Al RCRAFT PONER MANAGEMENT REFERENCE TO EARLI ER FI LED APPLI CATI ON [ 0001] Thi s
application clains the benefit of the filing date of United States

Pat ent Apwbi2entasess2Nunber 12/ 565, 426, filled Septenber 2BCTABR@/ 084381

di scl osure of 5which is incorporated, inits entirety, by this reference.

FI ELD [ 0002] The present invention relates generally to power nmanagenent.
More particularly, the present invention relates to vehicle electric power
managenent systens. 10 BACKAHRURAHIOPO3Y EIREVMWNAGEMENTe Vi et nam Var i s now
renmenbered as the helicopter war, the current conflicts in Iraq and

Af ghani st an rREFERINOE M@ EARIKEIFR FIEEDSSPPL.ICATEONed drones. Drones nmay
facilitate renote intelligence gathering, alleviating the need for foot

sol diers to df0@l] i ntthihegtlichkeoraclemss thpbemdit of thictfHingidatd o orited States

15i nformati on about the |ocation and strength of hostile forces. Drones may

provi de cl oseraeamgblisdtionNimbeeuels6a8126 vl Stptcmbesdsd 2009, nhddibdlogir af get s
of interests, alleviating the need to expose soldiers and/or airnen to

potential 55mﬂlc@{sqﬁccfrbéﬁted”i‘ﬂrﬁsac'hﬁre&Q)érktﬁffsr&ref'éﬂ gdes, road-side bonbs,
anti-aircraft weaponry, mssiles her dangers. 20[0004]Wth aircraft

generally th lilﬁf a long felt need to enhance perfornmance. Prior power
managenent |nprovenents i nclude those disclosed in U S. Patent No.

5,315, 819 (sye062p W tThevaticatmvemidrschics@pedrally & povadt thddagemdiat &dre NO.
4,185,460 (systemcontrolling fuel supply to a turbine engine). However,

oper ati onal ﬁﬁpﬁéﬁ'ldry 'tlf%?pr@sfenﬁ‘ﬂ%/rﬁi%'ré’lﬁ?ek 1/ 6EHi Qb 8RcRGPoR ek FadomdniCl udi ng

unmanned dro emain limted

Systems.

10 BACKGROUND

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

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

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

25 remain limited.



BRI EF SUMVARY [ 0005] The di scl osed system and net hod may enhance the
performance of a vehicle. The vehicle may include an electric power
manageneyoysiiensehat provi des rapid veld cl e response POTHUS@OIEST
requests. In the case of an aircraft, the 5 power nmanagenent system may
enpl oy a power bus that interconnects a power plant, a propeller drive unit
(PDU), a battery, avionics, and auxiliary loads. A controller may direct

t he oper ati orBRIEE BEUMMXERYpl ant, the propeller drive unit, avionics, and
auxiliary | oads, and may receive feedback fromthe battery and power bus.

In a slow thrigppsje moER.diddRcd MR hh@mefRY n@dgf&l%néehcﬁé piRGnRAYESS P1 ant

supply 10power to the propeller drive unit and other |oads, and maintain

the battery qnyARRrAK A buduld EKhSIRIA G5 Omdliaghar dsuahigiesponse Lo

smal | requeste anges 1 n pr rrve spe propel l er drive

unit may track the output.of the power plant as th ower. generated by the
bovier | pl ant - STBVHS PR EsEreoponsbi il e, thdt CRRPbATFETARUES such as
upon a sudden and | arge change in 15requested propeller drive unit speed,

t he contr 8l | OWpRyagpgeERNt ﬁwgqm 18 cpHdped pewerdius vieat GHercoRFckid ROWaicr ease
speed by drawi ng additional power fromthe battery in excess of that being
gener at ed by pilée, pprepellgpldamt nniSERI3E Y wenttbyy, atiheiceant mokiliery lowds. A rect t hat
t he power plant generate a new power |evel conmensurate with the requested

propel | er drigeatroMdrtmSpard: tRGptRAtoR oMk poRicnPlad, BWHroyelRNYrive it i ary
20l oads, as well as replenish the battery. [0006] I n one enbodi nent, an

el ectric po%i%@%@ﬁﬁli@ a8 ah@ r%f‘e.ﬁ@aée:fegdﬂﬁ%l( i ?\"e%\éit%g%?g g@&‘ver

el ectric power managenent stem may Inc a power plant ured to

generate, et eoL el B ATHhS BLEP R VLIRS R AR BRSPS 2 o
f2 rSOPnet ﬁg%rogedpofx)ifl’e?[[g t ce)\f)?gpeﬂgrn rgvaétuencljt a?l)(/i ottl?g lopa%\é\faarnd%llﬁgtgina’[ﬂg b;[ltt[]e?;[l 0}1S suppl 1 ed
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 plant. Subsequently, the controller may
direct that the power plant generate a new power level commensurate with the
requested propeller drive unit speed and the power being drawn by any auxiliary
20  loads, as well as replenish the battery.
[0006] In one 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 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



power plant to the battery via the power bus. The system may include a
propeller drive unit interconnected with the power bus. The propeller drive
uni t rmay We 2eowiBrs§ar ed to draw power fromthe power pl aRCTAS2010/0¢945DWer bus
to cause novenent of the vehicle. A controller may be configured to direct
t he power 5managenent systemin a plurality of distinct nodes of operation.
Each di stinct node of operation may control the propeller drive unit in a
di fferent manpeerer pAnf iortht baticsy viadhe podle k. dhesptdm maydyclbée apwpolert hrottl e
node, and a second distinct node of operation nay be a fast throttle node.

In the slow tdetunltgnteRABRectdiBW itk W RfvcPBUE I THE o8It AT LhiEmRPBEr Pl ant
and into the propeller drive unit and the battery. 10 In the fast throttle

node, the 11 Qi Al 08VE IAGWRE lohP i bBR PALAELY 1R GuPRYEL.P! ant Tnto

t he propeller ve uni t hr anincrease in

propel l'er drive uni eed t |s r uest i ni owered generally
DT rely by oot efPe TRuel A ol Ry R codigMd o3t PRBRNE" D
propeller drive unit speed is not linited by a present |evel of power being
gener at edSby DHBLHHORSYHERAR 2 Plyaliyed Ajstingt fﬁmﬁsl?épp%fﬁ%@tll Bachtdistiggt el ectric
power managenent system for a vehicle nmay be provided. The el ectric power
managenent sysodenofrmpyrating imageoatrplahe prapk Bertdrive it gu p diffarentgemeriat & first

el ectrical power and to supply a voltage to a power bus, and a battery

i nt er connect efistitict molld6f Gv@ionFh@nbe ¥ slawlth@ttRomede, S a sddvad datiherodery be
configured to either discharge current to the power bus or draw 20current

fromthe poweys dibisiib?nhdbadaltimBlile ASRENAMRGIUP Arofid YR, 1Rl BHS vol tage
associated with the po he system may 1 nclude a propeller drive
unit interconpected W%%ﬁ) th the Ee By &%ﬂt and, .t he. batter Qggaﬁ:he power

bus. The proﬁ%lernm’rlve unlﬁmﬁgrp con ?ggmfﬂm'r“eunuan ephe
power t and ry via the power bus A ontro confi gured
to di recﬁ t hel g%%@@%élrﬁﬁgwfewrrﬂ%y ¢ Pyt ?gat%ﬂwarfgﬁrem@rveﬁodes of

operation. Each dlstlnct nmode of operation may control the propeller drive
unit in a dififlenténip theaprapeller Arive pait. W the fast threfdd enade, apeermescon prepellpe a

sl ow control node and a second distinct node of operation nay be a fast
control node.drive unitspsddahatdoniquedtedideitiainpowand poddraty ¢emiyelgdibyeled t hat
changes in the speed of the propeller drive unit track changes in the 5

power being apRefatack Ryult,ie tHROWRthidltRYhokY tHb frefdilcnaritdeniP§RpEId Rt drive
unit to use only approxrnately t he anobunt of power being provrded to the

oDl o M DGR 5 AN M b  pOURE e L1, 1 TSt
LeSPord L o Y o SPeRd coquest o e propellsr, griv, uni by
vehicle may be provided. The electric power management system may include a
power plant configured to generate electrical power and to supply a voltage to a
power bus, and a battery interconnected with the power plant via the power bus.
The battery may be configured to either discharge current to the power bus or draw
20  current from the power bus to charge itself depending upon a level of a bus voltage
associated with the power bus. The system may include a propeller drive unit
interconnected with both the power plant and the battery via the power bus. The
propeller drive unit may be configured to draw power from the power plant and
battery via the power bus. A controller may be configured to direct the power

25  management system in a 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, twe2epesmsef the propeller drivednit is not |imcras2ep/osssevel of
power being generated by the power plant. [0008]1n another enbodinment, a
met hod of electric power managenent may be 15 provi ded. The net hod may

i ncl ude generating electric power froma power plant |located on a vehicle.
The power pl anddeaiiopbetionheyconnelcthe gropelidr drivowsit id hdiffethtoachniey A fiedtude
powering a propeller drive unit of the vehicle in a slowthrottle node of

operation fritmc/RbiA8LoRARAMBOa §1B§ BHE0IRYodd¥hdROWesnddisitct mblag
propeller drive unit may drive a propeller using power fromthe power plant

in the 20sl owt . ) i i t chi f ast
throttl e node stoaieh BelaES st iR AL, Thihd IRk KRS SET R ohRR P21
draws addi ti onal .power necessary fromthe battery.to i.ncrease propeller
Speed by an dRBUHTE B BEen R mrotRbBe e B o RG B SY fed o
the propeller drive unit by the power plant via the bus. [0009] Advant ages
will becofe rmower hpipaerarated by Higspovekiplang by diseeting thg propelipndrive UpiG L Biki ng
description of the preferred enbodi nents whi ch have been shown and

descri bed by omdyamfroxiimatedy thataimeunt ¢Sponidr being preasadddztedhe phogely sitigpuaind

nmet hod are capabl e of other and different enbodi nents, and their details

are capabl e qforﬁﬂwdv&e@%wnomaime VAU ErauS. Tetp ek SontA @@ydd] Mg leyntrdllte niyawi ngs
and description are to be regarded as illustrative in nature and not as

restrictive. pBRLAke ?Fo%@ﬁ%?dﬂs@ﬂn@%o %ﬁ@%ﬁ(’?ﬁ% EORENaE BUpEedlrehlhdsizidrat es

an exenplary electric power manage
the propeller drive unit by drawing the additional power necessary from the battery

10  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 management may be

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 include powering a propeller drive unit of the vehicle in a slow throttle
mode of operation from a voltage placed onto the bus by the power plant. The
propeller drive unit may 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
operation 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 being provided to the propeller drive unit by the power plant via

the bus.



