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AIRCRAFT DESIGN/HYBRID UAV/VTOL/BATTERY-POWERED/MEDICAL

EQUIPMENT TRANSPORT

This research presents the design of fixed wing battery-powered UAV, designed
to carry medical equipment. This UAV has abilities not only to takeoff, landing or hover
as multirotor aircraft but also to cruise similar to the fixed wing aircraft leads to reach
the high speed and endurance. The UAV has flying wing configuration to improve
takeoff and landing controllability and maintainability. Design process was initiated by
estimating the drag due to fixed wing and multirotor system, maximum takeoff weight,
airfoil selection, energy management, stability analysis, propulsion components
selection both fixed wing and VTOL system. The prototype was built to evaluate the
flight performance, energy consumption and transition maneuver. UAV has 8 motors in
X configuration for VTOL system and 1 motor pusher. Wing airfoil is S5010, 2.45 m
of wingspan, 25 degree of sweep angle, 1.4 kg of payload, 7.6 kg of MTOW, 10 minutes

for mission time and total distance travelled is 10 km.
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2.1.2 Tilt-Wing

. . 4 o 4 1 [ . 15
Tilt-Wing fio e1magiuinamnsnlSueunomes lau@aeany Tilt-rotor uAda
Pl

A 1 A o @ = 9 o s A I ¥ a o YA
Auanaede vzihmsdsueuiln luneugduuemas iesnnuomes lagnanaa 13niln

U

=2 o

o a 4
Tao Kaan Taha ONER azaue (2012) "léﬁﬁummmm'emnNﬂmﬁmﬁmiawmmmmu
. . 14 A Y 1 9 . . o
w04 Tilt-wing LUV 4 ¥BIABT VINMTTUAUNDI MIa3ee1maeIuuuy Tilt-wing liAee
I A a 1A 4 = v o Ao . 4 a ~
WuRtenmINa1LeMeUAUIIUIUIUIVBUD T Tilt-rotor 11109910 Miana lunsal
1 Y v
aegatalueimeanyi Unvesormasuriaiiiinisnedr luuuiaminnunanIesay i

Halimsaugunmamstuii lae1nn i Tilt-rotor

A X 2 A a
gﬂﬂ 2.2 Tilt-Wing “lmmumummqmuamuuuumumﬂ (Kaan Taha ONER tazaue, 2012)



2.1.3 Dual-System
1 v
Dual-System fi® 91mMASIURNNTI19AIV0U0IADT 2 ANBAZ AD A15INAIAY
v A 4 a g A 3 4 v A
mnfuAl Tanieaensen luvaziuiuaimeaaazmsdveduemes v unuai Tan
ioadausatuluvaziuduns Taouamesnnda higunsodSueu'ls U5 Arcturus
UAV (2015) I@mseenuuuadreemeaeiunyuy Dual-System ¥831 Arcturus JUMP tite
o ) a a x o a o 4 o v g
SwheFanaydrannzdumsndivieaaasznu Taslinemes 4 Admsviuas
A A 4 v o v a a 1A o 1 A W . Y A
NNAWAZIATOUA 1| AEMTUTUAUN IFUREINUNGUUTEN Airbus (2015) Talimswaa

a dy = J . S 1 A 9 4 v A o A
ﬂ1ﬂ1ﬁﬂ1u%u@u1ﬂﬂi\l"]§®’ﬂ Quadcrulser Tﬂﬂuﬂamgmmwﬂﬂ%mmmnﬂmmmmmaau

511 2.3 eamae 1317y Arcturus JUMP (arcturus-uav, 2016)

v
Ay

Rzl 1d exmawiiailiide lanfevne svuunenaliianududou saudeszuy
2 = £ A 2 Y '
augueIMAs U Ulnas waznuuIuaImaaivansanenniu e dewaldiiaa
NelumsesnuuundiaazszuunugumInfisumeuny Tilt-rotor tag Tilt-wing Tu
v 9 E4 v
msnauiumsnaaaaamestenszuuiusuil dwwaldmsiuuveimasuilngs aiudeq
o ¥ o A X P Y Y = Y o a ¥ ¥ A A
sunsvihvinmsunnuemoin i lagn sy GraldnarlumsihimsTuivduas Aedn

@ & 3 o 9y
HINUI u'lﬁuﬂﬂiﬁnﬂaﬂﬁ\?ﬁ'luulﬂﬂ?ﬂ

2.2 BEUNITIDNUUUDINALNY

3 . < 3 s 2
114ﬂ15aammummﬁmuuugﬂumaamﬂuwmaqmmau FaUULTNAEMIUTENIY

90’ % Q‘ g % sOl 4 J ’Ol o ¥ a 901 %
WMIin3eugega (MTOW) etlsznevlidreriiinidar shminidemawaziimin

& 3

dunse Fdumalfiiasznambmindunszuneundrnnanudesmsesnuuy aeun



A ¥ o TR A ' [ a @ HAqy v sda & o
A NYa1 FIUANULANAINAUAINNITND 3?7@%1‘]1?[5NLLa%@ﬂﬂim‘ﬂ@ﬂﬁ\‘]ﬂTﬂvLuaT

a

v
° @

Ay = an o A ! ! Y A 9
NNMIAUAUNUIY 2 'J‘ﬁ'ﬁﬁﬂ’ﬂi]%E’ﬂlﬂiﬂﬂi$3J'lfllﬂ1u11’iumﬂa1llﬂ 19 UYsznualonasiu

3 @ 1 a v J o« .
minvesszuua1g luemaeiunazns 19gasiFalsziny (Empirical method) Tag]

]
ad A aAa 1 1

Waueisnfisued1aunsvate 1aun Raymer (2006), Roskam (1997) Fagaanusilu

U

e

=2 A Ya o

o & o
gﬂzmmamm?{a muwuwumuﬂuu55wﬂgm“lumiaaﬂuuummﬁmu

U

an

Engin Senelt (2010) 1811135 v04 Raymer (2006) mn1¥rueimeaeiu 151indui 15y
AMInvAnTENUFI MTOW mu120 Alandu Fauiluisms l¥gadalsesnduazmung
nuemae1ullszianinalil (General aviation) 81n1Ae1uUUa s (Transport aircraft) #3o

a

Y o d’d %} v Y dy as o 1 = 1 4‘ 79 Y o
p1mAeu 15 induniiiminun semail 35aanand imnzanzlszgna ldnueinia
9 @ <] 4 a Iy ° 3 9 4
o1 l$auduvinaan (MUAV) ilesninoimagiuytiail lilagndisranazimudeyaiive
9 a @ 4 o ' Y
af19gaiFalsziny dre9aaneaina1l H.C.M. Veerman B.Sc. (2012) 1didue
v o JAaa ' . . A . . A = Y S 9
ANUANNUTNITENIT Weight Estimation Relationships 159 WERs cm“l%mammaylamq
anaveseImaeiu 1 induuazihnadieauns dwwalimfannumiudiganinitves
1] Y 1
Raymer (2006) Taoda laina1nmu@ndnit nszuarumsiamsadiulaesuldaiy

7 ¥
i}ﬂﬂi%’dﬂﬂiuﬂﬁ’dﬂ\i’01ﬂ1ﬁ€]1u

Y a v wAa
2.3 ig‘lj‘ljﬂ’J‘]Jf;lNi’J]ﬂ1ﬂﬂ1u"li n‘uuaﬂium

o A Y

iesdrosnilszananiiegedisiing midnyuna luladdunuduieadsazaiuguy
9

a

[ 2 4 = Y

v A I 2 o [
pimagu 1Nindudauaediany snnuileanuazaanlumsianuaziSoui yaniugu
A v s s =~ Y] '
mstulsznevulidrsvesaniuguuaz Tisunsuniugu Tasveianirvguiignldauedis
uwsna1efe Pixhawk tag APM2.6 0311831002000 1)
. Q/ g . a U . .
Pixhawk gnwiannaulaeg Lorenz Meier 91num1anenas ETH Zurich (Swiss Federal
. . . ~ 3 A .
Institute of Technology in Zurich) 111l 2009 Tagiluvesansznon Flight management
. ad o a o A s 9
unit 18z Inout/Output TAgNFITIMIBANUAZANNNMITVUATUATU D19 1BUITOITATIVIA
I 4 v
WMMamMs iy uresns1iannuge szuuAaAe a3 I NeIMABIULAZAIANY DN
A130AAAT GPS dmiuszydrie aaae Optical flow d1vsumuaNuiug1 luns
Snudumiadorimstulueins
A . U ' A < s A o @
APM #59 ArduPilot Mega juaigane APM2.6:1Huveosansiianiuludnyus

1¥ULAe211 Y Pixhawk 1d 19 Microcontroller 151 ATMega2560 #1a1u1501¥n2unu



]
IS 1

Y o Aa oA 1 o A A o o A ' P
e1manIu15iniy anuuanaeiautane Tresd1suirenaeginsainieuoni
wanrawiny Pixhawk lifiviiseanusimeuendedidasinalumsiiuiindeyavus du

a 2 ' a g Ao ' o 9 v A a
NI szulanalin I INAINN miwﬂwuuummuﬂuaﬂm

511 2.5 upSAn UM APM2.6 (Ardupilot, 2016)

. o .é’ [ o
TUsunsuaduguuie Firmware gawaniunazimeuns iyananaluld sy

=} U 2 a A Iq Y o ¥ A @
13NN Open source «Numsanuamawﬂﬁuﬂﬂaimmminmm IS HToAaLYag

=3 1

E4 1
maﬂﬁ'mi’uu"l@’f@magﬂ@’fmmuﬂgwmmmzTﬂmﬁ‘%@mmiﬂmw General Public License

a

(GPL, 2007) Tdsunsumuguianunsaldnuerimasununilngswaztnuyunangilsng

1 v @/ .é’ '
g 2 A1g Ao PX4 uaz APM Tag PX4 gniiaunyulasnguaudiniiuiuazaulaly



10

a

. . .
p1mAgIu151indu Tas APM dsznoulddremSuuasvarnnategluuy Feamwiso
Y a0 & . < k1 T
Uszgnaldnuauiseiilane ArduPilot neseu 3.5.0 ¥u'll vinmsdudunuigldan
ArduPilot 11011 PX4 dawaldiiionarsdmsunyazianudlafiuvinnii wl PX4

A A

wlenasaiums Idauesnuiosndn uagamuues PX4 fe g

@

auennamsu/ Tuga
2 D) ' o A 79 ¥ d' \
ﬁuuuﬂmmmuﬂu Sensor E)Ll‘]Lla$ﬂ§$Qﬂ@1°}f\11uﬂN1ﬂﬂ31
@ A ¢ . s £ ' o ¢
Jaguiul5unas ArduPilot esau 3.5.0 ¥u'ly liaunsohauuuvesa APM2.6
Y S A 1~ ' ° < A A o Y Y A
Ulﬂﬂﬂﬁﬂllﬂ L“L!?J\T%Wﬂ"llm‘ﬁl!"JfJﬂ'JTSJ‘tl1Lm%ﬂ’J"IiJLi’J11!ﬂ"|il]i$i]?]ﬁﬂﬁ1’lm8\ﬁ"lﬂ mlvdaeadasu
Y 4 . &2 A ° 3 A '
lﬂﬁl“lﬁJffJﬁﬂ Pixhawk %9U¥ U8RI LAZAIULTINUINNIUNY Tﬂﬂﬁ?iﬂiﬂuﬁﬂﬂ@ﬂﬁ%i
v
nFoufeuqauainia laaail
#1%51 Pixhawk 923 Sensor 90 1 “Igﬂﬁﬂ ST Micro L3GD20H 16-bit gyroscope

uaz ST Micro LSM303D 14-bit accelerometer / magnetometer

A13197 2.1 minfSouiounuaminseninuesa (PX4 Autopilot, 2016 uag
ATmega2560, 2016)

Properties/Products Pixhawk APM 2.6
Microprocessor 13\/% 4&?1%?16{?5427 ks 8 bit ATmega2560 16 MHz
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Accelerometer/Gyroscope MPU-6000 MPU-6050
3D Magnetometer LSM303D HMCS883L
Barometric pressure MS5611 MS5611
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gﬂﬁ 2.6 naasnthaenauau Tsunsu Qgroundcontrol (Qgroundcontrol, 2016)
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A1519% 2.2 Yoyauoe1neo1u 151y (Ahmet Caner Kahvecioglu , 2014)

Competitor Category MTOW Span | Length | Range Time Cruise Payload Altitude
& (kg) (m) (m) (m) (min) (m/s) (kg) (m)
Raven Fixed 1.9 1.3 1.09 10 | 60-90 16 16 -
Wing
. Fixed 120-
Orbiter Wing 6.5 22 1 15 120 10-38 - 5500
Skylite B | Lxed 6 24 | 115 | 10 | >90 | 2033 0.75 | 100-600
Wing
Bird-Eye f{,’.‘ed 56 22 08 | 10-15| 60 1525 1.2 1000
ing
Casper Fixed 23 2 13 10 90 10-25 0.24 250
Wing
Mini Tilt Rotor 12 32 - 20 90 20 2 1500
Panther
Turac | Tilt Rotor 47 42 1.8 85 20 8 . -
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A1519% 2.3 Foyavoav Mg U1 luwa (Mauro Gatti ttazamz, 2015)

Platform TOW | Payload Empty to Battery to Capacity Endurance
(0] (0] TOW TOW (Ah) (min)

DJIS1000 | 107.91 18.63 0.56 0.26 15 15

Altura

ATXS 61.80 24.52 0.51 0.37 16.6 19
DJI S900 80.44 18.63 0.55 0.23 12 18
DI1 5800 68.67 18.63 0.52 0.21 15 20

evo

Altura

ATX4 51.99 9.81 0.41 0.66 16.6 35
DJI F550 22.56 2.25 0.51 0.35 5.4 13
HighOne | 7651 | 1275 0.58 0.34 16 16

Quad
Tarot t810 66.70 14.71 0.51 0.36 11.6 14
E1100-V2 83.38 13.73 0.65 0.22 12 11
Aibot-X6 65.23 19.62 0.51 0.23 10 12
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Clark-Y (B) (J. Robertson)
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Y
a0) ANTOUAAITUMT IAAaH

a,

145730, (edR) 2.6)

]
=1

A A £ aa -1 & 1
1o a AonNuTULsnTuawia (deg”) Tas a < ao Fanueanun nyuilzny

4 B 1
IMnu i]8Vlﬁ}ﬁi\lﬂ5$ﬁ'l/l‘ﬁll,iQﬂﬂﬁ?"hﬂ’ﬂlﬁ@W‘DTﬁmHl‘UUﬁ1Mnﬁ
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M3y AR szdanald Induced angle of attack ana Induced drag 1Ay

v

. A g [} < A 4 ¥ { 1A o g
Lift slope 1iinvu 9614150010 M3ty AR ilonuntnmiauez i 1%tneiu vunededes

9
Y

a Yy A I S K s A Yy A a A o q ¥ ¢
NIﬂﬁQﬁﬁTQV]LLmQLLSQﬂIu HIMUNUIDVU ﬁ"lﬂ"lﬂ\uwugnullﬂﬂﬂﬂ @ﬂﬂ\jﬂﬂ‘ﬂﬂ??'ﬂflﬁiuluuﬁ

X 2 .
ANuRpogaIy Auan 1d11nIu (Maneuverability anas)

a. AR=267
‘ b. AR =5 |

c. AR=G6T

d. AR=375

e AR=]

Y
a

317 2.13 msnfasuui)asues AR Taghinuniilnmuan (Mohammad Sadraey, 2013)

1B 1
0
=9 3
ate o
(05

v o Jo

\ d’ d H . .
317 2.14 naaaNN S YO INNUFTINTUNUS VU IBNLUAZUTIAIY (Dennis Trips, 2010)
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'y 2d airfoil
Cy (infinite AR)

3d wing
(low AR)

increasing AR

/4 ,
/ .

