork 202.

100491 The power bus 200 may be controlled by a controller in two or moreé  conitrol modes. The

power bus 200 may, b RemERleR i & s\9udhretempde AR ArRafasiHretie made. dadbe slow

throttle mode, power on the power bus 200 may be changed slowly and controlled by the output of the

internal combustiorpmefoséHte fr-perRPWEAr N08yheadepgh to the pawsr bus frRmdhs-bastery to
supplement the bus voltage in this mode. On the other hand, in the fast throttle mode, power may be

taken from the batesydiecbiifigethe prapelies.diive d@}iippiomareguasiedspeadmsmbaiicklyas possible.
In one embodiment, the fast throttle mode may be used for takeoffs and landings of an aircraft, or
responding taSsubsiditimlanreases otdenieasesporagsiested propeller drive unit speed, such as may
be requested during high wind conditions.
[0042] A fuel tank may store the fuel supply 102. The fuel 102 may power the
alternator rectifier unit 106. The flow of fuel to the alternator rectifier unit 106 may
be controlled by a flow control 104. The flow control 104 may include electrical
and mechanical components. As an example, the flow control 104 may include
10 various solenoid operated valves, Other types of electronically controlied valves
may be used. In one embodiment, the fuel 102 may be liquid hydrogen. Other fuels
may be used, including fossil fuels.
[0043] The alternator rectifier unit 106 may include an intemal combustion
motor 108 and a generator 110, The internal combustion motor 108 may run on the
15 fuel 102. The internal combustion motor 108 may operate in conjunction with the
generator 110 to generate power. The generator 110 may place the generated power
onto the power bus 112, In an alternative embodiment, the system may include an
external combustion motor, a battery, one or more fucl cells, a solar array, an
environmental energy harvesting device, or other devices instead of an alternator
20 rectifier unit and/or motor,
[6044]  In a slow throttle mode, power primarily or exclusively from the
generator 110 may power the propelier drive units 116, 118. The propeller drive
units 116, 118 may be connected to the power bus 112,

[0045]  The power bus 112 may be interconnected with a battery 114, The

25  battery 114 may include a single celi or a series of battery packs. The battery 114



[ll.Exemplary Control 10100501Figure 3 illustrates exemplary control of a power anagement system
300. The system may include a power bus 302, an auxiliary load 304, a power plant 306, a battery
308, propeller drive units 312, and a flight control com?ﬁjter (FCC) 318. The system may include
additional, feW&r2Ui/A%&Hative components. [0051]Dutfhg normal operati@r‘ﬁ%ﬁé%@ﬁ’f‘%ﬂtrol
computer 318 may control the 15 power management system 300 in a slow throttle mode of control
320, as discussed herein. The slow throttle mode 320 may be based on powering the propeller drive

units 312 primarily,oF ejatisgly, ffem, thep ewrnLHPRh 306, IR ZlHAWe YRS, furiRg.atBes limegyvhen rapid

reaction of the propeller drive units 312 to throttle requests may be needed, the flight control computer

318 may 20contropthe RRvenEIRNAYsmeRt systesm 300imadfesiibrottie.made ot ¢antrels322, as
discussed herein. The fast throttle mode 322 may be based on powering the propeller drive units 312

from both the powesrait 3pF-@achirgybaBaM S0 Alditiarahpawebdirexeestuaidiiepowes currently
being generated by the power plant 306 and necessary to adjust a speed of the propeller drive units

312 in 25accordarstaith inthitdtiewetuestidy béimiediately takdr fraxh the battery 308 in the fast
throttle mode 322. As a result, the lag time that may be required for the power plant 306 to gradually
adjust power gendiititi} correspondingltoidthegcsprad thatgsnbeirg seqliestétbmalipecalleviated.
[0053]The flight control computer 318 may receive feedback 314, 316 from the 5power bus 302 and/or
the battery 308. THeficbdbalkenel/bebapreddrtaive uintiy Baoy Visitage gentratetriEhifiodling out the

battery 308 or the battery voltage.
propeller drive units 116, 118 and the battery 114, charging the battery 114. On the

other hand, the propeller drive units 116, 118 may be drawing sufficient current and
power from the power bus 112 such that the bus voltage falls. If the bus voltage

10 falls below the battery voltage of the battery 114, current may flow from the battery
114 into the propeller drive units 116, 118, powering, at least in part, the propeller
drive units 116, 118 from the battery 114.
IL Exemplary Power Bus
[0047]  Figure 2 illustrates an exemplary power bus 200. The bus 200 may

15 include busswork 202 and interconnect an alternator rectifier unit (ARU) 204, a
battery 206, a propeller drive unit 208, avionics 210, and a payload 212. The power
bus 200 may interconnect additional, fewer, or alternative components.
[0048]  The alternator rectifier unit 204 may provide power onto the busswork
202. The avionics 210, such as actuators, and payvload 212, such as sensors and

20 imaging devices, may take power from the busswork 202. The propeller drive unit
208 and battery 206 may also take power from the busswork 202, as well as put
power onto the busswork 202.
[6049]  The power bus 200 may be controlled by a controller in two or more
control modes. The power bus 200 may be controlled in a siow throttle mode and a

25  fast throttle mode. In the slow throttle mode, power on the power bus 200 may be



IV. Exemplary Method [0054]Figure 4 illustrates an exemplary method of switching control of a power
management system between multiple modes. The method 400 may include 10programming a
controller with power management algorithms 402, opgrating in a normal or slow throttle control mode
404, operatin‘ﬁgr?g]fjé@f%ottle control mode upon recgiving a significant tﬁFJ{ﬁlézg?%%()é‘ﬂequest 4086,
and returning to slow throttle control mode 408. The method may include additional, fewer, or
alternative actions. 15[0055]The control algorithms may generate a propeller drive unit control current

that powers the operaten wie SrORGIESIKE v uRilksiA® sharkiaRes DByt method 400 may
include controlling each individual propeller drive unit in a plurality of distinct modes of operation. Each

distinct mode of opatRti@mmgmriaHide a difter entiequreert el thatArvestagpropgiendrive unit

via the bus. 20[0056]In the slow throttle mode 404, the method may maintain bus voltage such that
generally only thetpsweltqlant pawasddheprbpeties deive inihel fionkreshbodiagntyanmeandant of
power available to the propeller drive unit via the bus may be added slowly as the internal combustion
motor of the powekktarftaomhe daifrtp a bpeethecproméasdrate uwitls puslight inpretsbsiptiesequested
propeller speed, and 25little or no power may be added to the bus from the battery. 100571In the fast
throttle mode %406 gthekhreppiienitlryénumic aliodranninibeclpo Weethanabarbeibgysedviied by the power

plant. The method may switch from
takeoffs and landings of an aircraft, or responding to substantial increases or

decreases i requested propeller drive unit speed, such as may be reguested during
high wind conditions.
1.  Exemplary Control
10 [005¢]  Figure 3 illustrates exemplary control of a power management system
300. The systern may include a power bus 302, an auxiliary load 304, a power plant
306, a battery 308, propeller drive units 312, and a flight control computer (FCC)
318. The system may include additional, fewer, or alternative components,
[6651]  During normal operation, the flight control computer 318 may control the
15  power management system 300 in a siow throttle mode of control 320, as discussed
herein. The slow throttle mode 320 may be based on powering the propeller drive
units 312 primarily or entirely from the power plant 306.
[0652] However, during other times when rapid reaction of the propeller drive
units 312 to throttle requests may be needed, the flight control computer 318 may
20 control the power management systern 300 in a fast throttle mode of control 322, as
discussed herein. The fast throttle mode 322 may be based on powering the
propeller drive units 312 from both the power plant 306 and the battery 308.
Additional power in excess of the power currently being generated by the power
plant 306 and necessary to adjust a speed of the propeller drive units 312 in

25  accordance with a throttle request may be immediately taken from the battery 308 in



the slow throttle mode to the fast throttle mode. In one embodiment, after the system switches to the
fast throttle mode, the requested increase in power necessary 5to bring the propeller drive unit up to a
requested propeller speed as quickly as possible mayPe taken from the battery. As a result, in the
slow throttle MBFAHB 2 voltage may be maintained By the power plant BrHG4H&44MShrottle mode
the bus voltage may be maintained, at least in part and temporarily, by the battery. 100581 The method
400 may include directing the power plant to adjust power 10being generated to correspond to a new

speed being requegtedaferswitehing 1o the fastireile.made-(ARGe.Ihe POWRLPIBRHS generating

power commensurate with powering the propeller drive unit(s) at the new speed requested, and

accounting for the audlianmlonss b eing.RoRIRS: emihe s dhedrelpasimay eI Sysiem control

to the slow throttle mode 408 such that power is no longer being taken from 15the battery.