[0011]Figure 2 illustrates an exenplary power bus; 10[0012] Figure 3
I1lustrates exenplary control of a power managenent systent [0013] Figure 4
i || ustratwe 2an/ssssepl ary nethod for sw tching control mpdgaISed10A496NET
managenent system [00l14]Figure 5 illustrates an exenpl ary power managenent
system architecture; 15[0015]Figure 6 illustrates an exenplary propeller
drive unit schematic; [0016] Figure 7 illustrates an exenplary PDU conmand

curve; [0017][B8009yr e Adivhdthigdsall@scane exedpparayit tuthokilleddhl kiat @t from
[0018] Figures 9 and 10 illustrate exenplary voltage bands associated with

PDU cont rol | BOFARKEAFLGHfiftichlofthé HREARUCIRURATI A Kich AV BEA hash ahlrot Ll e

nodes; [0020] Figure 1 ustrates exenplary transient behavior;

[0024] 190 Sk 1G5 RAIRLAY M AL A AL asppi
100231Fi gure c]éga‘t;lle loy gt&léragn%sdiﬂ“gregtx eern old?rir‘lgntg,ua%d\ﬁ?eli} ge%a%lsra?g gallpaa feoor}; and
5 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
[0010] Figure 1 illustrates an exemplary electric power management system;
[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] Figure 5 illustrates an exemplary power management system
architecture;
15 [0015] Figure 6 illustrates an exemplary propeller drive unit schematic;
[0016] Figure 7 illustrates an exemplary PDU command curve;
[0017] Figure 8 illustrates an exemplary current regulator;
[0018] Figures 9 and 10 illustrate exemplary voltage bands associated with
PDU control;
20  [0019] Figure 11 illustrates exemplary slow and fast throttle modes;
[0020] Figure 12 illustrates exemplary transient behavior;
[0021] Figure 13 illustrates exemplary differential throttle control;
[0022] Figure 14 illustrates an exemplary command limiting gain;

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



[0024] Figure 16 illustrates an exenplary current voltage regul ation.

DETAI LED DESCRI PTI ON [ 0025] A system and net hod may provide an electric
power nmaME@enEnB7sYst em t hat enhances veHficl e perfor mran®@eT/URR@odlEst ri c
power managenent system may 5i ncrease the response tine of a vehicle to
significant throttle increases. The vehicle may include a power plant, a
battery, and one or nore propeller drive units (PDUs) that are

i nter connect §0024ja a Figuerlclillsstrafesaarkemblagr curent doltage redul@tionper at i on of
the power plant and the propeller drive units in multiple control nodes. In

a slow throt theTAPARDADESCRIRTION, the propeller drive units may draw power
primarily or 10 entirely fromthe power plant. In a fast node of operation,

the propel | enoflsbive Ul guTi KaRMEhy SRAMPIVELAL AN LS MRLESR Logexcess

of that curr provi er drive uni e power
pl ant via the power bus. .[0026] The power managenent system nmay include a
power pl ant dbpten W@ﬂ%@%@ﬁ&@a@cgoﬁ? elaﬁacgaw PaRAZGRCHSCPIMAY power
bus. The power plant may 15i nclude an internal conbustion engine, an

ext ernal e@onbogrisiheregPanse timefafa|vebisid to sgmifigapt Grotte insemess. &Fh@meh@lmpl ed
to an electric generator. The power plant may accept |iquid hydrogen as a

fuel . The fuehaymayluden poiver plant, adattanthndront wr mord progelherdaivo uniwiPRjés)er at e
power to be placed onto the power bus. [0027] The power nanagenent system

may include anhiakd Bdtcéiincdedalad£50wddeK AQohtbRirGRANEECEthe Wpbitibh 6f Pewer
pl ant via the power bus. Depending upon a |evel of bus voltage, the battery

t via tl . Deper | c
Cur ront 1romichs: pansR e PrgeRR PLESn L] llipk Doty AOHEL IR sorent

system may | n[ﬁllro"flt?eem(o)(?ee o orpera {0161, re%?oeplehgrr dlrgvreI uhits may draw power primarily or

10 entirely from the power plant. In a fast mode of operation, the propeller drive units
may rapidly draw power from the battery in excess of that currently being provided
to the propeller drive unit by the power plant via the power bus.

[0026] The power management system may include a power plant configured
to generate power and supply a voltage to 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 generator. The power plant may accept
liquid hydrogen 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] The power management system may include a battery or a battery pack

20  interconnected with the power plant via the power bus. Depending upon a level of
bus voltage, the battery may be configured to either discharge current to the power
bus or draw current from the power bus to charge itself.

[0028] The power management system may include one or more propeller drive
units interconnected with both the power plant and the battery via the power bus.

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



units interconnected with both the power plant and the battery via the
power bus. 25 Each propeller drive unit may be configured to draw power
from t he wower/@rssat and/ or the battery Nia the power PGS/ UB2el00$B5t he
power drawn to cause novenent of the vehicle. In one enbodinent, a
propeller drive unit may be configured to rotate a propeller and supply
power to the battery, auxiliary |oads, or other propeller drive units via

t he power busanbortheighttany Via g fdwer puopel dserthd poveerrdegem ey @loimonaneant of
5control of the associated propeller drive unit. [0029] The power nmanagenent

system may i ngé vdScle. B Q&ESShIimbt 4 pfopBldritdf8 dintt tnaSaRt doflic@Rg o Ritape! | er
drive unit in a plurality of dIStInCF nodes of operation. Each distinct

mode. of OPer AR LB 45 S HLASHED A OO RAL RURE prfibud, ! o ent

conbi nati on ower s t hat provides power to eac pellTer 10drive
unit. [O030] A first distiqgtlpnde OfWgﬁfh%tionﬂnH¥ be a sl.ow throttle node,
and a second WHSt1ABE PREESOYoREf AR B e )rapa!ld 1 2LPePRAGPE MOR8he. 1n the
slow throttle node, the current |evel of the bus voltage may be mai ntai ned

by the power Gontnkof thipesseeiaigd pronsHaiediviegdtitbe from t he power plant and into

the propeller drive unit and 15the battery, or the battery nmay be on a

float. As a r[@820]t, tHe pEvapetdnegenadnt syrerpmeyyahtlede dpioeessingiunitray be driven
entirely, or alnost entirely, by power being generated by the power plant

and avai | abl eohfiglild@ tPEHESI b&h fbplRr thivd uviara fliliBoyRfistiidsmoasinhi | e,
the battery may %e mai ntained in a desired state of charge (SOC) via either

atrickle ch p - ndt Rk : | ;gﬁ&] , or a
20tri ckl e digyhgwgg'g &gﬁg%g%t ou%@gyagﬁg{%g%?gﬁyﬁgﬁghgﬁﬁg&?ﬁ% p o%@%ler
drive unit or_other |oads.. [0031] The slow throttl.e nobde nmay be a 'steady
Stater or  noe ot fiaaCGbin BRHFRANS Hufis BhGIPyRRTRET s Wieel Priel
propeller drive unit may respond to small changes in the speed requested. A

speed redlestdi§ynBe associated with a speed of a 25conponent of the

propeller drive unit, such as a speed of a rotor of a notor or
[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.
The flow of power may be from the power plant and into the propeller drive unit and
15 the battery, or the battery may be on a float. As a result, the propeller of the
propeller drive unit may be driven entirely, or almost entirely, by power being
generated by the power plant and available to the propeller drive unit over the power
bus. Meanwhile, the battery may be maintained in a desired state of charge (SOC)
via either a trickle charge of current from the power plant and into the battery, or a
20  trickle discharge of current out of the battery and into the propeller drive unit or
other loads.
[0031] The slow throttle mode may be a “steady state” or normal mode of
control. In the slow throttle mode, the propeller drive unit may respond to small
changes in the speed requested. A speed request may be associated with a speed of a

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



generator, a speed of an engine or a propeller, or a ground or air speed of
the vehicle. [0032] The system may identi%g throttle requests as being snal
by comparwogor/a3esjaest ed change in speed d@associ at ed w t RCA/USRI101089481 r equest
with a pre-determned 5threshold. If the throttle request or associ ated
requested change in speed is | ess than the pre-determ ned threshold, the
systemnmay identify the throttle request as being small. As a result, the
system may r eaenatora $peed st avertgincodrtd ropaide, canadrawoid drraginpteat oftthe a f ast
throttle node of control. [0033]In the slow throttle node, the smal
throttle requesics. My indicate that a 10pilot or a driver does not need a
rapi d change in vehicle speed. The system nay adjust the power plant to

i ncrease or ase e - c 1 . a _new
speed of a p(rj@gge | er ﬂfel geglnl%l?)g écgg{(g@{tg{ogtge I\t/?n%tl%%t ahsgd% 0 uﬁ%}? Cro\e{)fl uaglg & As

t he power plant s| adjusts to the new power |evel associated with the
smal | change rF?queétﬁg\%XI}g@qhég%eﬁa,ssch@eda%l?Pﬁﬁpaleaswﬁt Wi £ RE- RIS RSthges.
The 15propeller drive unit may increase or decrease the speed of the

propel | er Sor tbrepleald.c HrihoHisettle refuasios peigpietedipquestcd shaasun spest ipleaethan

avail abl e on the power bus and being generated by the power plant. In other
wor ds, i n thehspevdddrmotdd tbreiald, tbé syypam atayodentifihthephoptd deguesdad wgnguni t, or
a speed thereof, may "track"” the power being generated by the power plant.

20[ 0034] I n t hendilasts 4 RE@E, thesyRRECmay Rendih DERS SI0Wthent e nTRlY afld heCkank e
propeller drive unit to rapidly increase a speed of the propeller drive

unit, such as,g fRYALHR MR Er speed. As a result, the propeller
drive unit nmay require nore power fhan currently being provided by the

eanests. Rathbl i b e PaRdbueiomnds SERADRRTG b B Bl ot o

speed, i.e., change the anount of power being generated., The propeller
drive unilf Mt aF adiivdsogtntiiceha ranybaangs Bb%ﬁg’écé? yoocd ThpPUiSM KT ease
propeller, nmotor, or other speed fromthe battery via the bus. For exanple,
i n respondi ngudiwt thetpomet plaet toauresse or dbaegpe ppekt bainglgéneeatethiotbenay dr aw
excess power fromthe bus, causing the level of bus voltage to fall to
appr oxi mat el yobahdrsuiiteoith agew spedasequeopdiiér diitieunit associated with the throttle
request. As the power plant slowly adjusts to the new power level associated with
the small change in speed requested, the available power on the bus changes. The
15 propeller drive unit may increase or decrease the speed of the propeller or other
component in accordance with the amount of power available on the power bus and
being generated by the power plant. In other words, in the slow throttle mode of
operation, the propeller drive unit, or a speed thereof, may “track” the power being
generated by the power plant.
20  [0034] In the fast throttle mode, the processing unit may direct the propeller
drive unit to rapidly increase a speed of the propeller drive unit, such as a motor or a
propeller speed. As a result, the propeller drive unit may require more power than
currently being provided by the power plant as the power plant may not respond

quickly to 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



Sbattery may nmaintain bus voltage at approximately battery voltage and
supply the excess current needed for theﬁgropeller drive unit to quickly
answer t heotbrigirsse r equest and change t speed of thePpTasedlomno4dri ve
unit to that requested. [0035] The processing unit may direct the power
plant to generate nore or |ess power commensurate wth the speed requested.
As the power plant gradually 10generates nore or |ess power, the bus

vol tage may redyudmwttbe additiead postaicecdsarywbirggidiyliecrbass pvaicllagendtesr, bei ng
determ ned by the power plant, and the flow of power is once again fromthe
power plant ajigkrispéQ IR RV 1RRE @k tith huse FUNEtandlel iR Rpatshd 1Al thrdt@ads, as
well as into or to float the battery. [0036] The power nanagenent system nay

o ot Ly o' bl SAAGGILPAHER bt ARPHRAOKL IR s SP I A BROUR, 2

pre-determ ne el ng na e change reques

throttl e change, reguests rigger th r age t systemto swtch
fromthe sl O\r;\lnge‘llu Pgﬁﬁ %’Hﬁﬁg@fa tt%%{ xp}fg@?%&wy P ag%bgglgseﬂu%mb'd Cer mi ned
threshol d nay be approximtely a five, ten, or twenty percent change in
propel | er Sdr i Bageiyingy gpdédn by valfage at @rotipatehabatisey Y@Eﬂ«g.e and supply the

20[ 0037] Additionally or alternatively, the electric power nmanagenent system
may swi t ch freonessiverrsitosedddrfot thegroppdler dnneourtitte quakty arswet theehnotbte based
upon user selection of one or nore throttle nbde settings. The system nmay

include vari quguadsfid ehgcthe epeddfitHcasropolict Al eswasthtat@kstvdt h a sl ow
throttle node, a fast throttle node, a regeneration node, and other control

The sl ow thr QP e modl e TP REw ai G Rl R ROl o1 G e ofRRL ™ ' "

the slow thr node. ectio rott

switch may place the system.i. he fast throttle nmode. [0038 tiple nodes
of cont ro rge PRBET SLET S Srss a8 ba TG mpP ERbMIle B
processor,_and be self-regulating. The flow of power nay be bi-_ 5djrectional
with resp8ct gegeratse marepelertRovTi the bumielkage BaNdrtuship F Medy; sttﬁt%lwélch

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.