317 2.15 manJasunilasves Lift slope 110 AR @141 (Mohammad Sadraey, 2013)

2.7.2  Taper ratio
Taper Ratio dudadiusening tip chord @® root chord TagiiA1naua 0 09 1

Y
11391 Taper ‘BﬁﬂﬁlﬁjﬂﬁﬂiZ%Wﬂﬁ’wﬂduﬁQﬂﬂlﬁﬁ}1ﬁlﬂé}@]ﬂ3~lﬂ§lu1ﬂﬁu (Elliptical lift
[ 1 9 H
distribution) 111049103} Induced drag ioeNga dnnslinsina stall NlareTlndini1Tauiln
o [ ' A A A < 1 S|
mldasasenilunmsaivqueimseiu mindargilniivmeadnniitailumsaa Induced
= "o gy ' A A ~ O 1 o
downwash angle (‘nyuﬂxmmwﬂu"lmmﬂﬂummw) WaTUNDI91INNNITN Taper ABUIVIUN
= To & a ~ = = g}/ § ~ o .
inanas luduiludevasulassadesniareilnun 8nvaiiedl Taper 92¥ih 1% Leading edge

1l Sweep angle wnvy dailumsiiin Lateral static stability

A=—t
C 2.7

273  Sweep angle
yuilngwas (Sweep angle) gniiow Iavategiuuusu Leading sweep, Half

) o <3 ° [l 1
chord sweep, Quarter chord sweep @115 U171781UAWIT A1 Sweep angle 1ilas10

iFesaaauiiniiiln udtroisesmsaugalumudauinue Tagmmzed 1989 oIMAIULLL
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=

a § 1 { o . oq. g
Yndunlutiganis wanaiuuifen1143 Static lateral stability u1n3uuaziiya

Aerodynamic center 1/aounasamyngras (3n CG Juasuaie) mod1easgl 2.18

a

a9y a A o =<

1 < = ' (% a £ A ~ 1 =
pd19 1500w UnguaslideidenoduilszansussonnlarsilnganinTauilnaa
v ldina Wingtip stall ansadiuilgedremsiayuiateilnas (Wash-out) dawalifing

Elliptical lift distribution anmsznssuniaieilnas
Wash-out uenvinazsaeldilniilsz@nsnmwasunddsreluisesmsauga
J Lol 4 a 1 1 a 1

Tuudsougaguani ldonaie iesanilndu lifinie winlidesnsnsu Elevon om0

@ a A < o A o Y a A &
Wnluvaiziiunniilseonuuy n1311 Wash-out nuaneaziinldifiaussenmiuay
a ' ~ [ < A = ' I U =~
(an1eas) dewalfuseniouvesiinanas od1alsnaw ussenigudiaes 1l 1@ uaun

o w 4 I J { 1 a 1
draguniesniniludiuinog e hildimsizezinams Stall idenou wineenuuu i
Y

< a @ 9 A v A @ A
PNABINILNUIWALAZNTNTZIBAIVEUT I8N InARen 1) niUD Rectangular a931/9 2.20

a. Rectangle (A =1)

b. Trapezoid 0 <A <1 (straight tapered)

c. Triangle (delta) =0

g’lﬁl 2.16 WA YD Taper ratio Gi’f)gﬂilﬁ"umﬂﬂ (Mohammad Sadraey, 2013)
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e

Elliptical lift distribution

root semispan

gﬂﬁ 2.17 Wau® Taper ratio @0 Lift distribution (Mohammad Sadraey, 2013)

PRIN

G

2.18 IMes U niiunLyuilngruas (Martin Hepperle, 2002)

Swept wing

Basic unswept wing ~

v

root tip  y/s

gﬂﬁ 2.19 WAUDN Taper ratio @0 Lift distribution (Mohammad Sadraey, 2013)
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Lift at the root

Negative lift at the tip

=~ o A o d 1
g‘lh/l 2.20 N3N Washout LW@ﬁﬂJﬂﬁIﬂJmu@iﬂUﬂﬂﬂuﬂﬂﬁﬂ

1(y)

: Y
root tip : root tip

' v
El]‘ﬁ 2.21 MINTLAGAVDAULTIBNVDILNNG 2 LuY (Desktop Aeronautics, 2007)

2.8 !!§Qﬁ1uﬂ1ﬁﬂ1ﬂ1ﬂ1"mﬁ1ﬁﬂ%

usefuvesoimaey 15indunseemaeuanus iz ilsznonlidre Parasite drag

v
Yo A

uae Induced drag aunsanaasaIvlsenouveansiaiu laaall

Y
Y Y
[ Induced drag J [ Wave drag J

\ Y Y Y

o s [ MTeeel Leakage &
Skin friction ressure nterference BT Protuberance
drag drag drag drag drag

v
=

s 2.22 HAAI09ATZNOUVDAUTIAU (H.C.M. Veerman B.Sc., 2012)
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2.8.1  usadu Parasite
John D. Anderson (2010) na1271 Parasite drag ﬂizﬂﬂuhlﬂﬁl’md’mﬁ!,ﬁﬂ%u
Lﬁ'mmﬂmﬁﬁug{uéf (Zero-lift drag) uazdauﬁmﬁﬂuuﬂmmwuﬂzm (Drag due to lift)
(miLﬂéauuﬂaqyuﬂzmdqwaiﬁ’uﬂﬂmﬂﬁﬂu"lﬂﬁ’aﬂ) wssdnaiiaiiiinamnnanumiiaves

91 @9dsznen1U@ae Skin friction drag, Pressure drag, interference drag ¥4 Skin

o & o ~ A

friction drag fanInANUIAWRDUTE NI IHanUAITAnIUBYAUANUT LT oUVD A

Q

Y 9 Y e

Y
@18 Pressure drag InA11AANNUANATITLHANANUAUA I UNT Az A U0 Tag Nall

q

Y
sUsnvesingdiwalasaseaonssdumiiail Interference drag NAIINMSUNINABATLHIN
dy a ¥ 1 a di} A 1 dy a = @ =) 1 4
wurnaa 2 siaru h) e nlundaz NuAIgeuTINTNTZ10AIVBIANNAY FarINag Ind
[ o o o { % o a < { g 1 a
nugemhlimsnszaredrvesnnuaunlasu l Fohldinaanusngaunnund (Super-

. A y A X
velocity) HaADLIINNUNNUYY

282 w3 Zero-lift
Raymer (2006) 1a1aue3sn1sa1ula Zero-lift drag Tas35 N5 on 1

Component buildup A3eunI3N 2.8

ZCJ, FF; Qi Swet,
Cpo = =

Cd (2.8)

L&P

N

misc

S ref;

nadudugnauuAliTuudusy (Flat plate) mfluaniues ez laiiflu
Lf’ﬁuﬁﬁmu ﬁ’qﬁ’ﬂu Cr3919umu Skin friction iofvzaamenssdiime T ifosnnmsauyd
11 uurus 10560 Form factor, FF %agﬂi%’tﬁeﬁmsmmamm Super-velocity ta
Pressure drag %ﬂ“ﬁ A'1a7n s W15 Interference factor, Q a8 Wetted area, Swe A0
fiufvesingiidudaiuns 1navea81n1d Camic o Miscellaneous drag nsaduiitiuay
11n91nsain1eueN®INIAEIY 817 Flap, un-retracted landing gear 1Judu Cyrgrfio
Leakage 11a2 Protuberance drag 4 Leakage 191030052819 monend o1 seuila
51012 1iufw waz Protuberance drag foussduiiianngunsaiiaiudun e1i Tiingeadu

= A g v
91N HYAYANTUBDNNN Lﬂu@u
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A d‘g}/ a A | ' . . =~ =*X 9
1o991nms InafvuFarrdsnansgnuae friction drag INNTA A
W15 Cr uANA19NUIZHI1INT Iauuus w5 ey (Laminar flow) agn1s Inanyy

v 1 H Y
1l (Turbulent flow) Fatiaws Tuaadludulsidhda uansdsaumsde 1ui

1.328

c. =
S laminar /Re (29)

A ] ' y [ = 9 o 1
MNMsauAUNLI Cr ¥e9ms anvututhuiinsadrwuuiiaes¥iumn
' o Y 2 A o A

WM 1 upvusiaestlseaevlidle Prandtl itaz vonKarman (1934) =33 2 LUVI1DDY AD
o @ o a’<'7 1 6 (] ] Y v a < 1 6= 9
dmSuausdTuaadni 10° ogluraveseimasu 15indvanadnuazszning 10°99 10
[ o A A 1 gf: dy 1 o ) @ 4 o 1 ()dyd
dmsuemas unvyuIalvg NIUWUILDUTIa @I Uaus Tuaad1nan 10° Ul
punraeudernuniliingluniis@eves John D. Anderson, (2012) #un15v09 Raymer
(2006) HdnuazAa19n Prandtl ay vonKarman talmeuMiuy oI5 INav0

taviin (Mach)

0.074
ftur,VonKarman_ Reo-2 Re < 106 (210)
c 0455
ftur,VonKarman (loglo Re)2~58 Re > ]06 to 109 (21 1)
c / 0.455
Jurkamer— (log, e -(1+0.144M3)° 0 6 109 @12)

iiio Re AotausdTuadainnsdudunudn Hoemer (1965) 185msinaue
nslauduiuisening Ceuay Re #alsznenlidrendu Blasius #l5uenanuduius
Tuda93 1 sunazidu Schoenherr dwuaatiutlou dait

Hoerner (1965) Idtanonmiiansves FF dmilnamaouiiuiuas hid

3

X { a 4 a .
Sweep Faluaunslimenves t/c MiuFudu o ldisanaves Super-velocity tag



25

A o wdqua L XX
Mmouvel t/c MIumasd 1¥Wasawaves adverse pressure drag FVLANIUAMTZOZN
ALUIVBIADT A Torenbeek (1982) tavanuuiiandluriiueudedny Hoemer (1965)

= a a‘f Y 1 %
ualdulszansni t/c a1enu

\Q“v\ % KEMPF, INTEGRATED (17,0
0.01 N ] x DITTO, PONTOONS (16,m
A3 | + LAP ~DELFT ' HUGHES, CORRECTED (23b
Ny N, | FoRced ruRpuLence NOD v m/\scmngggenmncv%g{mo (148
% %)
Cet | N e O GEBERS PLATES (lég
7 vy 5 NbL TANK (164
masie§ '\ | A o FROUDE PLANKS (16¢
0 [y * WIESELSBERGER (160
ON S L 2, = NACA 0006 SECTION (16,
oL 1000 oo o3 Yiog A SCHOENHERR PLATES (14b
3, 10007 g x0 20 ba L0 v LOCKE ETT PLANKS 16k
o%/ eent 2 W 1T it % AVA THIN SECTIONS (16,
%0 -~°/| 1 ~~Tomoa, o BLASIUS RESULTS (12)
o8 Xy L ARC PLATES 20)
‘(, <2oo|o 74 adt N
.| (ke=booo ~Scho
BN vt e |
I \'\ R R - /\Y l\
°.°°l 3 | \ t i l I
10
lo* 105 10 {07 108 1% 1o
A [ 4 1
g‘lh/] 223 ANUFAUNUTIEUIN Cf iag Re (Hoerner, 1965)
t Al
FFwing,Hoerner = 1 + 2_ + 6 Y (213)
c c
t £\’
FFwing,Torenbeek =1+ 272 + 100(2] (2.14)

Ohad Gur nazame (2010) 1dvin1siSeuarves FF dsznenlidae
HuuT1a99u09 Hoerner (1965), Torenbeek (1982) Tas Shevell (1989) az Roskam
(2006) 1% x/c=0.3, M= 0, A =0 walsingn # /e i 0.12 Fafluaia lvesumuernst

s lutlegiiudien FF oglugig 1.25 09 1.35 udasaugli 2.24
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1 .7 1 1 L
Torenbeek/Jobe
— — — Shevell/Nicolai/Raymer, M=0, G=0

1.6 1 u
----- Hoerner

—
(%))
S~
~

FF\ing HILNRS,T
W S
N

—
N
b

1.1 o~

0 0.05 0.1 0:15 0.2

519 2.24 uEraIn NS TZMAN FF 182 te (Ohad Gur L1azag, 2010)

