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ARTICLE INFO ABSTRACT

Unmanned Aerial Vehicles (UAVs) have emerged as disruptive

) autonomous aerial systems in recent decades, primarily due to their
Received: 2025.01.11 significantly reduced operational risks and high economic efficiency
Accepted: 2025.02.08 compared to manned aircraft. These inherent advantages render UAVs
) ideal platforms for a wide range of sensitive and high-risk missions.
Published: 2025.03.16 Among these, Fuel Cell UAVs (FC UAVs) have garnered increasing

Keyword: attention within the aerospace industry, largely owing to the high
gravimetric energy density of hydrogen. Nevertheless, to fully realize
future mission capabilities, the electric propulsion systems of these UAVs
Propulsion Systems still necessitate comprehensive optimization and structural innovations.

UAV (unmanned aerial vehicles)

This article provides a comprehensive review and in-depth analysis of

Energy management strategy the key technologies associated with the design and performance of fuel

Fuel cell cell UAVs. Initially, various propulsion system architectures, including
fuel cell-only, series, and parallel configurations, are meticulously
Battery examined, and their respective operational advantages and limitations are

elucidated. Subsequently, the paper addresses energy management
strategies, which are crucial for optimizing power distribution and
enhancing overall system efficiency. Furthermore, novel and specialized
applications of fuel cell UAVs in domains such as precision agriculture,
infrastructure monitoring, urban logistics, and military operations are
thoroughly described. Concurrently, systematic design procedures and
tailored engineering considerations pertinent to each application, including

*Corresponding Author:
P g aerodynamic and propulsive aspects, are summarized. The findings of this

Mohsen Rostami comprehensive research underscore the critical imperative for developing
Email: advanced propulsion architectures, optimized energy management
cpt rostami@gmail com strategies, and precise engineering design procedures to accelerate the

commercialization and widespread adoption of fuel cell UAVs. These
interdependent aspects play a pivotal role in augmenting the flight
endurance, reliability, and operational efficiency of these aerial systems.
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(Dincer & Bicer, 2017)s,5 salys 35 o5 ol
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'(Fernandes et al., 2018)

by ! sl b i Sl B Je Gl e 2 e b he, )
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Black ) ax LS =32 o Glsie 0 e |y (il plases 1) dgdise ogmns
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log)os5 g S Slopiuems 51 cdél logtil by phu pl Gla Sy o5 Ll
Component-) ;> zhw ;5 g5lwoe b (B Joo Glopinns p; wiloods ol
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(Kwon & Gang, 2018) i a3l LG (o3lwage b )b
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oo )5 slp @l slagil i g &5 Suline ol (nl &5 wigd aig plojen
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Lol )l (ol gl 005 (s b Guend 09290 (2525 slaosls Sl eslial b L 4yl
(Yang et al., 2018) siiwd o 9 (Saslivdgpl >b o opjlel galass
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Application Model
(Aircraft)

Design r Scalable Fuel Cell Aircraft Design
Variables Powerplant Model Configuration A
Naive Fuel Cell

Optimizer Subsystem Model

t

R ——

(a)

Naive Fuel Cell
Subsystem Model

Design Aircraft Design
Variables —| Powerplant Model | '_C>onfiguration B
Subsystem