[0036] The power management system may identify throttle change requests

15  approximately equal to or above a pre-determined threshold as being major throttle
change requests. Major throttle change requests may trigger the power management
system to switch from the slow throttle mode into the fast throttle mode. A pre-
determined threshold may be approximately a five, ten, or twenty percent change in
propeller drive unit speed. Other thresholds may be used.

20 [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 sclections 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



propeller drive units in slowor fast throttle conditions. In addition to
the slow throttle node (powering the propeller drive unit fromthe power

pl ant) armothe/dasse throttl e nmode (poweriltg the change PATASCUESIEE!
propeller drive unit speed fromthe battery), a regeneration node may
result in the propeller drive units providing power 10onto the bus and into
the battery and other | oads (such as during wind-mlling). [0039] Thus, in
nor mal oper atrmeodisswitchengyr gipel the sy st wethd Bldwsthndyle efode pawerisct o sele@iine
thrust. However, the system nmay al so provide for dynam c braking and

burni ng reactdruga MBitic YW ikhBRAKIAG 1B Yydtdt e fhdehbsicRfoRn el ectric
notor of the propeller drive unit as a generator when slow ng the vehicle.

The pover 15g§g 12t e,‘?'l}/lﬁﬁiéﬁé‘l%o@ésoo‘h%'ola%le I{r?&!é%eﬁ%rr%g{d%%”@ye ?ﬁg&ﬁ&%ﬂr&%hﬁﬂs as

heat. Additi Y, egenerative propell'er drive

unit may be placed qn the bus a I r _energy, coQnsunpti on. i ng dynam c
braking to siBH BRUGE AFEERORag Povidl g Thaar o a%fafrme%}ﬁi)ﬁhem s.

[ 0040] The system may maintain the battery at approximately a 70-80% state
of 20char §e. direchons] withtrpspaciindrepropelips dribe uaiés | Foatsr eaydlauim eéwer , such
as to rapidly decrease propeller drive unit speed, a less than fully

char ged bat t grypaliey dhavenisxo slosy gpdagthettera@gditioapaln ddditioBitothd doveousl y, a
battery having a 70-80% SOC may be sufficiently charged to support a fast

control node tRfotRPROAS (R cHAL thedpropdlRt aftd ahit fbmahé hewergasepind RS fast
| . Exenpl ary Power Managenent System [0041]Figure 1 illustrates an

exenpl ary el [ ; : system
100 Ty | nel e P B g e S S drop G N PP b
rectifier unigt

propel |l er dr it@g %%?fi’at%g%%\é\aﬁ{of %@de}rﬁé} reeglélg %ﬁt}ilg E)%Oé)\%ﬂ‘ééf %‘g\%gﬁl gg&ﬁ%@ﬁn}é{ggwr@y
i nel ude Efgddigrftg trlllglbhs ];1(13 Htd th%rbaglerglealilg aotdie\{ foads ?5?181? 4 Ehfring wind-milling).
[0039] Thus, in normal operations, the propeller drive units may draw power to
create thrust. However, the system may also provide for dynamic braking and
burning reactive power. Dynamic braking may include the using an electric motor
of the propeller drive unit as a generator when slowing the vehicle. The power
15  generated by the propeller drive unit may be dissipated as heat. Additionally,
“regenerative” power generated by the propeller drive unit may be placed on the bus
and lower energy consumption. Using dynamic braking to slow an aircraft may
lower wear on landing gear components.
[0040] The system may maintain the battery at approximately a 70-80% state of
20  charge. In a situation where it may be desirable to dump power, such as to rapidly
decrease propeller drive unit speed, a less than fully charged battery may have
excess power storage capacity. Simultaneously, a battery having a 70-80% SOC
may be sufficiently charged to support a fast control mode of operation upon a

substantial throttle request.

25 L Exemplary Power Management System



[ 0042] A fuel tank may store the fuel supply 102. The fuel 102 may power the
alternator rectifier unit 106. The flow of fuel to the alternator rectifier
unit 106 waypobesessatrol l ed by a flow conffol 104. The fPOWUSRO0¢45104 nmay
i nclude el ectrical and nechani cal conponents. As an exanple, the flow
control 104 may include 10vari ous sol enoid operated val ves. O her types of
el ectronically controlled valves may be used. In one enbodi nent, the fuel

102 may be |i[Qo4H hy#iggenillusirites ad eedngplarg\eldearicskr nhana ek gydt@ag00.
fuels. [0043] The alternator rectifier unit 106 may include an i nternal

combustion W%&po%%@nﬁﬂ%&l&%ﬁﬁéﬁ%o 1hQinclh® 4 REEpBly tRMRYSH QAwrgPt or 108
may run on the 15fuel 102. The internal “conbustion motor 108 may operate in
ol ace ¢ he. geniarbdRsBiaReaes vhhdoks BRUEIE 115 e G, BEPER ot ™
oo "o G TP LA St R FaflE | o
device, or other devices instead of an alternator 20rectifier unit and/or
not or . [ 0044]additignal, e Haradtematinpesnpqpsisr primarily or exclusively from
the generator 110 nmay power the propeller drive units 116, 118. The

propel | er dri[0@42jni t 8 fidicank 8y sewye the fodngdy ¢d2.t Dhe Ael padvmeay pusedth?.
[ 0045] The power bus 112 nay be interconnected with a battery 114. The

25battery 114@BMmtdrRedtifReunit 30619TR: 86K of Alcl & HEhiteaot rd2afibentt MaCcksy The
battery 114
be controlled by a flow control 104. The flow control 104 may include electrical
and mechanical components. As an example, the flow control 104 may include
10 various solenoid operated valves. Other types of electronically controlled valves
may be used. In one embodiment, the fuel 102 may be liquid hydrogen. Other fuels
may be used, including fossil fuels.
[0043] The alternator rectifier unit 106 may include an 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
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
20 rectifier 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
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



may be operable to draw current from or placed current onto, the power bus
112. In one enbodinent, the battery nay be a |ithiumion battery. Each
battery paokonwg7ssenpri se approxi nately 185 batteries. Pha/usamesssshay be
manuf actured from Al 23 Systens, Inc. TM of Watertown, MA. Ot her batteries
may be used. 5[0046] As an exanple, if the generator 110 generates a voltage
that is higher than the voltage of the battery 114, current may flow from

t he gener at ormdylb: opeirabl¢ toedrpwepathterorarirpdacedictuserit bato, b oared btihel haiint er y
114, charging the battery 114. On the other hand, the propeller drive units
116, 118 may HR cAbawiniht SHE batkre Ray GUarl BRunABH bR EbEiPRatichepRRWRLy bus 112
such that the bus voltage falls. If the bus voltage 10falls bel ow t'he

battery volt ac%ﬁp?ifse %ﬁkﬁogﬁ{atte%{’ go%‘%éterl%jgﬁ"ﬁ@f)at{@?/ rnfakl %g’tn{a]%gggsc & ﬁgltntff% 114

into the propellier I've uni powert ng; I'n par t he

propeller driye units. 116, 118 fr t battery 114. 11.Exenplary Power Bus
[0047]FigureE%“WPFU@FF%ﬁ’évéﬁégygﬁg%aﬂﬁhﬁgﬁg TG} 22 8pUsefthe bus 200 may

15i ncl ude busswork 202 and interconnect an alternator rectifier unit (ARU)
204, a babterl{)04@6, Aspgrepanplerifdid geacigtirtl 19 generaigs pmpléagezhd is bighera payl oad
212. The power bus 200 may interconnect additional, fewer, or alternative
conponent s. [th@d®} Thikagel dfehaiitery i BE cufreremaynildw #O thageparatet dE) mowde ont o

t he busswork 202. The avionics 210, such as actuators, and payl oad 212,

such as sensqirspalReddl WnTRAI16J] BEMIJARS batfeRy 114 kRaigawerhe bitesy i e Ousisavor k
202. The propel?er drive unit 208 and battery 206 may al so take power from

the busswork @02, s tﬁ\@f#[opg]ﬁrglgﬁf% 991“3@ (101749 Ffag;%e Flga%fﬁ&g rs%éfrﬁ%%éF g[rpé?l% fhdhe

power bus 200 may be co a contro control
nodes. The paower

25f ast t hrot tH%&'S cu9 %1 t%%%o?vﬁ%b@ﬁ&%%%ﬁ gllta{ @g bhgﬁ(gl,tasglﬁg%f‘ qgﬁ%&){]{g Vg%\%%r alr)lgs a200
may be 10 falls below the battery voltage of the battery 114, current may flow from the battery
114 into the propeller drive units 116, 118, powering, at least in part, the propeller
drive units 116, 118 from the battery 114.
11. Exemplary Power Bus
[0047] Figure 2 illustrates an exemplary power bus 200. The bus 200 may
15 include busswork 202 and interconnect an alternator rectifier unit (ARU) 204, a
battery 206, a propeller drive unit 208, avionics 210, and a payload 212. The power
bus 200 may interconnect additional, fewer, or alternative components.
[0048]  The alternator rectifier unit 204 may provide power onto the busswork
202. The avionics 210, such as actuators, and payload 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 a

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



changed slowy and controlled by the output of the internal conbustion
notor. Little or no power may be added to the power bus fromthe battery to
suppl emrerworha/i3ess2vol tage in this node. 1&n the ot her ha&aduszenonksst ast
throttl e node, power nay be taken fromthe battery to bring the propeller
drive unit(s) up to a requested speed as 5quickly as possible. In one
enbodi nent, the fast throttle node may be used for takeoffs and | andi ngs of
an aircraft, cbangedspongiang cordieddlyand owbut sfehemsesal@omidestionasesr.i n
requested propeller drive unit speed, such as may be requested during high

wi nd condi ti qiigie drinb-Jo@FRIagbY 2688 toFhe FRL QIR0 HohDhe Badery ltd YGIpI@HES the

exenpl ary control of 'a power managenent system 300. The System may i ncl ude

a pouer bus 02voRb AN hALE 0 g nibdPRINRE oRL A3 ARy HRAL LESH308

propell er drive uni and control conputer

system may inclu additional , fewer, or. alternative conponents.

