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1 SYSTEM AND METHOD TO USE PROPELLERS AND ELECTRIC

MOTORS TO MEASURE THE POWER PRODUCED BY INTERNAL

COMBUSTION ENGINES 5 FIELD OF INVENTION Embodiments of the

present invention provide systems and methods using propellers and

electric motors to measure the power and efficiency of internal

combustion engines. 10 BACKGROWND Model airplane internal
SYITENFARIDIENES B/ GVSE PR IO RECANPRIEEIIE MOTORS TO
MERBBRECTHES pWeR GeaobiAYEh A intheinaasy offithesaiol ENGINES

availability and low 15 cost. Certain engineering tasks in the development
of UAVs, based on specific performance and operational requirements,
may require knowledge of the power and efficiency characteristics of the
FIEHYRE VENREANN of the shaft revolutions per minute (rpm) and throttle
setting. For example, when selecting or designing a propeller for a

e fSUSALIEAG O g Laong (IO LAY, gne IR Shlp sl e

e ower2 requir e aerodynamic eS|g of the propeller is within
DFQH@“@F?&W%V@?@U@HW@’%C% PRAsHEnkeoRYRExanthiRdGreeHneo! intemal
costlesinniganeengine operating point for optimal endurance of the UAV,

and/or the development of computer models of the engine for flight

simulators. 25 Unfortunately, performance characteristic information for
BARKCRGHE s not available in the engine literature (e.g. operating

manuals, brochures specifications from the supplier etc.). Specifications

labl f
By SRR e R B

UnvmagnedAnne &/ eansm %Y@u?‘&ﬁo‘i‘? f%?ethQ%ﬁibﬁﬁré*'@rﬁQ?@téM@‘@b&t&tﬁ‘é* low
coSi exbashpipRidueliad mbkire qamma&@ueﬁmm)owmwnmm e specific
o SRR 00 ML UONCHRAY ARYPBRER HARGRAE B A0 o
effmgg@up@ﬁﬁéﬁprgtlcs of the engine as a function of the shaft revolutlons per minute
(rpm) and throttle setting. For example, when selecting or designing a propeller for a
Vertical Take Off and Landing (VTOL) UAV, one may wish fo check that the power
required by the aerodynamic design of the propeller is within the shaft power availabie
from the engine. Other examples are the selection of an engine operating point for
optimal endurance of the UAV, and/or the development of computer modeis of the

engine for flight simulators.

Unfortunately, performance characteristic information for the engines is not available in
the engine literature (e.g. operating manuals, brochures, specifications from the supplier
etc.). Specifications of available engine power, if any, are limited to only the maximum
power produced by the engine. The reliability of this value is questionable, as it may
assume a certain configuration for the propulsion system (e.g. type of exhaust pipe, fuel
mixture composition, etc.), which may not be suitable or optimal for the UAV being
developed. Hence the power and efficiency characteristics of the engine need to be
obfained by measurement.
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Current techniques for measuring engine power involve using instruments
such as dynamometers and load cells. These techniques involve placing
the instrument for measuring power on the same test stand as the
engine. But these engines, especially small single-cylinder types, produce
vibrations that may damage the test instruments or, 5 at best, cause
inaccuracies in the measurements. I12would therefore be a great

Cu%ﬂ‘é%ﬂﬁ%ﬁég H}P %@dgﬁﬁésﬁ'@@%m}h%Qﬁ?glﬂs@ﬁf O‘?@s‘é}%ﬂﬂ%ﬁ%&?uch as

overcome one or more o0 ciencles cited above. I \
dyRmomsHEst Hdniedstelist iMlesridAPRNIGE s R NRIadee dBterRfnireeat for
mepeweiy pradiicedihy saintetaal tanhutstiencengiae M wsesinsglieetingsaecially

sw%‘Pﬁﬁ#\%%n%@vr&Ee@%VSQUE@QJ@%%%Q &%ﬁ‘gﬁg—?i@%gée%@ ?‘e?trénstruments or,

eter VErsus motor s spe haracteristics for at least
at BpRt, SRYISBIIRFCRHES 1D R PRBRF¥RaRtSf and driven by an electric
motor having a similar power rating and motor speed range as that of the

cIERLromauslion cngne, ROBRERND Aaid PrPRaliRidn an. epaingEhalo e
of said internal combustion engine; measuring a speed of said engine

devpighestia PEHBR A aIEERipidhRIird<eig Brsiefetiev€onnected to said
internal combustion engine; and using said speed measurement and said
power versus motor shaft speed characteristic of said motor to determine
the power produced by said engine. In some embodiments, the step of

Stid thing the power versus motor shaft speed 25 characteristics may
further include the steps of: connecting said propeller to said motor shaft

O B et OB el L AR E 2 pover

PrRAHBRRIRYe AtATBIN EBORHAISY FARGIER ifIURE dRtERIRR1IRG the'patller for the
enpleslutedniththe engineifey tplsrpiyodf angmearshaibopeedsrs3B otor shatt

ﬁ Inengs, e, lper ' |

SR L Al o S ta o e o URD Ger and
driyenfyiRe elrsiis raefangaviraeastipar RRVRLIIGIRNMLBISIBARaRdFRloe as
thduaherdnelochal measusiigh amgine; connecting said propeller to an engine shaft
of said infernal combustion engine; measuring a speed of said engine shaft at a
given throtile setting while said propeller is connected to said internal combusiion

engine; and using said speed measurement and said power versus motor shatft

speed characteristic of said motor to determine the power produced by said engine.