283 15301 Induced
Y
1 ' o [ a A g [ |
John D. Anderson (2010) na13d15uin usamuriaililudadiuves
v a Q( o o 1 a é’ d‘ a an 1 g’l é a
duilszansussenmasdowazaing K mavuienasanluawiamniy sunaanyuilzng
o 1 =) Y = = Y [ 2 ' Y Y
a duruslagiuul ldvaaawazussenianuataes ldduvasnniuawalinssdu
44 ; e ¥ - ; -
ndu mshyulzngAdumialanqasuly iesvinnszuaeimalvaiuidareiln
(Wingtip vortex) vz1vtioati ldnszuaeimaseu aaounadaiu 1dre (Downward

9 9
direction) N9ilinA9INANY lumnuszHIANUANYIRIDUIAaza19vesTln Tumangu])

' I
= o A

usadrtienihnzliniigailonsseniinisnizn1ednuuads (Elliptical lift distribution)
1 dy a A A g‘u 1 I a
M3z gduDDYeIswMEU Tl 92ina Downwash Naefinaoanaud Span ualuanuiuege
12 o 1 dy 2 o 4 Y A o a £ 9 A a
useenag hilimsnszneansuil I ududeunudulseansin U luaumsmonarsan

A dy =} ' . Yo dy
ANAAIAAABUU 138nI1 Span efficiency factor (e) ANMNTOUAAITUNT 1ALl

C2
C, =—= 2.15
P emdR 215
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284  u33us2u (Total Drag)

Y
usadusauilszneulideusadu Parasite taz Induced taasaums aaail

C2
Cp=Cp, +em4LlR (2.16)
CDp =Cpy +7CZ 217
unuaums (2.17) ‘aslu (2.16)
C2
Cp=Cp + 7CL2 + eﬂ/LlR (2.18)

1o Cpp Ao du1lsz@nsusedu Parasite y Ao Profile drag due to lift factor 1iVe

=KX o v 1 dy
ANudzaInIItagaumansae i

C;
enAR

Cp=Cpo+ (2.19)

iiio e AoMasINTENIN Span efficiency factor ttag Profile drag due to lift
factor MNTUMINUTT WAL WA TUEUE 159859 TULT 81U parasite Ts 60
mInugud c’fiaﬁemaﬁ’mﬁﬁwﬁqaﬁ’w (Minimum drag) 88614 15Aa13 Tuaiuiuaia
p1meguazgnesniuy IR Tius sdumitgans @l Duduma Fawseenlil§iswihfugus win
imsanyulsnzadliiindgudonus swmIugudligas usadui 1§es lilsus i

A & D) LA Vo PR ) Vo
NFAUDINNHAVDILTIATU Parasite ﬂlliiﬂﬂlﬂ1ﬂﬂfjuﬂuuﬂﬂ1q@ (LL‘J\W]']‘L! Induced tnnu

2 {2 o g v Y & a o i
qué) g il JssuiludesSugdnuuaums g aunuanuiues sdil

Cp=Cp +——— (2.20)
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woC, 1ag C, AsduiszAndussnuazussding1ada dalasnilife

re)

o 1 d' a a z!' Y d' g Yo 1 dy
AU HINDIMAYTUUULAUNI LW'E)ﬂ’JUJLGUﬂiWIiJWﬂEUu mmﬁmmmgﬂ"lﬂmm"lﬂu
A1

{ I~ 1 { 1w Jd
v 211 vwmuldn €, wlimdigaiuseeniinugud dau C),

Usznovlidronasaumniln ddaazganiansiaziinng hinasunlasmuswen €,

A A dﬂf [l < A o [} [ 4 U 9 =
SUANUNNVYUATULLTIYN (Hﬂﬂgﬂg) 'f)fJN"l'iﬂGniJ NEOURUILTINNINUFUY WUITIATUN

18 lailsussdrudiga

Co

Co
§ v o J 1 v a £ . .
31N 2.25 HAAIANNANYF MW TEHINad N5 ANTUTIONIaZIT A (Dennis Trips, 2010)

2.85  USIMUDINTZVUUIHAINIGAS
Ay Ay a a ) o A )
(HRIAIIMANTULUDHANTABINMI NI T IUNIN Tua N ngany LAY
9 Y
nmsaudunun luimsvussduidimsuluwaemeasnurarslusianinmsnaaouas
1 I~ o Iy a S’J 1 a § o ]
uazms3ld CFD eenelsnau lasiminaaeuluie o yudadaiegiansanidumia 70%

v 1 H
yoasadiluia luWaazai1ens Parasite drag uaz Induced drag itiosninluwayuilznz Mk

'
o

a 1 1w 2 o I [ [ A
Idinansen 14 Tadganiiny 0.1 nfiansuziduunueimadaaasg Ui 2.20 tazaums

{ g J o a & o 1 o o
usemuniudassuve ayuanas o dwmis 70% vessalilusa
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(2 Gotiode e MEI109 FULL SCALE (38)b)
1 O E = Lol
TS _:3"\} ~ & MODEL PROPELLERS  (40.b)
l-o _‘—01-‘ A‘\ > { =
& ALL TESTS (N THE VICINITY OF X ZERO
0.8 i %,
. % \Q
06 o\ } BLADE ANGLE 7
. ‘\ ECRY: 0.7 + co.z —_—
q...{"f" f.7
ok N FEATHERING
“ ‘,\ POSITIOR l
g
62 ok 1 A'_,/é
l‘.ﬁs‘—w,‘ wae-—"
0 -
Q 15° 30° 45° 6Q° 757° 90? 105°
A @ a 4 o A
517 2.26 dulszansuseduliviannaaouTne Hoerner (1965)
Cpy = 0.1+cos” B (2.21)

1 < A Y o Y] 13 v Aa a 3‘4 [
o819 15na1w 9nmsduduansuzvesluwanuIniuluwanliyudaauninu

. 4 b - v o da -
N (317 2.21) aanaanuluwevesemasiuratsluianludiuveaTaulull

a 24 v e o q Yo a £ ) A ' Yt '
HUAAINGI ALY 73)1iW]"Ihl‘Hﬁll‘l]'ﬁ$'ﬁ1’]‘ﬁll'§\1ﬂ"li!‘l]ﬂ\ﬂﬂ1/‘lﬂﬂﬂ"lﬂ?"li]gvlﬂﬁ.lllﬁ]ﬂ'ﬂ

—

719 2.27 TuWa ME-109 (ME-109, 2016)
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=
2.9 1@gININVOIINIALIU

a - 1 L] . .
Lmummmmﬁmmzwmsmmgwﬂuﬁmq Taguvuilu unuaine1d (longitudinal) nu
Y v
141219 (Lateral) tagunuadnin (Vertical or Normal) Mavyussuununa 3 Ao Roll,

Pitch uag Yaw aua1au

Longitudinal

Vertical/Normal

319 2.28 unulue ey

~ ] I A = a J . cqe
T INYeID IMANIUIZILNeaMIY 2 Uszinnne @I nddad (Static stability)

Y Y
(3 . o 3 L [
uazi@desnmwaia (Dynamic stability) Taemns 2 Yseianiiazlszgnd l¥nuunuveseinis

(Y 1

g’/ & . g A 9 = A a
gIUNY 3 B9 Static stablhty ﬂ’t‘)LLu'JIuiJ‘U@Qﬂ1ﬂ1ﬁﬂ']u1/li]$ﬂa']_l’q@ﬂﬁiﬂjaﬁi@ ANTY

i)

. o A v A nm ya o Y g
(Trim) MendainsgnsunIuvesanrsoindueslae lildnasanna lumsndudigyaiu
uAnAAY Dynamic stability Nagiinaniuineitesegluglanudiazanuming

Static stability IA1W&1AY0E1989N92ADINIITVUIALALT UAUDDNUUUDINIATIU
Taomn1zed1989d 115 UIAUAINEI1IMIT NS Pitch 1i1psa1niinananisiiyannnuganaz
< { Y ] g’/
AT 31N 2.29 paaAI0g1UARTNINVDIDINIABIUNG 3 Filunfe Stable, Unstable

iaz Neutral

2.9.1  tadesmWlunueIY 9 INAEY
#1151 Static longitudinal stability 9 gn ey a0 Stability margin %5
Stability coefficient A9aun159 2.22 TaglsuondIT2oz119521219 Neutral point 1ag

o1 a A ' Y A A g .
PAFAUYID N wmam1gﬂw 2.30 UsZnoUnUI ANUFUHNIOIEAY 1 ADLUD Stablllty margin

A o & a 9 o Y Y g A
QQVIE‘J@ (ﬂ'JﬁJGIfL!L‘]JL!ﬁ‘]J) a1mﬂmummﬂumzﬂammqgﬂam;a"lmammww nuvay 3

A

1. . ' v J A J Yyl . = v
flo Stability margin N UFUEWIONMI199AgUE029130 Neutral point wod (Anuduiu
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. @ a

gué) nuedamneimanugnsuniulieenieingansuez ifiuua Tdunezndugyansy

U

)y

[} 2 . ege . I {
dnuaz lusen lUmaFeadesaindie viuneay 4 fetile Stability margin Lﬂuauﬁtm (A

o [

I =® Y 1 a = Y A 1
Glﬂ!lﬂu'ﬂ')ﬂ) ﬁjJ’lfJﬂ\iW’]ﬂﬂ’]ﬂ’lﬁfJ’]uQﬂi‘Uﬂ')uGlﬂi’]@ﬂﬁ']\izﬂ'lﬂﬂﬂﬂiﬂﬂgﬂuu'JIuiJﬂilgllilﬂ uya

A A ~ =)
NUFADITNINDN
X — X
o =~ Xcg @2
Cypac

Lift » weight
Thrust = drag
No net moments

— —b--—-—ov- - — —b—————o—-——b —————
(a) Equilibrium flight.

I /]"’

——— - - - = { T Statically unstable

P divergent
Equilibrium -
Disturbed moments
in¢rease disturbed
condition

(b) Statically unstable airplane.

No moments - airplane
holds disturbed
condition

L e Sl

Equilibrium Disturded
(c) Neutral static stability.

=~ = a
51UN 2.29 1@DeINMNADAIVDIDINIAI U

U

_ Incidence o

Pitching moment coefficient C),,

q.
1 Very stable
B 2 Stable
3 Neutral stability
| Nose down 4 Unstable

3517 2.30 A7WFUVDI Pitching moment 110 Stability margin @194 (Michael V. Cook, 2007)
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o ! 71 ' = .

A1ee9n13219gagudnalilaaed13nndnge Neutral point taue 11/
szl 2.31 W emaeununia hluazoimseruuuuindunindesnis 141
1ADeININEDAGABININT9YAFUENIIAT WY 1189R28 TULUALNLDINIAYEIDINIAETL

) A g 1 o v A A a1 & 9 =
M lfimduavuaunuemadmsuilnivee ianivaviosnaudauin

(M (W)

~ ° ' L1 A [ o 1 A ER]
31U 2.31 Aur1aNIINAgUIn MNLANANNUIEHI UL IMANY Tuuai]uay (n) tag
o I .
Tumualuyan (v) (Martin Hepperle, 2002)

a

2.9.2 msnsuemasuuuuniu

F4 1
=

msdfunsuormaeuiivuiie 1fermasiuaninegluemalaaiuminig
A Aw a 9 o A a F v a 9 9 a 9
msdumindudoams Taenalllunmsdu@umaiu niiudesnis 1denaeiuiiuaie
<3 ~ = o Y 4 Eal =< 9 Y 4 1 <
anuisInainaz lidoanuge aatuTuuuaseugaguinIedsdoumnugud 19 lsnay
A~ A < Y 1 a | Y = S o 1
Welmslasunuia oimaguaelsunsulng iesaletnswaz Inwuannsziine

omaeulasy

]
A

) @ A A 2 1= . .qe J

dwisveomasuuuuiintusiu il Horizontal stabilizer nasTumsanga Tuwua

qaiu aumsauga luuudannsanaadlaasaums 2.23 uazgi 2.32 Taem lilemaeu
S A S a 4 J o .

nuuindusglinsbayuilateiinas (washout) tiveauga Tumud luuuannu 1193 static

ey 1 o a o g
stability aAuaeams IaelideslsunsuvselSuianien

C,- (xAC - xCG)_ Cy Crac =0 (2.23)
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Mr Xac

)

1% 2.32 m3auaalumuddmiuormasuuuuilniu (Dennis Trips, 2010)

U

2.10 Tsupsuralumsesnuuy

I o @ a [l ~
XFLRS (XFLR, 2013) AuTdsunsudmFumsinsizims lvakuemaeiunsal
s o 1 .
A us Tuaad (ﬁ}’aﬂﬂm 1 5’11&)1%1%’% 3D Panel Method, Vortex Lattice Method (VLM)
% I a o [} - . 1 addy
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Nominal Current Discharge Characteristic
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Fovniines Fuselage Store
Length, m * 0.6 0.3
Width, m b 0.3 0.25
Height, m ) 0.15 0.10
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Tovnsiined 0N
Number of rotor N 6
Propeller diameter D, 15 inch
Chord at 0.7R Corr 0.038 m
Motor + Prop weight W or 0.1 kg/unit
ESC weight w.. 0.03 kg/unit
Motor length aw 0.028 m
Motor diameter D, . 0.042 m
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Reference area S, 0.8 m?
Maximum lift coefficient PY e 1
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» X= (3.27)
Vi
Wy =+ P VS, Cro )
r = Vo 2 Pst” 10PrerC 0o,
D= (3.28)
ncoaxial
T,
— LD
By —(—FM Vi =V.0) (3.29)
4 A o v o 2 A
1319 P, a0 masiulunmsyunigme (W)
Y '
T, foussinlumsvunisas (N)
A dy A Y a 2
4,,, #owuivesluwalaginianuuunu (m?)
P,  femawiulumsanediils (W)
v, e anuduviisnihveslualuvazassdiia (m/s)
Vi o AnuSanieniveslualuvazaimans (m/s)
7, #oussinlumsaimeas (N)
' Y 1
Cpo. Ao AutlszAnsussdilumsvuninaag
P, fomasivulumaainieds (W)

3.7 wasnuldihideams

o w 9y

movdnn lasuidsesermasunds azgalasuldiundeau il

wiae Wh Tagiansanmsgapdolugilnsaianag lugivesdsz@niamsanvesszuududu

U o a

A o v Y g’z ~ =2 o
aqunN1sn 3.30-3.33 Llﬁﬂ\‘1ﬂTiﬂTL!'JilleI\i\111!111’\]1"]TVN'E)1ﬂ1ﬂﬂ1UUﬂﬂ5QLLﬁ$ﬁﬁ181UWﬂ
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Cruise:

N o

C — range -
c2Tr V(‘misent()f,FW 3600 ( . )

Loiter:

loiter _loiter

c, ., =—ur——
Loiter U[Ol‘FW 3600 (33 1)
Climb:
_ Joiter  loiter
Loiter nwt’FW 3600 (332)
Multirotor (VTOL) mode:
_ LpPuRpEM
- 77t()t,MR 3600 (333)
ntot,FW = nescnmotornprop (3.34)
ntot,MR = nescnmotorFM (3.35)

Uszansnmvesszuuatsggnideniiie 19 lumsdmandsnugnidensinauise

1 { a { o o (4 {
a9 1dswswendsie I3 luuni 2 Wsimihssanssy uaaslddamsiah 3.7

3.1.8 9A@8NUUUYBIDINAIU

a wva Y Y &’

A A Y A YR o & A
L‘W'PJ‘V]"I]%UlﬂﬂWﬂTﬁﬂWuﬂﬁTﬂJ13ﬂﬂ§]Uﬂﬂ”li‘lﬂ Fﬂ\‘liluﬂuﬁﬂ\iﬁﬁmiwuﬂ@ﬂﬂuﬂu

' A A

i1 Y H
"’U’E)Qi’ﬂﬂ"l?fﬂﬂllﬁ’f)ﬁ"Ii]ﬂ@ﬂﬂlm‘]J??W‘l’i'iﬂﬁuﬁﬂﬂlmgfﬁﬂ\‘1'55‘]J‘]J"111Jﬂ1! ADUNITLADNLNUDINIA
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sUsuilnvmaveswemesiuaz luiade 11 Tagazinrsanainniszning power loading

(W/P) lunnusaias wing loading (W/S) Tunnuueusse 11i (Veerman B.Sc., 2012)

A13197 3.7 UsLaANTMNUBITLUVI VAU

Uszansom M
Propeller T prop 0.70
Motor Nootor 0.8
ESC Mo 0.9
VTOL prop M 0.65
Coaxial rotor Meoaxial 0.9
Fixed wing total Mot Fw 0.50
VTOL total Mot MR 0.47
Stall speed:
wy o1
[Ej = 5 CL,maxp150Vs2 (3.36)
Cruise back (maximum range):
wy 1 3
E = E PisVcas \ wARCDO (3.37)
Rate of climb:
(KJ — nprnp
P C
ROC+\/W 2 Gy, (3.38)

S pisy 1.808(eAR)*
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Climb gradient:

(K): nprop
P ROC  2Cp, | (W 2 1 (3.39)

Vcruiseback CLmaX S P 150 CL

‘max

A
3.2 m‘saaammummﬂgngﬂmwaﬁ]n

P Fa A Y ¥
yatlszasAvesnszuIumstiaedenunueinmsauazoonuuuzdsnwinld 1dussen
= 1 Y 9 I @ Ao v AY a A ' 1 o
NBINBABANVADINT t3 s udnlsndAynae s st INdIHanAUANH AL
Tumsiiu Tasmmwizeaags Ysmamdsnunldlumstiv
TagiTuAUINAITIADAUNUDINIA (Airfoil selection) mmma’ﬁ’@ga (UIUC, 2016)

a

P a aa A Ay = A o £ Y
Fadumannsauuaela laemanaosnanlisumeune dulseansussen ussaumnay
% = : 2 A £ o Ao o A o a £
Tuwud sau0anue1ndelunmsvugl anviladanlsndiayne dullszansusaen

1 I @ A 1 Ao 1 a o
aousemumazudunlsiaaaneiide (Range) 1usunsusielumsinsievine XFLRS
Faisonl¥ InaveaTsunsy XFOIL

A A v Y = A .
WONIIWUNUDINMANIHUIZANIAD 910U U0V I191n (Wing geometry
. &2 g o = a ) A wy Y =2 a Iz
design) ¥edvariladauifanazaudeIns lumsesnuuy e lagliudiainz v
9

115987 UTIA1UNY Parasite drag 1182 Induced drag vosilnaaeT1sunsy XFLRS 15unu

MINATILHIADeTNIN (Stability analysis) gnitn1ssnieriyulzngii 1d Tuwudsou
1 S| J a . g =2 [ 1
gagudnlIudugudnaziiansan Static stability Y999 101A814 530091 FULAINITI1

q u

yagudnnvesdansznouaienludr TaamwizednoudiosninaiuuuIunuuou
(Longitudinal axis)

v

JunpugaenensUsznausidud e Iaes sy (Drag estimation by drag
model) tNoas19@0UUsIAUVRI0 1M As U Tagldatounlsing Felsznoulldae
uuUTIa0sIdIuYee Hoerner (1965) uaz Raymer (2006) nnmiuihwadwsanSeuieu
@ d' A 9 o A v o’d‘ 1
nueardenvaussdiunazii liidenluwauazuewe s Muz auae 11l

A T ! & a o s
msaenunueInatazJUnsalaludiunilaveinisuasgingeImanamdans

& g & o Ay v a oy Y o Yo A
GNL‘IIH"UM@]@Mﬂm‘ﬂﬂQi]WﬂVlhlﬂi}ﬂ’f)’f)ﬂLL‘]J‘]J’f)"lﬂWﬂmuL'ﬁfJ‘]J'i’f)fJLLﬁ’J@QLLﬁﬂﬁulﬂﬂﬂiﬂV] 3.7

QU



61

321 naenvesdniszantueaussen

a

o £ o R A 1 1 <3 1 1
ﬁuﬂigﬁﬂﬁllﬁﬂﬂﬂ‘ﬂggﬂﬂ1u’3m %QW%W?'EIH 2 °]5'Nﬁ’ﬂ FNANULIITNUNAULAS

FIANUGVAUNN FIUMIMUIUAUTS TUad ANGITINHAUINN 14 1IWATAD I NAY

a "W 1 Aa [} <] { 1 o 1 J {
AT AAUMAMIAY 20 waTae I o9 lsAnn Mshillyugudidanadoussonianag

7
2

9 d”d =y Y A A ° o a =
ﬂ?ﬂlﬁ@ufﬂﬂuﬂﬁi%ﬁﬂﬂﬁﬂ 3.44-3.45 LWE)ﬂTL!’JmﬁlI‘]Jixﬁﬂﬁllﬁﬂﬂﬂm@ﬂllwu®1ﬂ1mlﬁiEJ‘]Jme‘]J

v =) A J
waﬂuuazmﬂﬂﬂmmmzama"lﬂ

@onyAvoNUUY

\4

lg@ﬂLL%"\IH@Wﬂ’]ﬁGﬂSJLﬂﬂM’T

Y

%’mgam‘mmmﬂ

A4
FRIERRINY :
v
Jd1 v ¥ a
AFUINN UIIBN LW DTN
agdieaziveazinsailn
= a s s
35U 3.7 unuMs AT IEHN O IMANAMAS
_ PV, Cuc
Re = T (3.40)
2
(cm, (1+2+2)
o =\3 (3.41)
e 1+4

Vi =V, 'COS(ALE) (3.42)
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C — WTO
Liesign 05- D V;f . Sref (3.43)
C, .
C — design
e~ Cos(A, | (3.44)
C — Ldesign
Idesig” (0,86—0.002 ALE) (345)

322  inamvasduilszans T
4 Y =1 a [ = g’; =\ a 1 a
ilosmeoimag uuuLilniu lifiganieg Snisllauudgiuieimaiuiu
~ & o @ a 9y = EUN .
Maauaalumudnevdinsdiuniuuda Ssaninszinmldinge Aerodynamic center
=) . =3 v 4 o1 @
¥o31niazya Neutral point ADYAMEINU 11T OUAAIANNT IWINUATOUYARUIDIIA

aumsi 3.46

C, '(xAC - xCG)_ Cir* Cruc =0 (3.46)
X X,

o=—r—% (3.47)
Cruc

C.=C-o (3.48)

Taena ldormagrunuuilnduselins taywareilnas (washout) iveauga
I o . eqe 1 o a ' <]
Tuwud lunuannu ¥ 199 static stability audesnts laelidestSunsy adrelsnaiuns
a = g‘/ A v Y 9 1 a @ g’/ Mo KXY A
tayuaetlnasiumiuanududouliunnszuiumssaa aniu fi3e3sdeudonunueins

A =& Y = o a <3 Y A J
NUANULNNIT Y mm%wmumiﬂmmmaﬂuﬂmwa’du@aimuuﬁ‘luumuﬂu
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323 mstaenunueIma
MIADAUNUDINAIL NIV JUWITD 3.2.1 uag 3.2.2 Tasiia1Tan
unueIMAd NI UM AUV AT unI o reflex airfoil 1umzqa MH, Eppler, S uag

Fauvel MuTU5unsu XFLR5 lud@iuves Xfoil Direct Analysis #992imsasausd luag

v
v A

1 < a 1 o g’/ @ ~
awEeanusIMstiudsinanluiide 3.2.1 nazgasyuilszng -5 89 15 oem aegld 3.8
o 1Y ' =1 [ a Q{ [ a Q‘{
Fnsunaaimsfieuevlsenouldde duilsednsuseen duilszansusadiv

[ a a‘, Jd 1 1
duilseans luwua a1 C/Cp waza1 C¥2/Cp

324 jUnsavedin

1 = o v £ oA = A Aas 1
s19tlagnmruaalegluuuvesenmesuasnesimaguuuuilniuniilag

U

k4 v
Tal ﬂ?ﬂﬂﬁ\iﬂigﬂ’JUﬂﬁh‘!ﬁ’J"ﬁ}@ 3.1.8 Lﬁ@ﬂﬂﬂ@@ﬂlm‘u@WﬂWﬁﬂ1ullé}3%$ﬂi1ﬂﬁuﬁﬂﬂ ORIGER!

Y
a 4 .
ﬂszmumsﬁi}ﬂﬁ’gﬂmﬁn%mwmmmmﬁa Root chord, Tip chord, Sweep angle,

a U

a <A @ a £
Elevon area ‘W"IiUJL@lE’]i‘VIﬁ]$ﬂﬂW%15m15$1’i’31ﬂﬂ'5$ﬂ’JUﬂWif’]f’]ﬂLLUUﬁﬂ dulseansusaen

a
4

] a Q( % a A d 1 1 @
Fuilszansusadny dudszans luuud a1 C/Cp A1 C¥2/Cp MINTLIUAIVDILTIN

et o St
nnazmMIngzaeaIveIn1sznIsunln

1 @

4 v
yuguatzgnUiuain 20 8ar 94 30 o9 Mualdiunilouaz Stability

a T a

coefficient asiiiiogn151/asunilasuedga Neutral point 1HoUTEHINAUNT 3.49 1AL

Tasunsu XFLRS

AR 1+2-4

C
Xyp =Cypye -— —— - tan(A +—=
NP hac " 1+ 4 ( 0A25c) 4 (3.49)

dmsuunueImaves wingtip tasn 1l NACA0009 1iipeainiinnumuine

v A

4 ' 4 f
anueMnesatosndt NACA0012 fnalviussdvanas iloadaetlnunugrasi Lateral

e vy = gre @ ¥ A A A A o A da X A a )
stablhty agLal C‘l]\ihliﬁnll]uﬂ@\W‘IuTIGIJMTQC];VTQJJLN@LV]fJ‘]Jﬂ‘]JWMV]ﬂﬂ ﬂluWﬂWHmLﬂ@ﬂi‘lﬁﬂTU

Y 1

unAMYes Hakki Karakas (2012) ttazue4 Dennis Trips (2010) #slidadiunuiig
ALANAD LRI 0.11 18 0.13 MUAIRD dadIunueIABIATEIRINILALABADSA

Um0V 0.27 1ag 0.33 MR
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9 1n1iedo Tailless aircraft in theory and practice (Karl Nickel, 1994)

Us1ngeawun1sh 3.50 nazd19da Directional stability coefficient d1%5uTlniiug inrey

U

1 = 3 [ = 1 [ a A A 1w
1u%74 0.03 D9 0.05 "lll!ﬂ‘]Ji;IiJ‘]JﬂQﬁﬁ\i 210 91MAYIULD SB 13 UAUNINY 0.025

Sp 1

oy S, b2 (3.50)

! k4

e S, flo Wunves Winglet (m?)

r.  flo 520zu04 Neutral point vesilnds Winglet (m)

B Batch foil anakysis - olliS v5.32 [ 28
Foi Seledion | Initsalze the bourdary Bpar after unconvergad paints
") Current foil only @) Foil st : .-nﬁ-.— : | Inibualie the baundary kaper alter each palar calculation
1| Store OpPoints
Anatysis Type -
= rai ion - oflrS v 37 T 25
@ Typa 1 Type 2 Type 3 Tyne & ps Foil Selection - fir5 v6.32
Batch Vvarizbles EPPLER 334 AIRFOIL
FALNEL 14% AIRFOIL
@ Range R List i
Min Max Increment | NACA 0012
Reymalds = 50,000 1,000,000 50,000 55010
Mach = (IR ]
Hint= .00

Foiced transilices

Top transtion lmcabon {(x'c) .00

Sottom trarsitan keatan (x'c) Lo

Analypsis Range =)
. Spled All oK
Specky 2 Alpha cl +| From Zero
HMir |54 Ircremant
Alpha = 4.000 15.000 0.500
Epratons contro
M, Eerations 150 Skip Cop ki Folz
| Aratyre Close:

[ ]

317 3.8 @19819M3A3A1 11 Direct Foil Analysis ¥9411)51n51 XFLR5
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3.3 @0UINNUDIBINIALIY
33.1  gagudais
wa1n 185 u31i9Tlnudh gaqudnlsuesemssiuazgnivuasie Stability
coefficient thwiinluudas drulsznevazgnilsainmuaziit i ldamdwmisdien T

