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. 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 thaa#iReCRaRINPORER ddw ediMERT as the helicopter war, the
current conflicts in Iraq and Afghanistan may be remembered for the use of unmanned drones. Drones
may facilitate reRBIEERENGSn G gEmBAAGRaFLEThg IRLAeHHP Moot soldiers to enter into hostile

areas "blind,"” with little or ng_15information about the locatjon. and.strength of hostile forces. Drones
may provide clod®%hbat iBHERP {W%g??d%ﬁtf&ﬁ%&ﬁg g?i%ﬁ?g%ﬂ% ?qé%r%g{s{}&ﬁl% egr{e?dst% , alleviating
roacoide bombb S AREHENESGHE HSTS A BEhGr QMRS 2SSO B I AR general
road-side bombs, - ; 5, . ith aircraft generally
there is a long felt need to enhance performance. Prigr.power management improvements include

those disclosed TS EISPREEMNGTCS, 1 BSFTOTEDs tFVARSTs modes of operation) and U.S.

Patent No. 4,185,460 (system controlling fuel supply to a turbine engine). However, operational
capabilities of ¢ onal vehicles and aircraft, including unmanned drones, may 25remain limited 2
BRIEF SUMMAR3002] The present invention relates generally to power management. More

particularly, the present invention relates to vehicle electric power management

systems.

10  BACKGROUND

[00603] 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
¢he 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 expose soldiers and/or airmen to potential small afms 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 pm{rer management improvements include those disclosed in U.S. Patent No.
5,315,819 (system with various modes of operation) and U.S. Patent No. 4,1 85,460
(system controlling fuel supply to a turbine engine). However, operational
capabilities of conventional vehicles and aircraft, including unmanned drones, may

25 remain limited,



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 5 power management system may employ a power bus that
interconnects a power plant, a propeller drive unit (PDU), a battery, avionics, and auxiliary loads. A
controller may direct the operation of the power plant, the propeller drive avionics, and auxiliary loads,
and may receive {gReBREq fRawy ijesbattery and power bus. In a slow throttle mode, the controller may
direct that the power plant supply 10power to the propeller drive unit and other loads, and maintain the

pattery on approias)y a U8 GIAIGe QLG 98- D EAOUAR IR SR CeRERIRE chanaes In

propeller drive unit speed, the propeller drive unit may track thé output of the power plant as the power

generated by thepawer Plaft-Rigwy M%@aﬁaﬁrﬁ%&ﬁ%‘ﬁ)d@ﬂﬁﬁ&é&%%g%%mﬁ%h as upon a

sudden and large change in 15requestéd propeller drive unit speed, the controller may direct that the

propeller drive unif.guigkly.prIeasR sRegHh Ry dsanipgiaddiianal Rowrr Iom e Qﬁ&%fﬁ, excess of

that being generated by the power plant. Subsequently, the controller may direct that the power plant

generate a new power Ipuake patewtbhe ed &ssat@‘fiﬂ%@%@{'ﬁ{tgﬂxﬁxf%@{& %ﬁ@%@nd the

power being drawn by any auxiliary 20loads, as well as replenish the battery. [0006]in one

embodiment, an glagiric RAWSIMATAIEMEPIYFIE DAL, BhIHR Mav RE.RIQKARIqT g electric power

management system may include a power plant configured to generate electrical power and to supply

a voltage to a powgitkyi%,ahsl aihatiars teraannseiad Mwe&h&mly»zﬁé <NBeRRISH;may be

configured to 25be charged from power generated by the power plant and that is supplied from the 3

power plant to thgRaHRLY ¥id HKBAWELLIS aH@ﬁ%%&Q%éMUQ%MER@SH&EW and power

bus. In a slow throttle mode, the controller may direct that the power plant supply

10 power to the propeller drive unit and other loads, and maintain the battery on
approximately a trickle charge or discharge. In response to small requested changes
in propeller drive unit speed, the propeller drive unit may track the output of the
power plant as the power generated by the power plant slowly increases or
decreases. In a fast throttle mode, such as upon a sudden and large change in

15 requested propeller drive unit speed, the controller may direct that the propeller
drive unit quickly increase speed by drawing additional power from the battery in
excess of that being generated by the power plént. Subsequently, the controller may
direct that the power plant generate a new power level commensurate with the
requested proéelier drive unit speed. and the power being drawn by any auxiliary

20 10ads, as well as repienish the battery.
[6006] In one embodiment, an electric power management system for a vehicie
may be provided. The electric powér rmanagement 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 bus. The battery may be configured to

25  be charged from power generated by the power plant and that is supplied from the



drive unit interconnected with the power bus. The propeller drive unit may be configured to draw power
from the power plant via the power bus to cause movement of the vehicle. A controller may be
configured to direct the power 5management systam in a plurality of distinct modes of operation Each
distinct mode of operation may control the propeller drive unit in a different manner. A first distinct
mode of operation may be a slow throttle mode, and a second distinct mode of operation may be a fast
throttle mode. Inptheesiplanttirotiie rately, thetioppweiopbuer Thaysiciromathmglodet ptanelderd into the
propeller drive unit and the battery. 10In the fast throttle mode, the flow of power may be from the
battery and the poivenpisimténtorthepbpahehdnpesanitngn The fasptilotda mouet mayiberease in
propeller drive unit speed that is requested is initially powered generally entirely by the battery. As a
result, in the fasttimfigtiesthioddatheprop&iten theveonriit ppstdisthoplimietusyacpresent level of power
being generated by the power plant. 15 [00071 In another embodiment, an electric power
management systeverfomnaofchiciemey. bé protieléet. Miae teleonftzprdde disgragenpemtasystem may
include a power plant configured to generate electrical power and to supply a voltage to a power bus,
and a battefy interoczreciectystinthie ppvslipjart distitee podesr dugcTHwbattech dhsyrise configured to
either discharge current to the power bus or draw 20current from the power bus to charge itself
‘depending uponmdéwef operimvoitpgerdssdbiapedpaiter tevpondibaslifferesywrmemay fielude a
propeller drive unit interconnected with both the power plant and the battery via the power bus: The
propeller drive udistmetyrhedcarffigeretan b ponlorfibmitherpoieerplanticanddodistenytvizodae power
bus. A controller may be configured to direct the power 25management system in a plurality of distinct
modes of operatidivfEaatiodi stecholarfistithaftiperadon Imthe sbrwrdinrid propdd)ehelflow it in a different
manner. A first distinct mode of operation may be a slow control mode and a second distinct mode of
operation may bpewtashepbirdtanotie. fovtbepdtonandritrts! tho dmntibecdrivro boitray i detttiat changes
in the speed of the propeller drive unit track changes in the 5power being generated by the power
plant by difgctingrtiie: fesptbitettdrive demithtofltse oy wppraxirhatebnthbcdraidemtaot gbhovesweing
provided to the propeller drive unit from the power plant via the power bus. In the fast control mode,
the controller mayatiréaottie propeller dinveuniit fo tuidkly tespdnddanrinoeass in spemditequested
of the propeller drive unit by drawing the additional power necessary from the battery

drive unit speed that is requested is initially powered generally entirely by the

battery. As a result, in the fast throttle mode, the propeller drive unit speed 15 not
limited by a present level of power being generated by the power plant.

15 [0007]  In another embodiment, an electric power management system for a
vehicle may be provided. The electric power management System may include a
power plant configured to generate electrical power and to supply a voltqge to a
power bus, and a battery iﬁterconnected with the power plant via the power bus.
The battery may be configured to either discharge current to the power bus or draw

20  current from the power bus to charge itself depending upoﬁ a level of a bus voltage
associated with the power bus. The system may include a propelier drive unit
interconnected with both the power plant and the battery via the power bus. The
‘propelier 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

25  management system in & plurality of distinct modes of operation. Each distinct



10to attain the requested speed and in excess of the power being provided to the propeller drive unit
by the power plant via the power bus. As a result, the speed of the propeller drive unit is not limited by
a level of power being generated by the power plait. [0008]In another embodiment, a method of
electric power management may be 15provided. 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 inclugleipewestratRpiope bendov e spibpt e Mehiclainasiom:tretHemaode of,gperation

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

using power fromithenpowelDiamisiier2Rslpve thuie Jnads: hhe-methosfaY ingludesydiching to a

fast throttle mode of operation in which the propeller drive unit immediately draws additional power

necessary from thedpatigtyntenincreastprenalsrapeediBanamosHFeaHsstet angdinaxcess of the
power being provided to the propeller drive unit by the power plant via the bus. 5 [0009]Advantages

will become morenapparenitatbioseskiteddnibeiat freprdefellawina.daseirtionofdhs preferred

embodiments which have been shown and described by way of illustration. As will be realized, the

system and methasharesiapaliecafedsy @@%W@rﬁmhﬁmhg%m&ggt%@ﬁﬂ)ﬂéﬁgr%iéélﬁﬁf%cés%ab'e of

5modification in various respects. Accordingly, the drawings and description are to be regarded as

illustrative in natwigpasprOtiRs S MecBR FH&EFES CEIE DONE d ik B&ﬁ%‘ﬂﬁ%@%olﬁgure 1

illustrates an exemplary electric power management system;
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 uﬁit by drawing the additioné,l power necessary from the battery
160 to attain the requested speed and in excess of the power being provided to the
| propeller drive unit by the power plant via the power bus. As a result, the speed of
the propeller drive unit is not limited by a level of power being generated by the
power plant.
[0008]  In another embodiment, a method of electric power manége'ment may bé
15 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 mclude 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 drive a propeller using power from the power plant in the
20 slow throttle mode. The method may include switching to a fast throttle mode of
oberation in which the propeller drive unit immediately draws additional power
necessary from the battery to increase propeller speed by an amount requested and in
excess of the power béing provided fo the propeller drive unit by the power plant via

the bus.



