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Fig. 1. Visual map of the STS model of science. Each dot represents a topic.
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BEOJNEE OETAJIBHbIE UEJIN

1. KOHKYpPEHTOCNOCOBHOCTb U Ka4YECTBO CO3aaBaeMomn npoayKuun.

2. HacTtaBHW4YeCTBO HOBOIO TUNa.

3. OnepaTtmBHasa oTpaboTka cLueHapneB pa3BUTUA TEXHUKN.

4. T[lporHo3uvpoBaHue TPEHOOB PA3BUTUA — UHTENNEKTYalrbHbIE CUCTEMbI MOUCKA U
aHanusa (MHTerpauuns oT4eToB).

OnepaTtuBHOE peLleHne Hay4YHO-TEXHOSTOMMYECKUX 3a4au.

TexHonorn4yeckn NoUcK nHdopmauum ansa pesepc-MHXNHUPUHTA.

OTcyTcTBue aybnuposaHua HNOKP.
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Technology Readiness Level (TRL) by NASA
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y Electric Motors and Generators @

> &
AyL
— — —

=g =

Desirable characteristics of electric motors

- High instant power

- High power density

- High torque at low rotor RPM, (300 to 500 RPM)
- High efficiency over a wide RPM range

- Scalability

- High reliability and robustness

- Fault tolerance

- Low cost

ELSEVIER

& "\5', SOME PREVIOUS ANALYTICAL STUDIES . @

Electnc Helicopters
- NASA/Ames: Datta, A., and Johnson, W., 2010
- Southampton: Buysschaert, F., Hendrick P., and Newman, S., 2012

Diesel Engines for Helicopters
- Turbomeca/SAFRAN: Richard, S., Alix, G., Wasselin, T.,
Dabadie, J-C., Matrinez, L., and LeBerr, F,, 2013

Electric and Hybrid Helicopters

- Eurocopter: Jaenker, P., Stuhlberger, J., Hoffmann, F.,, Niesl,G., and
Kloeppel, V., 2010

- Maryland: Nagaraj, V.T., and Chopra, I., 2014
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@ % Summary and Conclusions
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1. For best performance, rotors of Tiltrotor aircraft need a continuously
variable RPM both in hover and in forward flight.

2. Compared power sources: Turboshaft, Diesel, Gasoline, Batteries,
and Electric Motors
- Need for speed reduction gear box, preferably Continuously Variable
Transmission
- Diesel Engine, with high torque at low RPM and high torque over large
RPM range, well suited for Continuously Variable Transmission

- Electric motor suited for Continuously Variable Transmission

3. Current technology battery and fuel cell (PEMFC) result in very heavy
vehicle.
To match baseline turboshaft powered Tiltrotor,
Need 11X increase in battery energy density
Need 66% reduction in hydrogen fuel tank weight and
3.2X increase in PEMFC stack specific power

ELSEVIER

1 -
AviH
.

@ Summary and Conclusions

e ———

4. Diesel engine alone option results in 7.3% reduction in Take-off
weight and 51% reduction in fuel consumption

5. Hybrid (diesel engine + generator) combination results in
34% increase in Take-off weight and 34% reduction in fuel required

6. Hybrid option requires 87% increase in power density of
(motor+gearbox+controller) to match baseline Turboshaft vehicle.

7. Targets for Batteries, Fuel Cells, Motors:
Battery Power Density: 1.32 kWh/kg
PEMFC Fuel Cell Stack Power Density: 2.08 kWh/kg
Hydrogen Tank Weight: Weight of Hydrogen fuel! 0.15
Specific Power of (Electric Motor+ Reduction Gear + Controller): 5.17
kW/kg

@ Knovel
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Energy Conversion and Management 164 (2018) 429-442
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Fuel consumption of rotorcrafts and potentiality for hybrid electric power
systems

T. Donateo”, A. Carla, G. Avanzini

Department of Engineering for Innovation, Universita del Salento, Campus Ecotekne, Italy

ARTICLEINFO ABSTRACT

Keywords: The paper proposes a simulation approach to evaluate the power required by a rotorcraft in standard flight
Hybrid power systems missions and in emergency landing maneuvers, and the corresponding fuel consumption, in order to compare the
Fuel economy feasibility and potential fuel savings for different hybrid power systems. More in detail, three options are ana-
Helicopters

lyzed, namely electrification of the tail rotor, fully hybrid electric propulsion and electric emergency landing.
Weight penalty and potential fuel saving for the proposed hybridization schemes are evaluated for an Agusta-
Westland A109 twin engine helicopter model. Nonetheless the discussed methods of analysis have general va-

lidity fnr cinala main ratar halinantar aanfouratinne

Batteries
Turbo shaft engines
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Pr =P, + B, +F,+ F.+ F;, (1) cymmapHas MOWHOCT;