In some embodiments, the step of determining the power versus motor shaft speed
characteristics may further include the steps of: connecting said propeller to said
motor shaft of said electric motor, and measuring the power required to produce a
given moior shaft speed for a plurality of motor shaft speeds. In alternate
embodiments, the method may further include determining the power produced by
the engine for a plurality of engine shaft speeds.

in further embodiments, the method may further include measuring a fuel flow rate
for said engine for each of a plurality of propeliers at a plurality of engine throttle
settings. The step of measuring the fuel flow rate may further include: measuring an

initial mass of a fuel tank supplying fuel io said engine at a first time; measuring the
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initial mass of a fuel tank supplying fuel to said engine at a first time;
measuring the 3 mass of said fuel tank again after a period of time;
calculating a change in mass of said fuel tank; and dividing said change
in mass by said period of time to determine said fuel flow rate. 5 The fuel
flow rate at the given throttle setting, and the engine power, may be used
to calculate an efficiency for the engine. The engine efficiency may be

m %"Hﬂlé’é?djfdé?'%& Eﬂﬁ”é‘f't'ér?a gePoéﬁ"BPE@h% 73a§énﬁ§iﬂ&%%’ﬂ%r@'§9!?ﬂ%s of

P is said EOWGI’ mf I’O uced said engine, is said fuel flow rate,

saig YR @@Hs?é"rﬁ“ﬂ@ﬁé‘ﬁjﬂbaiiﬂe ‘”ti)baes%%éﬁlﬁ’eﬁ‘?é’?%é’é I P RPN

saidmizsdonents, the method may further include: calculating an efficiency
curve for a plurality of propellers at a plurality of engine shaft speeds and
engine throttle settings; and selecting one of said plurality of propellers to

Thenibist dore e hteoier U oHisirsi B e PHEBRE NS fdai e Used to

calengitee affiefdcieyayr désireshdbhendiine powere Aticboryetesynay balculated
used to measure the s}geed of the propeller when connected to the

usimggihe ShraftiBRIEF CRIPEION GFsEldEiie\V@acg0 P is said power
Embodlments of the Thi*ention will be better understood and readily

g%i rg]a] ﬂfeor}i’,'”@%%('!h@ ﬁB% %Hr%tB%J%'QMY{Q@M’ rdgﬁgndmg on a

crlptlon y Way of éxamp e only, and in conjunction with the
typarafifing seingwdsieh: Figure 1 is a block diagram illustrating one
embodiment of an apparatus for 25 measuring the power and motor shaft
speed generated by an electric motor with an_attached prgfeller

In é%B?Huﬁ@"PB‘i‘ﬁ%e&tésg?ﬂ R P JHr e idg s pnaRlcsiPigg R s ficiency
cup@mMer e suraimotdrshatiispeed sharastoristicnipnetiséaippaestis afd engine

thr%itggrge%tiHﬁg?%ﬁdqQ&Qﬁirngfﬂigeéﬁa%f&r%g‘ﬁ'@;O?F%ébpeliers to meet a desired
criteria. The desired criteria may be one of a desired engine efficiency or a desired
engine power. A tachometer may be used to measure the speed of the propeller
when connected to the engine shaft.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be better understood and readily apparent to one
of ordinary skill in the art from the foliowing written description, by way of example
only, and in conjunction with the drawings, in which:

Figure 1 is a block diagram illustrating one embodiment of an apparatus for
measuring the power and mofor shaft speed generated by an electric motor with an
attached propelier according fo the present invention;

Figure 2 is a graph illustrating the power versus motor shaft speed characteristics for
the apparatus of Figure 1 using a number of different propellers;
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Figure 3 is a block diagram illustrating one embodiment of a system for
measuring the engine shaft rotational speed and fuel flow rate of an
internal combustion engine driving the propeller used in the system of
Figures 1 and 2; 5 Figure 4a is a graph showing engine power versus
engine shaft rotational speed obtained using a plurality of propellers at a
single engine throttle setting using thee systems of Figures 1 and 3; Figure
-4b | a ' ' iciency, ine.s tatiopal.. .. ...
g B e T Ll pesuring
the-RgiRetRReH Eosang aperibane el ae s ievrRErmeystigngrgine
drifitgutecdsrip&ligraigb s hoivegyetginef pawesyersus 2ngine shaft rotational
speed curves for a plurality of engine throttle settings obtained by
_repeating, at the plurality 15 of throttle settings, the procedure used to
Figgheaite PRy Gr@ 2R FIGOYENSd S5 S SVEhORTRESRBRE cFhak relpiersl speed
obengide.shafta gintional spheegelaréhet samegibretigreetiingtcassteyvosing the
igure 4e¢. i repeating the procedure used to obtain Figure 4b;
sy%%{ %SQF%QS%%{E%%%W chart illustrating one embodiment of a method to
use the power versus propeller speed characteristics for the electric

Fignrﬂmbtapchegaamﬁmﬂver@wgﬁﬁedmm&fywefhuse@bmmﬁwwemaﬁonal speed
obgémy&“&ékﬂg FlIDE LR wa%%,!?elﬁ?r@@!%JAQ%@Rgg{g:z@ggﬁﬁfégﬁm as

~present invention provide a system and method to use ers an
FigER (it YRR RIS RREIMNE BHEFolaPdPa corresponding internal
combustion engine having similar power characteristics and speed ranges

; h ectrj [ ide '
Figii e R8P Sodlig TRAAC BN RIS GHIRLIUAUR RAAIE ke

CubtehEfe? BBHABYBHYONAE HIEURSANSIEP SPIAtRFAANCEABRLIORE Hiifiurality

of g tkparaienk ondheenginedestapparatFsg@aedis; are thus not
subjected to the high-vibration operating environment caused by the
engine.
Figur% 4d is a graph showing engine efficiency versus engine shaft rotational speed

for the same throtile sellings as shown in Figure 4¢, obtained by repeating the
procedure used to obtain Figure 4b; and

Figure 5 is a flow chart illustrating one embodiment of a method o use the power
versus propeliler speed characteristics for the electric motor to determine the amount

of power produced by the internal combustion engine.