V.Exemplary ArchitgeisiigifcRoyvesdianagemantaystem 100591Figure 5 illustrates an exemplary
architecture for a power management 20 system 500. The system 500 may include one or more

payloads 502, avi¢aiss 504, agtlidanee nelvigatiureaRkeamiralctGh € dit o964, 3 bafiery B8, a power
plant 510, propeller drive unit (PDU) command limiting software and/or hardware 512, and one or
more propellef. dripewnits:5342 T anbhitectmelftayTincfadébacdditionbd, deweaenaitialiefitative
components.
bus voltage or the current flowing out the battery 308 or the battery voltage.
IV. Exemplary Method
[0054]  Figure 4 illustrates an exemplary method of switching control of a power
management system between multiple modes. The method 400 may include
10 programming a controller with power management algorithms 402, operating in a
normal or slow throttle control mode 404, operating in a fast throttle control mode
upon receiving a significant throttle or other request 406, and returning to slow
throttle control mode 408. The method may include additional, fewer, or alternative
actions.
15  [0035]  The control al'gorithms may generate a propeller drive unit control
current that powers the operation of the propeller drive unit(s) as discussed herein.
The method 400 may include controlling each individual propeller drive unit in a
plurality of distinct modes of operation. Each distinct mode of operation may
provide a different source of power that drives the propelier drive unit via the bus.
20 [6056]  In the slow throttle mode 404, the method may maintain bus voltage such
that generally only the power plant powers the propeller drive unit. In one
embodiment, an amount of power available to the propeller drive unit via the bus
may be added slowly as the internal combustion motor of the power plant comes up

to a speed commensurate with a slight increase in the requested propeller speed, and

25 little or no power may be added to the bus from the battery.



[00601As shown in Figure 5, the power plant 510 may respond to a total power command signal that is
generated by combing signals received from the payloads 502, avionics 504, and the GNC unit 506,
and a battery charge command signal associated with g battery 508 state of charge. The total power
command sigh HdPEBrrespond to a total power beIi%g requested by thBGE/ERBMUEAHSI The total
power command signal may be received by the power plant 510 or a processor associated with
controlling the power plant 510. [00611The power plant 510 may generate and place power onto a

bower bus. The baii8y =08 i iR Aledischaise ARRGRAING YRR MRUHSNIRYS gLbattery

10voltage with respect to the bus voltage. The battery 508 may feed current onto us when power

demand from the pERRBIIRE Ve UUNS 544 X08edS . DoWEY baing Hansialey by themqwer plant 510.

[0062]PDU command limiting logic and/or circuitry 512 may be used to generate a current that

supplies the physigal psapelistidriveisiiee skt ThedRRhbddcanamaadiimitig: unitske may accept bus
voltage as one input and a power command, such as a power command from the GNC unit 506, as

another input. ThesRiRbh seimand thnitisgiuoitid hoteah cengitiondthrhus whagerta-psavide a desired
current to the propeller drive units 514 based upon whether the current operational mode is a slow

throttle mode Sa fast thrgttie modell ardothenmageo 2080068 HTepP sperdmandclimiting logic and/or
circuitry 512 may facilitate fast/slow throttle behavior that limits stress on or cycling of the battery. The
stress limiting maypssihtconydis édbiyaheioperativn 4§ themlopelike drivethmits: SdetleFe instance, a
voltage set point may be determined by and associated with zero battery current. As shown in the
Figures and discu8sedbersiman besimttinstibyrtisde v ) Pepiandondyelafbtlaiowedhto change in

small variations about the set point, (2)
bus voltage may be maintained, at least in part and temporarily, by the battery,

[0658]  The method 400 may include directing the power plant to adjust power
10 being generated to correspond to a new speed being requested after switching to the
fast throttle mode. Once the power plant is generating power commensurate with
powering the propeller drive unit(s) at the new speed requested, and accounting for
the auxiliary loads being powered from the bus, the method may return system
control to the slow throttle mode 408 such that power is no longer being taken from

15 the battery.

V. Exemplary Architecture
A, Power Management System
00591 - Figure 5 illustrates an exemplary architecture for a power management
20 system 500. The system 500 may include one or more payloads 502, avionics 504, a
guidance navigation and control (GNC) unit 506, a battery 508, a power plant 510,
propeller drive unit (PDU) command limiting software and/or hardware 512, and
one or more propeller drive units 514. The architecture may include additional,

fewer, or alternative components,



upper and lower voltage limits may prevent significant battery use; and (3) a command curve may
have one or more portions that include a constant gain or a constant limit. In a fast throttle mode: (I)
bus voltage may be allowed to vary widely about the Sg point (such as vary more than in the slow
throttle mode‘}f%??’é"ﬂrﬁﬁ@ and lower voltage limits may set battery chargd ahd’ et 4 Yé rates; and
(3) outside limits and limiting commands may be used, such as employing maximum and minimum
current and voltage limits. B.Propeller drive unit 100641In one embodiment, the system may include a

ighuweight, high 1ifencymeiendriye saikused i ki BrORestban ltciath Hiwie may be

four to eight propeller drive units interconnected with the power management system. A propeller drive

unit controller (PD&hmayclive.eaehipiRRsies dbly soutila {008R1The-RrapHsiomsyatamdnay include

four main subcomponents: (1) an ironless permanent magnet motor and/or generator, (2) an inverter

and controller, (3) siBaRiepelsnqasdd-EINernatl Sosches: The-propsionsystemimay include
additional, fewer, or alternative components. 100661Figure 6 is an exemplary schematic of a propeller

drive unit 600. Thegscopeiteivithvebumnit-HOMRNale inttiaganihy ertslipbbdr aonelecidGimadneatic
interference (EMI) filter 606, a power stage 608, a propeller drive unit controller 20610, a motor 616,
and a propellér (nobshepon.tT heoprigpelier idinveranic 860 tmaheiscitede additidhalotelyery ar alternative
components.

command signal may be received by the power plant 510 or a processor associated

with controlling the power plant 510.

[6061] The power plant 510 may generate and place power onto a power bus.

The battery 508 may charge or discharge depending upon a current level of battery

10 voltage with respect to the bus voltage. The battery 508 may feed current onto the
bus when power demand from the propeller drive units 514 exceeds the power being
gencrated by the power plant 510.

[0062] PDU command limiting logic and/or circuitry 512 may be used to
generate a current that supplies the physical propeller drive units 514, The PDU

IS5 command limiting unit 512 may accept bus voltage as one input and a power
command, such as a power command from the GNC unit 506, as another input. The
PDU command limiting unit 512 may condition the bus voltage to provide a desired
current to the propeller drive units 514 based upon whether the current operational
mode 1Is a slow throttle mode, a fast throttle mode, or other mode.

20 [0663] The PDU command limiting logic and/or cireuitry 512 may facilitate
fast/slow throttle behavior that limits stress on or cycling of the battery. The stress
limiting may be accomplished by the operation of the propeller drive units 514. For
instance, a voltage set point may be determined by and associated with zero battery

current. As shown in the Figures and discussed below, in a slow throttle mode: (1)

25  bus voltage may be allowed to change in smail variations about the set point, {2)



[00671The propeller drive unit 600 may accept a DC voltage on a power bus 602. In one embodiment,
the DC voltage may be between approximately 200 V and approximately 370 V. Other voltages may
be used. 100681The controller 610 may be in commupnication, such as RS 232 communication 620,
with various C8RtFBHEIE8etworks, and devices. The controller 610 may ald§ TEEERA/&48H4Is from, and
transmit signals to, a master controller 612, such as over an Ethernet or using IEEE 802 standards.
The master controller 612 5Smay be in two-way communication with an alternating rectifier unit 614.