P, =DV =1/2pV>SC,

P
. =WV sin y
dh .
—— =} s1in
dt 7
P, = const

Py =~F,,+ P, (2)mowHocTs HB;
., =1L15F,

P, = T,

T = 2 p(zR*HV @, (3) poTopHas Tsra;

1V, =V sin a —@,)> + (V cos a)?

Zd—T/=—Tsinoc—D—T/Vsinj/

g dt
WdezTcosa—Wcosy
Feg dt

2 12, 29%p 2
P, = (o2, R"Y) A +3¢2)

o = N,c/(77R)
@ =V/QR
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APXUTEKTYPbI TMBPUON3ALNA

a) Electric tail rotor b) Parallel hybrid electric

nain
engne

c) Series hybrid electric d) Emergency landing power system



MOTEHUWMAIT SKOHOMUKN TOTTTBA TP PA3ITMYHBIX MUCCUAX BKITA

3000

m)

i

~—2000

altitude

1000

altitude (m)
N
o
o

Mountain 1

0 10 20 30 40 50

Air-sea Rescue

Y

0
0 10 20
9) time (min
Mountain 1
100

speed (m/s)
(o))
o

20 30 40 5

0 n

a) 0 10 0
Air-sea Rescue
100 !

)
E
o 50 1
(0]
(0]
Q
"

O n

0 10 20 30

(e)
~

time (min)

Mountain 2
3000 T T
2000 / \ ]
1000 :
b) 0 5 10 15 20
Transport
400 : ,
200
0 § \
0 5 10 15
d) time (min)
Mountain 2
100 ,
i /\
0
b) 0 5 10 15 20
Transport
100 T
50
0 J -
0 5 10 15
d) time (min)

[MoTeHuman akoHoOMUK Tonsnmea (Kr)

Cxema Mountai | Mountain | Air-sea Tranport
n1 2 Rescue

OpuruHanbHasa | 157,3 | 71,75 49,53 [ 111, 3

(2x550kBT)

2x550kBT + PB | 154 70,08 48,58 | 108, 7

45 kBTt

550kBT + 135 60,76 42,4 95, 46

arnekTponpueoa

350 kBT

900kBT+anekTp | 135 61,49 42,61 95, 97

onpuBog Angd

aBapuNHOW

cutyauum 540
kBT

ScienceDirect

24
ELSEVIER



I~ Mountain 1

< 1000

o

2

(@]

2 500F 1
e}

©

e

T 0 : :
)5 0 10 20 30 40 50
E Air-sea Rescue

< 1000 -

o

2

o

2 500¢ -
O

©

C

T 0 ‘

€ 0 10 20 30
c) time (min)

= Mountain 1

§50 :

@

2

o

(=5

S m
©

a)ﬂ 0 10 20 30 40 50

Air-sea Rescue

0 10 20 30
time (min)

N
o

o

tail rotor power(kW)
N
o

Mountain 1 Mountain 2
= 0,8 - : : " 0.8 » ,
, < 06} ﬂ J\_[ . 0.6
Mountain 2 = S
1000 2040 ) { ] 0.4 _\,,\___ll\m |
" g 0,2 - 0.2} -
500 f 0 : : ' ' 0 ' ' - :
U a) 0 10 20 30 40 50 b) 0 5 10 15 20
b) 00 5 10 15 20  6a Air-sea Rescue - Transport
Transport § 06!} ] 06"
1000 T 2
Soatel NI gl ~_
O 0.2t 1 0.2}
L
500 I , , 5
0 10 20 30 0 5 10 15
. <) time (min) d) time (min)
0 5 10 15
d) time (min) 125
—
Mountain 2 120 =T
50 : e e i
o 115 ]
| k)
- .-®
. | ‘g 105 =
b) 0 5 10 15 20 g 100 ————F == | I ,,,,,,
() __--0-':1.-._._._.'. ....................... T T T P A
Transport O 95 =
40 E B ORIGINAL POWER SYSTEM
b 90 -®-Scheme D2 ]
20 85 -4 Scheme B =]
N J V ——-Scheme A
0 , k 80 | |
4 0 5 10 15 0 100 200 300 400 500 600
time (min) . . Additional weight [k
ScienceDirect daitioral weight [ke]



gEna

&2

ANEKTPUOUNKALNA PYITIEBOIO BUHTA e

ELSEVIER

[pu psge npenmyuLecTs:

1. YMeHblUeHbe Beca 3a CYET CHATUA MEeXaHU4YeCKoro
NPMBOOHOIO Bana;

CokpalleHne BpeMEHN 1 CKOPOCTN 0BCNYyXNBaHUS;
Bo3moxxHOCTb Ay6nmpoBaHnsa coeguHeHns reHeparopa u
aBuraTens;

4. ABTOHOMHOCTb CKOPOCTW BpaLleHna PB

w0 N

anekTpudpukauma PB nmeet orpaHMYeHHY0 BO3MOXHOCTb
9KOHOMWUM TOMSIMBA.

a) Electric tail rotor

ScienceDirect



MACCA BKIA INMPUN PASJITIMYHbBIX CXEMAX TMBEPUON3ALUNA
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BbIBOAbI MO MBEPUONIALIMN BEPTOSNETA }gﬁ
1. MNonHaga anekTpudukauyma BKITA HeBO3MOXHa gaxe B bnuxkanwem oyayuiem.
2. dnekTpudukauma PB — egMHCTBEHHAsA cxema, KoTopast MOXET ObITb OOCTUTHYTA

6e3 3HauuTenbHoro yesenmyeHns maccol BKITA (akoHomua Tonnuea ~2%).

. YacTuyHas rmbpunamnsaums (3ameHa aByxaBuratenbHOM CUCTEMbI Ha

ogHoaBUraTenbHYy) MOXET COKOHOMUTL A0 5% TonnuBa Npu CrNOXXHOW CTpaTernu
ynpaBneHnsa aHepronotpebneHnem.

: rlpOI/I3BO,EI,I/ITeJ'IbHOCTb FI/I6pI/I,EI,HbIX AJNIEKTPO3HEPIETNHECKNX CUCTEM CUTIBHO

3aBUCUT OT cTpaTernun yrnpasrieHUsl QHEPrnen n orpaHUYeHa rnpoLeccom
3apsaku/paspsaaku.

. llomnmo cneunanuctoB B obnactn moaenupoBaHusa aspoanHamuku BKJIIA,

CO34aHNS ANEKTPOXUMUYECKNX NCTOYHMKOB TOKa, HEOBXoaMMbl cneunanunucTbl No
co3naHuga CY BKIJIA.

. MepcnekTnBHasa cxema rubpuamnsanum — UCronb3oBaHNe AU3enbHOro ABuraTens

B KayecTBe TpaauLMOHHOU CUTOBOU YCTAHOBKMN.
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['PYTNMOBOE NMPUMEHEHUE ACIT

P-700 Granite AGM-154 AGM-158C  Boeihg PWATS [Tlofhrop
rumman X-47A

TPO KP-21-300 TBA Wiliams F107  HS TJ-150  TBA Williams F107

— HaBurauus n koHTponb ¢ oTkasom ot GPS; Mo 24 ef. Ha GopTy;
— CamocTosTenbHoe NPUHATUE peLLeHNn; — Cow3 c P-8 SH F/A-18
— OnepexeHue IMNA;

— P3b 1 0bMeH aaHHbIMU;
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PaboTtkl no ncnone3oBaHuio bINJ1A B kavecTBe 'L} HavaTbl 6onee 20 net Hasag,.

[TpoeKT TpebyeT BbICOKMX 3aTpaT BBMOY CIOXHOW MporpamMmMHo-anrnapaTtHoOm YacTu.

Tpebytotcs cHumxeHne cebectonmocTun npounssoactea blJ1A.

[ MaBHbIMK TexHoorusamMm npu cosgaHum 'L asnsatoTca MO n anekTpoHurKa.

He pelueH Kn4YeBOW BONPOC — LierieykasaHne u Lenepacnpegenedue npm gopmmposaHum bIJ1A B
Buge L.

He pewleHa 3awimnTa oT nomMmex npmn oomeHe gaHHeiMu mexay blJ1A.

BIJIA pelwwaeT npobnembl HEXBATKM NMUIIOTOB/Yy4E€OHbIX CaMOSIETOB.