[0011]Figure 2 illustrates an exemplary power bus; 10[0012]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]Figiire 5 illustrates an exemplary power management
system architecture; 15(00151Figure 6 illustrates an exemplary propeller drive unit schematic;
[0016]Figure 7 illustrates an exemplary PDU command curve; [0017]Figure 8 illustrates an exemplary
current regulatof0f0¥8]Figutem&gasd il Hiwstratenexe applarsny oittgedBndedassbeiatedonith PDU
control; 20[0019]Figure 11 illustrates exemplary slow and fast throttle modes; [0020]Figure 12
illustrates exempiarjotiansigridsetipioo pfObe piefgmel t3iudtrates wherhplary diffedotial thrbttle
control; [0022]Figure 14 illustrates an exemplary command limiting gain; [0023]Figure 15 illustrates an
exemplary bus védtagbadbulatipmiaiiastation. As will be realized, the system and method are

10

15

20

capable of other and different embodiments, and their details are capable of
modification in various respects. Accordingly, the drawings and description are to
be regarded as illustrative in nature and not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0610] Figure 1 illustrates an exemplary electric power management system;
[0011] Figure 2 illlustrates an éxemplary power bué;

[0012] Figure 3 illustrates exemplary control of a power management system;
[6013] Figure 4 illustrates an ekemplary method for switching control modes of

a power management system;

[0014] = Figure 5 illustrates an exemplary powér management system
architécture;
{0015} Figure 6 illustrates an exemplary propeller drive unit schematic;

[0016]  Figure 7 illustrates an exemplary PDU command curve;

[0617] Figure 8 illustrates an exemplary current regulator;

[0018] Figures 9 and 10 illustrate exemplary voltage bands associated with
PDU control;

[0019] Figure 11 illustrates exemplary slow and fast throttle modes;
[0020] Figure 12 illustrates exemplary transient behavior;

(0021} Figure 13 illustrates exemplary differential throttle control;

[6622] Figure 14 illustrates an exemplary command limiting gain;

[6023] Figure 15 illustrates an exemplary bus voltage regulation; and



[0024]Figure 16 illustrates an exemplary current voltage regulation. DETAILED DESCRIPTION
[0025]A system and method may provide an electric power management system that enhances
vehicle performance. The electric power managentent 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 propeller drive units (PDUSs) that are interconnected via a power bus. A controller may direct the

operation of the e Plantapek-thes PIRRGHRS Griv: BRiss.IF miHiRle sRnElmAdas, In a slow throttle
mode of operation, the propeller drive units may draw power primarily or 10 éntirely from the power

plant. In a fast mqsieof grerpis g piaesier drive units may rapidly draw power from the battery in
excess of that currentl.y being provided to the propeller drive unit by the power plant via the power

bus. [0026]The peyyisManaggrmet %@%@HH@W%%@@%&W&Q@%&%@&% (g power

and supply a voltage to a power bus. The power plant may 15include an internal Combustion engine,

an external combisiARGISG. ehaabnt ALY StheLROWErpIAL GRHBIERIa a0 BlesliG generator.?
e

The power plant may accept liquid hydrogen as 'a fuel. The fuel may run engine, and in turn the

generator may gengraif RRYEEIHRE IAcEHONiR; the BaYKRL Ak IRAMLETRE Pawe T fanagement

system may include a battery or a battery pack 20 interconnected with the power plant via the power

bus. Depending ypepiadevel0fdws Yiage vifte ,%ﬁ&’dﬁ@%ﬂﬁo@@%ﬁ%ﬁﬁ&%@@hﬁﬁ@ﬁ%@@e current

to the power bus or draw current from the power bus to charge itse 028]The power management

system may inclugiaQneiaf-raeraRIoPUSh v bu‘é..”iI@_&B@?ﬁﬁ%ﬁ&ﬁﬂ%gﬂﬂé’%{aéﬁl&%‘ﬂ%@'ant and
the battery via the power bus. 25Each propeller drive unit may be configured to draw power from the
power plant 7 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 propelier drive units
may rapidly draw power from the battery in excess of that currently being provided
to the propelier dIi\é unit by the power plant via the power bus.
[0026] The power management systefn may include a power piant configured
to generate power and supply a voltage to a 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 generatoz‘.“%i:".he power plant may accept
liquid ﬁydrogen as'a fuel. The fuel may run the engine, and in turn the generator
| may generate power to be placed onto the power bus.
[0027] ’;‘he 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 eithér 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 poWér plant and the battery via the power bus,

25  Each 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 drawn to cause movement of the vehicle. In
one embodiment, a propeller drive unit may be configured to rotate a propeller and supply power to the
battery, auxiliary loads, or other propeller drive units via the power bus by wind-milling the propeller in
a regeneration mode of 5control of the associated propeller drive unit. [0029]The power management
- system may include a processing unit configured to control each propeller drive unit in a plurality of
distinct modes cfraiger tiobatEag vidigtinpewisdeotopesation praypievitddadiferamvsoenebf power,
or a different combination of power sources, that provides power to each propeller 10drive unit. .
[0030]A first distihetvahicle. ofroper atitodirayrbeagsipal ithrdttie motimagid acsdgpmdddistiteteraode of
operation may be a fast throttle mode. In the slow throttle mode, the current level of the bus voltage
may be maintainedraji¢herpiowpplplanty<Fhie thovbofapwexilisgy beafin or thibgrqweyrgblemdrard into the
propeller drive unit and 15the battery, or the battery may be on a float. As a result, the propeller of the
propeller drive umititsreip e giiven ertivglyyiod ahiibsgehtipehypdiepowercpainggeneraded by the power
plant and available to the propeller drive unit over the power bus. Meanwhile, the battery may be
maintained 5n a destreib$thteasfehaigep(8@Umimieithierta trickle charge of current from the power
plant and into the battery, or a 20trickle discharge of current out of the battery and into the propeller
drive unit or othg6428ds. [0U3it]ptrecs| othgettentydemay paal tisteadyostatdipumiormal mode of
control. In the slow throttle mode, the propeller drive unit may respond to small changes in the speed
requested. A speenfigaredst maytbkcasbquinteldewitie spead ophubicpmipdisenttofitdesprbpeller drive
unit, such as a speed of a rotor of a motor or 8 generator, a speed of an engine or a propeller, or a
ground or air spegerafithe Zebiciiésti{ROBRIdhefystemom aajdgmntifyithr difieregvestseas being.small by

comparing a , _
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 distinct 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.
| Thé flow of power may be from the power plant and into the propeller drive unit and
15  the baﬁery, or the battery may be on a float. As a result, the propeller of the
propeller drive unit may be driven entirely, or almost entireiy, by power being
generated by the power plant and available to the propeller drive unit over the power
bus. Meanwhile, the battery may be maintaine.d in a desired state of charge (SOC)
via either a frickle 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



requested change in speed associated with a throttle request with a pre-determined 5threshold. If the
throttle request or associated requested change in speed is less than the pre-determined threshold,
the system may identify the throttle request as beigg small. As a result, the system may remain in the
slow throttle mode and not transfer to a fast throttle mode of control. [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. Thasystemayadipsh e RRWen DRALIRINGISASR Al AGCIRAsR AR Peing generated
to be commensurate with a new speed of a propeller drive unit associated with the throttle request. As
the power plant slQyyadjusts to the new power level associated with the small change in speed
requested, the available power on the bus changes. The 15propeller drive unit may increase or

decrease the speg@pijthe prapellaton %Wﬁﬁ@?ﬂ%@&ﬂ@ﬁgﬁ%@%%iﬂ%%ﬂ% %5996'191%%’ sgl%\é\\//vetrh roftle

available on the power bus and being generated by the po ant. In other words, In

mode of operalion IR BIPORIREGUN O BPCA PR AGHACK, 11S BANEL being. generated

by the power plant. 20[0034]In the fast throttle mode, the processing unit may direct the propeller drive

unit to rapidly ianﬁl%%ﬁo%spmﬂeqL}Bmpﬁegﬁé@fog@y&eﬁ%évg@&% Hg%&%%%é%fﬁ%ﬁﬁ%&d- Asa

result, the propeller drive unit may require more power than currently being pro the power

plant as the powerploldui AL iaRAAYIAG W IRl RAURSH. RARAL Ly Iaig e for the

power plant to come up 25to speed, i.e., changethe amount of pdwer being generated. & propeller

drive unit may digis the:adione] ewRk aRcRS ANt AP G SARS R RRAISI MIRIPL B Rpher

speed from the battery via the bus. For examplé, in responding to a throttle request, the propeller drive

unit may draw exges$.ROWRIHIOMIhe Fusneausing the level of bus voltage to fall to approximately
battery voltage. Subsequently, the Sbattery may maintain bus voltage at approximately battery voltage -

and supply the eypeeq curreptneededidordherniapeliRr drivewipitdo &g%@%ﬁ@%&%@%&ﬁ{&tge request

and change the speed of the propeller drive unit to that requested. 10 rocessing unit may

direct the ppywer BIRit 40 ORRGAIR AR ALIESTARNEERT! E%i%%‘i%%‘%‘é’éﬁ! DRCRRRGBAested: As ihe

power plant gradually 10generates more or less power, voltage may return to a steady state in

which the bus voliageii i HSIRHTYDSSLILDE MR, DA ING ot of arar s once agaln

from the power plant and into the propeller drive unit and any auxiliar , as well as into or to float

the battery. commensurate with a new speed of a propeller drive unit associated with the throttle

request. As the power_pla_nt' slowly adjusts to the new power level associated with
the smail._ change in spéed requested, the available power on the bus changes. The