Tasunsy XFLRS Tugiues Mass point Asdaee1931/# 3.9

4

317 3.9 waasms laihminluuaazge

332 @0EsNNAINUUIINUEND
M3 N1 U UTDYTNINAIWLUILAUBIUD Static stability 3z HIT2191005 W
v o & o a 7 =2 9 & Y v a
ANNFUIUSI g HIaNlszans luwuanazyulszng Sadouiuay mudiemsdsunsy
) @ a J. y o dy 4 [
dmsuunueny msanszduiihlaglsunsy XFLRS uonainil tiiosaigeimagiu lifisye
Waere Tumudveaunuemedsiinade Tuuudsauve st nun a9 uo1mMAs LY
@ A s o A
m I Tuudnnuwureszauinann
#1151 Dynamic stability tiieeaa811/5unsu XFLRS 1935m3 VLM lums
W1 stability derivative #3 VLM §a7i 1@ lidinitiesain T lddinsannavesanumiiadly
an Aa 1 % [} aw dy 1 <3
A28 35NAnIAe 1Y CFD waznadol Feguanmiloveuuavesuideil od1elsnainly
F9UTNUDINITOONUUDDIDIINT1F XFLRS tiiesuiadnsimsilasunilas pitching

1 a

\ . P AN YY A = = o Y v &
moment 919 pltCh rate Tﬂﬂﬂ’]ﬂllﬂﬂ@\‘i@ﬂﬂﬂ GINﬁuWﬂﬂ\‘]ﬁgﬂﬂiﬂgﬂﬂﬂﬁnq@ﬂﬂillllﬂlll@na']
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1 1 . oy y a . 1 <
A 1w31m5 11 Dynamic stability #itivssazdesnt Eigen value wosszun ua C, 0
q

I o o o A 1 = @ . dy Y dyd =
wWuaulsean YNUAAADLFADYTNINLASNITINAIUD Elgen value Glum@muummumwm

1
ﬁ1ﬁﬁ@u (Dennis Trips, 2010)
c, <0 (3.51)
C, <0 (3.52)

333 @OUIMNAMILOIAMUNWAZINU
39913917 Static stability Fmsuanuduve Tuuuams roll uay yaw 919
yu sideslip Aoalianiuavuazuinawdrdy Iuaauves Dynamic stability 9zimswaa
rolling moment @0 roll rate ttag yawing moment 719 yaw rate T@ﬂﬁm@waﬁm%mﬂ"lﬁu

= = J a v 1 dy
DYTNINATULUILNUYT llLﬂil!“V]ﬂﬁWﬁNifIHﬂ\m@llﬂu

G, <0 (3.53)
G, >0 (3.54)
G, <0 (3.55)
C, <0 (3.56)

1o Clﬁ fin m3nJasunalas Rolling moment coefficient aoyw Sideslip
Cnﬁ An maaounlas Yawing moment coefficient avyy Sideslip
C,p A mawlasulas Rolling moment coefficient Ao Roll rate

c, Ao manlasunilas Yawing moment coefficient fio Yaw rate
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U " a
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P — eMR
MC % THR (3.58)
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Length 905 mm Propeller size 13,14
Wingspan 2450 mm Propeller pitch >6
Height 450 mm | Fxedwing [y um thrust | > 3500 g

propulsion
G§n'eral Fuselage width 250 mm Motor power >400 W
sizing

Fuselage length 500 mm ESC size >30A
Airfoil S5010 Propeller size 14,15
Aspect ratio 6 VTOL Maximum thrust >1500 g
Taper ratio 0.5 propulsion | \ro. power >400 W
Root chord 500 mm ESC size >30A
MAC 386 mm
Wing area 80 dm’

Wing
Wing loading 85 g/dm?

Sweep angle 25
Airfoil NACA0009
Wingspan 200 mm
Aspect ratio 1
Taper ratio 0.6
Root chord 250 mm
Winglet
Sweep angle 35
Motor power >900 W

ESC size >60 A
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Hover Flight Time: electric Power: est Temperature Thrust-Weight specific Thrust Configuration
Remarks:
Battery Motor @ Optimum Efficiency Motor @ Maximum Motor @ Hover Total Drive Multicopter
Load: 1563C  Cument: 1207A  Cument. 39.08 A Cunent 1766 A Drve Weight 33469 Allup Veight: 7000 g
Voltage: “unv Voltage: 1454V Voltage: 1401V Voltage: 1445V 118 0z 246.9 oz
Rated \oltage: 1480 vV Revolutions™: 9685 rpm Revolutions™: 8325 pm Revolutions™: 5755 pm Thrust-Weight: 16 :1 add. Payload: 2880 g
Energy: 222 Wh electric Power. 1885 W electric Pawer: 5476 W Throttle (log): 57 % Cument @ Hover. 106.07 A 101.6 0z
Total Capacity: 15000 mAh mech. Power. 1708 W mech. Power. 4581 W Throttle (inear). 67 % P(in) @ Hover. 1569.8 W max Tilt: 45 °
Used Gapacity 10500 mAh  Efflency 906%  PowerVieight 4694 Wk  electicPower 2554 W POu)@Hover 12817 W  max Speed 34 kmh
min. Flight Time: 27 mn 2129 Wb mech.Power 2126 W  Eficlency @Hover 816 % 21.1 mph
Mixed Flight Time: 5.4 min Efficiency: 837 % PowerWeight: 2243 Wkg  Cument @ max: 234.46 A est. rate of climp: 46 mis
Hover Flight Time: 5.9 min est. Temperature: 66 °C 101.7 Wib P(in) @ max: 34700 W 906 ft/min
Weight: 1680 g 151 °F Efficiency: 83.6 % P(out) @ max: 2748.7 W Total Disc Area: 29.79 dam®
59.3 oz est. Temperature: 44 °C Efficiency @ max: 792 % 461.75 in*
s 1 F with Rotor fail >
Curmrent: 23448 A
Voltage P specific Thrust: 457 gw
Power. 33085 W { i
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1. Equipment checklist

Procedures Check

Airframe

Check for crack in Joint and structural members

Check for loose screws and nuts, damaged screws, ties, fasteners, straps
check landing gear

Engine
Check prop mounts and screws

Props are smooth and free of damage / defect (check blade, surface)
Prop adapters are tight / secure

Multirotor motors base must align parallel to the ground

Ensure arming / idle timeout is properly configured

Correct model is selected in transmitter

Check RC transmitter shows the right range and centering for all sticks

Check cables for loose or damaged: power, servo, GPS, pitot tube,
receiver, radio, on board computer
Battery / Batteries are fully charged, properly seated and Secured

Camera

Camera settings are correct (still images, video, framerate)

Ground Station
Ground station present and manned
Fail-safe equipment functioning




2. Pre-flight checklist
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Procedures

Check

Verifying all transmitter, on-board aircraft and camera batteries are
fully charged; (confirm voltages)

Ensure no frequency conflicts with both video and transmitter /
receiver

Ensure photo / video equipment mounting system is secure and
operational.

Check location of GPS equipment controlling the autopilot.

If using Video recorder turn on camera system

Camera settings are correct (still images, video, framerate)

SD camera memory clear and inserted into the camera

All transmitter controls move freely in all directions

All transmitter trims in neutral position

All transmitter switches in correct position( typically away)

Transmitter throttle to zero

Radio transmitter on

Connect / power on battery to airframe

Avionics and ground station are powered up

Ground station connection

Wait for ground station to register GPS lock

Check airframe is level

Check mode change voice readout

Arming flight controller to multirotor mode, ground station shows
STABILIZE (transmitter throttle still zero)

Switch to fixed wing mode

Fixed-wing mode

Check control surfaces (not in reverse direction)

Check fixed-wing motors (rotate in clock-wise direction)

switch back to multirotor mode (ground station shows STABILIZE)

Multirotor mode

Check motors (rotate in the correct direction)

UAV / Drone is in a level location safe for takeoff

Increase throttle slightly listening for any abnormalities

Short 20-30 second hover at 3-5 feet (listen for vibrations / loose
items)

Confirm Voltage levels are correct
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Abstract

This study presents the conceptual design of fixed wing battery-powered UAV, designed to carry an
Automated External Defibrillator (AED) or any 1.5 kg of payload. This aircraft has abilities not only to take-off,
landing or hover as multirotor aircraft but also to cruise similar to the fixed wing aircraft leads to reach the high
speed and endurance without additional rotor-tilting mechanism. The new UAV type is called the hybrid UAV.
Follow by the hybrid UAV concepts, the design process was initiated by estimating maximum take-off weight.
Battery weight and capacity were then estimated from fixed wing and multirotor power required. Moreover, the
subsystem of propulsion including propeller, coaxial rotor, motor, ESC and battery were reviewed and discussed.
Constant power method was adopted to improve accuracy of the range and the endurance estimation of battery-
powered aircraft instead of constant voltage method. In order to match the mission requirements and obtain the
design space, the preliminary sizing was established. Computational fluid dynamics is not yet studied in this work.
Finally, the conceptual design results, the effect of takeoff velocity to energy consumption and energy management

were presented and consulted.

Keywords: Conceptual design, Hybrid UAV, VTOL, battery-powered UAV, Constant power method

1. Introduction

Unmanned Aerial Vehicle (UAV) have been
widely used and become very popular application such
as Traffic monitoring [1] reconnaissance and
surveillance [2]. UAV is typically categorized into 3
group consists of fixed wing, multirotor and hybrid
UAV. The largest fraction fixed wing lift is created by
its wing, propeller produces thrust to maintain speed in
order to fly straight and level. Flight speed, range and
endurance are its advantage. However, takeoff and
landing distance are required. Examples off fixed wing

in conventional configuration: Raven [3], Skylite-B [4].

The Tailless (flying wing) configuration: ZALA 421-
04M [5], ITU tailless [6]. Multirotor’s lift is created
from propeller thrust. Due to its high ability in vertical
takeoff and landing (VTOL), so the multirotor can be
operated certain missions such as observing the
interesting target using altitude and position hole
which was unable by the fixed wing. Moreover, it
requires relatively small ground area for operation.
However, its drawbacks are endurance and speed.

In order to combine the advantages and overcome
the problems, Hybrid UAV is created. Hybrid UAV
was categorized into 2 main type, convertiplane and
Tail-sitter [7]. A convertiplane was categorized into 4
subtypes, including tilt-rotor, tilt-wing, rotor-wing and
dual system. The advantage of tilt-rotor and tilt-wing
was achieved by using their motor effectively because
motors were used for both vertical and horizontal
flight. However, motor or wing tilting mechanism
require complicated software and hardware. Stability
during transition flight is a critical point which may
lead to the catastrophe. For example, the TURAC [8],
and the Firefly6 [9].

A Dual system separated motor for vertical and
horizontal flight. Both software and hardware were
intended to simplify by this concept. Consequently,

controller and mechanism are relatively simpler than
tilting platform. The extra weight and drag from
unused rotor and motor were resulted in the increasing
of power required during the horizontal flight (fixed
wing flight mode) and increasing the capacity of
battery, thus total weight were increased, for
examples: Amazon Prime Air [10] and Canberra [11].
On the other hand, a Tail-sitter is an aircraft that
land by its tail. Transition from vertical to horizontal
mode and vice versa were performed (tilt body) by its
control surfaces or motors (differential thrust). This
concept intended to reduce weight from the tilting
system or dual system. However, stronger tails were
required. Since its body was oriented vertically during
VTOL mode, tail-sitter is more vulnerable to wind.
Consequently, complicated control system was
required, such as VertiKUL [12], ITU Tail-sitter [13].

2. Background and requirements

Nowadays, UAVs are becoming a trendy and
common vehicle in medical application (Fig. 1) [14],
[15]. Due to their capability, the carried object such as
AED, drugs, other medical tools and samples could be
delivered to the target using GPS/INS navigation or
remotely pilot system to avoid traffic jam. Moreover,
UAV is able to land on the top of the high building or
even of the small field, thus it can reduce the response
time. Every minute that passed without CPR and
defibrillation, there is a 10% drop in chance of survival
[14]. This was the critical issue that need to be solved.

According to National Institute for Emergency
Medicine annual report 2014 [16], the emergency team
must reach the patient or target within 8 minutes.
Furthermore, the main reason of the high number of
casualties is the long-delaying response time of
emergency service.
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Therefore, this work was aimed to design an UAV
for AED transport mission. Regarding to the previous
review, the combination of multirotor and fixed wing,
a hybrid UAV, were an expected platform. The details
of hybrid UAV were discussed in the general and
mission requirements section. The conceptual design
process was established to sketch, analyze and select
the appropriate platform in order to match the mission.
Appearance and performance of aircraft depend on
general and mission requirements.

Nl

() ()
Fig. 1 TU Delft (a) [14] and Vayu (b) [15]

2.1 General requirements

The general requirement that applied for this
aircraft consist of reliability, maintainability,
availability and transportability (RMAT concept) as
shown in Fig. 2. RMAT can be explained more details
as follows.

Since the most critical reliabilities are engine and
software control (firmware). Non-tilting rotor system
was selected. Furthermore, non-tilting rotor indicate
also maintainability because of less moving parts and
mechanisms. Downtime, preventive and collective
maintenance must be considered. Availability is the
probability that a system is operable and ready to
perform its intended mission at any given time in the
specified operational environment. However, this
ability is affected by maintainability [17]. The
transportability is the capability of the system to be
moved by towing, self-propulsion, or carrier. UAV
concept is able to reassembly or folding the
wing/motor according to transportability. (detail of the
reassembly concept was not discussed in this study.)