100691 The EMI fijsy. 600y smiee naise diamieRansiiandlasssived fiamihe DC power bus

602. The power stage 608 may transform the power signal. The power Stage 608 may provide power

to both the controlighgithard:-a Rt AL ASsPsiptedoMithingRirpaler diNa it 608, The motor 616
may be interconnected 10with a propeller (not shown) that facilitates vehicle movement. The propeller

may include a conygidiananviariableriransmissianiepanaie i macials geansatiaso 188701 The motor
616 may receive commands from the controller 610 and provide feedback and sensor signals 618

back to the controle@¥@bdnelmetop&rb(suey dnekidenaraumber Ok stnsaisstduchods)iemperature and
speed sensors. The motor 15 616 may send temperature, speed, and other signals 618 to the
controller 6103 TheypertaoldowdOvmimg alimite peratiarbofahechrnpeallet dsblengnitaB80 andréSponse to the
signals received. C.PDU Command Limiting Curve [0071]Figure 7 illustrates an exemplary PDU
command limiting euiisiés 700its 20dT frei R gasomndtiddintitingcdusneh 26 Ordploict anesinditioned current
generated by the electrical power management system that controls the operation of the propeller
drive unit. and minimum current and voltage limits,
B. Propeller drive unit
10064] In one embodimem', the system may include a lightweight, high
10 efficiency motor drive unit used to turn the propellers of an aircraft. There may be
four to eight propeller drive units interconnected with the power management
system. A propeller drive unit controller (PDC) may drive cach propeller drive unit.
[0065] The propulsion system may include four main subcomponents: (1) an
ironless permanent magnet motor and/or generator, (2) an inverter and controller, (3)
15 apropeller, and (4) Ethernet switches. The propulsion system may include
additional, fewer, or alternative components,
[0066] Figure 6 is an exemplary schematic of a propeller drive unit 600. The
propeller drive unit 600 may include an inverter 604, an electro-magnetic
interference (EMI) filter 606, a power stage 608, a propeller drive unit controller
20 610, a motor 616, and a propeller (not shown). The propetier drive unit 600 may
include additional, fewer, or alternative components.
[0067] The propeller drive unit 600 may accept a DC voltage on a power bus

602. In one embodiment, the DC voltage may be between approximately 200 V and

approximately 370 V. Other voltages may be used.



[00721The power management system may be configured to maintain bus  current and voltage in
accordance with the graph of Figure 7. The y-axis of Figure 7 25indicates a bus current 702 being
provided to a propeller drive unit, and the x-axis indicates the bus voltage 704. As the bus voltage 704
changes, the¥Jt&HUA7852adjust a bus current 702 beﬁi%g generated by PBYREMM&RT fithiting circuitry
and/or software and powering the propeller drive unit(s). 100731The PDU command limiting
functionality may provide a control graph 5of current versus voltage that includes a minimum voltage

portion 710, & configlfng 196 AR RKITUNYoltage AGIORGOS, FS fenisuim voltage portion

710 may have a slope of bus current versus bus voltage associated with a low voltage gain. The

maximum voltage partonEAGRENAYE 2SIoREOhRMRAIHENYRISMRIRIS VltapR- 38aR6iated with a
high voltage gain. The PDU command limiting curve 700 10may include upper and lower voltage

limits, and upper ana lawes1sy FeREmite A0 80R2REE BUERM sieliaRilly Andsaakiaicanirel of the overall
system and individual propeller drive units. For instance, excessive bus current and voltage may

damage bussworksa¢ldaauxtiasy fedsec Qi avRizIPSERuIiorR eadinbdadass ebpropeller rive unit
control. 15100741The PDU command limiting functionality may be configured to maintain the bus

current 702 within it bomnirstsangecasimuchagisrpessibiealfdneatop tuatifdsrgaintey be defined by a lower
bus voltage 718 and an upper bus voltage 716, and a lower bus current 714 and an upper bus current
712. When the bu$0@dhge 7TU4ciENH thitctotbemiimmitczd8 cancominamthecprrent HEealevetivédhe lower bus
20current 714 may be generated, and when the bus voltage 704 is at the higher bus voltage limit 716,
a command currertost e elé] pfwse hihed bliscqarens 2L ¢id e trmsératedic Qe sgntlol ranges

may be used.
The power stage 608 may provide power to both the controller 610 and a motor 616

associated with the propeller drive unit 600. The motor 616 may be interconnected

10 with a propeller (not shown) that facilitates vehicle movement. The propeller may
include a conventional variable transmission operable at various gear ratios.

[06670] The motor 616 may receive commands from the controller 610 and
provide feedback and sensor signals 618 back to the controller 610. The motor 616
may include a number of sensors, such as temperature and speed sensors. The motor

15 616 may send temperature, speed, and other signals 618 to the controller 610. The
controller 610 may alter operation of the propeller drive unit 600 in response to the
signals received.

C. PDU Command Limiting Curve
{0071} Figure 7 illustrates an exemplary PDU command imiting curve 700.

20 The PDU command limiting curve 700 depicts a conditioned current generated by
the electrical power management system that controls the operation of the propeller
drive unit.

[6072] The power management systermn may be configured to maintain bus
current and voltage in accordance with the graph of Figure 7. The y-axis of Figure 7

25  indicates a bus current 702 being provided to a propeller drive unit, and the x-axis



D.Controls and Regulation Handler 25The power management system may regulate bus voltage. The
basic bus voltage regulation may be implemented as shown in Figure 15. To ensure proper paralleling
and load sharing between propeller drive units, prefer %Iy proportional gain may be used. The bus

voltage requitbHHERER by Figure 15 may ensure (1) balanced propellEFBHAHAY U 12) right

voltage loop voltage regulation. The propeller loading may be distributed evenly among a plurality of
propeller drive units. The 5voltage regulation may use actual bus voltage as feedback to condition a

reference voltage §igiales 0 taldsigponiindigw e k.o igierenac.hus rliageand.a,bus voltage

may be sent to a summer, the result of which may be fed to a proportional gain unit to generate a

reference current gigasla bhecieferense wimbent:signal BaDie sanhiaAkaaHIr entirgUIaosto be

further conditioned. Other bus voltage regulation may be used. 100761 The power management
system may regulatg-us etirpo.ching hagipeiser Gurgenitegulation may be implemented as shown in

Figure 16. The bus current regulation may ensure proper paralleling and load sharing between
propeller drive 154f33 PrefefablyDa’ propasidnahittedialgaimitaybenisede a control graph
5 of current versus voltage that includes a minimum voltage portion 710, a control
range 706, and a maximum voltage portion 708. The minimum voltage portion 710
may have a slope of bus current versus bus voltage associated with a low voltage
gain. The maximum voltage portion 708 may have a slope of bus current versus bus
voltage associated with a high voltage gain. The PDU command limiting curve 700

10 may include upper and lower voltage limits, and upper and lower current limits to
enhance system reliability and stable control of the overall system and individual
propeller drive units. For instance, excessive bus current and voltage may damage
busswork and auxiliary loads, or over-speed motors leading to loss of propeller drive
unit control.

15  [0074] The PDU command limiting functionality may be configured to
maintain the bus current 702 within the control range as much as possible. The
control range may be defined by a lower bus voltage 718 and an upper bus voltage
716, and a lower bus current 714 and an upper bus current 712, When the bus
voltage 704 is at the lower limit 718, a command current of a level of the lower bus

20 current 714 may be generated, and when the bus voltage 704 1s at the higﬁer bus
voltage limit 716, a command current of a level of the higher bus current 712 may be
generated. Other control ranges may be used.