0051] Dur ; no WS GSURLEROR DTy gH ERE Pt LN RIS 8 Bont r o
t he 15power nanagenent systen1300 inaslowthrottle node of control 320,
as di scussed q«w&x s pospibles | Tpang pmbedimenhsipelastzbroismpde may be usad fobwer i ng

the propeller drive units 312 primarily or entirely fromthe power plant
306. [ 0052] Howeeéls and lanidings of hepir¢rafies redpending po sibswatliioereaks bhe propel | er
drive units 312 to throttle requests may be needed, the flight control

conput er 318 J¥BaZeRiquelted Mpawmmsraﬂiag@dwmucwghﬁpﬂb@@&meme@dﬁﬁﬁg
throttle node of control 322, as discussed herein. The fast throttle node
322 may be bag RAURIhDY the propeller drive units 312 from both the
power plant 306 and the battery 308. Additional power in excess of the

power current bel n nerat by the power plant 306 and necessary to
adj ust a spee i{of e"f’ﬁ’g'“%grcfp{é?‘l‘%gl drive units 312 in 25accordance with a

throttle request may _be i diately taken fromthe battery 308 in
10 9 [8850] yFl%ure 3 illustrates egemplary control of a power rnanagernent 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.
[0052]  However, during other times when rapid reaction of the propeller drive
units 312 to throttle requests may be needed, the flight control computer 318 may
20  control the power management system 300 in a fast throttle mode of control 322, as
discussed herein. The fast throttle mode 322 may be based on powering the
propeller drive units 312 from both the power plant 306 and the battery 308.
Additional power in excess of the power currently being generated by the power
plant 306 and necessary to adjust a speed of the propeller drive units 312 in

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



the fast throttle node 322. As a result, the lag tinme that may be required
for the power plant 306 to gradually adjust power generation correspondi ng
to a newWpeed/shsse i s being requested md§ be all evi at edCT[UBOEBTH&L f | i ght
control conputer 318 nmay receive feedback 314, 316 fromthe 5power bus 302
and/or the battery 308. The feedback may be representative of the bus

vol tage or the current flowng out the battery 308 or the battery vol tage.
V. Exenpl ar yhédvBishihebt{l©BladE BRYUAES adedult] thetlagtims tian mex depéqiined fatthod of

switching control of a power nmanagenent system between multiple nodes. The

net hod 400 web 6ladee0elld i RANREHuSGD RV E BAdAdflorMbfdhdRPWB Ta geqrent
al gorithns 402, operating 1n a normal” or slow throttle control node 404,

operating in tﬁgg&néga@gg&ggﬁgggaﬁéw gle upon receiving a significant
r , - an

throttle or other feguest 4 returning to slow throttle control node
408. The net y Include additional, fewer, or alternatjv tions.
15r0053) The. dBRcHor TS DK oy LEBRk s bp e BRIGHA S Sfb Bt o
current that powers the operation of the propeller drive unit(s) as

di scussed3hermower bind0hendisdhabaterny08. nEhauigedbask magibeireryceataive alithgi dual
propeller drive unit in a plurality of distinct nodes of operation. Each
di stinct nodeusfvobperatthocurmay flpwong abe ttee ittt fye0sntr tisobateey adltagewer t hat
drives the propeller drive unit via the bus. 20[0056]In the slow throttle

nmode 404, thgvret hogn@iry®edici N bus vol tage such that generally only the
power plant powers the propeller drive unit. In one enbodi nent, an anount

of pover avaijhglie ¢ 9iies BLARERL B ollhiEy Hlihod b AR BB by Adg ed

slowy as the Interna ustion noto ower plant conmes up to a
ST ERCRUNE T i - A e R R S
10 programming a controller with power management algorithms 402, operating in a
normal or slow throttle control mode 404, operating in a fast throttle control mode
upon receiving a significant throttle or other request 406, and returning to slow
throttle control mode 408. The method may include additional, fewer, or alternative
actions.
15 [0055]  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 power plant powers the propeller drive unit. In one
embodiment, an amount of power available to the propeller drive unit via the bus
may be added slowly as the internal combustion motor of the power plant comes up
to a speed commensurate with a slight increase in the requested propeller speed, and

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



[0057]In the fast throttle node 406, the propeller drive unit may draw nore
power than that being provided by the power plant. The nethod may switch
from t he Wbamtdirsset | e node to the fast throttle node. PaTaiseo@miEdi ment
after the systemswitches to the fast throttle node, the requested increase
in power necessary 5to bring the propeller drive unit up to a requested
propell er speed as quickly as possible may be taken fromthe battery. As a

result, in tHeosTlow tihhetfis: ehromidenddaelObihe pedpclgedriveyuniemagpdatansned by the
power plant and in the fast throttle node the bus voltage may be

mai nt ai ned,  alowlcRath thil tRAtpréNGed §MRMBR! ¥lan®YTHNE RS b8y ¥witkiPB58] The

nmet hod 400 may i nclude directing the power plant to adjust” power 10being

generated to r i eque . e itching to
Phe tast ¢ hr ot Pt aBRlfe b8 IR SERTSRd. TRt
commensurate with powering the propeller drive unjt(s) at the new speed
request ed, andt @é@\ﬂ%%@%ﬁbg%fﬁ@ %%Oﬁ?’ég?/rel%%\%%‘{lﬁ A 'BEREFRECCPEM t he
bus, the nethod may return systemcontrol to the slowthrott|le node 408
such t hat Spowebring theprppalige Ariveimgun tkeredpesisd repHier pracd @p quickly@genpl ary
Architecture A Power Managenent System [0059]Figure 5 illustrates an

exenpl ary ar qlostibletrayebd takerafrgower batemagésre ndsulOiatsd dow 301tIchedstist em 500
may include one or nore payl oads 502, avionics 504, a guidance navigation

and control (HNGHItAY thaypbbmaimtXd 18] the PORer HaMQindlin Hleardit thrbfle Mo@pat| er
drive unit (PDU) command |imting software and/or hardware 512, and one or

more propel | g5y %ité(%e HAY bSmaiktincd) Gt REG N pHCAH RmFB¥riy By YeeH AL t 1 onal ,
fewer, or alternative conponents.
[0058]  The method 400 may include directing the power plant to adjust power
10 being generated to correspond to a new speed being requested after switching to the
fast throttle mode. Once the power plant is generating power commensurate with
powering the propeller drive unit(s) at the new speed requested, and accounting for
the auxiliary loads being powered from the bus, the method may return system

control to the slow throttle mode 408 such that power is no longer being taken from

15 the battery.

V. Exemplary Architecture
A, Power Management System
[0059] 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.



[ 0060] As shown in Figure 5 the power plant 510 may respond to a total

power comrand signal that is generated bi conbi ng signals received fromthe
payl oads W020112037852i cs 504, and the GNC Uit 506, and aPbatusestp/oear ge
command signal associated with a battery 508 state of charge. The total
power command signal may 5 correspond to a total power being requested by
the system | oads. The total power comrand signal may be received by the

power plant J006@Ir a As swessiariassocihaipedemplht SIOMhiickpond tb Aeotabywverpl ant
510. [0061] The power plant 510 may generate and place power onto a power

bus. The bat tfymaA8isMRY (HahR YRerMed By THRBIS SRR ARG HHATh dagnt | evel
of battery 10vo|tageu%?th reé%e%ieto&the g%gmggltagé. The bé??ggi 508 may

feed current oAt SbNe: By IR0 GQUSL APER0A [LAMY B RIQRBLLEN GGG e uni ts

514 exceeds t power” berng generate e po 2] PDU
command limting.logic and/or circuit 512 be used to nerate a
current that “SHBHTEITR ALABHYSOR sletasighaiticer Mo blbaier camBrid SieRal )
15command Iimting unit 512 may accept bus voltage as one input and a power
command, SucHoassEeng dowe fotelareens deing seauckied bxthamsystensloads. ddiedeaist pasyeri nput .
The PDU conmand limting unit 512 may condition the bus voltage to provide

a desired curooemardaignabmpy bpetdeared iy ithepamdrtpdand 340 bas pacesonassh@stheér t he
current operational node is a slowthrottle node, a fast throttle node, or

ot her node. G083l thPbbwempramd1bi m ting logic and/or circuitry 512 may
facilitate fast/slow throttle behavior that limts stress on or cycling of

e oL, OIS B o5 s 0 OB,

the propeller dri've units _ ge set pornt may be
et o e D S S R AL B RS PSS 1S ey
be all OW%d ! Ovo(l:tggen\%%h irenspgcr?%é !chevb%g ivgi[t;goer.] STh%%%gérytSr(])% n?e?yt fegc(ij ic&]rge’nt (or%t)o the

bus when power demand from the propeller drive units 514 exceeds the power being

generated by the power plant 510.

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

generate a current that supplies the physical propeller drive units 514. The PDU

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

20  [0063] The PDU command limiting logic and/or circuitry 512 may facilitate
fast/slow throttle behavior that limits stress on or cycling of the battery. The stress
limiting may be accomplished by the operation of the propeller drive units 514. For
instance, a voltage set point may be determined by and associated with zero battery

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

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



upper and lower voltage limts may prevent significant battery use; and (3)
a command curve nmay have one or nore portions that include a constant gain
or a conswanbilasmsse. In a fast throttle fbdde: (1) bus vECTAFOIN@Y45E
allowed to vary widely about the set point (such as vary nore than in the
slow throttle node); (2) 5 upper and lower voltage limts nmay set battery
charge and di scharge rates; and (3) outside limts and |imting commands
may be used, wypechamidoenplaiaica misxhaypreennd sighificantrbacenyrisetandr(@) ¥ ol t age
limts. B.Propeller drive unit [0064]1n one enbodi ment, the system may

include a |i ghtwii@Nturydth@hhakQefnkios hRRE YortBhOhatink M HRbhstatd 8fintd? af Urn the
propellers of an aircraft.” There may be four to eight propeller drive units

i nt erconnect iLt.h: the iLye unit
controller (s%%%kﬁggﬁ%rF&gﬂgg%ﬂﬁggggg?ﬂg%ﬁy?%ﬁgkzﬁ??ﬁgﬁg%%gi?ﬁ%&%ropulsion
system may incl.ude.fo i n.subc onents: (1). an ironle er manent
magnet Mot or RHAPGPORE relPaint (TSR SaReTy UaF Y B At SOREMBIEPOIg R 154
propel l er, and (4) Ethernet switches. The propul sion system nmay incl ude
addi ti onaP, fupneranddpwar valtagadimyts neaymsbbrsters chargoas) dIiifé‘ﬂ?gé rgfes;ang h3)
exenplary schematic of a propeller drive unit 600. The propeller drive unit
600 may i ncl udsidmlimny end emitB@4omamnds ety rbe-usedyseth & dnmileyifie memoeuri EM )
filter 606, a power stage 608, a propeller drive unit controller 20610, a

nmot or 616, an@danipimptlcheent@RtoBi@Mits. The propel l er drive unit 600 may
i nclude additional, fewer, or alternative conponents. [0067] The propeller

drive unit 600 maygaccailpandlan® §ge on a power bus

[0064] 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 propeller drive unit.
[0065] The propulsion system may include four main subcomponents: (1) an
ironless permanent magnet motor and/or generator, (2) an inverter and controller, (3)

15 apropeller, and (4) Ethernet switches. The propulsion system may include
additional, fewer, or alternative components.
[0066] Figure 6 is an exemplary schematic of a propeller drive unit 600. The
propeller drive unit 600 may include an inverter 604, an electro-magnetic
interference (EMI) filter 606, a power stage 608, a propeller drive unit controller

20 610, a motor 616, and a propeller (not shown). The 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 one embodiment, the DC voltage may be between approximately 200 V and

approximately 370 V. Other voltages may be used.



602. In one enbodi nent, the DC voltage nmay be between approxi mately 200 V
and approximately 370 V. O her voltages nmay be used. [0068] The controller
610 nay bwoiniieBmssani cati on, such as RS 282 communi cat i ®@aTARR)10M481 var i ous
controllers, networks, and devices. The controller 610 may al so receive
signals from and transmt signals to, a master controller 612, such as
over an Ethernet or using | EEE 802 standards. The naster controller 612
Smay be in tv0ees]y corfisgvingalléradl Owhdyhbeain cdhin@imi@tiongsuckat REI28e unit 614.