DETAILED DESCRIPTION

Embodiments of the present invention provide a system and method to use
propellers and electric motors to determine the power of a corresponding internal
combustion engine having similar power characteristics and speed ranges as the
electric motor. The embodiments provide a technigue whereby the instruments and
methods for measuring the power and speed of the propelier connected to the electric

motor or infernal combustion engine are separated from the engine test apparatus, and
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This is an improvement over prior art systems. The power of the engine
may then be determined with reference to the corresponding power
characteristics obtained from the measurements of the electric motor. In
some embodiments, fuel flow rates at various 5 throttle settings are also
calculated for the internal combustion engine. These fuel flow rates may
then be used with the power characteristics to determine an efficiency of

the interpal. I I it | ' ts, Ifi .
are e O L B SR SRR SR e spaine
Thiefe hEBRG EHERE LSS PTOr EG REtEmSa BRI fIS89REG dnen be
de@mioedimentefeaasnap partatliscl@edondime aswengifraqievsecobiaaiedectiven the

I I i 1 ves ' .
e SRts B e RO 17 e Al LRP B hAGS Sl ypriows
thrpfisuRRitingiorrtRIes calouiaterbins the folksr bR dsan frsttirelnfse fuel flow
ratéstatigne e banisstevitarng venstukeaiR8dsocauplettioitkeatdrivfécsbral of the

intafhd IB%&%V%”%R grt 82£é§%i t %%%ﬁ%é%@,eﬂ%@ft;ﬁgtgr *E)%l%Qé’Vﬁ{ay be

produce 'bi:/ﬁ;de engine , and the rotating speed o drive shaft
usqadeT isiHy Reciransrascames, deal Ralihy Shei Bicm P il shkft 106

may be measured directly. Alternately, the rotating speed of the drive

: ft,106 . '
PR L B RO SRR G BR ARG O) g0 HRIRELE 106 o
mMegRieingBhsRRiEahahah & BREM AR MISitstib AL AGFECTINEG JRAr TGS drive
shdfmagesshad M swemeriipaccty acipopéibe 1nsdoaersleBissaiment, the

pr%%igﬁqoﬁvﬂié%&@%tﬁﬁ?%%&? the giiye;shart 10843, eﬁ?él%%%%‘j_ r@é%ﬂ%g?ed in

iderstood that other speed measurements may also be use
FOLGHSPSI BRI OUNHIGY RS AN GIRSHECSH P Prispetiep RV S Bt Hiathdtd The
tramaduaitehl 0§ ey ares typicadiyuusedwidh toehinterpahveopludkiied engineengine
h I ' engine. specificati ich
R iR ol e
ORBGRERATA (Hotb e FOPE,HhADTERK Ao SRR S ECIDC BRI, the
rot@gyyrecesunae nick: 1D s 1.8 G o tha§ X ofidhesshebhiwe=htaded the speed of

th%%r%?%@é?' RE/0% e therecpmmendedqaronaligrs, QLANErNREs18h has

rs, may be used with the embodiments of the present invention.
Migshe lean RGNS trFEd(Rer THRTSthePHRUFHOE cBiYRfs WRIZBCSnddced

daohdgeguend measurement inaccuracies of the transducer 108 are avoided. While
the speed of the drive shaft 106 is measured in rpm, it is understood that other

speed measurements may also be used.

The propeller 104 may be an off-the-shelf propeller having a blade diameter and pitch
which are typically used with the internal combustion engine. The propeller 104 may be
selected using the engine specifications, which typically recommend a number of off-the-
shelf model airplane propeliers for use with the engine. For example, specifications for a
20cc engine may recommend 17x10, 18x6 and 18x8 off-the-shelf two-biaded propellers.
Any one of the recommended propeliers, or other types of propeliers, may be used with
the embodimeants of the present invention.

One exampie of the transducer 108 is the Datum Electronics M420 Series of torque

transducers. It is undersiood that other types of transducers may also be used.
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transducers. It is understood that other types of transducers may also be

used. 6 By measuring the power produced by the motor 102 to drive the

load provided by the propeller 104 at a particular drive shaft speed, for a

range of drive shaft speeds and motor power, the power versus motor

shaft rotational speed characteristics of 5 the motor 102 driving a

particular propeller load may be plotted graphically (see Figure 2). In

some embodiments, a range of drive shaft speeds may be obtained by

varying the speed controller of the electric motor 102. The propeller 104
BY1/RRRABRr S s SI0WRT iRSEER BYY ditfe Fistiothé%hi@farveidhailpraneroyisied by
thepopedinss 1 Thamepsyikenae ook pOWE kel rénoe eihgwtdrshelshaft speeds

an@%&%’?j}oﬁﬂgﬁ ﬁ%%%ép%ﬁ‘?}gr!ﬂo‘?H@%\@W&EggrﬁéPégaES&O{%i%}%ﬁt risfics of

rotafional speed characteristic’curve, may then be repeated for each o
thenBssiepf tre Vi pRop@iiisidan BTRRSHBL 17 ¢liStals S8 PP H igFeMi Rl iy olg ee
Fignaydave shameiatsadgitehe sandberagienspbthapépaicallyyuseddanibe by

vak&ﬂﬁéﬂﬁé%%@f’ﬁ%ﬁgo‘?ﬁgmﬁr?eoééﬁ%ﬁ?ﬁ%ér Egs example, if an off-the-shelf

bladed propeller was initially used as propeller 104, other
off-the-shelf two-bladed propellers with diameters ranging from 16 to 20

Thinghgseasdipidches Eﬁ]@iﬂgafsf@'mbi@ t@ﬁﬁcdﬂdﬁgﬁ&th@ﬁ)@ﬁemﬁiﬁey airplane
ordEIER. IR Wes0f 2 WARELI BORE: 94 %ﬁ ALPURLES t@éﬁ%ﬁ%ﬁéﬂ%&?, and

wider range of measured power and motor shaft rotational speed
the Riotineepisiias PRYSHA§T8 e RaRpIEERd HBt ARl 48R Hheisdpettisrsuma, may
thenay: adpeaibdiavedbiies Besaa® bladrsf eagthavingsdiftarentiedgtissuadhe

pr&BH%%”ftﬂ Bich ﬁ%&%@gﬁg%ﬁ&%ﬁ@e%@@’ﬁ& ARG 9RRIEY  the

) general yasr ference numera | Iustratlng € power versu motor
intergft GORAISHAN RSiRe i dci@uigte cUive e Eieetrt-tbs shslioivpodaded
1808 Figoselldrusing nitalietyseidifierenimeifdhershelbtpeopetiere-dretftheo-bladed