D. Controls and Regulation Handler
25  The power management system may regulate bus voltage. The basic bus voltage

regulation may be implemented as shown in Figure 15. To ensure proper paralleling



100771As shown in Figure 16, a reference bus current and a bus current may be sent to a summer,
the output of which may be sent to a proportional integrator (PI). The proportional integrator may
generate a reference current that is sent to a current rgﬁulator, which may generate a command

ai

current to conti@P& HfdpEier drive unit. 200ther bus catrent regulation maHeUed/ B¢ rrent

Regulator 100781Figure 8 illustrates an exemplary command current regulator 800. The current
regulator 800 may generate a command current controlling the propeller drive unit in accordance with

a control graph, sugly g5 {00 HERICESIBEIRHR e JHRQ/FLURRSY a{a%%%ab%m&%% thresholds

may be used to condition a bus voltage signal. The upper and lower bus voltage thresholds may be

used to ensure thajstee pys yaltage s witinisn EEBH ToWR! 13na8: HI0RAIweongditipned bus

voltage 828 is shown in Figure 8. The conditioned 5bus voltage 828 may be adjusted by a function
based on current setfegs:-Seftinsdhedimited Ry ipaxmy bR BIRIWR coreghblenits. Subsequently,

the conditioned bus voltage 828 may be sent to a summer 858, the output of which may be sentto a
proportional integratalifP h860: AR08:11The ¢aly halbaf Figure 8 meyrarelddara enaxisnurecurrent limit

signal 10864 and the lower half of Figure 8 may provide a minimum current limit signal 866 to the
proportional irftegrestr 86& glihsquropyrtensimaidgsatoh 860 nfaydtiaeh forosiuidtoa PREdreasamand
current signal 862. In one embodiment, the PDU command current signal 862 may be the bus current
shown in the presenttrigsigss!.
[6075] As shown in Figure 15, a reference bus voltage and a bus voltage may
be sent to a summer, the result of which may be fed to a proportional gain unit to
generate a reference current signal. The reference current signal may be sent tb a
10 current regulator to be further conditioned. Other bus voltage regulation may be
used.
[0076] The power management system may regulate bus current. The basic bus
current regulation may be implemented as shown in Figure 16. The bus current
regulation may ensure proper paralleling and load sharing between propeller drive
15 units. Preferably, a proportional integral gain may be used.
6077} As shown in Figure 16, a reference bus current and a bus current may be
sent to a summer, the output of which may be sent to a proportional integrator (PT).
The proportional integrator may generate a reference current that is sent to a current
regulator, which may generate a command current to control a propelier drive unit.
20 Other bus current regulation may be used.
E. Current Regulator
[0078] Figure 8 illustrates an exeraplary command current regulator 800, The

current regulator 800 may generate a command current controlling the propeller

drive unit in accordance with a control graph, such as the one depicted in Figure 7.



including Figure 7. Other propeller drive unit command currents may be used. 15 100821 As shown in
Figure 8, a maximum current signal 818 may be supplied to a first summer 810. A maximum speed
signal 822 and an actual speed signal 820 (representig a current speed of a propeller drive unit
component) MA?HEH Ao a summer 802 to produce :f signal that may b&ddjiretetiYy*alconstant 842
and a ramp function 850 before being received by the first summer 810. 20[0083]The output of the first
summer 810 may be adjusted at a second summer 812. A minimum bus voltage signal 824 and a bus

voltage signal 826,gpay|be sentig asumymer R0 iaRraduge Asianpb it mavaeiadisted by a

constant 844 and a ramp function 852 before being received by thé second summer 812. The second

summer 812 may gQng @sBaximiD giEenidinit§ignal Sk tothe Riar arkippalitedr atehnd60.
100841As shown on the bottom of Figure 8, a minimum current signal 840 may be supplied to a third

summer 816. A maxintibBusMebage siBinad3Hant1busaliage signal 838 may be sent to a
summer 808 to produce a signal that may be adjusted by a constant 848 and a ramp function 856

before being receij@ddly the StuindisomeaiaisSbhadOe8Skinhewuipiiahte thirdsummec816 may be
adjusted at a fourth summer 814. A minimum speed signal 832 and an actual speed signal 834
(representinga cusmenvbipeet28fraapropaliestadive whitcompenshthmaycbesseimptdBalsamiher 806 to
produce a signal that may be adjusted by a constant 846 and a ramp function 854 10 before being
received by the folintttslymesx81un B0 861 TherfourttnslimierS8bacauaytse it aandrienad current limit
signal 866 to the proportional integrator 860, which may generate the command current 862 as noted
above. In one embudlirabnze ths coti hrasrdidadshEeB? Fdythe @ppendorhiman®semt to the propeller

drive unit. 15100871The logic of Figure 8 me(?/ be employed in a programming language,
proportional integrator (PI) 860,

[6081] The top half of Figure 8 may provide a maximum current limit signal

10 864 and the lower half of Figure 8 may provide a minimum current limit signal 866
to the proportional integrator 860. The proportional integrator 860 may then
produce a PDU command current signal 862. In one embodiment, the PDU
command current signal 862 may be the bus current shown in the present Figures,
including Figure 7. Other propeller drive unit command currents may be used.

15  [0082] As shown in Figure 8, a maximum current signal 818 may be supplied
to a first summer 810. A maximum speed signal 822 and an actual speed signal 820
(representing a current speed of a propeller drive unit component) may be sent to a
summer 802 to produce a signal that may be adjusted by a constant 842 and a ramp
function 850 before being received by the first summer 810.

20 [0083] The output of the first summer 810 may be adjusted at a second surnmer
§12. A minimum bus voltage signal 824 and a bus voltage signal 826 may be sent to
a summer 804 to produce a signal that may be adjusted by a constant 844 and a ramp
function 852 before being received by the second summer 812. The second summer

812 may send a maximum current limit signal 864 to the proportional integrator 860.



such as Turbo C, Turbo C++, C, Pascal, object orientated language or other programming languages.
Preferably, a C based Language is used. The software may generate a current that controls one or
more of the propeller drive units. 100881The softwareﬁTay include a main or void function that

regulates DCHUE2HETABnt. The main routine may caffroutines that (1) rétHEISR WU dtrent

command request, (2) limit bus current within a maximum and minimum current, (3) calculate an
adjustment to bus current (using a lower and an upper voltage threshold, and a lower and an upper

voliage gain). (4) fligghe burciiseRtoaRd hiaibbya Gy ieati i A ende dsfiori

a
maximum and a minimum current limit. [00891The software may include a first routine that adjusts the

upper current limitefstheibuscurant eamiaien hased amaxeaerdingdsReadiliol ardwhan the bus
voltage goes below a minimum acceptable bus voltage. The first routine may accept bus voltage,

speed, maximum GulEgBlsiFRAKEBE MBPeEtna R MIBIMUBINUS Yetage HSagdaputs naRcheeturn a
maximum current limit. 20090]The software may include a second routine that adjusts the upper
current limit of theadjistedirentaagtiatéddased emihtnaion REaingdre linthedawesl speed limit or when
the bus voltage exceeds the maximum acceptable bus voltage. The second routine may accept bus
voltage, speed, mihimdyomeoer&it;. minimum speed, 10 and maximum bus voltage as inputs, and return
a minimum current limit [00911The software may include a third routine that calculates a bus current
adjustment based[80885lis volfageuTihwe ahitg thudnermey SotepyBusdoittdeit a fowdr aman upper
voltage threshold, a change in current between the lower and upper voltage thresholds, a lower
voltage gain (assotidtet! WithBUa sraee steRHa’ Hurd BBvishag sneclesignhiy 4 (owesuitige threshold),

and a higher voltage gain (associated ) ]
current speed of a propeller drive unit component) may be sent to a summer 806 to

produce a signal that may be adjusted by a constant 846 and a ramp function 854

10 before being received by the fourth summer 814,
|0686] The fourth summer 814 may send a minimum cuorrent limit signal 866 to
the proportional integrator 860, which may generate the command current 862 as
noted above. In one embodiment, the command current 862 may be a torque
command sent to the propeller drive unit.

15 [0087] The logic of Figure & may be employed in a programming language,
such as Turbo C, Turbo C++, C, Pascal, object orientated language or other
programming languages. Preferably, a C based language is used. The software may
generate a current that controls one or more of the propeller drive units.

[0088] The software may include a main or void function that regulates DC bus

20 current. The main routine may call routines that (1) retrieve a bus current command
request, (2) limit bus current within a maximum and minimum current, (3) calculate
an adjustment to bus current (using a lower and an upper voltage threshold, and a
lower and an upper voltage gain), (4} filter the bus current, and {5) himit bus current

to within a range defined by a maximum and a minimum current limit,



with bus current when bus voltage is greater than an upper voltage threshold) as inputs, and return a
bus current adjustment. [0092]The software may also include a routine to float the voltage, speed,
and/or current about set points or within band limits. Sgftware routines with 20additional, less, or
alternative fuNGiBHARE/ ¥y be used. F.Voltage Band Definitions 100931 FGIfee Y% iticate
command curves that may be generated by the voltage and current regulation discussed herein.
Figure 9 illustrates an exemplary PDU command limiting curve 900 with bus voltage being Indicated

on the y-axis 25 ahgPU curfeniacing ingdicatenon e xomis Ak Riheemmancyreat may be

unmodified within a voltage band, such as at a command current of 7.5 Amps as shown in Figure 9.