[ 0069] The EM filter 606 may renove noise fromthe power signal received

fromthe DC powehuditifioR®20, IR vRAINRoREAUEs, BABVITRY ahd 8BAEQT MikREnRPONST
signal . The power stage 608 may provide power to both the controller 610

and a mot or %11% r{ﬁ"%sﬁgd %%g g% Eﬁgﬁﬁs Tfl%ﬁl E{u? B slrr? mgﬂéfiﬁ/ %) g?xkats‘%e??%iécﬁ-ﬁgf 6 t or 616

may be intercon a prope

vehi cl e novenent. The el ler e a c ntional variab

{ransm ssi on UpersBYE AAEN alaqteagﬂaéaﬁﬁﬁgﬁf SaraF g0y D e SrsCErolsTe 1§ay
recei ve commands fromthe controller 610 and provi de feedback and sensor
signal s 628 baekbe @ tvReveosamuBlnigttionwith Fhalterpating reatdionuyit Oht| ude a nunber
of sensors, such as tenperature and speed sensors. The notor 15 616 may

send t enper at[00€9] sp€eBd, Eslhdiltot 6 msy gmadve noils8 fiomn thegooentigodlireseiati0. The
controller 610 may alter operation of the propeller drive unit 600 in

response to tign sicanelpswices 602d. THe Joldr SHapaBIimby Frahdftign Bemoe.cl §add] Fi gure
7 illustrates an exenpl ary PDU connand limting curve 700. 20 The PDU

command |im tTl{%gao%Wt% J 0% Hﬁ%tem ‘%Qé?% Bbtﬂ@f otqlr't]&{eoilér”élogeﬁlﬁ%rrﬁ6t§96ﬁ6’ the

el ectrical pOV\B manag ment S at contro operati on

P {)Ogg: :,]te ;I gr ! Veoc'ilar‘géc{ WltL ghe prl)pemser BI‘IVG um{‘rg&? gf’he rnotor Xfé may %a¥ntelrecor({1§)eré[edgur ed

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

[0070] The motor 616 may receive commands from the controller 610 and
provide feedback and sensor signals 618 back to the controller 610. The motor 616
may include a number of sensors, such as temperature and speed sensors. The motor

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

C. PDU Command Limiting Curve
[0071] Figure 7 illustrates an exemplary PDU command 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 the propeller
drive unit.

[0072] The power management system may be configured to maintain bus
current and voltage in accordance with the graph of Figure 7. The y-axis of Figure 7

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



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, andwoheinwszsses indicates the bus V8l tage 704. AsPChashus/ovwsbt age 704
changes, the system may adjust a bus current 702 being generated by PDU
command limting circuitry and/or software and powering the propeller drive
unit(s). [0073] The PDU conmand |imting functionality may provide a control
graph 5of curinéioiteyhedus vvltdgedgd. ake buscloldgs 7@ chanper) thewghtt@ageayporti on
710, a control range 706, and a maxi mum vol tage portion 708. The m ni num
vol tage port !aea}i}ls? 4 BuiBrABYE Beig BRRrAEd BYBDEMINERANIBhRMHS RYSityntiRGE
associated with a | ow voltage gain. The naxi num vol tage portion 708 nmay

have a sl ope g ﬁ@ S %%%%QBﬁﬁﬁﬁﬁﬁf?ﬂyaﬁ¥ghﬁ» associated with a high

vol t age gai n. coma I'ng curve 700 10 may include upper and

| ower voltag jmts,_a pper and. l.aower. current limts to enhance system
reliability Fan 8t o Eheglg%ﬁwamwgﬂmﬂagéwrlpnﬁg}% FUPENACS RERTTohEEAph
propeller drive units. For instance, excessive bus current and vol tage nay
damage bu8sworleuapef vatses Vplagp theaedudesma reipgnum yeligeapardes 7 1 Gadiopgok o | oss
of propeller drive unit control. 15[0074] The PDU command |imting

functi onal i t yramgey7 (e arban friagimmea volbagegionticn 708 hehebuisimmum vehitgertiztion 7Hl n t he
control range as nmuch as possible. The control range nmay be defined by a

| ower bus volhageavEh&IcHROIBNs biRak vBdes MRl ok@ge 4shbcia@eith d IBWefoltlaps current
714 and an upper bus current 712. \When the bus voltage 704 is at the | ower

limt 718, a @mﬁﬂ%ﬁolﬁke PHE)Y@/'%%@FH&%G la@}[’éﬁe OEPg%ég&E{ (&8s vik4 may

be generat ed, us-voltage 704°is at us vol tage
limt 716, a command curren f. a level of th [ﬂg her bus. current may
be gener ai ed. CLARGr aghed SitaigBe oS il (s R B Ry TSt C 9%, oo
Handl er The power managenent syiten1nay rggulate ﬁys voltaqg.-The basi c
bus vol t afe rBYUINSREEHPRREWEH W FPEASIBYS 280 SARRKANA VST SYFENtIENItSTe ensur e
proper paralleling and Iqad'sharing bet ween Eropeller drive units,
preferably prasparccispsiem rglaabnlitrand beblggedtromféhhorcralbsystegeanceigdivadiabn
depicted by Figure 15 may ensure (1) bal anced

propeller drive units. For instance, excessive bus current and voltage may damage

busswork and auxiliary loads, or over-speed motors leading to loss of propeller drive

unit control.

15 [0074] The PDU command limiting functionality may be configured to

maintain the bus current 702 within the control range as much as possible. The

control range may be defined by a lower bus voltage 718 and an upper bus voltage

716, and a lower bus current 714 and an upper bus current 712. When the bus

voltage 704 is at the lower limit 718, a command current of a level of the lower bus

20  current 714 may be generated, and when the bus voltage 704 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 Regulation Handler

25  The power management system may regulate bus voltage. The basic bus voltage

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



propel l er |l oading, and (2) tight voltage |oop voltage regul ation. The
propeller | oading may be distributed evenly anong a plurality of propeller
dri ve uniwe.20fis7®eol t age regul ati on may2¥%ise actual bus Pedlusage/nassf eedback
to condition a reference voltage signal. [0075] As shown in Figure 15, a
reference bus voltage and a bus voltage nay be sent to a sumer, the result
of which may be fed to a proportional gain unit to generate a reference
current signaind Iddishaghgebaneen propeldsitdrist gnad, paeyrably gepurtidmal gaihGoay bent
regul ator to be further conditioned. O her bus voltage regul ati on nay be

used. [0076]Iﬂ@dpﬁw@%mﬁRM§g@ﬂ%ﬁhﬁ§ﬂﬁ&ﬁ&k&%yIﬁ@ﬂ&hﬁhﬁwQﬁﬁuﬁvbﬁﬁﬂkcthe basi c
bus current regulation nay be inplenented as shown in Figure 16. The bus

current regul at]j . eNSUr r i 10 i bet ween
propel | er - ar e B KRYirE B @) RLARATLLAE Vel e AMide SheRARIRE 2, "he
used. [0077] As shown in Figure 16, a reference bus current. and a, ,bus
current oy D uhrey 5 gRamieh SRR A G o g s e B T
proportional integrator (Pl). The proportional integrator nay generate a

r ef er enceScurodage reghlatipy magpse puad by velsaee as &pdbeagkdp conditiema pefgregeher ate a
command current to control a propeller drive unit. 20Q her bus current

regul ati on nepltage sigead. E. Current Regul ator [0078] Figure 8 illustrates an
exenpl ary conmand current regulator 800. The current regul ator 800 nay

generate a cqpUBsld CUAS gHdbwrCiaHigak 15 nOrcfdien R ebltfic it iavtis ¥Bitdge hay
accordance with a control graph, such as the one depicted in Figure 7.
be sent to a summer, the result of which may be fed to a proportional gain unit to
generate a reference current signal. The reference current signal may be sent to a
10 current regulator to be further conditioned. Other bus voltage regulation may be
used.
[0076] The power management system may regulate bus current. The basic bus
current regulation may be implemented as shown in Figure 16. The bus current
regulation may ensure proper paralleling and load sharing between propeller drive
15 units. Preferably, a proportional integral gain may be used.
[0077] As shown in Figure 16, a reference bus current and a bus current may be
sent to a summer, the output of which may be sent to a proportional integrator (PI).
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
[0078] Figure 8 illustrates an exemplary command current regulator 800. The

current regulator 800 may generate a command current controlling the propeller

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



[ 0079] Upper and | ower bus voltage thresholds may be used to condition a bus
vol tage signal. The upper and | ower bus voltage thresholds nay be used to
ensure t a0 20he3kese vol tage is within anZlpper and | owePCTAISGE0/0FASB0O] A
condi ti oned bus voltage 828 is shown in Figure 8. The conditioned 5bus

vol tage 828 may be adjusted by a function based on current settings 830,
and be [imted by maxi rum and m nimum current |imts. Subsequently, the
condi ti oned 08790l t agepdBaBd fayer bas seltdgettireshosdsm®y b8&d té benddtidrpalbusof

whi ch may be sent to a proportional integrator (Pl) 860. [0081] The top half

of Figure 8 TEYta Qgﬁzﬁ.GTﬁ_e {Iﬁﬁ‘ér%&lcﬁ%r%%ﬁ‘Bolkdg@tﬁre;ﬁicﬂ&@haﬁggﬁééd%@ns%@ | ower
hal f of Figure 8 may provide a mnimumcurrent limt signal 866 to the

proportionabdkﬁaﬁggﬁg&mmgggwwﬁngag&ﬁ&gé%h? rrL f.egrator 860 may t hen

produce a PDU confrand Cuffent signa n-one énbodi nent, the PDU

command curre ignal 862 may be the bys .current sho i.n the present
Figures, i ncllﬁﬁﬂﬁg Fi a%cﬁtfsmﬁ‘ét%rvogwfp@%ué?hwr} g e JORARAGIIERE ant s
may be used. 15 [0082] As shown in Figure 8, a maxinum current signal 818
may be suppl ited vobage §28rmsay kaardiestednoa funcherx baradnos geeentseigings 8¥kandhe an
actual speed signal 820 (representing a current speed of a propeller drive
uni t conponeriniteddyy texisem addmaisunnerrc80Rmita Pulsdpeatly, the gnalitidredt nmay be
adj usted by a constant 842 and a ranp function 850 before being received by

the first surg@ioRdd 82R30hB0KNANR Odinfiér B3R, hB@ufpuf 6f whkATRYy 2leni®Y be

adj usted at a second sunmer 812. A m ni num bus vol tage signal 824 and a bus

vol tage sign @ﬁﬁ TR Yot £ndy a summer 804 to produce a signal that may
be adj usted 3%0 c%nsfé%%aéﬁgigﬁgla ranp function 852 before being received

by the secon r 812. Th cond, summer .812 nay send a naxi num current
it s gnal 10B8TTo" (Hisop bp el FERAT® Ry Sgriior mamnin CoguT ALt SEotn ont he
bottom of Figure 8 a mninmmcurrent signal 840 nmay be supplied to a third
sumrer 818. %%ﬂ@ﬂﬁhﬁ@ﬁ@éhvﬁpﬁ Bigaresy gawprogsls smiimupyEirgsl kagsiegrgi 838

may be sent to a summer 808 to produce a signal that nay be adjusted by a
const ant 848 tatltt @opatpndluntegriatm 886.6 The pwpertivahngtegedtai 8@dndyytheine

produce a PDU command current signal 862. In one embodiment, the PDU
command current signal 862 may be the bus current shown in the present Figures,
including Figure 7. Other propeller drive unit command currents may be used.