15 grpp'eiler drive unit may increase or decrease the spééd of the propeller or other
comﬁonent 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 {0034] In the fast throttie mode, the proéessing 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
curl;ently being provided by the power plant as the power plant may not respond
quickly to throttle 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



100361The power management system may identify throttle change requests 15approximately equal
to or above a pre-determined threshold as being major throttle change requests. Major throttle change
requests may trigger the power management systém to switch from the slow throttle mode into the fast
throttle mode. A pre- detenlined threshold may be approximately a five, ten, or twenty percent change
in propeller drive unit speed. Other thresholds may be used. 20100371Additionally or alternatively, the
electric power maapgemethcadstdiong ppswitetcisaniiie wipigihnettiesn ot thwfastothrottle mode
based upon user selection of one or more throttle mode settings. The system may include various user
selections and/ostberitgived &osodhatbetiniiva st tsrolite enodw)a fasesprodiestoddhiidégeneration
mode, and other control modes. A selection of a slow throttle 10 mode switch may place the system in
the slow throttle mapabst, ithiceqwige] larsbisetiont ohay fdstthrstties moser Swite thenbys ptavsingdlsystem in the

fast throttle mode. [00381Multiple modes of control may be provided. The propeller drive units may
include a processetlaritbbe weikpedatling. dppeofioweattlp barermugitaechi SBbisrspotial thigh respect to
the propeller drive units. Power may flow into the propeller drive units in slow or fast throttle conditions.
In addition tH theébstemwthrottieamtde powating tepropettetdyivatar fanmehendoweplyldit) and the
fast throttle mode (powering the change in requested propeller drive unit speed from the battery), a
regeneration mogkesmaywesuliniveded frothelipodeile dnivs providingigdwensrGoibe theoiiles and into the
battery and other loads (such as during wind-milling). [00391Thus, in normal operations, the propeller
drive units may dequegianéchragedbe theadtoHbwpianslihe dystemintathatsequesiéde for dynamic
braking and burning reactive power. Dynamic braking may include the using an electric motor of the
propeller drive ufiasla gerigratmovdseinsioutingpihdinechible pdwer phane tol Sgemeraten byrtieespropeller
drive unit may be dissipated as heat. Additionally,
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 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 any auxiliary
loads, as well as into or to float the battery.
100306] 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
propelier drive unit speed. Other thresholds may be used.
20 {0037} Additionally or alternatively, the electric power management system
may 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, a fast throttle

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



"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 lower wear on landing gear components.
[0040]The system may maintain the battery at appfoximately 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 excess power storage capacity. Simultaneously, a

battery having a A:80% 2R @mmaprhe aufficieatv.chas gesiensspraradastizeniel mede.efoperation

upon a substantial throttle request. 25 |.Exemplary Power Management System 11 [0041]Figure 1

illustrates an exepTRld&y: AesHIS ROwEEMRREANAMSHRIRRLAOInTHE RAWBFJMRNAggMent system 100
may include a fuel supply 102, a flow control 104, an alternator rectifier unit 106, a power bus 112, a

battery 114, and aresgy MOrRiRrepRIIBLAELYSBiE JkGead B -%m@i@ée_ctﬁiﬁ FLIBARMCHRGAL system

may include additional, fewer, or alternative components. [0042]A fuel tank may store the fuel supply

102. The fuel 102yppmpawes e RLssPaHar e ssffer k06 fg@fq@w&fﬂ%ﬁﬁg@@étﬁnmor rectifier

unit 106 may be controlled by a flow control 104. The flow control 104 may includé electrical and

mechanical sompRRRALHAG AR RXFEIPIS R M RINFRI LA M aeiuds, LvarigWssolenoid
operated valves. Other types of electronically controlled valves may be used. In one embodiment, the-

fuel 102 may be lgeidinydroaemmRtiesibiels-mayhaureshdatidinafossitfegls [HO431T he alternator

rectifier unit 106 may include an internal combustion motor 108 and a generator 110. The internal

combustion Moto R8¢ RAEPARRLMEIHORT HevBHE SaTHRUSS OB Maley AABHaaypperate in

conjunction with the
throttle mode (powering the change in requested propeller drive unit speed from the

battery), a regeneration mode may result in the propeller drive units providing poﬁrer

10 onto the bus and into the battery and other loads (sucﬁ as during wind-milling).
[0039] = Thus, in normall. operations, the propeller drive units may draw power to
create thrust. However, the systeni may also provide for dynamic braking and
bﬁming reactive power. Dynamic braking may include the using an electric motor
of the propeller drive unit as a generator when slowing the vehicle. The power

15 generated by the propelller 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
lower wear on landing gear components.
[0046]  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. Simuitaneously, a baftery 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



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 fuel cells, a solar array, an environmental energy harvesting device, or other
devices instead of an alternator 20rectifier unit and/or motor. [0044]In a slow throttle mode, power
primarily or exclusively from the generator 110 may power the propeller drive units 116, 118. The
propeller drive uptitt1]L6, Figumal ibestermmeated dophepolweriys¥t2 njofisiTbet graten bl 112 may
be interconnected with a battery 114. The 25battery 114 may include a single cell or a series of battery

- packs. The battéeFyehildvet 2mnme beapesabim tidraayduniede fadior] snpde L urfert omtaoihe power
bus 112. In one embodiment, the battery may be a lithium ion battery. Each battery pack may
comprise approXitaatel i dattexa el heibHite ry posyiie bl fabturey frbf alR8nSystmms, Inc.TM
of Watertown, MA. Other batteries may be used. 5[0046]As an example, if the generator 110
generates a voltagsdhat deiiginersthas, thevaltagd aithebatte rpdhbdevemesitsmaynilowfehricthe
generator 110 into the propeller drive units 116, 118 and the battery 114, charging the battery 114. On
the other hand, thklipkaps|Emnadive uittmiitc tdBpoagnie drawing sufficient current and power from the
power bus 112 such that the-bus voltage falls. If the bus voltage 10falls below the battery voltage of
the battery 114, pg4ent may fileivdntrmiyeshoattdry flibl dmiplth&0aropabeinelrile unats il H8, powering,
at least in part, the propeller drive units 116, 118 from the battery 114. Exemplary Power Bus
100471Figure 2 ilhssitate ssat fotamilaty patve flbwso? @] Fhehbudt20Gmray dhiachmel basseyork 202
and interconnect an alternator rectifier unit (ARU) 204, a battery 206, a propeller drive unit 208,
avionics 210, anseaqayitiad 212 fToveqooitvel Hiks 200 fivy intencdrifdahayl ditbnial cfesréralor alternative

components. . .

and mechanical components. As an example, the flow control 104 may include

10 various solenoid operated valves. Other types of electronically controlled valves
may be used. In one embodiment, the fuel 102 may be liquid hydrogen. Other fucls
may be used, including fossil fuels.
[0043]  The alternator rectifier unit 106 may include an internal 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
oﬁto the power bus 112. In an alternative embodiment, the system may include an
external combustion motor, a battery, one or more fuel cells, a solar array, an
énvironmental energy harvesting device, or other devices instead of an alternator

20 rectiﬁe? unit and/or motor.
[0044] In a slow throttle mode, power primarily or exclusively from the
generator 110 may power thé 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 cell or a series of battery packs. The battery 114



[0048]The alternator rectifier unit 204 may provide 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 ant?battery 206 may also take power from the
busswork 202, as well as put power onto the busswork 202. [0049]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

slow throttle modg, ngea,gafast-thy et mnder Rehe slowstheptle BPEePaNs] QR g PPier bus 200

may be 13 changed slowly and controlled by the output of the internal combustion motor. Little or no

power may be adgied-taheRewenkusfiandas batenniosuppiement theusxoltageinhis mode.