Tightly controlling the:BEiLGRIENARE: GHEIeNE MIHRE B valiReg RN dsnABRNANGs-auateR control and
reliability. The PDU command range may be increased for higher bus voltages. Likewise, the PDU

command range majdee &sietraasedfioriliowye s s pltageso1Qe94 Thiguw HAtlvsiratescexemplary

voltage band definitions 1000. The y- axis may indicate (1) a slow throttle voltage range, (2) a fast
throttle voltage range vehg:¢33gaus, voltdgatiniiscisshomontbpeeontndl minvweomaydeteptered about a

set point located at 7.5 Amps. The slow throttle voltage range may be within and 10smaller than the
larger fast thréttle asoltags, rmamigetifhe slovinthnotttervwi{agsa.range may be defined by a maximum slow
mode voltage and a minimum slow mode voltage. The fast throttle voltage range may be defined by a
maximum fast mot98ltage Hresaftwimimmuam fedudnedecvolagetimhbdudivsitdyeumay berdefined by
maximum and minimum voltage limits.
limit of the bus current regulator based on the rotor turning below the lower speed
limit or when the bus voltage exceeds the maximum acceptable bus voltage. The
second routine may accept bus voltage, speed, minimum current, minimum speed,
10 and maximum bus voltage as inputs, and return a minimum current limit.
[0091] The software may include a third routine that calculates a bus current
adjustment based on bus voltage. The third routine may accept bus voltage, a lower
and an upper voltage threshold, a change in current between the lower and upper
voltage thresholds, a lower voltage gain (associated with bus current when bus
15 voltage is less than a lower voltage threshold), and a higher voltage gain (associated
with bus current when bus voltage is greater than an upper voltage threshold) as
mputs, and return a bus current adjustmen‘.c.‘
10092} The software may also include a routine to float the voltage, speed,
and/or current about set points or within band limits. Software routines with
20  additional, less, or alternative functionality may be used.
F. Voltage Band Definitions
[0093} Figures 9-14 indicate command curves that may be generated by the
voltage and current regulation discussed herein. Figure 9 illustrates an exemplary

PDU command limiting curve 900 with bus voltage being indicated on the y-axis

25  and PDU current being indicated on the x-axis. A PDU command current may be



15100951The PDU command current may be invariant to bus voltage change within a band. For
instance, Figure 10 illustrates that the PDU command current may be fixed at approximately 7.5 Amps
within the maximum and minimum voltage limits of the slow throttle voltage band. Additionally, the
PDU commal®PAIHéHT#ay be restricted when bus vo%?age exceeds band’firhitSZ8E4&18v/Fast
Throttle Modes [00961Figure 11 illustrates exemplary control curves associated with slow and fast
throttle modes 1100. Again, the y-axis depicts bus voltage and the x-axis depicts propeller drive unit

current. The solid fjng mm%AIeRica S PIRie seaiRleuneandihe deshading may,represent a

fast throttle control curve. 100971As shown, the slow throttle control may be more tightly controlled

than the fast throtiigceinfratighedast thrstissRIg) INAYIPORGIRENELAIBRIRh NS MRITAgE range,

such as to accommodate sudden and significant requested changes in propeller drive unit speed.
Controlling the prapaliensrivehunit i9sapidincbangeSisnere amddraw thenexerssRewenreguired to
increase speed in the fast throttle mode may cause larger bus transients than in the slow throttle
mode, in which thénprepedésdriyeethitsmalyahes dirgioteds¢0 il tcasinihel penpe minsing generated by
the power plant. Transient Behavior 10100981Figures 12 through 14 illustrate exemplary transient
behavior of a powdearasagenientesystemi®2e0, 1300, and 1400. Again, the y-axis depicts the bus
voltage and the x-axis depicts the propeller drive unit current. Transient behavior on the bus may be
the result of transfEWiY frontsiow &6 nirsimiotetontdstycoritagt rodelebingiber 186feaBe/decrease in

loads. 15[0099]As shown in figure 12, point A may be an initial operating point. The
axis may indicate (1) a slow throttle voltage range, (2) a fast throttle voltage range,

and (3) bus voltage limits. As shown, the control curve may be centered about a set
point located at 7.5 Amps. The slow throttle voltage range may be within and

10 smaller than the larger fast throttle voltage range. The slow throttle voltage range
may be defined by a maximum slow mode voltage and a minimum slow mode
voltage. The fast throttle voltage range may be defined by a maximum fast mode
voltage and a minimum fast mode voltage. The bus voltage may be defined by
maximum and minimum voltage limits.

15 [06895] ‘ The PDU command current may be invariant to bus voltage change
within a band. For instance, Figure 10 illustrates that the PDU command current
may be fixed at approximately 7.5 Amps within the maximum and minimum voltage
limits of the slow throttle voltage band. Additionally, the PDU command current
may be restricted when bus voltage exceeds band limits.

20 G. Slow/Fast Throttle Modes
[6096] Figure 11 illustrates exemplary control curves associated with slow and
fast throttle modcs 1100. Again, the y-axis depicts bus voltage and the x-axis
depicts propeller drive unit current. The solid line may depict a slow throttle control

curve and the dashed line may represent a fast throttle control curve.



initial operating point A may at an initial propeller drive unit current being at 25% of maximum
allowable command current. A throttle request may be received that commands the system to increase
speed of the propeller drive unit. In the example shown, the change in speed requested corresponds
to increasing BROMMEEE e unit 20current to 50% of maximum allowable R&FASRIOLBBIAL point B,
bus voltage may drop due to the increase in propeller drive unit load. The bus voltage may fall to or
below battery voltage, causing the battery to discharge current onto the bus and into the propeller

drive unit. In one iment, ing. | ) .dri I reduced to
25approximately 30% to avofé‘%%%%t%ﬁ%%&%ﬁg 1%% pg%)%?%gﬁgl@ggl\év%%&&%%%r%nay slowly

respond to command signaisial Be-RoWerRIaN: MANIOCIRARE ﬁ%&g&&&d&@%@g& Bl voltage. As a

result, propeller drive unit command current may increase. At point D, bus voltage may return to

nominal. The propedgsddrivesdnicRAVEY RiathrAnt Ralienmay ashisvmbrIdLetuthinsieady state. In

sum, moving from point B to C may be a transient path; from point A to point C may be associated with

system error; and freptip@iatii: anwereto hentightef riguipd ks voltagermaibenlimited by an

upper limit command gain boundary. [00102]Figure 13 illustrates an exemplary differential throttle
command curfe 1p&300dRropeterdére pvits esyaitidhd winrgamayded tomi dledhdiffesenilicthan
propeller drive units on a left wing. For instance, propeller drive units may be controlled at different
speeds or in differentydirestibns:[00:108] ke Fig e 18{ithe selithint mayedepidtian theyameiligr propeller
drive unit drive unit may be directed to slowly track the power being generated by the power
plant,
H. Transient Behavior
10 |0098] Figures 12 through 14 illustrate exemplary transient behavior of a power
management system 1200, 1300, and 1400. Again, the y-axis depicts the bus
voltage and the x-axis depicts the propeller drive unit current. Transient behavior on
the bus may be the result of transferring from slow control mode to fast control
mode, or other increase/decrease n loads,
15 [0099] As shown in figure 12, point A may be an initial operating point. The
initial operating point A may at an initial propeller drive unit current being at 25% of
maximum allowable command current. A throttle request may be received that
commands the system to increase speed of the propeller drive unit. In the example
shown, the change in speed requested corresponds to increasing propeller drive unit
20 current to 50% of maximum allowable current.
[00100] At point B, bus voltage may drop due to the increase in propeller drive
unit Joad. The bus voltage may fall to or below battery voliage, causing the battery
to discharge current onto the bus and into the propeller drive unit. In one

embodiment, command current going into the propeller drive unit may be reduced to

25  approximately 30% to avoid further voltage drop.