15 [0082] As shown in Figure 8, a maximum current signal 818 may be supplied
to a first summer 8§10. A maximum speed signal 822 and an actual speed signal 8§20
(representing a current speed of a propeller drive unit component) may be sent to a
summer 802 to produce a signal that may be adjusted by a constant 842 and a ramp
function 850 before being received by the first summer 810.

20  [0083] The output of the first summer 810 may be adjusted at a second 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 that may be adjusted by a constant 844 and a ramp
function 852 before being received by the second summer 812. The second summer

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



5third summer 816. [0085] The output of the third sunmmer 816 nay be adj usted
at a fourth sumer 814. A m ni num speed signal 832 and an actual speed

si gnal 83Woenap3essenting a current speed2df a propel | er PETIUSROI0/HL4ST
conponent) may be sent to a sumrer 806 to produce a signal that may be

adj usted by a constant 846 and a ranp function 854 10 before being received
by the fourth sunmer 814. [0086] The fourth sumer 814 nmay send a m ni num
current |im t[oe84jnal BSchdwa drhdc poodarct Fanad 8 imagmainodur@asigidt iS¢t niagy
generate the command current 862 as noted above. In one enbodi nent, the

command cur r ets,BizedBY: thigd SurhREA%R. COMRNHuRBNE voRadeREnRl §RRHder ndr i ve
unit. 15[0087] The | ogic of Figure 8 may be enployed 1 n a programm ng

| anguage, su T r ++, P ject. ori | anguage
or ot her proé&g% e%§&$§%§3§'§§%%3r893Pa (§?6§ﬁ%m8gggﬂi%%%%Hggé%&ggused. The
software may generate a current that cantrol ne.or nore of e propeller
drive units, TOOSE YRR R o AR TN M
regul ates DC bus 20current. The main routine may call routines that (1)
retrieve a bubir¢syneat 8ommand request, (2) limt bus current within a

maxi mum and m ni mum current, (3) calculate an adjustnment to bus current
(using a | owd008%id arTheppeputwd ticated simeshB] @magibd adjubtodver a foncthanmuper
voltage gain), (4) filter the bus current, and (5) limt bus current to

within a ranga4def nnghulYspRedBishaT8I ARE aR a8 SFUED Gitial 8B4 (repidkdnting[10089] The
software may include a first routine that adjusts the upper current limt

o 1 B CULEE k) 2o s ARG, SPEAD L BED (1
e N REE . T R P COR
10 before being received by the fourth summer 814.
[0086] The fourth summer 814 may 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 8 may be employed in a programming language,
such as Turbo C, Turbo C++, C, Pascal, object orientated language or other
programming languages. Preferably, a C based language is used. The software may
generate a current that controls one or more of the propeller drive units.
[0088] The software may include a main or void function that regulates DC bus
20  current. The main routine may call routines that (1) retrieve a bus current command
request, (2) limit bus current within a maximum and minimum current, (3) calculate
an adjustment to bus current (using a lower and an upper voltage threshold, and a
lower and an upper voltage gain), (4) filter the bus current, and (5) limit bus current

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



[ 0090] The software may include a second routine that adjusts the upper
current limt of the bus current regul ator based on the rotor turning bel ow
t he | owerwepend3srssai t or when the bus voP?age exceeds tRETAES010M08451
accept abl e bus voltage. The second routine may accept bus vol tage, speed,

m ni mrum current, mni num speed, 10 and maxi num bus vol tage as inputs, and
return a mnimumecurrent limt. [0091] The software nmay include a third
routine that [068%ul at'Es sftoase gy iehidcadjisiongind theestetothe bppervaticige. The
third routine may accept bus voltage, a | ower and an upper voltage

threshol d, a |GhRBffhcibls Chr&R M gURREMBR éﬁ‘@xde@wﬁ% a%g&:dl{ﬁﬂi% br ¥Akd #8%us
thresholds, a | ower voltage gain (associated with bus current when bus

15voltage is . h , @an i vol t age
gain (associakﬁggﬂggﬁmﬁggJ%ﬁ@%gﬁgl%%gﬁagggsgg&f%%éTﬁggggéghgg%% éﬁcgn upper
vol tage threshol d) as inputs, and return a bus cuyrent .adj ust nent.

[0092] The soft4aP a%?a?;PeﬁﬁsrBa’f FOMUTHBTRE PHHTRR SPECG PRATITAEY B RJ8E° speed,
and/ or current about set points or within band limts. Software routines
wi t h 20addi t iashzputs, ppd scturgra mpxiswuapeUreat it i onal ity may be used.

F. Vol tage Band Definitions [0093] Figures 9-14 indicate conmand curves that
may be gener §08]by tTie sofiwaagmanindeigrarseadnd reguihathiiomnljahitsthe sppd chaeet n.
Figure 9 illustrates an exenplary PDU command |inmting curve 900 with bus

vol t age bei ngirhifdf GRWAY cifer: A& Yat@baScPén aﬁdoﬁmrﬁiugrb@mw t_la@ilmeris?@@opat ed on
the x-axis. A PDU command current nmay be wunnodified wthin a voltage band,

such as at a £onm rh 7 . I I e THERt Y
controlling tl,ﬁl‘?ﬁ%&ﬂg@%ﬁ%@g@i eee%? ee!\/8\” t irﬁéxe{ﬁl\lz}o tgglge}algg%gg ﬁ%l?/d gg'ngggce

cystem son ol and L YLk Cormang 1 e, TR 6. i g (o

10 and maximum bus voltage as inputs, and return a minimum current limit.

[0091] The software may include a third routine that calculates a bus current
adjustment based on bus voltage. The third routine may accept bus voltage, a lower
and an upper voltage threshold, a change in current between the lower and upper
voltage thresholds, a lower voltage gain (associated with bus current when bus

15 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. Voltage Band Definitions

[0093] Figures 9-14 indicate command curves that may be generated by the
voltage and current regulation discussed herein. Figure 9 illustrates an exemplary
PDU command limiting curve 900 with bus voltage being indicated on the y-axis

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



5decreased for |ower bus voltages. [0094]Figure 10 illustrates exenplary
vol tage band definitions 1000. The y- axis may indicate (1) a slowthrottle
vol tage raogel11/32952a fast throttle voltagé range, and (BLThisg0wOkMaYe
limts. As shown, the control curve may be centered about a set point

| ocated at 7.5 Anps. The slow throttle voltage range may be wthin and
10smal l er than the larger fast throttle voltage range. The slow throttle
vol t age rangeanmdifixel wielinaed]thye Banibsticnasasd cswnimaskecwadnt afye 5 andpsasn ni num
sl ow node voltage. The fast throttle voltage range nmay be defined by a

maxi mum f ast RS iy PlduRIS 21}UIR cHMAIIMRMHEIBU BBEMaHOLlRER withi€a byﬁa%al tage

may be defined by nmaxi mum and mni mumvoltage limts. 15[ 0095] The

command curr ' ' L t.ag it hi For

Mnatance, Fi qand WY B sRLba doph AURHBETTnE RBIA LN Rl RRDSe, C00
at approxi mately 7. s within the nmaxinmu m ni nrum volta limts of
e ol owt hr dntet i aEier i HoTaa0 RO e PEIECBAEOIEH T A0E r ent ey
be restricted when bus voltage exceeds band limts. 20G Sl ow Fast Throttle
Mbdes [ 0096] Fiegigaeedifor fopeg buy ¥l@gcexenpl ary control curves associated with
slow and fast throttle nodes 1100. Again, the y-axis depicts bus voltage

and the x-axi[809pi ctEgpredpelligratadrexv@plary voltige bemt defifitgorsdOD@ Thag- may
depict a slow throttle control curve and the dashed |line may represent a

fast throttl exaonhy Rldicat (8a slobOBEHASolsde Wihge! (2§ a A Wirbiile Qblth@: @Agd, r ol  may
be nore tightly controlled than the fast throttle control. The fast

throttl t.ral i !
rottle contingles K \ARGEARRIOVAL sRou R iBELonBidPoltOL A0 Bo BBy 1BYGH &P ! O

accomodat e su gni ficant requeste anges”in prope Ive
uni t speed. Cbntrolliqg

t ropel l.er drive it to rapidly. .change 5speed
and dr aw ¢ he BRSO RaBl e TG BY PRl Sutibes peda R i FAERe 1 or et e
node may cause | arger bus transients than in the sJow throttle node, in
whi ch t hel8pr oprlleethag Fhedérgﬁh apt thigitiproltpee sanesqd The SL@%WW? veléagermgeponer
bei ng generated by the power plant.
may be defined by a maximum slow mode voltage and a minimum slow mode

voltage. The fast throttle voltage range may be defined by a maximum fast mode
voltage and a minimum fast mode voltage. The bus voltage may be defined by
maximum and minimum voltage limits.

15 [0095] The PDU command current may be invariant to bus voltage change
within a band. For instance, Figure 10 illustrates that the PDU command current
may be fixed at approximately 7.5 Amps within the maximum and minimum voltage
limits of the slow throttle voltage band. Additionally, the PDU command current
may be restricted when bus voltage exceeds band limits.

20 G. Slow/Fast Throttle Modes
[0096] Figure 11 illustrates exemplary control curves associated with slow and
fast throttle modes 1100. Again, the y-axis depicts bus voltage and the x-axis
depicts propeller drive unit current. The solid line may depict a slow throttle control

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



H. Transi ent Behavi or 10[ 0098] Figures 12 through 14 illustrate exenplary
transi ent behavior of a power managenent system 1200, 1300, and 1400.
Agai n, theOoypeurxi3gssdepi cts the bus vol tagédand the x-axi PCHASREHHI9E
propeller drive unit current. Transient behavior on the bus may be the
result of transferring fromslow control node to fast control node, or

ot her increase/decrease in |oads. 15[0099] As shown in figure 12, point A
may be an ini[0097] opeAatliong, firishdw thkbelcicohfrdlahayolematd tightlp@ontrolfedrByn at  an
initial propeller drive unit current being at 25% of maxi mum al | owabl e

conmand CUFrQH&ﬁmﬁhhﬁﬂ@%&hﬁﬂf?H@Eﬁ%ﬂﬁ&ﬁe@&uﬁﬁ%ﬁb%ﬁﬁnﬁ@@&xﬁQﬂ%&ﬂﬂﬁ the
systemto increase speed of the propeller drive unit. In the exanple shown,

t he change i e e i ncr i I jve

ani 20 cur r ot ReeReb S LR R ERER AR b ARG RSB Bl B b
vol tage may drop due .to the increase.in propeller . drive unit |oad. The bus
vol tage may fAPRCIEEIHYC Wl iebat bEFY v gy ,e'”e%%ﬁ'% I&tﬁéamékytcglﬁgzget 0

di scharge current onto the bus and into the propeller drive unit. In one
enbodi menf, coaerd draw tlehexcgesineyyer rrayireh o iesped Jpeed drthg Estihirettlpspdpe
reduced to 25approximately 30%to avoid further voltage drop. [00101] At

poi nt C, the monsruselaagr boatrasiand than esthonkbw thratdemadd, isivgned the pidpellpower

pl ant may increase power production and bus voltage. As a result, propeller

drive unit coiffRReitGhHy RN dirdtRY th BOeRGEck fE ppRENbeiky gdidtatddby AGHoRRY et urn
to nom nal. The propeller drive unit, power plant, and battery nmay achi eve
S5and return tg,steady state. In sum noving frompoint Bto C nay be a
transi ent path; frompoint Ato point C may be associated with system

error; and frompgynt L., Gent 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 in figure 12, point A may be an initial operating point. The
initial operating point A may at an initial propeller drive unit current being at 25% of
maximum allowable command current. A throttle request may be received that
commands the system to increase speed of the propeller drive unit. In the example
shown, the change in speed requested corresponds to increasing propeller drive unit

20  current to 50% of maximum allowable current.