On the other hand, in the fast throttle mode, power may be taken froim the batteryto bring the propeller

drive unit(s) up taargasesistosReatASIPaHsk RS PRSI ARe ebadimentthedaskiyette

mode may be used for takeoffs and landings of an aircraft, or responding to substantial increases or

decreases in reqgsiaslpigpehes ORI APREA, EARMALDRIPASRIRD during high wind

conditions. lll.Exemplary Control 10[0050]Figure 3 illustrates exemplary control of a power

managemens sysfggag00- mﬁyés%'re,awg%&%ﬁ?m geﬁeﬁé@s 29 'Q%&'&%ﬂéﬁ%ﬁ a power
plant 306, a battery 308, propeller drive units 312, and a flight control computer (FCC) 318. The

system may inclugle.agditignabeToMer olRiteNALve COmRRREAL, IR YR WING N3rmaY %ﬁ%@on, the

flight control computer 318 may control the 15 power management system 300 in a slow throttle mode

of control 320, as,diseussag-hegins The slaniraitlemade; 320maybe Based o) ppvesng the
propeller drive units 312 primarily or entirely from the power plant 306. J00521However, during other
times when rapidg@acHeniotib Rl eh e Biits 116, 118 may be drawing sufficient current and
power from the power bué 112 such that ;che bus voltage faﬂs, If the bus voltage
10 falls below the battery voliage of the battery 114, current may flow from the battery
114 into the propeller drive units 116, 118, powering, at least in part, the propelier
drive units 116, 118 from the battery 114,
I Exemplary Power Bus
[0047]  Figure 2 illustrates an exemplary power bus 200. The bus 20ﬁ 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 aitemative components.
- [0048]  The alternator rectifier unit 204 may provide power onto the busswork
202. The aviénics 210, such as actuators, and payloéci 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,
[0049]  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 slow throttle mode and

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



units 312 to throttle requests may be needed, the flight control computer 318 may 20control the power
management system 300 in a fast throttle mode of control 322, as discussed herein. The fast throttle
mode 322 may be based on powering the propellaadrive 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 25accordance with a throttle
request may be ishangeibtlytaked fromaheddattdry @0Buro Phthattastthootieshoden822. As a result,
the lag time that may be required for the power plant 306 to gradually adjust power generation

corresponding td dtthewr spgecdvthabiy beiadicdquebtepoweyths Gbevihtcbk{00$ 3THueflightmaherol
computer 318 may receive feedback 314, 316 from the 5 power bus 302 and/or the battery 308. The
feedback may béuepresaptatitasofithe. bOs viodtateohihé cutrenffichioglouidtie battery39®or the
battery voltage. IV. Exemplary Method [00541Figure 4 illustrates an exemplary method of switching
control of a poweskea fiage the busystembbiatyweepmpiplednodesitEhepme thoghddferheyeiicside
10programming a controller with power management algorithms 402, operating in a normal or slow
throttle contfol mpdeldPds ppaibtindinadastbhrbtiencohtr hsntdettipomde ceiyibg assifificant throttle

or other request 406, and returning to slow throttle control mode 408. The method may include
additional, fewertaieafte matisa dations ai aH@OEH orhrespontimicatig evliktars: ah @ycgeinesate a propeller
drive unit control current that powers the operation of the propeller drive unit(s) as discussed herein.
The method 400duay:ins inecqostrallingedich irdieidnalspeedetiechdriveaynicirequested during
high wind conditions.
IL  Exemplary Control
10 [0050]  Figure 3 illustrates exemplary control of a power management 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 computer (FCC)
318. The system may include additional, fewer, or alternative components.
{0051}  During normal operation, the flight control 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 or entirely from the power plant 306. 4
[6052]  However, during other times when rapid reactic;n of the propeller drive
units 312 to throttle requests may be needed, the flight control computer 318 may
20 control the power management systém 300 in a fast throttle mode of control 322, as
discussed herein, The fast throttle mode 322 may be based on powering the
propelier 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



plurality of distinct modes of operation. Each distinct mode of operation may provide a different source
of power that drives the propeller drive unit via the bus. 20100561In the slow throttle mode 404, the
method may maintain bus voltage such that genergdly 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 incregserie theotgauesied Tropalierspecthang AaltiR.PHAQ POWRLPAYBERdded to the
bus from the battery. 15 [0057]In the fast throttle mode 406, the propeller drive unit may draw more

power than that heiRgERiesekhy thedaamesdlanhJine Betbadonayswiishdramdheslpw,tarottie

mode to the fast throttle mode. In one embodiment, after the system switches to the fast throttle mode,

the requested incileASEHBIROWQALEREESSA B RENGHIe propeller drive unit up to a requested propeller
speed as quickly as possible may be taken from the battery. As a result, in the slow throttle mode the

bus voltage may prpsmintaings fiyiheoraweiRiztand inthe fastitveitie,meds e R yoliage may
- be maintained, at least in part and temporarily, by the battery. [0058]The method 400 may include

directing theﬂoowﬁépril%mdjHﬁ%@\f&rb]a@t@?ﬁﬁ)g.eﬁ?f@%é’d%%é}@ﬁ@?l%@%ﬁ%&ﬂ%%émﬁebemg

requested after switching to the fast throttle mode. Once the power plant is generating power
commensurate WiisRQWEENG: ihe BIRREHBLARNE JNIHRD BlibS newssREedHeIVeIRg,and accounting

for the auxiliary loads being powered from the bus, the method may return syStem control to the slow
throttle mode 40§such ®haimppiey sielrNger being taken from 15the battery. V.Exemplary '
Architecture A.Power Management System [0059]Figure 5 illustrates an exemplary architecture for a

power managemegis4]  Figure 4 illustrates an exemplary method of switching control of a power

management system between multiple modes. The method 40(’). 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 signiﬁéant throttle or other request 406, and returning to slow
throttle control mode 408. The method may include additional, fewer, or alternative
actions.

I5  [0035]  The control algorithms 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 propeller drive unit via the bus.

20  [0056] In the slow throttle mode 404, the method may maintain bus voltage such
that generally only the powcr' plant powers the propelier drive unit. In one
cmbodiment, an amount of power available to the propeller drive unit via the bus
may be added slowly as the internal combustion motor of the powe:r plant comes up
to a speed commensurate with a slight increase in the requested propeller speed, and

25 lrttle or no power may be added to the bus from the batiery.



20system 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, afd-one or more propeller drive units 514. The
architecture may include additional, fewer, or alternative components. 16 [0060]As shown in Figure 5,
the power plant 510 may respond to a total power command signal that is generated by combing
signals received[#0fVihe gayloats5ottdyimods B tanprthre BNGivaiihOmhagritaa battery charge
command signal associated with a battery 508 state of charge. The total power command signal may 5
correspond to a patakptwetireibgneguesitd by the systerplloadSHEhacthtal pawewttoimiand signal
may be received by the power plant 510 or a processor associated with controlling the power plant
510. 100611Thethowewplanttiltedayogdndiatchasttl ptacépdnenortatefiowst, bftsr ke battery 508
may charge or discharge depending upon a current level of battery 10voltage with respect to the bus
voltage. The batigry<od8witaycierctiotifaenthantie tihe dt) shohequpoadinderaand fronetheqsepsller drive
units 514 exceeds the power being generated by the power plant 510. [0062]PDU command limiting

logic and/orircuiity-bkAhnaydpeliseaitiie generate arequant dnab seippligediegdyisidalropeller drive
units 514. The PDU 15command limiting unit 512 may accept bus voltage as one input and a power
command, such psssitfiewey danskeand dronhdtefsNC Anit 566;1asmathetfiewitputtld heo@bk-command
limiting unit 512 may condition the bus voltage to provide a desired current to the propeller drive units
514 based uponwhketiephmeyirenidpeiatbhaltinqdsvis plalavuitinattle factibrettfashddeotile mode, or
other mode. 20[00631The PDU command limiting logic and/or circuitry 512 may facilitate

bus voltage may be maintained, at least in part and temporarily, by the battery.

[0058]  The method 400 may include directing the power plant to adjust.po_wer

10 being generated to correspond to a new speed being requested after switching to the

fast throttle mdde. Once the power plant is generating power commensurate with

powering the propelier drive unii(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. Exempl#ry Architecture
A. Power Management System
[0659]  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.



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 batteryscurrent. As shown in the Figures and discussed
below, in a slow throttle mode: (1) 25bus voltage may be allowed to change in small variations about
the set point, (2) 17 upper and lower voltage limits may prevent significant battery use; and (3) a

command curve pagdlave oRe SIS PRALIRNS thabineiidaa Consiait aainhal & GoRsirpLiait In a

fast throttle mode: (1) bus voltage may be allowed to vary widely about the set point (such as vary

more than in the sipnwiliotlgMoe)id hR-HRRELAREHANES eliagedimits Maynsalatiesysharge and

discharge rates; and (3) outside limits and limiting commands may be used, such as employing

maximum and mismumGHEesARd v altaastinits: ﬁ)armkl%%ﬁ%ﬁm%@&ﬁﬂﬂﬁﬁ%@abodiment, the

system may include a lightweight, high 10efficiency motor drive unit used to turn the propellers of an

aircraft. There mayspe fidr48:gig BhREAPSIL kALY sruNisnteraenpRe g Wit e ArNGHTaRagement

system. A propeller drive unit controller (PDC) may drive each propéller drive unit. [0065]Thé

propulsion systeng,maydnelusle il e BdicormpeaeMiS thagiepiassRermangat madget motor
and/or generator, (2)@2{;1 inverter and controller, (3[)?}%5a pro}éelle%’gnd (4) Ethernet switches. The

propulsion systersomaaciuda addiion alcsawe bRl RaNE. 608 otR0RPIEIgE &S an

exemplary schematic of a propeller drive unit 600. The propeller drive unit 600 may include an inverter

604, an eIectro-m@gﬂg&ﬁ}gtgﬂgggg%&%%ﬂ{tgq@_06, a power stage 608, a propeller drive unit
controller 20610, a motor 616, and a propeller (not shown). The propeller drive unit 600 may include

additional, fewer [gggfiernative.GRIMBPPRAIS 10 may generate and place power onto 2 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 mé.y feed current onto the
bus whén power demand from the propeller drive units 514 exceeds the power being
generated by the power plant 510. |
[6062] - PDU command limiting logic and/or circuitry 512 may be used to
generate a current that sﬁppﬁes the physical propelier drive units 514. The PDU

15  command limiting unit 512 may accept 1r.:'us voltage as one input and a power
corﬁm&nd, 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 is a slow throttle maode, a fast throttle mode, or other mode.