Models

—

(b)
Application Model
(Aircraft)
Design Aircraft Design
" variables Powerplant Model Configuration C
Subsystem
Models
(c)
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g el Sapieaw Jolz) o1 (Balance of Plant - BOP) yiwew v
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ol 00 g 5 Jwads 4 (Verstraete et al., 2015) gz o 10 by s 105l S 10 glis )l o
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(ROIIS) o cde s slasms (Aerobatic Maneuvers) ol Sy ST ol >
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(Nishizawa et al., 2020) ol 055,35 &l )| el o0
5,51gn adgl b gloosls &il,l:Jgl o5 @
T O W N B P SO APPORE
Wing Loading - ) Ju L «Wingspan) Jt Job .l ol el )b Jels ool
Maximum ) cwuls L iSTas 5 (Overall Dimensions) sk, S skl (WIS
bl g adgl (b sl «ledbl ol axsb o (Take-Off Weight - MTOW
(Renau et al., 2017) s 51 o p2l,3 1, (am slagan S
culo lgp Aoy (2)b g CLiiilipg0 o5 @
g odd 48,5 by o cdo b wb cewlie Airframe) e Aoy K g Al o (o
slge bl 5 (Structure) Lol jtsle (WINGS) o b Jols oy ol 09 )b
2 EpSede b Wlg oo 8150 cpl digs 5 e ol .ol (Materials) slo sl
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Ly alSlas ob @ oy o |, (Cruise Stage) ;5,5 al>,» 5 (Climb Stage) ssso
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(Rezk et al., 2021) s 5lo oo (ascive Cuygele
SN (ol phey i (> 1ob g L e ez o5 @
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s$ 50 lroaiss ]S (ol slaJane Sl Jalts o5 (nl oS (b (25l &)50
(Zhang et al., 2018) el (551 Co pow 9 oo b das o syt gl g

(Determining main characteristics of the UAV)

| Calculating minimum power |

Relationship between mass and
needed power at desired ceiling

v

| Selecting fuel cell and its balance of plants Fﬁ

Verify power and mass meet
the requirement

Selecting appropriated flight strategy
and flight endurance
v

Determining the mass of fuel

Verify power and mass meet
the requirement

( Flight test )

YU £l e oy (solty 512 oolaisl o1y &l ls -6 S5

Ao 5l Ao g (iw)lSel sl ey ol

b Glp olgss 1, (Total Airframe Mass) wsa JS s> o5 ool o
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5 5g wale> L5 5,50 (Iterative Calculation) 1,5 clabxe «&ygo ol e o
(Ol izl Sl b wlge ool pola) (3 slapls jo (b sloal b ol p3Y
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(etal., 2022
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b pledl Gy U 5550 0 Shoe radi 5 (Seslins Slles @ ae 2558L Gl
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5 403aN A5 s 5 (g Ay 0 Skae slaggejl ol b talesl ol ol (55500
b LG Bzl o Slas Gl 5116 aiib co g5l atm 55100 5 5,L lagiales] (rizman
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(Lee etal., 2014) x4 00,9] p (soulS | Lixs
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Ol pies e (Gravimetric Energy Density - Wh/Kg) - ,> 55 3 WIkg
h oatls 99 cnl ane nolie 5 03,5 (ow)p &ola jsb @ 5lon Golon Cwglie )
(5L (B Jo) 6551 b S oS 5 G anste SBil & Jod (ol emled anloee
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( Give specific aircraft technical data )

| Design appropriate fuselage F%

| Desired power during climb and cruise stage |

Selecting powertrain structure, fuel cell,
balance of plants and hydrogen storage

Verify the feasibility of
powertrain plant

( Ground experimental bench test )

I

| Stack and hydrogen generation test |

|

| Battery recharge and discharge test |

I
C Flight test )

ol W) (G U ol sl (polais] (2 lib ©)lagld 7 Ui

g Jt Sty b By 55 oy Slaileudir g Cxy 0

e sloole sl (Propulsion System Design) i seaw >hb o IS ok @
Sl el Sl | 55765 glsil ssloSinbon 5 53lotz Sy o5 (g o &
«Mission Profile Power Demand) ¢ sele Llgp olol » ol slols Jols kel
S e g sl led slapiunm »; o (POWEr Source Characteristics) 4is g wlasin
sl 0 Wb i sounte slacuadgame (opl p ogdle il e (Actuation Subsystems)
5 &l ollyll (Technical Requirements) s cllyl Jols 45 wgs bl b
Custom ) oo sileodliw byl 5 «(Normative Requirements) (ss ot
Ol s wilize slasluy b loanld Juloo b .ais 5 0 5,5 o ol> (Requirements
2,00 0929 b Lol als a8 plaiis 0 a5 C8 )8 axs

ol IS Dbyl el ololis )
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Mission requirements