pr |%9§%ﬁt9fd¥'éﬁf£@%%n%ﬂ§g'??8@5%‘%9 E@W%Eé@%@%i&ﬁ@gg&(ﬁ%?ﬁmg 6 to 12

~ Y-axis 122, while the meaSured motor shatt rotational sg‘ .
INRSVIIRYRARYISCSHY I IESIRG olEr W35 118 MR 8RaR POEARIBRIAE FEE Pitches
wiltussall 26 mayidbendeploftecs &3aset mwtheameasoremeiais olitaines speed

nIRRdhe; APPRIAS 10D AF IRCURRELLARRN AdIYonAL ROWEEYGIRNS 51
¢ gn%%r lsrigtg ro[‘gtiog algsgeed c%r\%eg 153, 13%%?6?%%3] é]gé S aso
have three or more blades, each having different lengths and different blade pitch

characteristics.

Figure 2 shows a graph, designated generally as reference numeral 120, illustrating
the power versus motor shaft rotational speed characteristic curves for the electric
motor 102 of Figure 1 using a variety of different off-the-shelf propeliers. For the
purposes of illustration, the measured power (watts) is shown on the Y-axis 122,
while the measured motor shaft rotational speed (rpm) is shown on the X-axis 124,
A power versus mofor shaft rotational speed curve 126 may then be plotted, based
oh the measurements obtained from the apparatus 100. As discussed above,
additional power versus motor shaft rotational speed curves 128, 130, etc. may be
plotted for a variety of off-the-shelf propellers. These curves may then be used in a
method for determining the power produced by an internal combustion engine
according to one embodiment of the present invention. This will be discussed in
more detail below with respect to Figures 3-5,
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plotted for a variety of off-the-shelf propellers. These curves may then be

used in a method for determining the power produced by an internal

combustion engine according to one embodiment of the present

invention. This will be discussed in more detail below with respect to

Figures 3-5. 7 The power and speed range required for the electric motor

102 will depend on the type of interrfal combustion engine that one

wishes to use. For example, a 20cc internal combustion engine may have

maximum power somewhere in the range or 5 1500-2000 Watts, and a
Thin BRI ANSh BRRFSOTRRIF ERRUIrPHh EOF ARG ST 0TE0er rPivs. Williglepend on the
typengeisiond thampadnng asgihe elactsitamaipet0R ise@owm dapRaa 20cc

mtékﬂﬁ\aéou%%‘(y& Shen r’%ﬂ%" nE powegﬁﬁe dgaired it r”ear'e-‘%%”ﬂqbuiéz‘%’ge or

enging, various ra gine speed
159 PRt RnF ﬁ)@?ﬁf@%%%ﬁ@@w@%@dﬁ fﬁﬁtrﬁf@%lﬁrén‘t%ﬂ%o rem.

It igolingedeadirediiaepenatadrtits aetiial hotoparingdengs i wlisientitaiar
poWﬁ%{&eﬁ&Wﬁ 0d Spe! ﬁ% rAnge.far r%&”&'”%%l %S'”%Jggéﬁd el “rev fRus

lagram'il ustratl one embo |mento asyrstem esl n

fa'wﬁemm@ﬁ@f@fea%w%@raw@@ gy e d4idng the @rgife @ﬁ%ﬁf é@é’eraay
thid e d&icopiiorally, the fu@Id{@mamx@f»@nag@raqm@mp@@@ngme AOZnal

op Pﬁaﬂé fah qule FRUG- EW%@&PB%'%%%% re&"é) s ia%%‘sﬁ‘&dt‘rﬁ‘e engines

IQuré 11s sed again in the system eter ngine powe
begrgfipehaft rotational speed, and optionally the efficiency of the internal
combustion engine 202 at the given throttle setting. The propeller 104

F@temaﬁ‘ Eigrig 34 g%%&?ﬁ%%%%&@n SHaLaRb AL gpt 2% §{ér9y g&%ugnated

combustlon ngine easuring Instrumen
genselYoam SRR B T FRRA (EIR) &&H@eﬁéﬁéﬂeﬂ“%ﬁn@ﬁtﬁo’?‘lﬁ@ shaRd and,

opaeﬂaay,azgwmitmmﬂ@mmw iHesameanetithesmgind BOmaaswingn throttle
seltl .“”%%'%tﬁ ey b6 ‘FQ&I&F %dd 88 &t?nr g&% YRSl L25ain in the

measuring In ruments ay als e use y using a measuring
Syﬁ%ﬁ”uﬁ%ﬁ‘?h%@”ﬁﬁ%ﬁ}%l@@%ﬁﬁ‘é’@ﬁeoeﬁﬂtﬁ% ehgfhecioprbisienss. and
optisseijated wfibiciarpagetie fivermapasuiingtioste peat 208 inacs yeeieshivtte
semﬁgmeﬁ%”&%}?éﬂér %69'&8&%38 'Eié}?ﬁe 3 is connected to a shaft 204 that is

driven by the internal combustion engine 202.

A measuring instrument 210 may be used to measure the speed {rpm) of the
propelier 104 and/or the shaft 204 at a given throtile setting. In some embodiments,
the measuring instrument 210 may be a hand-held tachometer. Other types of
measuring instruments may also be used. By using a measuring instrument that is
not physically connected to the engine, the problems associated with damage to the
measuring instrument and inaccuracies in the measurements, as discussed in the
background section, may be eliminated, since the hand-held device 210 is not
subjected to the vibrations of the engine 202. The measured engine shaft rotational
speed is used in conjunction with the power versus motor shaft rotational speed
characteristic for the propelier 104 (previously plotted in Figure 2) to determine the
power of the internal combustion engine 202 when driving the propeller 104 at any
given throttie setting.
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background section, may be eliminated, since the hand-held device 210 is
not subjected to the vibrations of the engine 202. The measured engine
shaft rotational 30 speed is used in conjunction with the power versus
motor shaft rotational speed characteristic for the propeller 104
(previously plotted in Figure 2) to determine the power of the internal
combustion engine 202 when drivindthe propeller 104 at any given
throttle setting. 8 In some embodiments of the present invention, the test