20 [0063] The PDU command limiting logic and/or circuitry 5 12 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 batterf
current. As shown in the Figures and discussed below, in a slow throttle mode: (1)

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



[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. 18 [0068]The controller 610 may be in communication, such as RS 232 communication 620,
with various controllers, networks, and devices. The controller 610 may also receive signals from, and
transmit signals to, a master controller 612, such as over an Ethernet or using IEEE 802 standards.

The master contipfer Gl Gareay biaire tiroiwayeg qrememisgiohoait battcaytesaating (B ifier unit 614,
[0069]The EMI filter 606 may remove noise from the power signal received from the DC power bus

602. The power stage608mayrtransiomothepower sigials T polude stagesBO8gmiaywprovide power
to both the controller 610 and a motor 616 associated with the propeller drive unit 600. The motor 616

may be interconnectedtEonithla pfapeifteothotsikiondl) that fabigates wbhidbwrMerment. The propeller
may include a conventional variable transmission operable at various gear ratios. [0070]The motor 616
may receive conwitiiylstsatiiectpoirol(endilds andyprovidb feadbeck emdhserisonsitgialg)6 18 back to
the controller 610. The motor 616 may include a number of sensors, such as temperature and speed

sensors. The matppet kil hwayskagktimiieratyrs;tdpeied; i wthed dignadess18tes; sl ¢dhtroller 610.
The controller 610 may alter operation of the propeller drive unit 600 in response to the signals

received. C.PD W @sidnhiamick laindifing higreenf@Owtis Figyree Titdstratk s erreplepiptamaBDuncommand
limiting curve 700. 20 The PDU command limiting curve 700 depicts a conditioned current generated

by the electrical poiveininanagemeritsysietagvalicdstrols the operation of the propeller drive unit.
100721The power management system may be configured to maintain bus
B. Propeiler drive unit
10064] In one embodiment, 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 each propellér drive unit.
10065] The propulsion system may include four main subcomponents: (1) an
ironless permanent ma gnet motor and/or generator, (2) an inverter and controller, (3)
15 apropelier, and (4) Ethernet switches. Thé propulsion system may includé
additional, fewer, or alternative components.
[6066] Figure 6 is an exemplary schematic of a i)ropeiler drive unit 600. The
propelier drive unit 600 may include an inverter 604, an electro-magnetic
interference (EMI) filier 606, a power stage 608, a propeller drive unit controller
20 610, a motor 616, and a propeller (not shown). ’fhe propeller 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 oné embodiment, the DC voltage may be between approximately 200 V and

approximately 370 V. Other voltages may be used.



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 19 indicates the bus voltage 704.
As the bus voltage 704 changes, the system may agljust a bus current 702 being generated by PDU
command limiting 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 pggign 7192 sanikal4Aaes a6 pend AMANIRLMYOUAGE Rqion 108. The minimum

voltage portion 710 may have a slope of bus curfent versus bus voltage asso with a low voltage

gain The maximusemm%@&m,7\9§mm§svsoﬁt§m8§.,°&&%ﬁ%g{g g(?\;fﬁ%g.bf'ﬁev%t%ﬁer

associated with a high voltage gain. The PDU command limiting curv may Include upper and

jower voltage migaoans RRRIAANIEL B! INNRIRSINGNGA XSIEMAGlipOlin AN sfable control

of the overall system and individual propeller drive units. For inStance, excessive bus current and

voltage may damgge, Qyééw%mgrﬁ%m&g%@@@yg{aﬁagﬁgyﬁn?gé; ASREORI PR L1 Propeller

drive unit control. 15[0074]The PDU command limiting functiona e configured to maintain the

bus current 802 wiilindhg RINALTBONEAS D 33RARYRIENIRG GapliRLIaNgS, fay be defined by a

lower bus voltage 718 and an upper bus voltage 716, and a lowerbus current 714 and an upper bus

current 712. Whefyggjous vaJages7Ofis ahdEJoUERIIRL 148 s sommand.curien’ of a eyel of the

lower bus 20current 714 may be generated, and when the bus voltage IS atthe hig 1er bus voltage

imit 716, a commgge GUTRALGLRIBYE! RPN RIGRS RS U HEREAATIRYRG JR0GIRIEH Qier control

ranges may be used. Controls and Regulation Handler 25 The power manageme%?vé?/rs%%%amay

regulate bus voltage. ;h%Dzic By ¥RHANBIRAYIBUIAR BYRGHMRIGMEINES3S.8HQ WL IR Fayre 15. To
ensure proper parallellng _ _ S
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 variablé tfransmission operable at various gear ratios;
[0070] The motor 616 may receive commands from"the ééntroller 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 controlier 610, The
oohtroller 610 may alter operation of the propeller drive unit 600 in response to the
signals received.
C. PDU Command Limiting Carve
[0071] Figure 7 illustrates an exemplary PDU command limiting 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 lhe propelier
drive unit. |
16072] The power management system may be configured to maintain bus
cﬁfrent and Vbltage 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



20 and load sharing between propeller drive units, preferably proportional gain may be used. The bus
voltage regulation depicted by Figure 15 may ensure (I) balanced propeller loading, and (2) tight
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 signal. [0075]As shown in Figure 15, a reference bus voltage and a bus voltage may

be sent to a sunimiératizetre bult véehichlmhanbthicbutovalprep dtioriangasn thaisteigemerate a reference
current signal. The reference current signal may be sent to a 10current regulator to be further
conditioned. Otheljimis vokageregifatammaynbeatstbly RIOVeiThapohimitiapagsmentasdsem may
regulate bus current. The basic bus current regulation may be implemented as shown in Figure 16.
The bus current sefjutaticn dymypensyridprope: lsadiiietingigmd load sharing between propeller drive
15units. Preferably, a proportional integral gain may be used. [0077]As shown in Figure 16, a
reference bus cyf@Tajand &hePDlfrentomend herseng thuacsonuhiertie motpde efwrttioh greph be sent to
a proportional integrator (P1). The proportional integrator may generate a reference current that is sent
to a currentyeguidiiarrethichrsnayenete mcodenandicuwmentvol tegatrottzproldk levatned unit.
200ther bus current regulation may be used. E.Current Regulator [00781Figure 8 illustrates an
exemplary comrpangt G0 entdre gudaton800o i pontent 7égulator BOGmuay gehexaperdaoiifand

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

{rbltage 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 [0674] 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 is at the higher 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 Regulatidn 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



21 [0079]Upper and lower bus voltage thresholds may be used to condition a bus voltage signal. The
upper and lower bus voltage thresholds may be used to ensure that the bus voltage is within an upper
and lower range. [0080]A conditioned bus voltage2828 is shown in Figure 8. The conditioned 5bus
voltage 828 may be adjusted by a function based on current settings 830, and be limited by maximum
and minimum current limits. Subsequently, the conditioned bus voltage 828 may be sent to a summer
858, the output of\hishioay-Re SeRldh3RIPARIIARAL IIRGralar QPHL]X 0 IL_SSP fORPAILOf Figure
8 may provide a maximum curr%nt limit s%nlglé?10864 and thé%owee?l ﬁ?ofp |g1§%gg%éﬁ£g%ﬁde a
minimum current it sianal 86610 aeRIRRRKHonat intadrater,AR0: The Proporianalinteqrator 860
may then produce a PDU comman cuer’%g?]t sig;Haé?%Z. In?onéer%o u#é:n'ﬁ%%e@%e}(%lg%na?nand

current signal 862,01 b1 ARIRYSGHTFENY SHURIDLERE ﬂ&éﬁ%{};@%@%ﬁ%ﬁ 7. Other

propeller drive unit command currents may be used. 15 [0082 , @ maximum

current signal Sl%mﬁﬁ?gpﬁ%&%ﬁr&&fﬁﬁgﬁﬁgﬁiﬁ%ﬁaﬁ%ﬁ@ 1§s2.21%'3d an actual

speed signal 820 (representing a current spee nit component) may be sent to a
summer 802510 piagkice & signalihalmay headiied .2 SORSIANLB4? andiadamp. funglion 850
before being rec_eivedgby tg‘légfirst summer 810. 20[0083]‘Fhe output o?the%lrl]rlst summ(é;égifégmay be
adjusted at a secopgehsummET 812. 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 befopg.%lqsing reg%iggmiﬁq%gﬁ%q@ ggé@ép&{cglo%.gggﬁ%gc?%%%ﬁ%n% tra%%gn may send a

maximum current limit'signal 864 to the proportional integrator s Shown on the bottom

of Figure 8. a miBgLR &YW SilueianahBAQ Ay B PRIGLLOr T SURIREL 816, (pgnum bus

voltage signal 836 and a bus voltage signal 838 may be $ent to a su pro ce a signal Ep-_a-t-_

may be adjusted fyg-canstent-848 endearamnfunHian P8 before PelNg ArsaY e BY.ihs .