[00100] At point B, bus voltage may drop due to the increase in propeller drive
unit load. The bus voltage may fall to or below battery voltage, causing the battery
to discharge current onto the bus and into the propeller drive unit. In one
embodiment, command current going into the propeller drive unit may be reduced to

25  approximately 30% to avoid further voltage drop.



onward to the right of Figure 12, bus voltage may be limted by an upper
limt command gain boundary. [00102]Figure 13 illustrates an exenpl ary

di f f er entwal20timsessel e command curve 10 1200. Propel | er @cirs2uniossson a
right wing may be controlled differently than propeller drive units on a

|l eft wing. For instance, propeller drive units may be controlled at
different speeds or in different directions. [00103]In Figure 13, the solid
line may depi[001@1] adyemghinG the peetd ént thidyvdowlgirtspoadrmesiniimd §ignalhie dashed
line may depict a retarding propeller drive unit 15command limt. The solid

arrow my deQﬁﬁﬁxﬁﬂﬂﬁﬂﬁiﬂﬁ Bﬁﬂ&@éb@&m%ﬁb&ﬁﬂﬁﬁhhdﬁ@@ﬁﬁﬂ@eih@b@@&@EY; The
dashed arrow nmay depict retarding propeller drive unit comrand trajectory.

[ 00104] Fi gur 4 .4 ry. n i..m I D, olid

| 'ne. may depiietieliel SPGB TR FRER b iGOGNRT R b b B Bl Redc 1y
depict a fixed 20gain,. gihh a variable limt. Ege aH%@%F n%¥ depi.ct

transi ent corfrEAYMRORIBYY dhy Pronclig rivieinit poey Riisd e PRRRCSDEr at i ng
points for the system Fromeither of the initial operating points, the
system may achilégtam testdadyptates da s mgvinedieme poinsBite § mat he a [raesiaon] I n sum
the fast/sl ow vol tage bands may be centered about a propeller 25drive unit

vol t age set potintfronThant/Altd agat Eehaypled assoaratyd béth(siitcmrerappmdXrompeint Dol t age
at which batteries provide desired current, (2) a high voltage for battery

charging, or dndardtd Wrigpl dfageurt an, Blissenagameag bt milabyanippdhenivol t age set
point may vary with battery state of charge (SOC), the battery nodel, and

battery C“erQ&nﬂﬁBQQﬁﬂKnEﬁmShe propeller drive unit. The power managenent
system may vary the

[00102]  Figure 13 illustrates an exemplary differential throttle command curve
10 1300. Propeller drive units on a right wing may be controlled differently than
propeller drive units on a left wing. For instance, propeller drive units may be
controlled at different speeds or in different directions.
[00103] In Figure 13, the solid line may depict an advancing propeller drive unit
command limit. The dashed line may depict a retarding propeller drive unit
15  command limit. The solid arrow may depict advancing propeller drive unit
command trajectory. The dashed arrow may depict retarding propeller drive unit
command trajectory.
[00104]  Figure 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
20  gain, with a variable limit. The arrows may depict transient command trajectory.
Figure 14 illustrates two initial operating points for the system. From either of the
initial operating points, the system may achieve the limit specified (center, solid
dot).
[00105]  In sum, the fast/slow voltage bands may be centered about a propeller

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



5bus voltage, but keep the current constant (with the variable voltage). A
| ower and hi gher bus voltage limt may be used. VI. Exenplary Applications
[ 00106] | rworretizgspssecat i on, the vehicle mdy be a renpte @omtusedibsg4sunmanned
drone capabl e of sustained flight up to about 65,000 feet above ground. The
drone 10may operate above air traffic and weather, have over a week-1ong
flight duration, provide station-keeping capabilities, operate in

conj uncti on widlthgdackhiph patatice prosidealesinslicierenqri? ) ahigh sohmgt foebateey
intelligence gathering coverage over areas of interest, and nay be

i nt er connect efaBif Lol (3 al 1Bl oRBgERol AlsBRrgmQ MMRIRtEAL | PRSyIMaENt boink B2F07] The
drone may serve as a platformto relay conmuni cations and ot her 15payl oads.

The drone may,{aghd ibhals s’Eap 6%%39@@%9 patf Exﬁuéiegggé gzgttepr%—?&{tband

comuni cati ons,” and nay~’capt ure Itate roadcas vi deo

and/ or audi o.. The drone may. co ni ca ith (1) fixed er equi nt

v ng ant en a6k SHAF PRSI STREA e POt o e PO LEE LN B8 at i ons,
(3) the internet, (4) satellite dishes, and (5) nobile user equipnent, such
as hand- hél d WevPHegs, betdierp greanesnt aoseps(with1he giiablomdtagel & dayverand ot her

devi ces. [00108] The unmanned drone nmay be in conmunication with a m ssion
control st atiloghdr busv@thgointihmaygboused. via a satellite |link. The drone may
provide real -time high-resolution video i magi ng that nay be accessible in
real -ti ne to vpnbatxemiplaty Apphcdtivmsground, in the air, and at sea.
[00106] 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 areas of interest,
and may be interconnected directly into an external communications network.
[00107] The drone may serve as a platform to relay communications and other
15  payloads. The drone may facilitate two-way 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) satellite
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.



[ 00109] M ssi on exanples for the drone may include persistent stare

communi cations or GPS functionality, detection and | ocation of

el ect r omeyOebit3vsseer f erence, tactical oR8station weat h@cTaisA0o#ENi cat i on
nmoni toring, dynam c tasking by theatre comuanders, communi cations
augnent ati on, bandw dt h 5expansi on, robust coverage to areas with little to
no ot her coverage, gathering persistent and actionable intelligence in

real -time, | 00100, |MRRhH dkbapks fig,theri®at heydedledsgsrsibahtdtetcgr ound and ai r
space awar eness, airspace collision avoidance, and dedi cated comruni cati ons

support. [ 001b@InitRiohfi6r APS eI ctiBHalRYRREAIABALS] Ricatidifof MU&RhIQRetRaVe been
10descri bed, it should be understood that the invention is not so |limted

and nodi fi cat.j : e\t rting fr .l aventon. The
scope of thelbﬁgéﬁg?%ﬁ§?§ﬁ3g¥$%%ﬁh§§ﬁ?%gﬂgﬁ%é”ﬁ@%agﬁgﬁﬁgﬁ&ﬁﬁﬁgg+¥ﬂﬁevices
that come within the neaning of the clains, either literally. or by

equi val ence, AHdng B Rt HRE PRV P HURAUETOT (iR BRIV s 1 her of or
i ntended that the foregoing detail ed description be regarded as

i |1 ustratPve axaeeqn. rbast qovaiaes Hyarcamnvith Hele th molpghoy seredrageosttheing it is the
following clains, including all equivalents, that are intended to define
the spirit amégrssopendhctidnableiimebBrenann r&0-tinHfehmmBgClaAinEDracEngl. An

el ectric power managenent systemfor a vehicle, the electric power

managenment  sWais6mn &PERE] ikthdsround and air spAc® MNBenddk 2ditspsRnbolIgigred oidanggner at e
el ectrical power and to supply a voltage 5to a power bus; a battery

interconnectqu%k&@mkgg ﬁﬁ%ﬁkﬂﬁ&%ﬂub battery configured to be charged
fromcurrent generate %y t he power ant and supplied fromthe power plant

to the batt er[ﬁoi’i(ﬁ the WwWhiE {he%lljresf;erred embodiments of the invention have been

10 described, it should be understood that the invention is not so limited and
modifications may be made without departing from the invention. The scope of the
invention is defined by the appended claims, and all devices that come within the
meaning of the claims, either literally or by equivalence, are intended to be
embraced therein.

15  [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



a propeller drive unit interconnected with the power bus, and draw ng power
10 fromthe power plant via the power bus to cause novenent of the vehicle;
and a corwopabligs7ssenfi gured to direct théYpower managemPOl/USPEHMOMI4SN a
plurality of distinct nodes of operation, each distinct node of operation
controlling the propeller drive unit in a different manner,

where a first distinct node of operation is a slowthrottle node and a
second 15di stinct node of operation is a fast throttle node; where in
t he sl ow t hr S WMHAT A, AIMEDI ISow of power is substantially only fromthe
power plant and into the propeller drive unit and the battery; and where in

the fast throftle mpOReyihEntl AMALRANE L EAEhEReRAILRIVHANY the pover

plant into the propeller drive un an I ncrease | n prope r drive
unit 20speed that is € uested is initially powered generally entirely by
the battery, BUCRTRESY PR ™ REPF3Ee throttl e node, the propeller drive unit
speed is not limted by resent | evel of power being generated by the
power plant. 2. W%@%@E ¢ RENYHSeReHR] PPt Ang to ¥a Villasie sl ow
throttle node, a level of the bus voltage is maintained by the power plant
and the bls welktrager bes;hi gh enough such that the flow of power is fromthe
power plant and the propeller drive unit and into the battery, such that a
propel | er rotated dbyattarynintedconatctedeithphicopel dréus,dhé vatounconfighradirtoven by

power generated primarily by the power plant while the battery is

mai nt ai ned i oharp3 Hodn &frrdnk Fé‘ﬁ%‘reﬁe&ﬁﬁﬂﬁgyowe@ laﬁhzﬁld%lﬁflﬁedﬁ@&ﬁ erSyst em of
claim?2, where in the fast throttl e node, tﬁe controller directs (1) the

propel | er drip\{ﬁlt%iﬂ{ebéﬁg\rxlsthglleéom%&?se a propeller speed 10such that the

propel l er dri‘ve uni re power 'than currently being provided

a propeller drive unit interconnected with the power bus, and drawing power
10 from the power plant via the power bus to cause movement of the vehicle; and
a controller configured to direct the power management system in a plurality
of distinct modes of operation, each distinct mode of operation controlling the
propeller drive unit in a different manner,
where a first distinct mode of operation is a slow throttle mode and a second
15 distinct mode of operation is a fast throttle mode;
where in the slow throttle mode, the flow of power is substantially only from
the power plant and into the propeller drive unit and the battery; and
where in the fast throttle mode, the flow of power is from the battery and the
power plant into the propeller drive unit, and an increase in propeller drive unit
20  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.



by the power plant to the propeller drive unit via the bus, resulting in
the propeller drive unit drawi ng the additional power necessary to rapidly
i ncr ease woapaldess2speed fromthe battery) and (2) the poRas2plbam4st o
generate nore power commensurate with the propeller speed requested such
that as the power plant gradually generates 15nore power, the bus voltage
returns to a state in which the bus voltage is being determ ned by the
power plant &nd t Hehefdoowr afanpganeimnt systanofclagail nwhérom theslovoihesttlphadt, and
into the propeller drive unit and the battery. 4. The power managenent

system of cl & |@dlof MR vbhEzdik aRShthiBEd BY tneeowh bladParkiOMPB bl S esitade By OPel | er
and uses the power drawn fromthe power plant and the battery via the bus

to rotate the,; I r LV it iL.aur to

suppl y power TG phuseh Shon BAnt DGuRIABRE Bl NSOt PP RERL PRIERR, °, 1 &
regeneration de of eration. 5. The po nagenent system of claim
1, where the BﬁéwnﬁpgﬁﬁoﬂﬁéWW%@%Sﬁﬂ”?ﬂf@@ﬂﬁﬁkﬁgﬁgﬁggy8ﬁmﬁ8¥gﬁﬁ%onfigured
to use liquid hydrogen as a fuel. 6. The power nanagenent system of claim
1, where Phe nepaller erivasunit s dryer by eonet gnpred nifnaHy Y tha perdmiant ahdewher e
an avionics unit and a gui dance navigation and control unit are

i nt er connect gbic batarne poweincdus a state of tridile choger managenent system of cl ai m
1, where the controller is configured to maintain bus voltage within a

range defined by a maxi num and 10 m ni mrum vol tage whil e bus current remains
approximately at a set point. 8. An electric power managenent systemfor a

vehi cle, the £l ecliRQURfnIRHAGP TR BY SLATLCORRE iPitRGast throtile mode, _POWeT

pl ant configured to generate &lectric power and to supply a voltage 15to0 a
er conpnected w ower plant .via the

power bus; attery | 1h th
bover bus, ¢ tiae pariel i g PUEFPRTRE TS Mt Crlal PR BBt FERR LS ¢ ne
power buz or dram/c§érent fr§p1the ower bus to charge itself depending
upon a | efel Yfh Hapihe njepellggdrivesuiicqravs oy PV eHBa Rt being 26y iddopel | er
drive unit interconnected with both the power plant and the battery via the
power bus, tHw the ppetd dantde theeprapdlier dovd wajtiviedha usdreavitipgwetheprenellehe power
pl ant and battery via the power bus; and

drive unit drawing the additional power necessary to rapidly increase propeller speed

from the battery, and (2) the power plant to generate more power commensurate

with the propeller speed requested such that as the power plant gradually generates

15 more power, the bus voltage returns to a state in which the bus voltage is being

determined by the power plant and the flow of power is once again from the power

plant and into the propeller drive unit and the battery.