In %%%%%%W&ﬁ&s%f'@ﬁ@z‘ﬂﬁe@éﬁpﬁ@ﬁn%' Eﬁaktagpéﬁ%e NG also

aced on a weight scale 2 e tank 220 provides fuel to the engine
oA S A Sl B350 R Al TSR 272
ThedaskiR2g hytiee higehdoahthenpeasii2d ienginel $pediiand geveritdirotdale

22§§ﬂ&1&@é§%ﬁé‘%§$89%@?%ﬂé@rﬁé&yt@ GREOBAGNGLCL 2R, n%lgéh?e% Ribine

not limited to a sto%\évatc The instruments 222 and 226 are n

SPEFR SR RV EOrRETHSISETIRG IRSIASISPIRT APsaRtSHSY A ipgpreter 226,
suclamagbuwrnoidastrdment istapeatabies itausestroynhigh eRgiradiBRions. not

phfs%c%kﬁ%%%%%&s&?%%M@h%ﬁf@f%@em& I QR Mk N IDIS IR of damage or

measurement may be used to calculate the fuel flow rate for the en%ijg Fé
OW

MeFsS ARl M@&&H@ﬂ%ﬁﬁ%@%é’# e &GRS BT S
witharéseregrapte, Begsigsadet jgendiakyrmatisueforentenayipenaetd®; calculate the

fudllWRiFAHRG e aNe SXARPIneT & RRWEMRISHS! )GIRR halk relalianghy given
thrﬁﬁew curve for the engine 202. The graph 400 shows the engine power

22582 on the Y-axis, and the engine shaft rotational speed (rpm)
404 on the X-axis. The power produced by the engine 202 at the

F:dUPé‘EHr%dagg?é?ﬁ% apddReaiendhectie salting:ayRerarerdedodsifdaiRng
oint 406. 2 e mass and time mea%ilements to?bether with he

OB RN Gt AR S SUNReR Al T PR RS BRI EL iahe engine
20@fficierograpibth¢0éngimev2 0Rea e tignm easare (v aite)i A 2 aft tspeéduandand the

engiMES AR HISEHINGNE Rthad PEHeHRIRIING the SIGIBREYRLEM by the

engine 202 may include usm%the Welgeht scale 222 to measure the
enging 202 at the ‘measured speed and the given throttle setting may be recorded

as a data point 406.

The mass and time measuremenis, fogether with the previously determined engine
power, may be used to calculate the efficiency of the engine 202 at the measured
engine shaft speed and given throttle setting. One method of determining the
efficiency of the engine 202 may include using the weight scale 222 tc measure the
mass of the fuel tank 220 at a first ime and again at a later time. The elapsed time
may be measured using the chronometer 226. The fuel flow rate may then be
caiculated using Equation 1 below:

Amtamk (1 )

W
Fa Al

where 1, is the fuel flow rate calculated by dividing the change in mass of the fuel tank

220 Am,,, , by the elapsed time Ar.
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25 mass of the fuel tank 220 at a first time and again at a later time. The
elapsed time may be measured using the chronometer 226. The fuel flow
rate may then be calculated using Equation 1 below: rig = A~ (1) At 30
where rizf is the fuel flow rate calculated by dividing the change in mass of
the fuel tank 220 Arrm,,"k, by the elapsed time At. 9 The efficiency of the
engine 202 at the measured engine 8haft speed and given throttle setting

Th?é%?.%@‘#eqe ?il é@%% tong l?ﬁé%‘é’ér%ﬁ%%i@e@s@f?%’é%é{:e dld_given

Esprese_ é?ft efvrg%ne 202, P is the previously determined
thraBlR SE PRI By R BB IS akCthé RFPYow rate calculated

using Equation 1 above, and Q is the heating value, or energy per unit
mass of the fuel being used. Fjg)r any given type of fuel, Q is a constant.

10 Figure 4b is a graph, gesigrated generally with reference numeral 450({2}
showing the engine efficiené’f/f@/o) 452 on the Y-axis, and the engine shaft
rotational speed (rpm) 454 on the X-axis. The efficiency produced by the
engine 202 at the measured engine shaft rotational speed and the given

WhFo il SRIRRR P R 080 B8 &N95Z% pdintals, RIRUOHShdgtermined
polfSH8 QR BHELALAGHE OGN PRI R RtasR 3,406

in Figure 4a and 456 in Figure 4b, may be repeated at the same throttle
absedtingd USingthlechphiiralits okt theeslyglepropeters bOhanitbl thesngowed. For
versus moto(g f?ﬂgﬁ:ﬁfo rotational speed characteristics shown in Figure 2,
fi

A IR dﬁ%ﬁ?m{ﬂf% and 410 in Figure 4a. Similarly,

additional data points 458 and 460 may be generated for the efficiency
Figclﬂré/ %%'QC&?M 'c:i&lﬂéﬁaz%gd Egiﬁerrgﬁymtwg}grgngénﬁumeral 450, showing the
engine efficiency (%) 452 on the Y-axis, and the engine shaft rotational speed (rpm)
454 on the X-axis. The efficiency produced by the engine 202 at the measured
engine shaft rotational speed and the given throttle sefting may be recorded as a
data point 4586.

The method, using one propeller at a given throttie setting to obtain the data points
406 in Figure 4a and 456 in Figure 4b, may be repeated at the same throttle setting
using the plurality of off-the-shelf propeliers 104, with the power versus motor shaft
rotational speed characteristics shown in Figure 2, to obtain additional data points
408 and 410 in Figure 4a. Similarly, additional data points 458 and 460 may be
generated for the efficiency curve reflected in Figure 4b. This results in the engine
power versus engine shaft rotational speed characteristic curve 412, and engine
efficiency versus engine shaft rotational speed characteristic curve 462 at the given
throttle setting.