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  umits. Preferably, a proportional integral gain may be used.
[0077] As shown in Figure 16, a reference bus urrent 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 propeller drive unit.
20 Other bus current regulation may be used.
E. Current Regulator
10078] Figure 8 illustrates an exemplary command current regulatér 800. The
current regulator 800 may generate a command current controlling the propelier

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



5third summer 816. 100851 The output of the third summer 816 may be adjusted at a fourth summer
814. A minimum speed signal 832 and an actual speed signal 834 (representing a 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. [00861The fourth summer 814 may send a minimum current limit signal 866 to the proportional

integrator 860, wWbgrenay depesatedhewearbmandiayerent So2dasagtechablve cindineeatgdiment,
the command current 862 may be a torque command sent to the propeller drive unit. 15[0087]The

logic of Figure 8+voaydesigmployee ipriagiamening lasiguaoersihohiasiyhoussdiorbed+, C,
Pascal, object orientated language or other programming languages. Preferably, a C based language

is used. The softvarehetay geResat’ aihimentippécandrolanamemore of the propeller drive units.
[0088]The software may include a main or void function that regulates DC bus 20current. The main

routine may call [gogies that (bhietiave BubusiaeatrrrbandfaGuast(2) isnibhdisieagient within a
maximum and minimum current, (3) calculate an adjustment to bus current (using a lower and an

upper voltage thigghe/da@ngha lawesantharcdppes koltipe baied dd lifientReqnis saoemidand (5) limit

bus current to within a range defined by a maximum and a minimum current limit. 23 [0089]The

software may inglugde @ tifshagitios hat adiusisdhaitppertuyestitisiwrhtie hlusendiaonsegulator
based on exceeding a speed limit or when the bus voltage goes below a minimum acceptable bus

voltage. The firsbigutile oy aacepbdusyealtagenspectt Nt mupucof ehicinaximerespred, and
minimum bus voltage as inputs, and return a maximum current limit. 200901 The software may include

a second routinepidgbadibstsilegrappePnUIsENt 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 secagputinermayaceens frig\elBarySRectoaiRiARURISLER i MimiTkFhgpeed,
10 864 and the lower half of Figure 8 may provide a minimumn current limit signal 866
to the proportional integra{or §60. The proportional integrator 860 may thén
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 Othe; propeller drive unit command currents may be used.
15 {0082} As shown in Figure §, 2 maximum current signal 818 méy be supplied
o a first summer 810. A maximum speed signal 822 and an actual speed signal 820
(representing a current speed of a propelier 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 beihg received by the first summer 810.
20 {0083}7 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 may be sent to
a summer 804 to produce a signal thgt 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.



10and 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
15voltage is less than a lower voltage threshold), and a higher voltage gain (associated with bus
current when busyy, e is greater than a0 WREL Veka eshold) as inputs, and r a bus
current adjustmes%t. [0092]The software may alsglt"incluo%ﬁ aé l;%u%i%nélltlo 0a m&%ae?%sﬁ% ,

and/or current abgut sefpai %%‘Pﬁt&m%i'&mtﬁ Qf qutines with 2 agg%tio al,less, or
_ alternative functionality may be u'sled. F.Voltage 'Banr§ Dgﬁﬁﬁogﬁlsg X8%§%elf—1%lt%es aflri] %B?(isate
- command curves fhatmay be gangrated by the y rrent.requlation.djscussed herein.

Figure 9 illustrates a??llgg]xe plary PD% command ﬁ%ﬁﬁ%@%ﬁ’ %8dv1\1/|ct U \%I aagénk%iﬁa indicated on
the y-axis 25 and, DL g4 n&%gitggti ggcﬁg% on.t -axis. command current may be 24
unmodified within aj%tag%e%an , sucﬁ as ataco %@Qﬁ&%ﬁ%%g%%%geg@é %%yr:&lﬁy Figure 9,
Tightly contrelling;the ﬁ%&om@and current within a voltage band may enhance system control and
reliability. The PDU command range may be increased for higher bus voltages. Likewise, the PDU
command range fjay¥spe Sdegr f . §}{8|¥ 00941Figur illustrates exemplary
voltage band def&tiosr?s 1000. e?ﬁ?e% ;3)'5? r\énlg{)llrtlﬁl}lJ |categll(g f‘g Slowt Fics)aft § %]%)ﬁgago}lar%ﬁr@%%? fast
throttle voltage range. At s YAPGEINIS: AxeliPN. g contaheiig ey Re eRrgred abouta

set point located at 7.5 Amps The Slow throttle voltage range niay be

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 §14.
[0086} The fourth summer 814 rﬁay send a minimum current 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 iangu&ge is used. The software may
generate a cwirent that controls one or more of the propeller drive units.
[6088] 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 a2 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) limit bus current

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



10smaller 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 azminimum fast mode voltage. The bus voltage may
be defined by maximum and minimum voltage limits. 15[0095]The PDU command current may be
invariant to bus voltage change within a band. For instance, Figure 10 illustrates that the PDU

command currerjp0s3y be fixee @ifepptoximaieindes Arprowtininiihe fastnhiusng cainbmum voltage
limits of the slow throttle voltage band. Additionally, the PDU command current may be restricted when

bus voltage exceggis damd Himitr2AErSlawtbasisthreitiededes D08 Fignitel & Hiustiates exemplary

control curves associated with slow and fast throttle modes 1100. Again, the y-axis depicts bus voltage

and the x-axis depieigropeelodry eniiitheriiRubpldigesplichlne gaayraepiek fosion thegttecepntrol
curve and the dashed line may represent a fast throttle control curve. 25 [0097]As shown, the slow

throttle control may belmeyapght yweaniiotecithan, the fastithrgileicantralinThedfasi shigitgecontrol may
operate over a larger bus voltage range, such as to accommodate sudden and significant requested

changes in gropelegiiyesdi-speedmeonitelingthe prapeller drive unit to rapidly change Sspeed and
draw the excess power required to increase speed in the fast throttle mode may cause larger bus

transients than ingpepglow thretisrmesemisy kichithepeopehondny eunitifoay Be ghsstedriensiowly
track the power being generated by the power plant. Transient Behavior 10[00981Figures 12 through

14 illustrate exemplafiRTSIRHBRhaMenRER PAWE LR BRAGEM eNh SN 2001ck380pasd 1400.
Again, the y-axis depicts the bus voltage and the x-axis depicts the propeller drive unit current.
Transient behavighfr when the bus voltage exceeds the maximum acceptable bus voltage. The
second rouf:ihe may accept bus voltage, speed, minimum current, minimum speed,
10 and maximum bus voltage as inﬁuts, and fétum a Tninimum current limit,
[0091] The software may include a third routine that calcﬁlates 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 curreﬁt when bus
15 wvoltage 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
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. Software routines with
20  additional, less, or alternative functionality may be used.
F. Voitage 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 exemf)lary

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

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



the bus may be the result of transferring from slow control mode to fast control mode, or other
increase/decrease in loads. 15[00991As shown in figure 12, point A may be an initial operating point.
The initial operating point A may at an initial propelker 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 pro 4 it: % | I ble current. [Q0100]At point B.
buls voltagle may %?(%%6§£¥§0%%1i§r%cﬁg§§%? %ﬁrg’pgélh%}rrgdﬁﬁry%%%&%%eg% e gm%% JS I

Ive un us'voltage‘may fall to or

below battery volgqg%c&isj%%%hfmqrﬁgﬁay E%ﬁ'&%(iﬂﬂ%gﬁecyﬁ Lot t cbu% I%n\gi' 1t1? the %Oé)eller

drive unit. In one embodime current going into the propeller drive uni m%}’ etéduced to

25approximately G i0, SRR INERGLUAEAEBI Ry ATIBAROTIALPRIN G, s Roer planl may slowly
respond to command sighals. The power plant may increase power profualon and bus ontage. As a

result, propeller dgiye. L ia %)lrﬂ[% g&qjﬁgr‘ggg%ﬁggy% &gg&tﬁ% pBiBtC busg égﬁg e ma return to

nominal. The propeller drive unit, power p and battery may achieve return s?eady state In

sum, movingsfrony paint Bt G mayhe gotﬂggg'éent path; from point A to point C may be associated with
system error; and from point D onward to th& right of Figure 12, bus voltage may be limited by an

upper limit commﬁ;}%s in beyndary, Eﬁ%&%ﬂé‘@%&ér’éﬂ%ﬁ%@%ﬁ% f&‘%ﬁﬁ% (?glzﬁje%al throttle

command curve 0. Propeller drive units on a fight wingay be contro érenﬁ)y'than

propeller drive urggﬁsotgasé If%%%\%{%} grsi_ﬂﬁyq&ccemgg%ﬂ%%r §%{%ﬁeﬁ@i§ ma hlb&@:{g)@(t)rl?lled at different

speeds or in different di 103]In Figure 1 may dépict an a&%gﬁac?ﬁa’ propeller

drive unit 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
méy 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 mmimum fast mode voltage. The bus voltage may be defined by
maximum and minimum Vbitage Iimits.

15 {0095] The PDU command current may be invariant to bus voltage change
within é 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
hmits of the slow throttle voltage band. Additionally, the PDU command current
may be restricted when bus voltage exceeds ban.d limits.