'Ll cnocobHa aHann3npoBaTb MHOPMaLKIO ObICTpee nNumoTa

'Ll cnocobHa ncnonb3oBaTh BbICOKOPA3BUTYHO TAKTUKY, B T.4. C NPUMEHEHMEM MPUMAHOK/YCTaHOBKU
NOMexX.

B kauyecTBe 'Ll BO3MOXHO ucnonb3oBaHue 6 bBINJ1A B Buge «komnnekcay, No aHasnornm c
HaseMHbiMn 3PK (3PTIK).

KntoyeBbIMW Hay4YHbIMU HanpasneHnsamu « borHra» ABsitOTCA HanpasrieHNA Mo pasBUTUIO
npumeHeHnsa bBIJ1A B kadecTtBe ['Ll.
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K 2035 rogy 6yoet caMoreT C HyneBbIM
BbIOpOCOM BpeaHbIX BewecTB. Airbus.

Renewable and Sustainable Energy Reviews
Volume 1, Issue 4, December 1997, Pages 239-269

ELSEVIER

Hydrogen aircraft and airport safety

U. Schmidtchen, E. Behrend, H.-W. Pohl, N. Rostek

Show more

https:/{doi.org(10.1016/51364-0321(97)00007-5 Get rights and content

Abstract

Hydrogen will be used as aviation fuel in the foreseeable future. First flight tests
with a hydrogen demonstrator aircraft, currently under investigation in the scope of
the German-Russian Cryoplane project, are scheduled for 1999. Regular service with
regional aircraft may begin around 2005, followed by larger Airbus-type airliners
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MpegnpusaTtue

AO «O[K-Knumosy, anpekumns MNAB

3apava

[Moaxoabl kK nonyyeHuto ceptudumkata Tuna Ha Al ¢
petanamu AT B TedeHune 4-5 net

AO «OK» MK «Cantoty,

BbiBoA

HanpeH pekomerngaternbHbin unpkynsap FAA; onpegerneHbl
KPUTUYHbIE DaKTOPbl Ka4YecTBa U CBOMCTB; adanTtauus
OENCTBYOLWMX pernameHToB rnog AT, YncneHHoe
MoZenMpoBaHue npoLecca NOCTPOEeHNs AeTanen ¢
y4eTOM BapuaTMBHOCTU

Mcnonb3oBaHue pesynsraTa: onpeaeneH OCHOBHOW NyThb,
noaaepXXmBaeMbli MMPOBbLIM COOBLLECTBOM

Mpegnpuatue
PEANp oTaen TennomMmaccoodbmeHa
341843 OxnaxaeHne TPakTOBbIX NOSIOK COMNoBbIX BrIOKOB C
A MepUaMOHarnbHbIM No4KaTUEM
BbiBOA CnpoektnpoBaH connoson 6nok TB[] ¢ oxnaxxgaembimu

JionatkamMmm ¢ MepunanoHaribHbIM NoaXXaTtunem.

OKB um. A. Jlionbkn «OK-YMIOy,

Mpeonpusatne AO «O[K-Asnagsuratenby», oTaen KOMNPeCccopoB
341843 Moaxoabl K MOAENMPOBaHMIO paspyLLUEHNS KycKa fibaa
A B BO34yx03abOpHMKE N KOMNpeccope
Bbin HanpgeH oteer, 4To B ocHoBHOM SPH (LS-DYNA).
Bbison BbISICHEHO, YTO ANHAMUYeCcKoe MaTMoAdenMpoBaHne

noka KparHe 3aTpaTHO Mo BPEMEHM U
BbIYMCITUTENBHBIM pecypcam.

MpegnpusTtue
PEANP oTAen kamep cropaHus.
3ama4a [Monck akcnepuMeHTanbHbIX AaHHbIX A9 NPOBEAEHUS
A BepuduKaunmmn MeToanK pacyeTa
[MpoBeneHa BepudumkaLms No aKCnepuMeHTanbHbIM
nccregoBaHnAM, pacCMOTPEHa cxemMa U NpUHLMN
BbiBOA paboTbl 3KCNEpMMEHTaNIbHON YCTaHOBKW, UCCIeL0BaH

NPUHLUMN 3KCNEepUMEHTanbHbIX UCCNEeAOBaHWIA CTeHaa
ANS U3yYeHUs1 pasnNnUYHoOro Buaa ynnoTHEHWI C
3aMeHsieMbIMU BCTaBKaMM.
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