command limit. The dashed line may depict a retarding propeller drive unit 15command limit The solid
arrow may depict advancing propeller drive unit command trajectory. The dashed arrow may depict
retarding propeller drive unit command trajectory. [00104]Figure 14 illustrates an exemplary command
limit gain. Th&SMAH#E8Ray depict a variable gain, witi{ a fixed limit The RSHESHHEMI45 depict a
fixed 20gain, with a variable limit. The arrows may depict transient command trajectory. Figure 14
illustrates two initial operating points for the system. From either of the initial operating points, the

system may achieytﬂ)rﬂﬁ llimit cllied ‘(‘&eﬂ‘%‘ﬁ%%%g Jl%%‘i??’?%ﬁ?% 5@&%{/& 3\{Sgltage bands

may be centered about a propeller 25drive unit voltage set p e voltage set point may be (1) an

approximate voltage abwhich.patieries RIQUINSASSIEH GHEreRld (2k 3dliah: vollaga.fof; battery charging,

or (3) a low voltage for discharging the battery. The voltage set point may vary with battery state of

charge (SOC), thephgitery iRdehianshinlienmewheHdeadhack tatheiprenelgrdriys. Wil The power
management system may vary the 5bus voltage, but keep the current constant (with the variable
voltage). A lower asghhigheshius!vattagedimilmay bais e\ FxapimplansAppisalionscve
5  and return to steady state. In sum, moving from point B to C may be a transient
path; from point A to point C may be associated with system error; and from point D
onward to the right of Figure 12, bus voltage may be limited by an upper limit
command gaim boundary.
[00102]  Figure 13 illustrates an exemplary differential throttle command curve
10 1300. Propeller drive units on a right wing may be controlled differently than
propeller drive units on a left wing. For instance, propeller drive units may be
controlled at different speeds or in different directions.
[00103]  In Figure 13, the solid line may depict an advancing propeller drive unit
command limit. The dashed line may depict a retarding propeller drive unit
15 command limit. The solid arrow may depict advancing propeller drive unit
command trajectory. The dashed arrow may depict retarding propeller drive unit
command trajectory.
{60104]  Figure 14 illustrates an exemplary command limit gain. The solid line
may dépict a variable gain, with a fixed limit. The dashed line may depict a fixed
20 gain, with a variable limit. The arrows may depict transient command trajectory.
Figure 14 illustrates two initial operating points for the sysiem. From either of the
mitial operating points, the systern may achieve the limit specified (center, solid
doft).
[00105]  In sum, the fast/slow voltage bands may be centered about a propeller

25 drive unit voltage set point. The voltage set point may be (1) an approximate



1001061In one application, the vehicle may be a remote controlled, unmanned drone capable of
sustained flight up to about 65,000 feet above ground. The drone 10may operate above air traffic and
weather, have over a week-long flight duration, providﬁ tation-keeping capabilities, operate in
conjunction With BALREF Platforms to ensure continuous7S and remote intelli§ERSYAMBIRY coverage
over areas of interest, and may be interconnected directly into an external communications network.
[00107]The drone may serve as a platform to relay communications and other 15 payloads. The drone

may facilitate two-way readhanth-ueies AR Rarovhand, eommiications randmeay capture and

facilitate the broadcast of video and/or audio. The drone may communicate with (1) fixed user

equipment havingaatenigas-as)small asiappeximatalsiuaipehas: (2 Batewaye statiens oiay the
intemet, (4) satellite dishes, and (5) mobile user equipment, such as hand-held devices, cell phones,
20PDAs, laptops, aRSxdfviaas:yasisiosheraeyGesc 1 Gl pdic-Hhenvdun anp saqdronerreay be in
communication with a mission control station located on the ground via a satellite link The drone may
provide real-time Higliteekatutierpuidet irtaging ith e ay e acergsibbatinyseat timae tergombat units -
on the ground, in the air, and at sea. 1001091Mission examples for the drone may include persistent
stare commudicationsroit@R Suukestichalityradtestiombivd o tatiom dfleledtrgniagnkticeirtedference,
tactical on-station weather and communication monitoring, dynamic tasking by theatre commanders,
communications aRighsehtatikoiasaHawiowydeysassion, robust coverage to areas with little to no other

coverage, gatherin
9. \91 Exemplary Applications

[60106] In one application, the vehicle may be a remote controlled, unménned
drone capable of sustained flight up to about 65,000 feet above ground. The drone

10 may operate above air traffic and weather, have over a week-long flight duration,
provide station-keeping capabilities, operate in conjunction with backup platforms to
ensure continuous and remote intelligence gathering coverage over areas of interest,
and may be interconnected directly into an external communications network.
[60107] The drone may serve as a platform fo relay commmunications and other

15  payloads. The drone may facilitate two-way broadband, voice, and/or narrow ban&
communications, and may capture and facilitate the broadcast of video and/or audio,
The drone may communicate with (1) fixed user equipment having antennas as
small as approximately two inches, (2) gateway stations, (3) the internet, (4) satellite
dishes, and (5) mobile user equipment, such as hand-held devices, cell phones,

20 PDAs, laptops, GPS devices, and other devices.
[06108]  The unmanned drone may be in communication with a mission control
station located on the ground via a satellite link. Thc drone may provide real-time
high-resolution video imaging that may be accessible in real-time to combat units —

on the ground, in the air, and at sea.



persistent and actionable intelligence in real-time, jamming, jammer tracking, missile defense, battle
ground and air space awareness, airspace collision avoidance, and dedicated communications
support. [00110]While the preferred embodiments of tg invention have been 10described, it should be
understood ¥ #9&1{/&rtion is not so limited and mo gications may be nfddeUrHHBUEYEparting from
the invention. The scope of the invention is defined by the appended claims, and all devices that come
within the meaning of the claims, either literally or by equivalence, are intended to be embraced

therein. 15[00111{js dogrefae infense ihatibe Liraina.eialind deseiinion be regarded as

illustrative rather than limiting, and that it be understood that it is the following claims, including all

equivalents, that asgnipiendeshin detips tacsRiiiandiscersnafihis dRYSNIPN 4R Refdaims : 1. An

electric power management system for a vehicle, the electric power management system comprising:

5a power plant configtEeshie, gasmieraia alecicat ARvahardHdinstRphoA MeliAgeno ayReMRr bus; a
battery interconnected with the power bus, the battery configured to be charged from current

generated by the pakier platicand supphiad-fooothepnwespantietaeibattandwidithe power bus; 10a
propeller drive unit interconnected with the power bus, and drawing power from the
5  expansion, robust coverage to areas with little to no other coverage, gathering
persistent and actionable intelligence in real-time, jamming, jammer tracking,
missile defense, battle ground and air space awareness, airspace collision avoidance,
and dedicated communications support.
[06116] While the preferred embodiments of the invention have been
10 described, it should be understood that the invention is not so limited and
modifications may be made without departing from the invention. The scope of the
invention is defined by the appended claims, and all devices that come within the
meaning of the claims, either literally or by equivalence, are intended to be
embraced therein.
15 [00113] R is therefore intended that the foregoing detailed description be
regarded as illustrative rather than limiting, and that it be understood that it is the
following claims, including all equivalents, that are intended to define the spirif and

scope of this mvention.

20



power plant via the power bus to cause movement of the vehicle; and a controller configured to direct
the power management system in a plurality of distincignodes of operation, each distinct mode of
operation controlling the propeller drive unit in a different manner, wherein the controller is configured
to maintain bus 15 voltage within a range defined by a maximum and minimum voltage while bus
current remainsgppi@ximately at a set point, wherein a first distinct mode of operation is a slow throttle
mode and a second distinct mode of operation is a fast throttle mode; in the slow throttle mode, the
flow of power is substantially only from the power plant 20and into the propeller drive unit and the
battery; and in theAastiébrottie-meadeathe dowofprwefds framithe battearanddhepower plant and into
the propeller drive unit, and an increase |n, propeller drive unit speed that is requested is initially
powered:generd§PEATRIY By IFRFARER SUch that in the fast throttle mode, the propeller drive unit
speed is not limited by a present level of power 25 being generated by the power plant. 2. The power

managemesit system@ithainachiihaiein ntbesersibioiiomaegena lovehphthe busyoliage is

maintained by the power plant and the bus voltage is high enough such that the flow of power is from
the power plantRf¥eFTRBSthe propeller 30 drive unit and into the battery, such that a propeller rotated
by a motor of the propeller drive unit is driven by power generated primarily by the power plant while

the battery is maipiainedri-2 Siateef tiaklenehrrge: Gusl e RAWSH BHTRARBISRYSiarpaf claim 2,
wherein in the fast throttle mode, the 5cantroller directs (1) the propeller drive unit to rapidly increase a

propeller speed ERIRFHREEIHERFERIEN Y dh BT Bla SRHoTePBaFER A e ROBETPBBHIE Bfovided by

the power plantygihe propeligs@Eveudnit via the bus, resulting in the propeller drive unit drawing the
additional power necessary to rapidly increase propeller speed from the battery, and (2) the power

plant to generate more power commensurate with the )
a propeller drive unit interconnected with the power bus, and drawing power from the

power plant via the power bus to cause movement of the vehicle; and

- a controller configured to direct the power management system in a plurality of
distinct modes of operation, each distinct mode of operation controlling the propeller
drive unit in a different manner, wherein the coniroller is configured fo maintain bus

15 voltage within a range defined by a maximum and minimum voltage while bus

current remains approximately at a set point,

wherein a first distinct mode of operation is a slow throttle mode and a second distinct

mode of operation is a fast throttie mode;

in the slow throttle mode, the flow of power is substantially only from the power plant
20  and into the propeller drive unit and the battery; and

in the fast throttle mode, the flow of power is from the battery and the power plant
and into the propeller drive unit, and an increase in propeller drive unit speed that is
requested is initially powered generally entirely by the battery, such that in the fast
throttle mode, the propelier drive unit speed is not limited by a present level of power

25  being generated by the power plant.