20 G. Slow/F ast Throttle Modes
{0096] Figure 11 illustrates exemplary contro! 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 line may depict a slow throttle control

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



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. 30104 1Figure 14 illustrates an exemplary command
limit gain. The solid line may depict a variable gain, with a fixed limit The dashed line may depict a
fixed 20gain, with a variable limit. The arrows may depict transient command trajectory. Figure 14
illustrates two inifjgamerating paints, itk thiew)ateric kuomotither f theréniiigitbperatioljegatnts, the
system may achieve the limit specified (center, solid dot). [001051In sum, the fast/slow voltage bands -
may be centerediabfast tprapetetabdrive fupitkaltdgesetqiant dhaatoltage sairpaibumay be (1) an
approximate 27 voltage at which batteries provide desired current, (2) a high voltage for battery

charging, or (3) adMurrekiags focidischargiomihedbatieydciimycltagficeat pajotsrdyckanyesith battery
state of charge (SOC), the battery model, and battery current feedback to the propeller drive-unit. The

power managemgbhsistemvanayiveyetheCGhisolinliade, hupBeapdthe cuitaptrapittiesiapyih the
variable voltage). A lower and higher bus voltage limit may be used. VI.Exemplary Applications

[00106]In ore appleating, dhevvabistesniaobetregquinié wanteied sprw an dedfaohera@palblki: of
sustained flight up to about 65,000 feet above ground. The drone
may cause larger bus transients than in the slow throttle mode, in which the propeller
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 in loads.

15 [0099] As shown m 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 exampile
shown, the change in speed requested corresponds to increasing propeller drivé unit

20 current to 50% of maximum allowable current.

[60100] At 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 umit, In one
embodiment, command current going into the propeller drive unit may be reduced to

25  approximately 30% to avoid further voltage drop.



10may 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 areag®f 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 broadband, voice, and/or
il L e G R I S ettt et A
drone may communicate with (1) fixed user equipment having antérinas as small as a&Broxmately two
inches, (2) gate ¥ 2}5%“9? lg‘ﬁﬁq int Ig QM atellite dishes, and 5§]mobil user equipment, such
as hand-held de\/Wi‘jt:ee ) ceﬁ '&ones%gb%%%s% a?pt%lbgf 183\%%@}15& %%%r%se\%iéeessu. 0108]The
unmanned drone may b pcaTImuNiEatan Wih & Mmisyon.contol staon focaledgn, e, ground via a

satellite link The Hrohe may provide real-time high-resolution video n%aglng ast‘rfnay%e dccessible in

real-time to com L i{ - 0N in.the air, and. at sea. 28 [001 ission examples for the
drone may inclugg %ﬁsé&%@%?&%ﬁ?ﬁéﬁ%‘%ﬁ&? or i &ﬁ’§‘?’€ﬁ€ﬁ%‘h{aﬁ?§ %ﬁ%ﬁi@ﬁyaﬁc }Sgc%tion of
electromagngtic igg1 q‘_ GS g' ltq -station weather and communication monitoring, dynamic
tasking by theatre cﬂongﬁrr%n eS:%, gg%?n%rﬁ?at%?}fsn%ﬁn e%?éﬂgr? i %Haynapvi%%agefp%%%%r%%%bust
coverage to areagyiiiilic (g poalgesererAden ORISR PIRSISILANG Actignabie B oANCe In
real-time, jamming, JdAmmer tracking, missile defense, battle grounoyanglalr space awar8Ress;

airspace collision gwmc% aég{]{j&dﬁ gl ynications s orLé 1101While the, preferred
embodiments of '%e inventioﬁ ve bee%ﬁgogé?ﬁb‘éﬁ é)rl%%ﬁcljfjo B%lrt%t %%&38&1 Hat Iéulinvention is not

so limited and megdification aqﬂa%gg de without departing from the invention. The scope of the
invention is defined by the appen eg claims, and all devices that come within the meaning of the

claims, either litefgljy @510y guiyRI85R, QIELIGNded 19,06 amRraced therein. mmand 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
conﬁ‘oﬂed at different speeds or in different directions.

[60103]  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.

160104} Figui‘e 14 illustrates an exemplary command himit gain. The solid line
‘may depict 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 illustratés two initial operating points for the system. From either of the
mitial operating points, the system may achieve the limit specified (center, solid
dot).

[00105] In sum, the fast/siow voltage bands may be centered about a propeller

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



15[00111]lt 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 spirit and scope of 1his invention. 20 29 What is claimed is : 1. An
electric power management system for a vehicle, the electric power management system comprising:
5a power plant configured to generate electrical power and to supply a voltage to a power bus; a

battery connectegbintlt thtavpisticidoist do prisodsupplyadtiagento (@ oligh bokage Fwpaberdrive unit

connected with the power bus, and drawing power from the power plant and the battery via the power

bus to cause moyement.altl® vabicleotth JO thifaisstispards depeadingivalmede:of eperation
comprising fast and slow modes of operation, where the fast mode results in a higher power bus

voltage than the gleywittadatidie figher power (0D Kegbaamingticnmaddiieralcuaitage supplied by
the battery; and a command limiting controller configured to generate a bus current to drive 15the

propeller drive upit@sesk dingdomearemand liniitinDhypliage Mersysresirenitenrvethatadiusts the bus
current depending on an amount of voltage on the power bus; where the command limiting curve

includes a minintuy watiage o itian, thasaxinuineiagevibrienvarahi: coniigt rang therahetween
having upper and lower 20voltage limits and upper and lower current limits for enhanced reliability and
stable higher bus voltage limit may be used. -
V1. Exemplary Applications
[60106] In 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.
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 arcas of interest,
and may be interconnected directly into an external communications network.
j00107] The drone may serve as a platform to relay communications and other
15  payloads. The drone may facilitate two-way broadband, voice, and/or narrow band
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) sateliite
dishes, and (5) mobile user equipment, such as hand-held devices, cell phones,
20  PDAs, laptops, GPS devices, and other devices.
[00108] The unmanned drone may be in communication with a mission control
station located on the ground via a satellite link. The 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.



control of the propeller drive unit. 2. The power management system of claim 1, where in the slow
throttle mode, the flow of power is substantially only from the power plant and into the 25propeller
drive unit and the battery; and in the fast throttle mede, 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

propeller drive unjpgpesd ismggiaﬂt@&ﬁ%@sof&s&@td% RLRANELRCHGARIRTGRd by the power

plant. 30 3. The power management system of claim 1, where the command limiting controller
limits the bus curghta MRS S e MARNItIR heSOMEobaRgR Qfékb%&mgﬁ%“m'tmg
curve. 30 4. The power management system of claim 1, further comprising: guidance

navigation and cqmé@ew%eesm%es@a%n@mtﬁ%ﬂ@mmgaﬁeﬁtﬁqﬁﬁmﬂg%&%?pmma“d

limiting controller is further configured to limit a command for power from the guidance navigation and

control system sq{iahStethus CuEsaphSiavs suhsiantialy withindhe fontohangs gh the command

limiting curve. 5. The power management system of claim 1,"where the battery is configured to be

charged by @Jrreeiégﬁ@ﬁﬁﬂt%ﬁé‘t ma@wom@g&%ﬁb@r@%%b&w@mag@%ﬁ@ﬁﬁ fast throttle

mode the command limiting controller limits the bus voltage about a set point and the upper and lower

voltage limits set[gaéme{ahgaﬁa%ma%@rgge@@ﬁl real-@mENGROWES, TARAGAMERT,SYStem of claim
1, where in the slow throttle
missile defense, battle ground and air space awareness, airspace collision avoidance,
and dedicated communications support.
[00110] While the preferred embodiments of the invention have been
10 described, i should be understood that the invention is not so limited and
modifications may be made witﬁout 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 [00111] It 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 spirit and

scope of this invention.

20



15mode, the command limiting controller is further configured to limit bus voltage to changing in
smaller increments about a set point than increments-gjlowed in the fast throttle mode, and the upper
and lower voltage limits prevent significant battery use. 7. The power management system of _
claim 1, where the command 20limiting curve comprises a constant voltage gain, the minimum voltage
portion comprises a loWkattageagmiedaind the maximum voltage portion comprises a high voltage gain.
8. A power management system for a vehicle, the electric power 25 management system comprising:
a power plant configured to generate electrical power and to supply a voltage to a power bus; a battery
connected with the poWer bus\to @éstrsupphevnltageetocatpyatembios;aay phidge)lée diiverianit connected
with the power bus, and drawinlgl]t power from 30the power plant and the battery via the power bus to
cause moveme%?\g?rtﬁéa{llaéﬁg}g atsg:s%lfer?e%(fnéglémelaé'depending on a mode of operation comprising fast
and slow nsodes of opa mtior, phdig reotiferfasd madeaesutiednadiphecpawian Busproliagétigan the slow
mode, the high%r Eogv“gérbouus Vvoltage coming from additional voltage supplied by the battery; and 31 a
current regulator c&)nflguredsto generate a command current to power the propeller drive unit according
to a control graph, theacriteryt regutatedonfityuhecbtaver busead ubppesuaptl/lowergdous ypliage thsesholds

within which the bus voltage i reaiated, hased o thecontiol araph; Sganerate 8 condijoned bus
voltage by adjusting the’ lr)%?s voﬁtageeby a function asec} orPcurrent se INgs; gp
the power plant and the battery via the power bus to cause movement of the vehicle at
10 different speeds depending on a mode of operation comprising fast and slow modes of
operation, where the fast mode results in a higher power bus voltage than the slow
mode, the higher power bus voltage coming from additional voltage supplied by the
battery; and
a command limiting controller configured to generate a bus current to drive
15 the propeller drive unit according to a command limiting, voltage-versus-current
curve that adjusts the bus current depending on an amount of voltage on the power
bus;
where the command limiting curve includes a minimum voltage portion, a
maximum voltage portion and a control range therebetween having upper and lower
20 voltage limits and upper and lower current limits for enhanced reliability and stable

control of the propeller drive unit.