The method, using a plurality of propellers at a given throttle setting to obtain the
engine power characteristic curve 412 in Figure 4a, and the engine efficiency
characteristic curve 462 in Figure 4b, may be repeated at a plurality of throttle
settings {o obtain additional engine power versus engine shaft rotational speed
characteristic curves 414 and 416 in Figure 4¢, and additional engine efficiency
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power versus engine shaft rotational speed characteristic curve 412, and
engine efficiency versus engine shaft rotational speed characteristic
curve 462 at the given 25 throttle setting. The method, using a plurality of
propellers at a given throttle setting to obtain the engine power
characteristic curve 412 in Figure 4a, and the engine efficiency
characteristic curve 462 in Figure 4b!inay be repeated at a plurality of

velblioWR AR Seitin oS e Sipip adfitopal fRGIRE-ARNE 4 sHa aBEINErhAE 44,

rotational speed characteristic curves 414 and 4%?{](1 Figure 4c, and
Ths RN R IRERCRRAPS 8T GARNR R &' 'Fb‘?ﬁﬁg%nal speed

characteristic curves 464 and 466 in Figure 4d. This results in

it %%@%8?%%% MaRsRiSRMineRANeLANd sflisiencydtdsdmdarsiQpiHbaingine

ifferent curves could also be generated using th er%)(ine I?%Ap/)ower and

pO‘&’SFcaTE{&&féﬁi%ﬁ%%&fﬁ&éeaﬁ-%&?b%%s&%%?PBY%xf PP BSWERRRYE S ErSUS
engingireh sh afttedictinabspe enlicdrve ool kkbgayenatad ety forasdcrompielieat a

plRkRy R SELsRYde settings. Figure 5 shows a flow chart illustrating
one’embodiment of a method, designated 10 generally as reference

numeral 500, to use the graph 120 to determine the amount of power
FigaredBiceiobivy thdldmterinart Ghmsbastiorceagina0nbased amthtispedesginated

gelfaRPinRAhafe U SisRiiss8d,abave Jrsemseoel edimantstib@mount

speed of the engine shaft 204 may be measured b the

. . m '
of BOMESBBIRAT L A1 122 ST 2D 8 i vl ERSr o8 Weragareiof e
engimg Zhtife POdthasb5diecnstadestmizststeprod doterdiimnnispoveespesdus! the

enBIRLCEShRBEPReH CAACIRNISISIPhAIISAN 1t RIPRENRINUME dbwi BY the

an electric motor 102 having a similar power rating and motor speed
PrORALR 494hat of the internal combustion engine 202, as shown with 20
reference numeral 502. The next step is to then connect the propeller 104

Wit therlternalcompistion enging 202, asshawrydthiafrience RinaRlb of
degé“’,;“éaﬁ%g rﬁg&@jt%‘é o measurS,me Spesy e SogneShaM 204818 one
o g 53

propelier 104 driven by an electric motor 102 having a similar power rating and
motor speed range as that of the internal combustion engine 202, as shown with
reference numeral 502. The next step is to then connect the propelier 104 to the
internal combustion engine 202, as shown with reference numeral 504. The next
step is to measure the speed of the engine shaft 204 at a given throttie setting, as
shown with reference numerai 508. This is accomplished by using the measuring
instrument 210 to measure the speed of the propelier 104, as discussed above with
reference to Figure 3. The final step in the method 500 is to use the engine shaft
speed measurement and the power versus motor shaft speed characieristic of the
motor 102 fo determine the power produced by the engine 202 at the given throttle
setting, as shown with reference numeral 508. This is discussed above with
reference to Figures 2, 4a, and 4¢. In some embodiments of the method 500,
additional optional steps to determine, for example, the efficiency of the engine, may
be included. This will be discussed in more detail below.

The first step 502 may be carried out as discussed above with reference to Figures
1 and 2. With reference to step 506, the speed of the engine shaft 204 connected to



10

15

20

25

30

shown with reference numeral 506. This is accomplished by using the
measuring instrument 210 to measure the speed of the propeller 104, as
discussed above with 25 reference to Figure 3. The final step in the
method 500 is to use the engine shaft speed measurement and the
power versus motor shaft speed characteristic of the motor 102 to
determine the power produced by thé tngine 202 at the given throttle
[ nug; V.
e e L3 MR L 0 S s
a preghbalsdecmeRitbhaIBRiRdhetepiationfd wranA iieReapler thet. As
thefficiencreqhiike engneivnay brérchidpte/fusowihae disaussedtemaspeller
etail be ir p 5Q2 e ied ag.disc oV
10%itﬁ%§eé%%g§&%éiggjsr%§ 1& %nﬂ%\ﬁﬁh%%?en%g’toﬁg% pqﬁ%ﬁ%%%io%pgg be

exipRiaER RS DR CORRERTER RITTSRBZ%AYINEI202 may be

determined by using the measuring instrument 210, such as a hand-held

} f the. ller.
B ST S e

( e/motor shaft spee :
POl IElE FO4ms Wete PRIREHURIRERIRT &Rsdhfcanait- 10DetRRiection may be

baigdarmptingy bsxaenblexnapaiateditaitre triermristembiRionceiginggng 202
| ; 0 orall

g e e R S ik, TEMEPAR s e

selgidirie MRS NRRE0 A M B SHREUND PN HekapIeHRY psetting.