General Requirements: RMAT w

Fig. 2 General requirements

2.2 Mission requirements

As known, using UAV in the city is unsafe.
Datalink loss is one of the most critical issue since the
radio signal is blocked by buildings. Increasing the
distance from ground control station (GCS),
decreasing in the signal strength. In this state of design,
the communication problems and how to address them
will not be discussed. In order to avoid the risk from
signal loss, the maximum operating range is set to 5
km and operating altitude is 150 m above ground level.
Cruise speed for stand mission (low headwind
magnitude) is 20 m/s in order to reach the target within
8 minutes. According to the safety concern, loiter time
for fixed wing flight is 5 minutes and for multirotor

flight is 2 minutes. The other parameters were shown
in Table. 1. Energy consumption was calculated based
on the mission profile as Fig. 3.

i Lcilcl, W

Level flight
Climb Descent

Transition Transition
: ¢ Loiter: MR
N Landing
Takeoff FW: Fixed wing MR: Multirotor

Fig. 3 Standard mission profile

Table. 1 Mission requirements parameters

Mode | Requirement _ Value Description
VT() 3m/s Takeoff velocity
v 2 m/s Landing velocity
LD
H 50 m Takeoff altitude
T0
MR H 30m Landing altitude
LD
t 10s Transition time
tran
t 2 mins Position hold
hold
%4 20 m/s Cruise to target
cruise
ROC Sm/s Max. climb rate
FW S 5 km Operating range
range
150 m Cruise altitude
cruise
t 5 mins Loiter time
loiter

3. Conceptual Design

Conceptual design plan shown in Fig. 4 consist of
6 subsections: maximum takeoff weight buildup,
battery weight estimation, drag estimation, power and
energy consumption and subsystem efficiency.

l Design requitements | I Result and discussion |

| Mission profile |

|_>r ‘Weight estimation |

Fig. 4 Conceptual design plan

| Preliminary sizing |

I Concept sketch

3.1 Concept sketch

According to  the general and mission
requirements, the concept of aircraft concluded as:
1. Tailless (flying wing): To reduce moving parts. Tail
boom as the conventional configuration was suffered
from cross wind during VTOL. It is difficult to control
heading especially in automatic flight.
2. Y6-coaxial rotor: To improve aircraft compactness
and provide enough thrust.
3. Single tractor propeller: To install Y6 rotor, the
easiest way to install fixed wing propeller is tractor.

4. Retractable landing gear: To reduce drag.
5. Payload placement: On the top of fuselage (Fig. 5),
red cross medical symbol.
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The major challenges for hybrid UAV is
decreasing in aerodynamic efficiency and increasing in
takeoff weight thus resulted in increasing in the energy
consumption. At the same payload weight this UAV
may has a large wing area. The expected flight time is
between multirotor and fixed wing. However, the high
speed cruise cause the high energy consumption thus
shorten flight time.

Fig. 5 Concept sketch of flying wing-Y6

3.2 Maximum takeoff weight buildup
There are many different techniques for weight
estimation. If historical data exists, it quite well to use
that. However, if do not, another technique will be
used instead. Weight Estimating Relationships
(WERs) were generally described in literatures such as
Roskam [18]. Since it was not applicable for mini
UAVs (1 to 20 kg) [19]. Therefore, new WERs is
employed [1]. The logarithmic relation of empty

weight is written as:

~0.155+0.911-log,, (W,

VVQ =10 ogy (Wro) (1)

Eq. (1), the maximum takeoff weight was required
as input to estimate the empty weight. Therefore,
iterative weight process is adopted as shown in Fig. 6.

The maximum takeoff weight was broken up into
4 elements: empty weight, payload weight, multirotor
system weight and battery weight as Eq. (2).

Wio =W, + W, + Wy +W, 2)

Since the WERs did not take the hybrid UAV
weight into the database, multirotor system weight was
set as a part of payload during iteration. The empty
weight includes the structural weight, the fixed wing
propulsion system weight, and the fixed equipment
weight. Multirotor system weight includes motor, ESC,
propeller and motor arms.

Initial MTOW estimation | 4—————

|

Reference empty

eight e Semi empirical empty

weight estimation
Drag, power, battery weight
estimation

MTOW estimation

il

‘Weight convergenc terminated

Fig. 6 Iterative weight process
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3.3 Battery weight estimation
In general, battery is estimated from estimated
energy required (Wh) divided by mass specific energy
density (Wh/kg) [8, 12]. In order to improve
estimation accuracy, Lithium-Polymer battery weight
models was employed and found [20-22]. Quadratic
Model [22] is adopted due to its large number of
database, thus reliability.
E,(Wh)=4.04(m,) +139m, +0.0155 (3)
UAV requires a constant power not constant
current. Therefore, the constant power method was
utilized in order to increase the accuracy of range and
endurance estimation for non-constant discharge rate
[23]. This method converts constant current discharge
curves which is a standard testing procedure to
constant power discharge curves. Egs. (4) — (6) were

used, value of i "V(D) was obtained from tested data

[23].
-n %17,.)
VI. :(1 Vif),lj (4)
C, = M 8)
m,
D,=i,-(At)+ D, (©)

Where: n=0.05, P, is electric power (W) and At

is time step (h). D is discharged capacity (mAh).

Each capacity has its own characteristic.
Therefore, pre-estimation capacity, Eq. (3), is need to
identify and select the proper capacity.

Table. 2 General parameters

Parameter name Value
Reference area S ref 0.8 m?
Maximum lift coefficient CL‘max 1
Air density at sea level P 1.225 kg/m?
Air density at 150 m Piso 1.198 kg/m?

3.4 Drag estimation

A low subsonic speed aircraft as UAVs, the drag
was built up from lift independent drag, the zero-
lift/parasite drag and lift dependent drag, induced drag
and parasite drag due to change in angle of attack [24].
Total drag shown as Eq. (7).

C
C,=Cpy+—— 7
? P emdR @

3.4.1 Zero-lift/parasite drag

This drag component was affected by viscosity.
The main components are skin friction drag, pressure
drag and interference drag [1]. Component buildup
method was employed to calculate the parasite drag as
Eq. (8) [25].
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i Cf, F E Qi Swel,

Cp, =11 o+ C

®)
Sref, Dy

A number 1.1 is to account leakage and
protuberance drag. This type of drag is difficult to
predict. First term of the right hand side in the bracket
is the summation of drag due to wing, winglets
external store and fuselage. Cr represents skin friction
coefficient from flat plate which depend on Reynolds
number and skin roughness. Friction coefficient for
laminar and turbulent flow [26] are expressed as:

0,074

= R
According to the tractor propeller, the velocity
increase, thus Reynolds number. To account this drag
increment the followings equations are presented [27]:
2
AV =| —=2_ (10)
npmp

Form factor, FF presents the drag correction due
to pressure drag and airfoil/fuselage thickness. Both
wing and fuselage, there are several existing models
such as [26, 28]. The comparison of these models were
presented in [29]. In this work, form factor model of
wing Raymer [25] and fuselage from Hoerner [26]

were utilized.

0.6 (¢ tY
FF,. o et =|1F —[+100 — [ |- (1
e (x/c)@ &) o

L340 (cos A, ']

8)
*\ 5 *\3
d ) d
FF}'(uselagqstare = 1+15( l* J + 7( l* J (12)

I /
= (13)
d, b +h
Interference factor, Q is used to account
aerodynamic interference between components. These
value can be seen in Table. 3.
Table. 3 Interference factor

Re<10° (9

*

Par ter name_ | Value
0., 1
wing
0 1.2
fuselage
10) 1.04
winglet

Stopped rotor drag was calculated from the same
method that used to determine the drag over feathered
propeller [26] as Eq. 14. Drag coefficient of feathered
propeller (2 blades) is approximately 0.1.

/

TSME
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_ CDP,,,,, (NDG)JR)
D, roj -
prop Sref
Motor shape is assumed to be circular cylinder
and predicted by Eq. (15). Drag coefficient is 1.2 and
reference area of motor is the length multiplied by
G,

diameter.
— ,,,,,m,,(lmntu/D mmor)
Do = <« U9

motor S
ref

14

3.4.2 Induced drag

Assume the non-elliptical lift distribution and
parasite drag due to change in angle of attack are
accounted by Oswald’s span efficiency factor which is
model of swept wing from [25].

_ G
eAR

e=4.61(1-0.0454R"* cos A, \*'* 3.1 (17)

Note that, if angle of attack increase, the drag may
increase than expectation. Because of increasing in
multirotor-propeller induced drag. However, this effect
can be neglected if the wings were installed at the
proper incident angle and propeller attached parallel to
the longitudinal axis of fuselage.

3.4.3 Wetted area

Wetted area is the area that is exposed to the flow.
For wing, winglet and fuselage are approximated as
follows [25]:

Di (16)

5, ~ 2(1 +02 ijs,e, (18)
;
348,00+ )
wet = ( 1 9)
Juselage 2

Table. 4 Wing and winglet parameters

Parameter name Wing Winglet
Leading edge swept, degree Am 20 35
Max. thickness to chord ratio < #/¢ | 0.12 0.09
Max. thickness position to chord X / C 0.25 0.3
Root chord, m c, 0.5 0.25
Taper ratio A 0.5 0.5
Aspect ratio AR 5 1

Noted that the wing parameters estimate from
typical reflex airfoil and wingtip from NACAO0009,
Aspect ratio, taper ratio and swept angle were selected
from previous references aircraft: ITU Tailless [6] and
TURAC [8].

Table. 5 Fuselage and external store parameters

Par ter name Fuselag Store
Length, m l* 0.6 0.3
Width, m b* 0.3 0.25

Height, m h* 0.15 0.10
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Noted that the external store dimension is
estimated from AED cover case.

Table. 6 Multirotor parameters

Parameter name Value
Number of rotor N 6
Propeller diameter D 15in
Chord at 0.7R C 0.038 m
0.7R
Motor + Prop weight W 0.1 kg/unit
motor
ESC weight 0.03 kg/unit
VVEVL’
Motor length li 0.028 m
‘motor
Motor diameter 0.042 m
Dir

Noted that reference motor is Tiger motor
MN3510, 700 KV.

3.5 Power required and energy consumption
Power required for this UAV is divided into fixed
wing and multirotor power required.

3.5.1 Fixed wing power required

According to the mission profile, the fixed wing
flight mode consists of cruise to target (C2T), loiter,
cruise back to base (C2B). After total drag coefficient
was estimated, estimated drag polar was plotted.
Minimum power required and minimum thrust
required velocity are expressed as [24].

Minimum drag velocity:

Y L 1

" S/‘e/ Piso \/CDO mw-e- AR

Minimum power required velocity:
v Wy 2 1
Pmin -
S, Priso \3-Cpo-7r-e- AR

3.5.2 Multirotor power required

The power required of rotorcraft was derived
based on momentum theory on rotor disk [30]. The
takeoff thrust required and power required of each
propeller are expressed [31]:

o (Wro +%P5LVrloSref Coo,a )
10 =

(20)

@1

(22)

77 coaxial

Cpo s drag coefficient in axial climb, assume
to be flat plate, 1.9 (10* < Re < 10°) [26]. N is number

of rotor, 77,,

wxias 18 coaxial thrust efficiency, FM is

figure of merit and Apmp
Hover power required for each rotor and hover

induced velocity are expressed as:

is propeller disk area.
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3

[ WTO j E
77 coaxial N

Py = ol ) (24)
M '\lz'pSL 'Apmp
VH = (WTO /ncoaxialN) (25)
szLApmp

In axial descend case, axial climb model (Eq.
(27)) is not valid anymore since the rotor disk works in
the vortex ring state (VRS) that exist for the case of
descent velocity is less than 2 times of hover induced

velocity ( V,, <2V, ). Consequently, the descent

induced velocity was estimated as a quadratic curve
from experimental data. Landing power required are
expressed as:

1.2-1.125x-1.372x* -1.718x°

V.=V, s
"7 -0.655x*
= @ (26)
Vi

TLD _ (WT _%pSLVTZOSrg/'CDOM,a,) @7

i

T,

P, = (ﬁ)(yl - VLD) (28)

3.5.3 Energy consumption

After power required was established, it was
converted to electric energy required (Wh) by taking
subsystem efficiency into account which was
discussed in section 3.6 Subsystem efficiency.

The energy consumption of subsystem devices
such as camera, radio, controller board are neglected.

Cruise:
S, P
Cor =300 9)
cruisellot, Fv
Loiter:
CL(”'t y - Toiter . loiter (3 O)
4 77m1,pw 3600
Climb:
_ Morop oy Fetmo o1)

Clmb =

Mot 7 3600

Noted that the climb power would be selected

from design space, power loading, in section 4.

Preliminary. design. 7, represents the total efficiency

consist of ESC, motor and propeller efficiency.
Multirotor:

_ b FM

32
7,01, 3600 2

MR
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For Multirotor flight modes, the same equations
were used to calculate energy required depend on time
and power. The propeller efficiency is changed to
figure of merit, FM.

The total energy required is expressed as Eq. (33).
According to the safety concern, total energy required
is divided by factor 0.7 to account the unpredicted
voltage drop during discharging and cut-off voltage at
low capacity. The validity of this value will be
discussed later.

b= & (33)
14.8

The result from Eq. (33) was passed onto Eq. (3)
to do pre-estimation of battery weight before using
power constant method [23] to recalculate range and
endurance again. Moreover, the result from Eq. (33)
was divided by nominal voltage (3.7 V per cell of LiPo
battery) to obtain battery capacity. This is called
constant voltage method.

3.6 Subsystem efficiency

In the conceptual design process, the efficiencies
need to be estimated from existing literatures and
manufacturer in order to reduce erroneous results. The
propulsion components consist of propeller, coaxial
rotor, motor, electronic speed control (ESC). The total
efficiency of fixed wing and multirotor propulsion
shown in Fig. 7 and are expressed as:

Niot,rw = Mese Tmotor prop (34)
Do = NeseTmoror M 35)

=) (/)

Fig. 7 Conversion of battery power to available
propulsive power [32]

3.6.1 Propeller

Fixed wing and multirotor propeller have different
shape. Blade width and blade angle or propeller pitch
were optimized to match the operating condition.

Literature [33-35] investigated the fixed wing
propeller with the diameter ranging from 10 — 13 inch
and pitch 4.7 — 8 inch. Maximum efficiency was
varied between 0.6 — 0.75 depend size, pitch and
airfoil used.

Efficient rotor such as large scale aircraft typically
has a FM between 0.7 — 0.8 [30]. Small-scale propeller
can be found in [36]. Propeller size ranging from 2.25
— 5 inch shown relatively poor performance with the
efficiency between 0.38 — 0.61. The larger diameter
has more efficiency. Additionally, lower pitch at the
same size has more efficiency. However, these size are
too small for this aircraft. The larger diameter (more
than 10 inch) test could not found. It is expected that
the maximum efficiency would be more than 0.6.