2. The power management system of claim 1, where in the slow throttle
mode, the flow of power is substantially only from the power plant and into the
25  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 propeller drive unit speed is not
limited by a present level of power being generated by the power plant.
30
3. The power management system of claim 1, where the command
limiting controller limits the bus current a majority of time to remain within the

control range of the command limiting curve.



summing the conditioned bus voltage with the bus current; and sending the summed conditioned
bus voltage and bus current through a proportional ingggrator to limit the generated command current.
10 9.The power management system of claim 8, where the current regulator is further configured to
send a maximum current limit signal into the proportional integrator. 1510.The power management
system of claim 9, whédre theTharimummoanteatiintissitmabif gene fatedthdtivdogiciseeeiving as inputs
to the logic: a maximu t signal.. [ nd an actual d; and a.minimum bus
voltage gig nal and a b%ég\}%{ﬁga%e&é%%tﬁgfr(l)aﬁ%%%%23%?%%%%33@%%%%%%%?%?glnrﬁ 8, where the
current regulatdmistfugthertcdiiguwiedetthsenchaaihinnitmgweemdllomiisfgribbintontigiprbportional

integrator. 12. The pousr, managementsysien oL aaim g bsie hs mipimym ZRgurient mit signal
is generated with ogic receiving as Inputs to the fogic: a minimium current signat; a minimum speed
and an actbal stheduis andrennstasinsubs bus albitaydisi gratardoh bugevalthge sigmahdBmithe: power
management system of claim 8, where in the slow throttle 30mode, the flow of power is substantially
only from the power plant 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 d_{ive uny 3| %%‘q }I}gx\;ﬂ Sguest F{é in&;ially PWES g gﬁngr@[ll entirely by 32 the
battery, such that in the fastr:ﬁ?o%le r%o e,%%e prope9l ergar?ve Snrlr?sbeeg i5 not ﬁm%gollsby a present
level of power Iseirftggsddrabed iy thé Powergiagenerated by the power plant via the power bus;
10  and where in the fast throttle mode the command limiting controller limits the bus
voltage about a sef point and the upper and lower voltage limits set battery charge and

discharge rates.

6. The power management system of claim 1, where in the slow throttle
15 mode, the command limiting controller is further configured to limit bus voltage to
changing in smaller increments about a set point than increments allowed in the fast

throttle mode, and the upper and lower voltage limits preveht significant battery use.

7. The power management system of claim 1, where the command
20  limiting curve comprises a constant voltage gain, the minimum voltage portion
comprises a low voltage gain and the maximum voltage portion comprises a high

voltage gain.

g. A power management system for a vehicle, the electric power
25 management system comprising:
a power plant configured to generate electrical power and to supply a voltage
to a power bus;
a battery connected with the power bus to also supply voltage to a power bus;
a propeller drive unit connected with the power bus, and drawing power from
30  the power plant and the battery via the power bus to cause movement of ihe vehicle at
different speeds depending on a mode of operation comprising fast and slow modes of
operation, where the fast mode results in a higher power bus voltage than the slow
mode, the higher power bus voltage coming from additional voltage supplied by the

battery; and



14. The power management system of claim 8, where the current regular 5further limits the
conditioned bus voltage with maximum and minimum-gurrent limits on the bus current. 15. A
method of electric power management, the method comprising: generating electric power from a
power plant located on a vehicle, the power 10plant being connected with a bus and supplying a
voltage to the bus; genetatiery wdgditibnalosibgmeddovgenfroin adoateapd onment éel wittethieebus, the

battery suppling aciiongl./alieaeindhe s INALsaskane vede.of pasialion: Raneling @ propeler

drive unit of a cle in a mode of operation from a 15voltage place e power plant
and the battery, the mode of ssperaso anddpareibies oie lbegedhessied dsropbile mdpdethe busretrieving a bus

current command req%ﬁ%g% ggwg{ﬁg@&%&éﬁqﬁe&%@&%@%g%%;in propeller speed; limiting, by
n

a bus current regulator cortnected with the bus, a bus current 20 within a maximum and minimum
current; 9 calculating, by thgeherstearrent reonddtbns aeltadio Syrehntonh b by cupttnzelbased on the

bus voltage; filtering tffﬁg‘@ﬂ&?ﬂ%@@%@@lﬂrmt settilipliting, by the bus current regulator, the bus current
to be within a range 25 defined by a maximum currént limit and a minimum current limit 16. The

method of claim 15, where cammtmghh@mummrhug datrgederh @Fﬁ!bwemmmtuppér voltage
thresholds and lower and UpQS{dYR%léf\%esﬂﬂw'ﬂ%d?’%ﬁi iBﬁeWBfg%%@é%aﬁ% 05 ‘E‘Hx&%ﬁ'{ G0WRHYNY:

adjusting the upper current threshold of the bus current regu ed on exceeding a speed limit or
when the bus voltage proestbelnliategistoninlantebmtadicd oftageand current.

10
9. The power management system of claim 8, where the current regulator
is further configured to send a maximum current limit signal into the proportional

integrator.

15 10.  The power management system of claim 9, where the maximum
current limit signal is generated with logic receiving as inputs to the logic: a
maximum current signal; a maximum speed and an actual speed; and a minimum bus

voltage signal and a bus voltage signal.

20 11.  The power management system of claim 8, where the current regulator
1s further configured to send a minimum current limit signal into the proportional

integrator.

12. The power management system of claim 11, where the minimum
25  current limit signal is generated with logic receiving as inputs to the logic: a minimum
current signal; a minimum speed and an actual speed; and a maximum bus voltage

signal and a bus voltage signal.

I3.  The power management system of claim 8, where in the slow throttle
30  mode, the flow of power is substantially only from the power plant 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



33 18. The method of claim 17, further comprising the bus current regulator: receiving bus voltage,
speed, maximum current, maximum speed, and minirgwim bus voltage as inputs; and generating the
maximum current limit. ~ 19. The method of claim 16, further comprising: adjusting the upper
current threshold of the bus current regulator based on a rotor of the propeller drive unit turning below
a lower speed linibettevhernthdhotimvbitdept brettsdw edmdximornadiccdptablmbspordliaget  20. The

method of clair 1. e FAPHSIRBAG, NS GUHENLISIIAINY IRERIING Pusvoltage, speed.

minimum current, mini speed, and maximum age as inputs; and generating the minimum
current limit. 15 21. The method of claim 15, further comprising adjusting the bus current

o the o KB RPN INARER 3 NSRS APRELHEIARE SRl E o

&l

current between the lower and upper volt rest‘?\g%rs; a lower voltage gain associatéd with the bus
current when tHerthes Golitgibdstadstitrm Poshelge miditapecithies Roltipandnahigeenditage gain
associated Wit%mgggscwﬁ%m.when the bus voltage is greater than the upper voltage threshold.

5. A method. of electric power management, the method comprising:

generating electric power from a power plant located on a vehicle, the power
10 plant being connected with a bus and supplying a voltage to the bus;

generating additional electric power from a battery connected with the bus, the

battery supplying additional voltage to the bus in at least one mode of operation;

powering a propeller drive unit of a vehicle in a mode of operation from a
15 voltage placed onto the bus by the power plant and the battery, the mode of operation
depending on a requested propeller speed;
retrieving a bus current command request in response to a request for a change
in propeller speed;
- limiting, by a bus current regulator connected with the bus, a bus current
20  within a maximum and minimum current;
calculating, by the bus current regulator, an adjustment to the bus current
based on the bus voltage;
filtering the bus current; and
limiting, by the bus current regulator, the bus current to be within a range

25  defined by a maximum current limit and a minimum current limit.

16. The method of claim 15, where calculating the adjustment is dependent

on lower and upper voltage thresholds and lower and upper voltage gains.

30 17.  The method of claim 16, further comprising:
adjusting the upper current threshold of the bus current regulator based on
exceeding a speed limit or when the bus voltage goes below a minimum acceptable

bus voltage.
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18. The method of claim 17, further comprising the bus current regulator:
receiving bus voltage, speed, maximum current, maximum speed, and
minimum bus voltage as inputs; and

generating the maximum current limit.

19. The method of claim 16, further comprising:
adjusting the upper current threshold of the bus current regulator based on a
rotor of the propeller drive unit turning below a lower speed limit or when the bus

voltage exceeds a maximum acceptable bus voltage.

20.  The method of claim 19, further comprising the bus current regulator:
recetving bus voltage, speed, minimum current, minimum speed, and
maximum bus voltage as inputs; and

generating the minimum current limit,

21. The method of claim 15, further comprising adjusting the bus current
dependent on the following inputs: bus voltage, a lower and an upper voltage
threshold; a change in current between the lower and upper voltage thresholds; a
lower voltagé gain associated with the bus current when the bus voltage is less than
the lower voltage threshold; and a higher voltage gain associated with the bus current

when the bus voltage is greater than the upper voltage threshold.