¥

Input parameters [¢—————=

v

Constraint analysis

v

Mission analysis

Calculated endurance time is
above required one

| Design specifications |

S295 ple (59w J Sty (oo (> w9 -8 Yt

Lol 293 plette g Lol sy Sl)ls al> e j2 a5 8L 0 Glgiee ( JSO (nl G (w2
il 35 5020 (Overall UAV Demand Analysis) sby JS slols gul> Julos )b
Sl 4 pgd dl> ol S 5l g dosgile Glyn sl Gl slejls Sbj)l Jels o oyl
(Propulsion Configuration) . ie oS slp 99350 slaan 35 Gl 5 luaslS oy e
(Energy Consumption Profile) .5, & pae Jlsp adsl uass Julis 5 o ls olazs]
i Slp 2l o Shes slo el )b dcgorme ol 4 ol g po dl> e wules po bl e
Gl gunding 5 oy 5 ax Sl .cwl s3> 2 (60 Slas b olde Juls as ‘a}loxua ul).w.;
Somm SHEgd alfaw b Jole 5l canbioo o] oled Ll )ls 3439 ool 5 Fglise
2 eslles sl g 5 o gele w0 atas wlae 5l cols g9 ;8 a5 el opl yo ol glis oS
Pl slacagll bl lagslating: 5 Sy walys (g iinn 35505 (Ab 5l Solite sloas
0 S 0 Dyge 9 )8 o
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S aams oo Sl b ()5 s, 5 a2 JB CEgm 6551 JBs Vbl silgn Slind
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2ol b LS Al gz (Lifetime) e Job 5 o (Reliability) Lol
9229

L by ools Glog,sld jl (S Sl 5 @olx o0 S ol Giaghy o
S ol 4 bl ool o S all (g Jo slaskey (oS ot Slaptens
or 3 Fee Ju sleskay 5o S Glrin Gl slag lere latl ol (n ke
ool s3luesly a1 (Pure Fuel Cell Architecture) ossw Ly Gro g lone 23,5 13
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Series ) s, o ,un s lene Joli «(Hybrid Propulsion Architectures) o e
« «(Parallel Hybrid Architecture) ;lse o o s lexe 5 (Hybrid Architecture
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Jo @ gyl b aiide Seupe 1) el (L5 9 Ses g 0SS RaSe L ) (O3B
2 &5 o es5b «Double-Stage Power Conversion) g sl e 50 Jows S
S @bl 51 5lge st i o Jilie 50 el Sl Ysano Spm Smd e
Energy Management Strategy - ) 5, <o poe ables <o aiejls Ll ol lo,95
0acls e (6550 Copie o by, b sanlie a5 45g5 len ol diaign 9 S50 (EMS
Jo sloolyy b sloopl5 jo i (Sole JJo & (Rule-Based EMS Methods)
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ail> yo lleses bl bos)ltle 5 slagiloand bwgs L golgriny ailjslys 5 atd i,
EMS sy sjluosls ;0 g s )y dd) aibas ol (Hardware-in-the-Loop - HIL)
S5 Sa e slaailbels b os S aBly slajlyn b 538 sy sbaialesl plonil sl o

Ll (590 A28 iy

( Give specific aircraft technical data )

| Input parameters for constraint analysis |
Determine wing loading and
power-to-weight ratio of UAV

v

| Aerodynamic design for fuselage I‘%
v

| Selecting fuel cell and its balance of plants |

Investigating the effect of gravimetric power
and energy densities on endurance

Calculating the values of gravimetric power
and energy densities

Satisfying the desired missions
and requirements

| designing specifications of fuel cell UAV |
v
C Flight test )

YU 5l Croglro b (S g oy e (>rb iyl ald -9 JSo
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Parameters identification and Data integration

| Requirement of the overall Fuel cell UAV "