2. The power management system of claim 1, wherein in the slow throttle mode, a
level of the bus voltage is maintained by the power plant and the bus voltage is high

enough such that the flow of power is from the power plant and into the propeller



10propeller speed requested such that as the power plant gradually generates more power, the bus
voltage returns to a state in which the bus voltage is bging determined by the power plant and the flow
of power is once again from the power plant and into the propeller drive unit and the battery. 154. The
power management system of claim 1, wherein the propeller drive unit comprises a propeller and uses
the power drawﬁxﬁmﬂhambmm ﬁlahmami* thﬂ:ba}werypﬁa;tﬁé:bxmdmddiymrﬂmmdpbﬂgaro@aﬁbthe

propeller drive upit is con; red owert the bat er. the bué#q) d} II| he propeller
in a regeneratio %%H%lo’fs Eé'rer{ §)§e\ég eéfapo ?%%gggmen?%yff a¥6 ?é{r#li erré(ln the
power plant inclidesianiniéinal eetablisticdsmaitopeonfigured to use liquid hydrogen as a fuel. 6.
The power management system of claim 1, wherein the vehicle is a remote 25(:ontrolled unmanned

aircraft, and an avijonjcs unit and a guidance navi n and control unit ar erconnected fo the
st s o e et st s R e b L
system Conwfismw%ﬂarpﬁwetfs mh@nhe@mraﬂ@@eﬂﬂm&@ﬁy @@@m@raqmdgalw Qpéyécasuahtage toa

power bus; 31 ylnt connected with the power plant via the power bus, t ttery being
configured to el %‘% GEHHE%PW%@%%WQF%B%‘%‘F WF@H@%&H%W@%&@’%&% charge

itself dependingpéean pliavel tfepbsiseNoiagesagsociated bil) taspRMERRHS propeller drive unit
drawing the additional power necessary to rapidly increase propeller speed from the
battery, and (2) the power plant to generate more power commensurate with the
10 propeller speed requested such that as the power plant gradually generates more
power, the bus voltage returns to a state in which the bus voltage is being determined
by the power plant and the flow of power is once again from the power plant and into

the propeller drive unit and the battery.

15 4. The power management system of claim 1.,' wherein the propeller drive unit
comprises a propeller and uses the power drawn from the power plant and the battery
via the bus to rotate the propeller, and the propeller drive unit is configured to supply
power to the battery via the bus by wind-milling the propeller in a regeneration mode
of operation.

20
5. The power management system of claim 1, wherein the power plant includes an

internal combustion motor configured to use liguid hydrogen as a fuel.

6. The power management system of claim 1, wherein the vehicle is a remote
25  controlled, unmanned aircraft, and an avionics unit and a guidance navigation and

control unit are interconnected to the power bus.

7. An electric power management system for a vehicle, the electric power

management system comprising:

30  apower plant configured to generate electric power and to supply a voltage to a

power bus;



5a propeller drive unit interconnected with both the power plant and the battery via the power bus, the
propeller drive unit configured to draw power from thezpower plant and battery via the power bus; and
a controller configured to direct the electric power management system in a plurality of distinct modes
of operation, each distinct mode of operation powering the propeller 10drive unit in a different manner,
wherein the conthaitearisicerdiumentetb withithainhies phirageatihirowsnhys thefrasttbaingaximum and
minimum voltage while rent. ins Imat ] | irst distinct mode
of operation is %%%é%ﬁo%%@%%&%ﬁ? b éﬁrrgf? %%v?g%?gég%%%r\ﬁ%? é%:g?)l EHO%?OI mode; 15in
the slow controbmeeiethe coatuslidsaliirdarsnfiat chamgelsinlthé speedoditepropelidrdifivéanit track
changes in the Eowerbbei_ng generated by the power plant by directing the propeller drive unit to use

only approxima &V%rn arnount of power being provided to the propeller drive unit from the power plant

via the power bus; in the fast control mode, the controller directs that the propeller drive unit quickly
20respond o an nopedise dnivpeed irscueestedtof thitlphogetlsr priver phanbyrdr dwibsttihre additional
power necessary fro th(;:;ﬂtl)atter attain the requeste ed and in excess of the power being
provided to the %’%"’Sg*f‘élrs drive ISI%?E%}‘I evpe)g\l/lvlérc%? r%érﬁgtﬁiéaga?t%‘yﬁ/%o{@% ver é)lsars%uch that the
speed of the prapétertterive atlit isavotrlisnitezhBy a level of power being generated by the power plant.
258. The power management system of claim 7, wherein in the slow control mode, the bus voltage is

maintained such that t ower plant suppli ower to the propeller drive unit, and an amount of
power available’’ .eo%%)ﬁg ?ﬁﬁ?ﬁ?&%ﬁ%ﬁh@e"'@&@’é %%%&g%a 6%%%%#%?& 3Iacéir%ré%%ﬁon motor
of the power plasftdistnesmipita speperaddn, each distinct mode of operation powering the propeller
10 drive unit in a different manner, wherein the controller is configured to maintain bus
voltage within a range defined by a maximum and minimum voltage while bus

current remains approximately at a set point,

wherein a first distinct mode of operation s a slow control mode and a second distinct

mode of operation is a fast control mode;

15 in the slow control mode, the controller directs that changes in the speed of the
propeller drive unit track changes in the power being generated by the power plant by
directing the propeller drive unit fo use only approximately an amount of power being

provided to the propeller drive unit from the power plant via the power bus;

in the fast control mode, the controller directs that the propeller drive unit quickly

20  respond to an increase in speed requested of the propeller drive unit by drawing the
additional power necessary from the battery to attain the requested speed and in
excess of the power being provided to the propeller drive unit by the power plant from
the battery via the power busﬁ such that the speed of the propeller drive unit is not

limited by a level of power being generated by the pbwer plant.

25 8. The power management system of claim 7, wherein in the slow control mode, the
bus voltage is maintained such that the power plant supplies power to the propeller
drive unit, and an amount of power available to the propeller drive unit via the bus is

added slowly as an internal combustion motor of the power plant comes up to speed



commensurate with a small change in requested propeller speed and no power is added to the bus
from the battery. 9. The power management system @b claim 8, wherein in the fast control mode of
operation, the propeller drive unit draws more power than being provided by the 5power plant and the
requested increase in power necessary to bring the propeller drive unit up to a large change in
requested propeliemspsethasyiickiynall povyiblo ketaksiedrpraptiéchsitsmd atdentargevehsnge in

requested propgl 8L Cf%e%g ggss?r%il%tg%\g%egﬁe fast control mode is larger than the small change in
requested propeller speed associated with the slow control mode such that in the slow control mode

the bus voltage is 10maintained by the power plant and in the fast control mode the bus voltage is

maintained by theThattenyer tiarnblgenpoweysieanalidaiend sydtemiroincthinia®; evéxdimtide pfopeller drive

unit uses the power graw from th béjs touglolt[a&ea%éarrggeller —an%lthebsepeed 8\1;1@%)%%3 %Iler drive unit
1. [ ,

corresponds to Propeiler sﬁé)erapfil he power manaraé)r%‘gﬁ]f Sys em of elaim erein the power

plant includes grointe priahicon biustion esgtbnthatsesaspiguid inwssgenabrniitlc anchthepiopeller drive

unit is configured to supply power to the battery yia the bus by wind-milling the propeller in a
egeneration mOBL TR G A e SR PR SRR e T Bitches
from 20slow coffitsel thedetterfasichingrotimogeibasguesipd pugetselgetdnsbar fast vailitbe mastde

setting or upon identifying.a.change.in r uesteqi ropeller drive unjt speed that is, greater than or
aproximately S LA D B e LA I B BRI botees o idshent the
method comprisintl the slow control mode such that in the slow control mode the bus voltage is

10 maintained by the power plant and in the fast control mode the bus voltage is

maintained by the battery.