3.6.2 Coaxial rotor
The disadvantage of coaxial rotor is thrust loss
due to aerodynamic interference between rotors, thus

rotor spacing and key parameters which contribute to
coaxial rotor thrust efficiency must be reviewed. The
different rotor spacing was tested with 200 mm of
diameter [37]. The results shown that rotor spacing
between 60 mm to 80 mm was achieved better
performance and reached a constant value if the higher
space was used. This result is consistent with [38] that
the coaxial thrust was less than the sum of two isolated
rotors. Literature [37] found that thrust loss was about
10%. However, [38] reported that 20%, rotor space
was not found but can be estimated from motor length
data that is in range of 52 to 60 mm. Within this range,
the rotor might be reduced.

3.6.3 Motor

Traditional motor (brush DC) has widely used to
predict motor performance. However, the result from
testing [39] shown that this model did not accurately
capture brushless motor (BLDC). If motor parameters
are correct, the level of accuracy can be improved. The
highest measured efficiency is 0.78 from 7 different
bands. However, the result cannot be concluded that
every bands have low motor efficiency. According to
manufacturer data [40], motor efficiency varied from
0.8 to 0.95 depend on technology used, specification
and operating condition such as propeller size, voltage
supply and RPM.

3.6.4 Electronic speed control (ESC)

ESC efficiency was affected by resistive losses in
electronic and FETs as well as loss due to duty cycle
[32]. At normal operating condition as cruise which
often set the throttle level (duty cycle) around 40% to
60%, within this range the efficiency is drop from
nearly 1 at 100% duty cycle to 0.85 to 0.9 [32]. This
result is consistent with [41], at the input voltage
14.8V ESC efficiency ranging from 0.8 to 0.9.

Subsystem efficiency for normal operating
condition was shown in Table. 7.

Table. 7 Subsystem efficiency

Efficiency Value
FW propeller Morop 0.70
Motor N otor 0.8
ESC Nese 0.9
MR propeller FM 0.65

Coaxial rotor Meoaial 09
nzm JFW 0.50

”IDI,MR 0.47

FW total
MR total

4. Preliminary sizing

In order to match the requirements and obtain
design space, power loading (W/P) versus wing
loading (W/S) diagram was established. 5 cases from
fixed wing flight consist of stall, cruise back, climb
rate, climb gradient were analyzed. The others would
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not be considered since those are not significant cases
according to mission requirements.
Stall speed sizing:

w 1
(?) = 2 CL,maxPlSOVSZ (36)
Cruise back (maximum range) sizing:
w 1
(?) =3 PiscV 2 RARC), (7
Rate of climb sizing:
w ;
(F] - ”p:op (38)
IC
ROC + w2 7"ﬂy
S Pso 1.808(e4R)”
Climb gradient sizing:
(Kj ) e (39)
P ROC  2C, | W 2 1
Vcruiseback CL S p 150 C

The lowest wing loading and corresponding
power loading (intersection of these 2 lines) will be
selected to maintain the mission requirements.

‘max

5. Result and discussion

5.1 Zero lift drag

Aerodynamic optimization is the future work,
therefore the assumption is wing, winglet and fuselage
are appropriate dimension which are constant except
the wing area. The zero lift drag was shown in Table.8

To maintain the mission requirements, drag
coefficient from turbulent skin friction coefficient
model was used to calculate energy consumption.
Even this might lead to overestimation but at least, the
mission is complete.

Table. 8 Zero lift drag of each model
Fixed wing _ Multirotor __ Total
0.025 0.021 0.051*

*Noted that sum of FW and MR drag coefficient
is multiplied by factor 1.1 as Eq. (8).

The largest source of drag was obtained from
wing, 30% of total drag (Fig. 8). Motor and propeller
drag are in the same level, 23-24%. Fixed wing zero
lift drag is 0.025 and multirotor drag is 0.021 as Table.
8. 54.4% of zero lift drag was obtained from fixed
wing and 45.6% of multirotor drag (Fig. 9). The extra
drag from multirotor system dramatically affects the
fixed wing performance cause much energy is
consumed. However, if the rotors aligned with air flow
the total would decrease. Accuracy of multirotor drag
was not discussed here. However, the result indicated
that it could not be neglected and would be validated
in the future work.
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Fig. 8 Drag fraction of each component

1 FW MR
Fig. 9 Drag fraction of between fixed wing and
multirotor

5.2 Design space and initial sizing

The design space is shaded area (red) as figure 10.
Before investigating in deep about the multirotor
performance, selected wing loading (W/S) and power
loading (W/S) are 88.2 N/m? and 0.11 respectively.
The initial and new weights were shown in Table. 9.
The empty weight from Eq. (1) is 34.20 N which
seems higher than the reference aircraft [6]. This affect
the multirotor energy consumption. The erroneous
result occurs due to lack of database to derive the
empirical equation. Additionally, the material played a
critical role to structural weight. Therefore, the new
empty weight (exclude multirotor motors) is set to 3
kg (29.43 N).

e = ®

Fig. 10 Design space
Table. 9 General parameters

Parameter name Value
Reference area S 0.8 m?
Power loading % 0.11 N/'W
Wing loading P% 83.36 N/m?
Empty weight 355N

Pty weig er + WMR
Battery weight VVb 16.48 N
Takeoff weight W. 66.69 N
e
Battery capacity C 15000 mAh
b
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Battery capacity estimated by constant voltage
method is about 15,000 mAh. Commercial off the
shelf (COTS) battery have various capacity sizes. In
order to use the power constant method [23] to verify
the battery capacity obtained from Eq. (33), 3 packs of
5,000 mAh 48 battery were used and its characteristic
appear in [23]. The effective capacity was set to 4,000
mAh to avoid voltage drop region.

Figs. 10— 11, maximum takeoff weight is 66.69 N
(6.80 kg), The minimum drag speed is 13.1 m/s.
Minimum power required speed is 10 m/s which is
lower than the stall speed, thus 16 m/s is used both
loiter and cruise back mode (approximately 1.2Vy).

Lift to drag ratio of hybrid UAV is relatively low
(Fig. 12) due to extra drag from multirotor system.
This drag affects the energy consumption during fixed
wing mission.

ool

Cruise, 20 m/s

J
|
,,,,, Fy &

% 0 0 3 g = B B E)

Fig. 10 Power required and airspeed

i)

Fig. 11 Thrust required and airspeed

Fig. 12 Lift coefficient and lift to drag ratio

5.3 Power constant method result

According to Fig. 13, total energy required (Eq.
(33)) divided by factor 0.7 seems well. Since the
estimated battery weight and capacity by constant
voltage method is able to achieve the mission which
used the power constant method. The reasons lead to
obtain erroneous result consists of underestimated drag,
lower-than expected effective capacity, decrease in
propeller, rotor, ESC and motor efficiency. Strong
headwind could reduce the flight time in case of
maintain ground speed.

13-16 December 2016

The different number means different flight mode.
The procedure starts from (1) takeoff, (2) transit (3)
climb, (4) cruise, (5) loiter 2.5 mins., (6) transit+hover
1 mins., (7) land, (8) cruise back. The average current
drain shown in Table. 10.

= ™ 3 = & o = = o
e

Fig. 13 Current drain during mission

w £ e e

Fig. 14 Voltage drop due to current drain

The difference between constant voltage method
and constant power method voltage is clear at high
discharged capacity (cruise back to base region) and
high current drain. During high power required, thus
high current drain. The critical voltage drop region is
transition to fixed wing. Minimum voltage drop region
is loiter and cruise back.

In the vicinity of landing, voltage dropped lower
than 13 V which was close to the critical or cutoff
voltage which must be avoided. To address this
problem, battery capacity should be added. However,
propeller size must match the thrust required
especially takeoff in order to achieve the desired
vertical takeoff velocity.

Table. 10 Estimated current drain of each flight mode

. Current (A)

Par name B2T 128

Takeoff 105 112
Transition 144 155
Climb 65 70
Cruise 30 25
Loiter 23 25
Hover 78 82
Land 72 75

The largest energy consumption fraction is cruise
and cruise back (Fig. 15). Although the cruise back
power is low but it takes longer time to reach the
destination. In addition, cruise back region has lower
voltage, thus increase current drain. Hover and loiter
energy consumption is close to each other even the
hover time is 2 minutes, it consumes much current.
Transition energy consumption can be reduced if the
transition time is lower than present (10 second). In
case of the UAV cruise back at the same speed of
cruise to target (20 m/s), the energy consumption
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would increase because in the cruise back region,
battery voltage dropped lower than the early time of
flight. Therefore, the higher power required higher
current drained. For this case, the UAV might not
reach the base.

Land Climb
5% _3% Cruise
Transit 18%
7%,

Cruise back

Fig. 15 Energy consumption fraction

The largest power fraction is transition (Fig. 16)
because of using fixed wing and multirotor propulsion
at the same time. Cruise, cruise back and loiter require
electric power 8% and 4% respectively. However,
these flight modes use large amount of energy due to
the discharged current time.

The multirotor power required of each flight mode
were shown in Tables. 11-12. These value will be used
as a base to select the motor and rotor size. During
takeoff with 3 m/s, power required is higher than hover,
thus higher current drain. The effect of vertical takeoff
velocity to thrust and power required were discussed in
the next section.

Cruise back

Loiter
4%

Cruise Transit

26%

Land
13%

Takeoff
21%

Fig. 16 Electric fnower required fraction
Table. 11 Power required of multirotor per motor

Par ter name Value (W)

Hover 175

Takeoff 259

Landing 160

Table. 12 Power thrust and weight ratio

Po Po T W, W. W,
Py, B, Wio Wi Wi Wio
148 090 1.12 025 0.53 0.22

5.4 Effect of takeoff velocity

In order to investigate this effect, takeoff velocity
was varied from 0.5 to 6 m/s to reach the altitude of 50
m. However, the result shown that the takeoff velocity
below 2.5 m/s could not be used because it takes too
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long time before reaching altitude of 50 m. Therefore,
the expected battery capacity was not adequate.

Fig. 17 indicated that higher takeoff velocity,
higher thrust and power required. Takeoff weight and
drag due to vertical climb affected the thrust and
power required. At takeoff velocity of 4.5 m/s, aircraft
in multirotor mode requires power 2 times of hover.

Figure of merit of rotor and rotor diameter play a
critical role to predict power required. Larger propeller
could reduce power required if the same motor weight
was used and motor efficiency did not change too
much. However, in practice, larger rotor requires more
torque, current drain increase to produce more torque
which reduce motor efficiency and increase motor case
temperature. Then a bigger motor is used instead.
Bigger motor, heavier motor weight. If the better
motor technology is available and it could be afforded.
Lighter motor weight is a good choice to use to reduce
the takeoff weight.

16

——Thrust
15 | ——Power 28

Thrust to weight ratio
Power takeoff to hover ratio

s 55 6

35 4 as
Takeoff velocity (m/s)

Fig. 17 The effect of takeoff velocity to thrust and
power required

In order to investigate each motor power, the
multirotor propulsive efficiency was used (Table. 7) to
calculate electric power required. Fig. 18 shown the
takeoff power and peak current. Battery characteristic
was adopted to predict peak current because the higher
electric power required, motors consume more current
which affected the battery voltage. Higher current
drain exists to maintain the power required. The high-
C rate battery can be used to reduce this effect. Better
propulsive efficiency can reduce the peak current.

500 20
—— Power

~——— Peak current

&
&
3

~

Peak curent (A)

Takeoff power (W)
@ W
g g
g g

N
ol
3

200 10
25 3 35 a 4.5 5 55 6
Takeoff velocity (m/s)
Fig. 18 The effect of takeoff velocity to electric power
required and current of each motor

Since the energy consumption depend on both
power required and flight time, the energy required
(Wh) and discharged current (mAh) were considered
as Fig. 19. Takeoff velocity from 2.5-4.5 m/s indicated
lower energy required thus lower discharged current.
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However, faster than 4.5 m/s, energy required increase
because this state of discharge current beyond the
working condition of the battery. This working
condition could damage the battery.

If motor efficiency as the function of current
(torque) and motor limit power were taken into
account, the takeoff velocity interval that shown lower
energy required would be narrower. However, during
the conceptual design state these details are unknown.

Designer might use the thrust to weight ratio at
desired takeoff velocity to select the rotor and motor

from manufacturer or available data.
9 1200
Energy required

Discharged current | 1100

= z
%— 00 £
£ — B g
5 g
g oo §
%° ]
& 800 &
2
g 700 ©
4 H 600
25 3 35 4 45 o 55 6

Takeoff velocity (m/s)
Fig. 19 The effect of takeoff velocity to electric energy
required and discharge current

5.4 Energy management

Fixed wing loiter and hover time in the actual
situation may differ from the expected flight time (5
minutes for loiter and 2 minutes for hover). Fig. 20
shown the relationship between these two flight mode.
The maximum loiter time is 14.5 minutes and
maximum hover time is 3.5 minutes. At hover 2
minutes, the loiter time is more than 5 minutes because
battery capacity is a little higher than requirement.

This graph can be used as a based during
operation. According to safety concern, the maximum
discharged capacity before returning to base is 7,500
mAh (usable capacity is 12,000 mAh). In case of
without payload during cruise back, higher discharged

capacity is acceptable but it is not recommended.
y=-3.9832x + 14.454

Loiter time (min)

0
0 05 1 15 2 25 3 35

Hover time (min)
Fig. 20 The relationship between hover and loiter time
for standard mission

6. Conclusion and recommendation

This study presented the conceptual design of
hybrid fixed wing VTOL UAV. Fixed wing thrust and
multirotor thrust were separated to reduce the risk of
tilting rotor system failure. Flying wing with coaxial
rotor propulsion is the intended platform. The result
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shown that multirotor system drag has a large fraction
of total drag. The stopped rotors orientation should be
minimum drag. However, the deep analysis in this
extra drag must be performed by CFD, wind tunnel or
flight test. If the lower drag were occurred, operating
range might increase or reduce the battery weight. The
thrust loss of coaxial rotor need to be investigated
more details to improve multirotor performance.

The power constant method was utilized to
estimate the battery capacity. The result indicated that
the voltage constant method tended to underestimate.
However, the propulsive efficiency and battery
characteristic must be known. Available program for
motor selection and matching such as eCalc and
motoCalc could be used to help the designer to reach
these data.