4. The power management system of claim 1, where the propeller drive unit

20  comprises a propeller and uses the power drawn from the power plant and the
battery via the bus to rotate the propeller, and the propeller drive unit is configured
to supply power to the battery via the bus by wind-milling the propeller in a

regeneration mode of operation.



a controller configured to direct the electric power managenent systemin a
plurality of distinct nodes of operation, each distinct node of operation
power i ng WBehe/graspel | er drive unit in ad3Hifferent mann@CI/US2010/049450here a
first distinct node of operation is a slow control node and a second

di stinct node of operation is a fast control node; where in the sl ow
control node, the controller directs that changes in the speed of the

propel | er drise urifiie fomat knadhgongms systerh b&clpowey whet g gevee piinethchylet he
5power plant by directing the propeller drive unit to use only

appr oxi mat el YanaRtcAIPEEthb@hioR 86 RaFBGrcRtOVIARfid BydrBgnPisqrgbl er drive unit
fromthe power plant via the power bus; where in the fast control

node, the controller directs that the propeller drive unit quickly respond
to an increase in speed requested of the propeller drive unit by 10draw ng

the addition power necessary fromthe battery 1o attain the requested
speed and i naéexces ed}ov‘feﬁglaﬁﬁg@é?eng&%ﬁn Bfgﬁ’i%id‘”@ge ?‘T‘Fe"%}%?)lélaﬂg?lg rive unit
by the power plant fromthe battery via the power bus such that the speed
of the prépeldoirolid, yemanad digrafiopnd whpicad ayipnics|uaitand gfRuplsnes naydgatign
generated by the power plant. 159. The power managenent system of claim 8§,
where in the adeantanitcire mbeteonnebted hutheypovienles. i s mai nt ai ned such that the
power plant supplies power to the propeller drive unit, and an anmount of

power available to the propeller drive unit via the bus is added slowy as
an internal conbustion notor of the power plant conmes up to speed

comensurat e 5 t h SRl nERANGSA: Y80 UESLEE | PYAREkELniBREds and no 20

power is added to the bus fromthe battery. 10. The power management system

of claim9, mheﬁe in the.fas%ﬁthr ttl e.mode of %%%%4tion t he %&ppeller
y

drive unit draMBoWsHE AT PRAYCIEER Mgt dlinded & PEREI b hht and t he

requested increase in _powe .necessaréﬁto.bring t he propel |l er 25drive unit

up to a I'Sr geMEHENYOItASS WhlRRISCHTS OIS ERINSAPRIpSHRRtEly A asetidtas possible is

8. An electric power management system for a vehicle, the electric power
management system comprising:

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

15  to apower bus;

a battery interconnected with the power plant via the power bus, the battery
being configured to either discharge current to the power bus or draw current from
the power bus to charge itself depending upon a level of a bus voltage associated
with the power bus;

20 a propeller drive unit interconnected with both the power plant and the
battery via the power bus, the propeller drive unit configured to draw power from
the power plant and battery via the power bus; and

a controller configured to direct the electric power management system in a
plurality of distinct modes of operation, each distinct mode of operation powering

25  the propeller drive unit in a different manner,



taken fromthe battery, the |large change in requested propeller speed
associated with the fast control node is |larger than the small change in
request edwpropaisvsse speed associ ated wit B2t he sl ow cont Poll/useele/nsush t hat ,
in the slow control node, the bus voltage is maintained by the power plant
and in the fast control node, the bus 5voltage is maintained by the
battery. 11. The power managenent system of claim8, where the propeller
drive unit uses t hehgrowgirstdisainet rhodmofidperdius id ©sloetc@heolampdeopel d @tondand t he
speed of the propeller drive unit corresponds to propeller speed.

12. The powerdiiRRessaest opYalAm @fase bl Hbdewher e the power plant includes
an internal conbustion notor that uses liquid hydrogen as a fuel, and the

propel ler drive unjfe,l g £OULOUGH! hB4SURPLIPANES IR dReBALLSEICVI @ Lhe

bus by wind-mlling the propeller 1n a’regéeneration no € power
managenent syste claim8,. where the controller switches fromslo
o Te paspealbihe Sioe i Bk Sebh e b he Sy St Gt Tt he s

throttle node setting or upon identifying a change in requested propeller
drive uni® spws@r plaat by direptidg g propellsT drivappit Exisewnbl sppeejiiamtchbary
predeterm ned threshold. 20 14. A nethod of electric power nmanagenent, the
met hod conpr iasiaugt ofsrverr dtinggprevidet toitbe popellerfdriomuait fowethe poant planicdt ed on
a vehicle, the power plant being interconnected with a bus; powering a
propel | er dritdepewétbu@f a vehicle in a slow throttle node of 25operation
froma voltage placed onto the bus by the power plant, the propeller drive

uni t_conf i gur ed t ayflid Heh@ FRE ERRtd! RloddShPSoRAYIRE dhEQEMHLNEC BRIRNCALAR 1 1

the slow throttle node; an swtching to a fast thro node o

operation in which the propeller drive unit i Lately draws. addi ti ona
e oces ot e FaBE B e Tferpdse 1 it ke BTES L ARE brorgl @ BaRihoTe |

requesteq and, i n_excess of the power being praqvided :
g qO drawing the a(fdltcl)onaE powepr necessary fro%l ¢ battery to attain the requested

speed and in excess of the power being provided to the propeller drive unit by the
power plant from the battery via the power bus such that the speed of the propeller

drive unit is not limited by a level of power being generated by the power plant.

15 9. The power management system of claim 8, where in the slow control mode,
the bus voltage is maintained such that the power plant supplies power to the
propeller drive unit, and an amount of power available to the propeller drive unit via
the bus is added slowly as an internal combustion motor of the power plant comes
up to speed commensurate with a small change in requested propeller speed, and no

20  power is added to the bus from the battery.

10. The power management system of claim 9, where in the fast throttle mode of
operation, the propeller drive unit draws more power than being provided by the
power plant and the requested increase in power necessary to bring the propeller

25  drive unit up to a large change in requested propeller speed as quickly as possible is



to the propeller drive unit by the power plant via the bus. 15. The net hod
of power managenent of claim 14, the method conpri sing:

recei vi ngva 20twisteske request requesting a3change in propeliuseoispesdl of the
10propel l er driven by the propeller drive unit; identifying if the
change in propeller speed requested is above a predeterm ned threshold;
swtching to the fast throttle node of operation if it is determ ned that

t he change i nalpmdpeh tlerbastose therleguebied ih scqupged piopall @lspeeicissdcidted @ith
greater than the 15predeterm ned threshol d; and after switching to

the fast thraht kRt coaeel RlodORARALE @an tif el dHABed MecRRVRE phdRNEr dpRedd) ust
power being generated to be comensurate with %he propel 'er speéed bei ng

request ed an 0 i i he bus.
2016, The. mot RS GerrLBEE MR? BRI BRUGHE LY HIZIRPUSscRLRRL Bt 10
switching to the fast .throttle node o eratjo ser selection of a
Fast Cthr ot {1 SR SRHERRGE by PR A HORTOR (o bt CORRLBREE BES 1 ai m 14,
the nethod conprising . such that power is generated fromthe propeller
drive uni® an®lpgaicaeripiaingd Préhgbaiterst her eby charging the battery. 18.
The net hod of power managenent of claim 14, where the power plant
5generates power fromliquid hydrogen and the vehicle is an unmanned
aircraft and operated via renote control. 19. The method of power

managenent of]icl ai ThelpbwenARih@sdnient Btdna st clhiti 8f Whae BRAgopdlk) dUsunMel t age
vari es about a set point; and (2) upper and |lower voltage 10limts set

bat tery char dReaild pdhSFALaT Rl R s @R TR o MRURFoTRRagEMENt of

claim 14, where in_the slow throttl e node, us voltage I1s allowed to

change in smaller increments about .a set,,point, than in the fast throttle
node, and ( 2)pr%peé1<%n€1?1\6 U ?ﬁr{elslr)‘nogndé (7 P/r@plelrll%lsﬁﬁﬁéis a portion
10
12.  The power management system of claim 11, where the power plant includes
an internal combustion motor that uses liquid hydrogen as a fuel, and the propeller
drive unit is configured to supply power to the battery via the bus by wind-milling
the propeller in a regeneration mode.
15
13.  The power management system of claim 8, where the controller switches
from slow throttle mode to fast throttle mode based upon user selection of a fast
throttle mode setting or upon identifying a change in requested propeller drive unit
speed that is greater than or approximately equal to a predetermined threshold.
20
14. A method of electric power management, the method comprising:
generating electric power from a power plant located on a vehicle, the power
plant being interconnected with a bus;

powering a propeller drive unit of a vehicle in a slow throttle mode of

25  operation from a voltage placed onto the bus by the power plant, the propeller drive



15havi ng a constant vol tage gain.
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unit configured to drive a propeller using power from the power plant in the slow
throttle mode; and

switching to a fast throttle mode of operation in which the propeller drive
unit immediately draws additional power necessary from the battery to increase
propeller speed by an amount requested and in excess of the power being provided

to the propeller drive unit by the power plant via the bus.

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

receiving a throttle request requesting a change in propeller speed of the
propeller driven by the propeller drive unit;

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

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

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

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

16.  The method of power management of claim 14, the method comprising
switching to the fast throttle mode of operation by user selection of a fast throttle

mode setting.

17.  The method of power management of claim 14, the method comprising

wind-milling the propeller of the propeller drive unit in a regeneration control mode
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such that power is generated from the propeller drive unit and placed onto the bus,

thereby charging the battery.

18.  The method of power management of claim 14, where the power plant
generates power from liquid hydrogen and the vehicle is an unmanned aircraft and

operated via remote control.

19. The method of power management of claim 14, where in the fast throttle
mode, (1) bus voltage varies about a set point; and (2) upper and lower voltage

limits set battery charge and discharge rates.

20.  The method of power management of claim 14, where in the slow throttle
mode, (1) bus voltage is allowed to change in smaller increments about a set point
than in the fast throttle mode, and (2) a control limiting curve includes a portion

having a constant voltage gain.