limitation, on a desired efficiency for engine 202 10 when driving the

In RR‘%B‘E','S%E&%Y tEHQtH%ﬁ%H“9@6%%8‘?%%%?59%@'@8%\&1& ﬁ%tﬂnee power

selection may be based on a desired engine power for a given thr .
oraig, T {NBSERROGH 18RS FHER e BTG a) Hrthed LI of engine
shadlspladifgaihe thower sprocyicear Bydhe enginefd@adomarpirealityoof

propellers 104, at a plurality of engine 15 shaft speeds and throttle

settings, as shown with reference numeral 510. As discussed above, in

A GiReugRfsoaRAntdNoPRTESH FEBRAIMEBIIGH, thP opiRTas SpeterpiBpRiIfs ©
seienﬁlaemngénermembeeﬁmﬁeoﬁcmmma{gd@dth@yammmr. sters as well.
FEP RIS £ RIS DG PLOS AR, %tth%'mgvagk COmBHSHOR Sﬁ@%ez'@zbased
based 20 on the engine shaft speed measured by the measuri 8
oqﬂgﬁmﬁgmﬁmgﬁéﬁggwmd by the measuring instrument 210, and the fuel

flow rate measured by the weight scale 222 and chronometer 228, may also be
calculated. The fuel flow rate of the engine may be measured at the same fime the
engine shaft speed measurements are being made. Using the power produced by
the engine from step 508, and the measured fuel flow rate, the efficiency of the
engine 202 may be calculated, as discussed above with reference to Figures 4a-4d.
Steps 504, 506 and 508 may be repeated using a plurality of propeliers at the given
throttle setting to obiain the engine power and efficiency characteristic curves for the
given throttle setting as shown in Figures 4a and 4b respeciively. Additional
calculations may be done using the plurality of propeliers at a plurality of throttle
settings to obtain the engine power and efficiency characteristic curves for the
piurality of throttle settings as shown in Figures 4c and 4d respectively, and as
discussed with reference to step 510 above.
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flow rate measured by the weight scale 222 and chronometer 226, may
also be calculated. The fuel flow rate of the engine may be measured at
the same time the engine shaft speed measurements are being made.
Using the power produced by the engine from step 508, and the
measured fuel flow rate, the efficiency of the 25 engine 202 may be
calculated, as discussed above with t&ference to Figures 4a-4d. Steps

TheHeR38 ABG-ROEMAYREJRIRAISA HENRA BIYFRII, AL ORAIELS ALIG At are

given throttle setting to obtain the engine power and efficiency

genpraiaRiiRisRect Ve SHTPTh & SgIgR PIORRIYefih g spbRncr MRl gagine
depandidiy respeiziviely cAddidiofal @adoylations metyddeatdone fosithg Bedection of a

pro‘yé\@] Mé?fp%g%geé%éél%gléﬁ Y Ofi %RE eo@Qr%%ﬁU&%&@P‘i%%@&mﬂaﬂy

engine power and efficiency characteristic curves for the_ plurality of
theyipst ﬂ@cgéilﬁﬂ’jsf%{st%éﬁ)ﬁ%?maﬁ%Erﬁeeﬁﬁﬁtﬁ&ﬁéégﬁéﬁéﬁﬁﬁ aﬂweagatmg The
pratiteal stpdivaticecibeapte wfisiench 10 BhGwppli2atbne metitodydedectivgo flight

opa%wg piRpS AL Té]?gHé‘?n%ﬁ‘%&'aﬁr@ﬁ%ﬁé‘ﬁ:&%ﬁ%@%ﬁlﬁ&é’é RnfRNSERLIG to

select or custom design a propéller for an internal ’combustion engine

be R RAIIATIEATS 8@§iﬁé‘8 i aoﬁfé?%ﬁ?ﬁ‘é Fhfd Fhatisd HIRS\N&%?“E‘I‘?@S the

enselacti®nfdha Ujdpeldethateptiailjdesrazdedired engine efficiency over a
given power range. Similarly, 5 the method allows for the selection of a
propeller to have a desired power rating. The practical significance of

Endpsiassicriiby mened shsiestdfb RV atonyesp@iryaRjieges over the
prioparatingspibmttetitheendivelueshesiegian eldugl efiittendycandarable power

angqﬁ&&@\MBQ@H%ﬁgeQS ﬁ%rgﬁgmﬁ@'%ssmﬁ%a&é@ ORCLALDG. motor

point and specified t conditions, the endurance of the UAV can be
pf%ﬂ?ﬁ‘ﬂfélE)’ﬁﬁ%?éé@e@pﬁ?@%%&dﬁ‘ﬂm%?fﬁé TRITRAFRECRSHEaBYRE™ In a
UAYoeigecseverahadvanitages dveéndheagiof MTOAS e/ techttiguedonaiwgon of

pe&*@ﬁ%@%@?&%&%‘iﬁé@%&omﬁiﬂ@mﬁeH%‘f"%n?&%mﬂt%%@@ SHEEfC motors

range to the engine, the capability to design an electric motor propulsion
Cag;}%ft‘e?‘(‘{ ‘fB*}%b%[?:@'}ﬁinoéf)&%m?éei‘ﬁtﬁfr‘ﬂ%ﬂLEé*ﬁ?H‘lE%ﬁJFPéﬁﬁﬁﬁ‘é‘%&%?éFﬁ% al5

UAV is proven. The implication in the case of VTOL UAVs is the
As'%?&{mrﬁ*&&gfn@%r %%a%&@r%%ﬂah IQ@S%EHQHQME combustion engines,

internal-combustion englnes electric motors
there is little risk of damage To the power and rpm transducer. There is also little risk of

vibration-induced inaccuracies in the measwements. The only measuwring instrument
used to record mofor power is the power and rpm transducer. As there is no angine
involved at this stage, the transducer is not subjected to the potentially damaging effecis
of high engine vibration.

Similarly, the measuring instruments used during operation of the internal combustion
engine (hand-held tachometer, chronometer and weight balance} are not subjected to
the potentially damaging effects of high engine vibration, as they are not physically
connected to the engine. Using the apparatus 100 and system 200, and applying the
method 500, power characteristics can now be measured without risk of damage to the
measuring egquipment, or measurement inaccuracies caused by high vibrations
associated with the internal combustion engine. Simplicity is another feature of the
technique, as it eliminates the need for special considerations (e.g. structural) related to

engine vibrations in the design of test benches.