*I Technical Requirements i

e payload

e cruise velocity

e round-trip [ N N
| Normative Requirements |

I e total mass at take-off

" " i Custom Requirements |>

e electric propulsion system

e even number of motors

e direct-drive outrunner multi-rotor units

e even distribution of the motors on fuselage
N2

[ Actuation category and set of possible actuator candidates )

N2

| Selection of actuation subsystem ”

| Mission profile ‘ 4< Actuation unit |~

e kinematics > e Selection of actuator type
motion law at worst N2
working condition

e dynamic : free-body analysis of the UAV
geometry and aerodynamic
generated thrusts

7 N2
e propeller description
lift coefficient
drag coefficient
voltage, current, energy consumption

N2
e dynamics e propulsion configuration
total required force total guaranteed force
required acceleration guaranteed acceleration

J
e Best candidate for propulsion configuration
e First attempt of energy consumption profile

J
| Sizing of the power supply subsystem ||

‘ Mission profile and actuators Ii -l Power source unit |—
e complete motion law e power source unit description
energy consumption geometry (mass and size)

total efficiency

operation mode

- N

e power source configuration
usable capacity
capacity for flight

N2
e kinematics
maximum flight duration maximum range
N2
( Set of the functional parameters for the propulsion system jl

Lee 1) ¢yl iy, pitammns 2Ll (5132 425155 (9355hos (215b Cg25lr (a5 ol it -10 S
(al., 2014
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(b caliznl g ool gl )l YU el )| pla) g Ju looley calizes glgl b bls )| 5o
5 & Fhb lesl, S all el 4o 5 Al polaiBl g 380 (b sleayy; (S
£ S b S 5 (oages Seilalnnn hg) Su (5 i sLookn Elgl 25Tl 008
Cealil gl Sealipogpl giloain wile) (b 5l pols gloasiz 2 35,0 b ol |y ol
SHES galr sladdos Galal 05 (b Cudise b (pduygle lp Yo Ols b
2,5 ke 25 Tt 4 Ol 1) Shel sl S Az
&,08 gieew (Propulsion Architectures) gl i sl lons gll ol jo )
) 6 pdan 60,Skae oy ;o (Parallel Hybrid Power System) ;lse s e
Jbd Silse e ©)8 Glapirs Ole SBL (b Gl b o)l e Glaled &
L5 o (Passive Parallel Hybrid) jus,.< L (Active Parallel Hybrid)
Lol asly Slles Slalill g o ygule ol>
e g (Optimization-Based EMS) jluaigs » (s 6550 Copie slogsg, .Y
5 jolis b sbejlulwis (INntelligent-Based EMS)  csiae ign 5
Jo lopin 68l wgzg cpl b aias oo @l a0 Slae 4y oliws Glp |y g 5a0l,lS
5 dnmsg 4 5L a1 S50 (gilweoly sl (Sloslns (s l5loc lap iy 5 abossye
adhle e BB slazd gy
3kl 5 (oogee (b drg) S chagie 5 SasS syl 0 S ge S slockyy Ty LT
Specific ) al . Fesen 5 pols e usebe Sl L olaoley bl cul 69 L
598 6 i 0SB b sleanTp S oS wies o wiejls (Requirements
il S (b op A 4 B 095 Sl e 08 (Sl
P bs G Jn slaskey Fos S slas )l slp oanld sy biwl) )3 iinl 2 ogdle
du e S Gl Slaptacs arwgs o 3o (B glailly sl 285
ailodds Cawjd 2 b 4 b Ghgh 0l (xS iue 5 Gl Altes iz (IS ge
P bBae Ja sloolay Glp alsls Gapm Gl Glopiums arwg 5 shiin )
bl g (S 005l a5 (laigS 4 (S5 5 Lawgte (o) Lol Al ol (85 L
b Sgnte stz BB ok 4 plra Lol
J sleslay slp 0bs lew pliebl a5 YU oy JB2 b oy sladine axwys .Y
sals lasly, (Total Take-Off Weight) cauls,, JS py a5 slaisS a0 ¢ 59
&b sl Power-to-Weight Ratio) 35 4 o)lgy cos g azily
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