10. The power management system of claim 7, wherein the propeller drive unit uses
the power drawn from the bus to rotate a propelier, and the speed of the propeller

drive unit corresponds to propeller speed.

15 11. The power management system of claim 10, wherein the power plant includes an
internal combustion motor that uses liquid hydrogen as a fuel, and the propeller drive
unit is configured to supply power to the battery via the bus by wind-milling the

propeller in a regeneration mode.

12. The power management system of claim 7, wherein the controller switches from
20  slow control mode to fast control mode based upon user selection of a fast control
mode setting or upon identifying a change in requested propeller drive unit speed that

is greater than or approximately equal to a predetermined threshold.
13. A method of electric power management, the method comprising:

generating electric power from a power plant located on a vehicle, the power plant

25  being interconnected with a bus;

powering a propeller drive unit of a vehicle in a siow throttle mode of operation from
a voltage placed onto the bus by the power plant, the propelier drive unit configured

to drive a propeller using power from the power plant in the slow throttle mode; and



generating electric power from a power plant located on a vehicle, the power plant 25being
interconnected with a bus; powering a propeller drive ggit of a vehicle in a slow throttle mode of
operation from a voltage placed onto the bus by the power plant, the propeller drive unit configured to
drive a propeller using power from the power plant in the slow throttle mode; and 33 switching to a
fast throttle modwidflopeatiofeshiivhitls thedgrobeksratiivarumichrivedizaphll drawzeaeditional power
necessary from. %ﬁ ngr r 8;8\/ S | ss of the
power being prclnl\’/ngle f&(t)% %e%%%g%@rggﬁ\%%ﬁ r%ﬁ%%%%ge%po %gﬁﬁ?@%ﬁﬂﬁdﬁ%&%%&ﬁ éiﬁgtrhe fast
throttle mode, (&dsdsyaitagecratiessabtiad arskinpointsand ) uppehand: lpweided|taghdimits set

battery charge and%glifec% ggdgit[eosﬁ ﬂll.gf l@gr?gmo‘gao&%%\/ylgr management of claim 13, the method
t

comprising: receiv g a throttle request requesting a change in propeller speed of the propeller driven
by the propeller drive unit; 10identifying if the change in propeller speed requested is above a
predetermified thhestiold; Swifebtitigdtlthmddst thrbitlevoltae ohopesationafittipcdet rmiddd that the

change in propeller speed requested is approximatel ual to or,greater than the predeteimined
threshold; and ]‘f@gﬁre%%%v?il gﬁnE{Jtéa%ee%gs%gtﬁ%l‘fﬁgerﬁgﬁé%ro%eo%neé:g m?ﬁ‘f’“&?er@t%usg the power plant to

14. The method of power management of claim 13, the method comprising:

receiving a throttle request requesting a change in propeller speed of the propeller

driven by the propeller drive unit;

10 identifyirig if the change in propeller speed requested is above a predetermined

threshold;

switching to the fast throttle mode of operation if it is determined that the change in
propeller speed requested is approximately equal to or greater than the predetermined

threshold; and

15 after switching to the fast throttle mode of operation, directing the power plant to
adjust power being generated to be commensurate with the propeller speed being

requested and any other loads being powered by the power plant via the bus.

15. The method of powér management of claim 13, the method comprising switching

to the fast throttle mode of operation by user selection of a fast throttle mode setting.

20
16. The method of power management of claim 13, the method comprising wind-
milling the propeller of the propeller drive unit in 2 regeneration control mode such
that power is generated from the propeller drive unit and placed onto the bus, thereby
charging the battery.

25

17. The method of power management of claim 13, wherein the power plant generates
power from liquid hydrogen and the vehicle is an unmanned aircraft and operated via

remote control.



adjust power being generated to be commensurate with the propeller speed being requested and any
other loads being powered by the power plant via the ®us. 15. The method of power management of
claim 13, the method comprising switching to the fast throttle mode of operation by user selection of a
fast throttle mode setting. 16. The method of power management of claim 13, the method
comprising winé&nﬁlilﬁ%ﬁ@@%WM@WW%éﬁﬁmQﬁ%ﬂr%@ﬁgﬁﬂ%n control mode such

that power is generated from the propeller drive unit and placed onto the bus, thereby charging the

battery. 17. Th%e%%m% OfRASIManagRMERkALIMM Tehiicreinyhe Rowsr Rlank-gengrates power

from liquid hydrogen and the vehicle is an unmanned aircraft and operated via remote control. 34 18.
A method of eldwrig potsprnapiag et bie method comprising: generating electric power from a
power plant located on a vehicle, the power plant being interconnected with a bus; powering a

propetier drive Wathaffl 'gig%egé%fdﬂ%vu&n@aﬁg fssahapsriaR R lRgealRgegant he

bus by the power plant;’t ler drive unit configured to drive a propeller using power from the

power plarf in the @I@Sﬁthl@@lﬁéqn‘@dé?&ﬁé WQ@@ pléasttherproeatedéise @]@éré@@)ﬁ}gi‘ﬁ ¥hich the
propeller drive lﬂﬁ ﬁw&fﬁ)%&%i}’eg [%YXS% ?{?\gwgﬁ%‘@gﬁ%ﬁ&ﬁ% fromyihie AAlieR-Ie dactease

propeller speed by an a nt reque and in exce e power being provided to the 10propeller
drive unit by the power plant 'via the bus, wherein in the slow throttle mode, (1) bus voltage is allowed
to change in snsatiéehing émefats Bivollearsatepdlinptivanom thevtash theqiepelisddrianayit) a control

limiting curve include orfion i o in. 49. thod ¢
management of ¢ al?n(%%%?¥h&ergr¥1vg'[%&§§ %c%n?g)r?sél‘; %ﬂ :{1&’9&\@% il b2 b-gﬁgrg'l% iR %98%%511&
speed by an amount requested and in excess of the power being provided to the

10 propeller drive unit by the power plant via the bus,

wherein in the slow throttle mode, (1) bus voltage is allowed to change in smaller
increments about a set point than in the fast throttle mode, and (2) a control limiting

curve includes a portion having a constant voltage gain.
19. The method of power management of claim 18, the method comprising:

15 recetving a throttie request requesting a change in propeller speed of the propeller

driven by the propellef drive unit;

identifying if the change in propeller speed requested is above a predetermined
threshold;

switching to the fast throttle mode of operation if it 1s determined that the change

20  propeller speed requested is approximately equal to or greater than the predetermined

threshold; and

after switching to the fast throttle mode of operation, directing the power plant to
adjust power being generated to be commensurate with the propeller speed being

requested and any other loads being powered by the power plant via the bus.

25  20. The method of power management of claim 18, the method comprising switching

to the fast throttle mode of operation by user selection of a fast throttle mode setting.



15receiving a throttle request requesting a change in propeller speed of the propeller driven by the
propeller drive unit; identifying if the change in propellggspeed requested is above a predetermined
threshold; switching to the fast throttle mode of operation if it is determined that the change in 20
propeller speed requested is approximately equal to or greater than the predetermined threshold; and
after switching td!thErfasiethedtthé prrvee oimgssrationg titeetind 1 e postizrdtantiossaustsbwer being
generated to be commensurate with.the ler ed hei sted and other jfo ds being
powered by the%cglv%ﬁe% %I% Rﬁgl 1tﬁ'eo %ﬂlse Bég&gii% eem‘%nt gg%{%ag%v%?grggn%é@%%%%% (S: g?m 18, the
method comprisiryg peindsrisilfiegpthedfopeier pfdhd prebpoiterdtiveduritded ey Endratichadritrol mode
/ m the propeller drive unit and placed onto the bus, thereby charging

such that poweragﬁggge%ﬁgegagg
the battery. 22. &imethod o ;%‘wer management of claim 18, wherein the power plant generates
power from8liquid hydrogen and the vehicle is an unmanned aircraft and operated via remote control.

22, The method of power management of claim 18, wherein the power plant generates
power from hiquid hydrogen and the vehicle is an unmanned aircraft and operated via

remote control.