can be switched on and off remotely without the need for external starters.
As electric motors have much lower vibration levels than
internal-combustion engines, 20 there is little risk of damage to the power
and rpm transducer. There is also little risk of vibration-induced
inaccuracies in the measurements. The only measuring instrument used
to record motor power is the power a¥d rpm transducer. As there is no
engine involved at this stage, the transducer is not subjected to the
potentially damaging effects of high engine vibration. 25 Similarly, the
It Wé&&ﬁ?@?ﬁ?ﬁﬁr@h& B%’é&%ﬁﬁ#?@doﬁe%é‘%iﬁﬁtotﬁﬂ%éwﬁ@fﬁaﬁc\éﬁﬂﬁt‘fgﬁoﬁ”d"or
mogifgaiefhandshebe tacnEnetethehporeeme terantmveaaghsbalande) e specific
erBBIRRIAG GrfBEPAIEEHAL A BUNG PRI AIJNGG SROIRGAEATSL. BSaay

they are not physically connected to the engine. Using the apparatus 100
de%t%%%?éﬁ BEoe R OPITIRY RS O IEIRGY SoRF FONReERhra b fRIRES!s to
be daustradiveben dhestsasgtttivithout risk of damage to the measuring

equipment, or measurement inaccuracies caused by high vibrations

associated with the internal combustion engine. Simplicity is another
feature of the technique, as it eliminates the need for special
considerations (e.g. structural) related to engine vibrations in the design
of test benches. 13 It will be appreciated by a person skilled in the art that
numerous variations and/or modifications may be made to the present
invention as shown in the specific embodiments without departing from
the spirit or scope of the invention as broadly 5 described. The present
embodiments are, therefore, to be considered in all respects to be

illustrative and not restrictive. 14 CLAIMS 1. A method for determining a

power produced by a internal combustion engine for use in selecting a

propeller for the engine, the method comprising the steps of: 5

determining power versus motor shaft speed characteristics for at least

one propeller coupled to the motor shaft of and driven by an electric

motor having a
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similar power rating and motor speed range as that of the internal
combustion engine; connecting said propeller to an engine shaft of said
internal combustion 10 engine; measuring a speed of said engine shaft at
a given throttle setting while said propeller is connected to said internal
combustion engine; and using said speed measurement and said power
versus motor shaft speed characteribtic of said motor to determine the
@uyer produced by said engine. 15 2. The method of claim 1, wherein the
step of determining the power versus motor shaft speed characteristics
further comprises the steps of: connecting said propeller to said motor
1. shafhofisthiddefectiatamoitarigea gomeasidiogdt e p avweliereguieddosfoodeegne

for GIMALENRL0r SBalt snsR 19 A. 2R D ally l%fe"tﬂBEPE&%ﬁﬁP&ﬁ#@sépI e

method of claims 1 or 2, turther comprising determining the power
procifREETHY RAIBWR; H@fﬁﬁdwmhﬁﬁfﬁf%%?gﬁﬁégﬂ% éB%% fossay legsd one
prapeltbodaipey onehef thetqrenait ot laim sjfueth eycempiigitig messutiagng a

swﬂd? fB?a‘O(/é?t?a flosalthenaing igreachata lurality gf RRAPRIIEIS At mpbustion

plurality of engine throttle settings. 5. The method of claim 4, wherein the
ENgteP of measuring said fuel flow rate 30 further comprises: measuring an
initizdonasstiotjaduiel tankaispplying feebiosaidaéngieaid drfiestalimembustion
@surlng the mass of said fuel tank again after a period of time;
calculatlng a change in mass of said fuel tank; and 15 dividing said

charBeApHigse 69@3%%06@?\&%969{[}%%?@%éfe?rﬁu'ﬁ@"sg?aom%Isﬂ%ﬁﬁrﬁt’é"%Sa’d
prafedienatbodrel-tialmssdioirGemheceintaaitbfuehfiow; ratel at said throttle

using said speed measurement and said power versus motor shaft speed

characteristic of said motor to determine the power produced by said engine.

2. The method of claim 1, wherein the step of determining the power versus
motor shaft speed characteristics further comprises the steps of:
connecting said propelier to said motor shaft of said electric motor; and
measuring the power required to produce a given motor shaft speed for a
plurality of motor shaft speeds.

3. The method of claims 1 or 2, further comprising determining the power
produced by said engine for a plurality of engine shaft speeds.

4, The method of any one of the previous ciaims, further comprising measuring
a fuel flow rate for said engine for each of a plurality of propellers at a plurality of
engine throttie setiings.

5. The method of claim 4, wherein the siep of measuring said fuel flow rate
further comprises:.

measuring an initial mass of a fuel tank supplying fuel to said engine at a first
fime;

measuring the mass of said fuel tank again afier a period of time;

calcuiating a change in mass of said fuel tank; and
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5 setting and said engine power are used to calculate an efficiency for
said engine. 7. The method of claim 6, wherein said engine efficiency is
calculated using the formula g = P Q wherein r) is said engine efficiency,
P is said power produced by ml said engine, mj is said fuel flow rate, and
Q is a constant depending on a type of fuel 10 being used. 8. The method
of claim 7, further comprising: calculafing an efficiency curve for a plurality

of Prapaliey Salt MRl PhesdiIBE shallhereads: antkoRoNadilsaid fuel

" settings; and 15 selecting one of said plurality of propellers to meet a
OYdaifed criteria. 9. The method of claim 8, wherein said desired criteria is
one of a desired engine efficiency or a desired engine power. 20 10. The

6. Methad Ghamyens QfdResPECYIOYS GaliTm, WARISAN.R fRGNCHRSIST iSPekkottie

to measure a speed of said propeller when connected to sz%id engine |
setéwgf? said engine power are used o calculate an efficiency for saidl engine.

7. The method of claim 8, wherein said engine efficiency is calculated using the

formula UEMT%, wherein # is said engine efficiency, P is said power produced by
my

said engine, m, is said fuel flow rate, and Q is a constant depending on a type of fuel

being used.

8. The method of claim 7, further comprising:
calculating an efficiency curve for a plurality of propellers at a plurality of
engine shaft speeds and engine throitle setlings; and

selecting one of said plurality of propellers 1o meet a desired criteria.

g, The method of claim 8, wherein said desired criteria i1s one of a desired
engine efficiency or a desired engine power,

10. The method of any one of the previous claims, wherein a tachometer is used

to measure a speed of said propeller when connected to said engine shaft.