The increasing takeoff velocity is possible to
reduce the energy consumption if the proper motor and
rotor were used. The extra weight of multirotor system
could be reduced if the high technology motor were
used. Motor characteristic must be taken into account.

Energy consumption must be managed properly
especially loiter, hover and return to base flight mode.

The next step is select the appropriate airfoil and
wing geometry as well as stability analysis. Propulsive
efficiency both fixed wing and multirotor and
aerodynamic parameters must be investigated to obtain
a better range and endurance estimation. The
optimization of fixed wing and multirotor system is
very much need. Build the prototype to verify the
prediction and search for the hidden problems.

7. References

[1] H.C.M. Veerman B.Sc. (2012). Preliminary Multi-
Mission ~UAS  Design. M.S. thesis, Delft
University of Technology, Netherland.

[2] Spyridon G. Kontogiannis, John A. Ekaterinaris
(2013). Design, performance evaluation and
optimization of a UAV, Aerospace Science and
Technology, vol.29, April 2013, pp. 339-350.

[3] AeroVironment, UAS: RQ-11B Raven, URL:
https://www.avinc.com/uas/small_uas/raven, accessed
on 20/08/2016.

[4] RAFAEL Advanced Defense System, SKYLITE-B,
URL: http://www.rafael.co.il/Marketing/334-919-
en/Marketing.aspx, accessed on20/08/2016.

[5] AVIA.PRO, ZALA 421-04M, URL:
http:en.avia.pro/blog/zala-aero-zala-421-04m,
accessed on20/08/2016.

[6] Hakki Karakas, Emre Koyuncu, Gokhan Inalhan
(2012). ITU Tailless UAV Design, Journal of
Intelligent and Robotic Systems, vol. 69, July 2012, pp.
131-146.

[7] Adnan S. Saeed, Ahmad Bani Younes, Shafiqul
Islam, Jorge Dias, Lakmal Seneviratne, Guowei Cai
(2015). A Review on the Platform Design, Dynamic
Modeling and Control of Hybrid UAVs, paper
presented in International Conference on Unmanned
Aircraft Systems (ICUAS) 2015, Colorado, USA




166

The 7™ TSME International Conference on Mechanical Engineering

[8] Ugur Ozdemir, Yucel Orkut Aktas, Karaca
Demirbag, Ahmet Erdem (2013). Design of a
Commercial Hybrid VTOL UAV System, paper
presented in International Conference on Unmanned
Aircraft Systems (ICUAS) 2013, Georgia, USA.

[9] BirdEyeView Aerobotices, FireFLY6 PRO, URL:
https://www.birdseyeview.aero/products/firefly6,
accessed on 20/08/2016.

[10] Amazon, Amazon Prime Air, URL:
https://www.amazon.com, accessed on20/08/2016.
[11] Canberra UAV Open Source Civilian UAV
Development, Canberra UAV, URL:
http://canberrauav.org.au/, accessed on 20/08/2016.
[12] KU Leuven, Belgium, Students Build drone for
Transporting Packages, URL: http://www.kuleuven.be/
, accessed on 20/08/2016

[13] [7] M. Aksugur and G. Inalhan (2010). Design
methodology of a hybrid propulsion driven electric
powered miniature tailsitter unmanned aerial vehicle,
Journal of Intelligent and Robotic Systems, vol. 57,
September 2009, pp. 505-529.

[14] Delft University of Technology, Netherland,
Ambulance  Drone,URL:  http://www.io.tudelft.nl,
accessed on 20/08/2016.

[15] New Atlas, Drones take medical samples to the
sky inMadagascar, URL: http://newatlas.com/drones-
samples-madagascar/44799/, accessed on 20/08/2016.
[16] National Institute for Emergency Medicine (2014).
Annual report 2014.

[17] Erdal TORUN (2000). UAV Requirements and
Design  Consideration, Technical &  Project
management Department, Turkish Land Forces
Command, 06100, Yucetepe, Ankara/TURKEY

[18] Roskam, J. (1997). Airplane Design. Part 1.
Preliminary Sizing of Airplanes. Design, Analysis and
Research CorporationARcorporation.

[19] Austin, R. Unmanned Aircraft Systems,
Aerospace Series, John Wiley&Sons, Ltd., Publication,
Chichester, 2010.

[20] Analiza Abdilla, Arthur Richards, Stephen
Burrow (2015). Power and Endurance Modelling of
Battery-Powered Rotorcraft, paper presented in 2015
IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS), Hamburg, Germany.

[21] Tan Chang, Hu Yu. (2014). Improving Electric
Powered UAVs’ Endurance by Incorporating

Battery Dumping Concept, Procedia Engineering,
vol.99, 2015, pp. 168 — 179.

[22] Ohad Gur, Aviv Rosen (2009). Optimizing
Electric Propulsion Systems for Unmanned Aerial
Vehicles, Journal of Aircraft, Vol. 46, no. 4, July—
August 2009, pp. 1340-1353.

[23] Lance W. Traub (2016). Calculation of Constant
Power Lithium Battery Discharge Curves, Batteries,
Vol. 2, no. 2, July 2016.

[24] John D. Anderson (1998). Aircraft Performance
and Design, McGraw-Hill Education.

[25] Raymer. (2006). Aircraft Design: A Conceptual
Approach, Fourth Edition, American Institute of
Aeronautics and Astronautics, Inc.

13-16 December 2016

[26] Hoerner, S. F. (1965). Fluid Dynamic Drag,
Hoerner Fluid Dynamics, Bakersfield, CA.

[27] Dennis Trips. (2010). Aerodynamic Design and
Optimization of a Long Range Mini UAV, M.S.
thesis, Delft University of Technology, Netherland.
[28] Shevell, R. S. (1989). Fundamentals of Flight.
Prentice—Hall, Upper Saddle River, NJ.

[29] Ohad Gur, William H. Mason, and Joseph A.
Schetz. (2010). Full-Configuration Drag Estimation,
Journal of Aircraft, Vol.47, no. 4, July-August 2010,
pp. 1356-1367.

[30] Gordon J. Leishman (2006). Principles of
Helicopter Aerodynamics, 2nd Edition, Cambridge
University Press.

[31] Bo Wang, Zhongxi Hou, Zhaowei Liu, Qingyang
Chen, Xiongfeng Zhu (2016). Preliminary Design of a
Small Unmanned Battery Powered Tailsitter,
International Journal of Aerospace Engineering, Vol.
2016, Article ID 3570581.

[32] David Lundstrém (2012). Aircraft Design
Automation and Subscale Testing, Dissertations, no.
1480, Linkoping University, SE-581 83 Linkdping,
Sweden.

[33] Matthew H. McCrink, James W. Gregory (2015).
Blade Element Momentum Modeling of Low-Re
Small UAS Electric Propulsion Systems, paper
presented in 33rd AIAA Applied Aerodynamics
Conference 2015, Texas, USA.

[34] Silvestre, M.A.R., Morgado, J., Alves, P., Santos,
P., Gamboa, P., and Pascoa, J.C. (2015). Propeller
Performance Measurements at Low Reynolds
Numbers, International Journal of Mechanics, Vol.9,
2015.

[35] John B. Brandt, Michael S. Selig. (2011).
Propeller Performance Data at Low Reynolds
Numbers, paper presented in 49th AIAA Aerospace
Sciences Meeting 2011, Orlando, USA.

[36] Robert W. Deters and Michael S. Selig. (2008).
Static Testing of Micro Propellers, paper presented in
26" AIAA Applied Aerodynamics Conference 2008,
Hawaii, USA.

[37] Yao Lei, Yue Bai, Zhijun Xu , Qingjia Gao,
Changjun Zhao (2012). An experimental investigation
on aerodynamic performance of a coaxial rotor system
with - different * rotor - spacing and wind speed,
Experimental Thermal and Fluid Science 44 (2013),
October 2012, pp. 779-785.

[38] Roman Czyba, Grzegorz Szafranski, Marcin Janik,
Krzysztof Pampuch and Michal Hecel. (2015).
Development of Co-Axial Y6-Rotor UAV-Design,
Mathematical Modeling, Rapid Prototyping and
Experimental ~ Validation, paper presented in
International Conference on Unmanned Aircraft
Systems (ICUAS) 2015, Colorado, USA.

[39] D. Lundstrém, K. Amadori, P. Krus. (2010).
Validation of Models for Small Scale Electric
Propulsion Systems, paper presented in 48th AIAA
Aerospace Sciences Meeting Including the New
Horizons Forum and Aerospace Exposition 2010,
Orlando, Florida.




167

The 7™ TSME International Conference on Mechanical Engineering
13-16 December 2016

[40] T-Motor Safetest Propulsion System, Products,
URL: http://www.rctigermotor.com, accessed on
20/08/2016.

[41] Joachim Schémann. (2014). Hybrid-Electric
Propulsion Systems for Small Unmanned Aircraft,
Ph.D. thesis, Technical University of Munich,
Germany.

TSME




168

2017 3rd International Conference on Control, Automation and Robotics

Implementation of System Identification and Flight Control System for UAV

Watcharapol Saengphet, Suradet Tantrairatn, Chalothorn Thumtae, Jiraphon Srisertpol

School of Mechanical Engineering
Suranaree University of Technology
Nak hon Ratchasima, Thailand

e-mail: w.saengphet@hotmail.com, suradetj@sut.ac.th, chalothorn@sut.ac.th, jiraphon@sut.ac.th

Abstract—This paper presents a methodology to implement a
flight control system based on PID control design for PX4
autopilot system. The objective of the method is to find out the
optimal controller gains on the same control structure of PX4
flight stack software without iterative controller tuning. This is
achieved through a two-step procedure which consist of

aircraft system identification and PID optimized control design.

The first step to implement an autopilot system on an
Unmanned Aerial Vehicle (UAV) relates to characterizing the
UAV’s dynamics using a mathematical model. To accomplish
the accuracy of the particular UAV control, the process of
system identification, which is the estimation of the parameters
of the equation of motion, is essential. The measurement of
inputs and outputs during manual flight is utilized to
determine the unknown parameters of SISO mathematical
model using a software of comprehensive identification from
freq y resp Subsequently, the model is utilized for an
optimization-based tuning of these PID controller gains offline
in order to minimize the requirement of numerous in-flight
tuning. The controller is impl ted on PX4 autopilot system.
The results are demonstrated that the tracking control system
has excellent dynamic performance in respect of simple design,
high pr and easy impl t.

Keywords-flight control system;
identification

UAV  control; system

I. INTRODUCTION

Unmanned Aerial Vehicles (UAVs) have been widely
used and become very popular application for Traffic
monitoring [1] reconnaissance and surveillance [2]. Low-
cost commercial flight controllers that already integrated the
important sensors for UAV are available such as APM [3]
and Pixhawk [4]. Furthermore, there are some open source
flight control software, for example, PX4 [5] that use PID
controller. PID control technique is a popular method due to
its past record of wide availability and simplicity of use.

The heuristic tuning approach can be applied for PI or
PID controller. Ziegler-Nichols method is the most popular.
Since controller gain can be tuned without aircraft dynamic
model. Other method such as Tyreus- Luyben tuning and
Astrom-Hagglund tuning methods can be applied [6].

Reference [7] designed UAV flight stabilization system
for longitudinal and lateral axis of Cessna 172 model.
MATLAB/Simulink and Xplane were utilized to design PID
controller and Hardware-In-the-Loop (HIL) simulation.

978-1-5090-6088-7/17/$31.00 ©2017 IEEE

However, without a model, controller gain tuning
requires an iterative process. Therefore, the flight should be
conducted by an experienced pilot in order to avoid the
chance of pilot error and to reduce the number of iterations.
Therefore, controller tuning technique, which relies on
dynamic model, is interesting if the system identification
process in order to obtain dynamic model is not too
complicated.

MATLAB offers the Control System Designer [8].
Simulink linearized the control block around the trimmed
point or initial condition. Local and global optimization
method are based on a gradient descent and pattern search
such as Genetic Algorithm (GA), respectively.

Control System Designer tool is utilized [9] to optimized
the lead compensator for altitude acquire and hold. The
hybrid approach was employed, which to find feasible
solution with any global method and then to get optimum
solution with local method in order to meet the best approach
to find optimum solution for such multimodal functions.

An UAV’s dynamic model can be determined from flight
data, after which the dynamic model can be used to develop
and validate autopilot control systems. Thus system
identification is a tool for modeling, and developing
controllers for aircraft dynamics. System identification
provides a base for reliable and robust UAV control systems
resulting in higher success rates and safety [10].

Many system 1D methods have seen successfully applied
to small low-cost UAV [10]. Tischler developed the software
package Comprehensive Identification from Frequency
Responses (CIFER) [11]. This software has been applied to
helicopter UAVs [12]. Although CIFER is mainly used for
helicopter, many literatures have shown that the software can
also be applied for the fixed-wing UAV [13]-[14].

This paper presents identification results of the
Tailless UAV, deriving two linear SISO models, one for the
longitudinal dynamics using the elevator command as input
and the pitch angular rate as output, and the other for lateral
dynamics using the aileron command as input and the roll
angular rate as output. In section II a short description of the
Tailless UAV, the hardware and software used in the
experiments is given. System ID method using the
frequency domain identification approach for this research
is presented in Section III. Optimization controller gained
by MATLAB/Simulink is explained in Section IV. Results
of the ID both pitch and roll response are presented in
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section V. Optimization result and flight test results are
compared and discussed in Section VI.

II.  GENERAL UAV MODEL AND FLIGHT CONTROL

A.  Gerneral UAV Model

UAV model is a tailless or flying wing aircraft. Since
there is an unconventional platform, elevons are used to
control the attitude for both pitch and roll maneuver. Elevons
receives a mixed signal between elevator and aileron
command from flight control system. The default of attitude
controller gains does not provide suitable value for this
platform. Therefore, it must be tuned before performing the
automatic flight mode such as stabilizing and loitering. Table
I shows the important parameters of the UAV.

B.  Hardware

The Pixhawk board which contains an advanced 32-bit
ARM Cortex® M4 Processor running NuttX real-time
operating system (RTOS) was selected as an autopilot
hardware for validation. There are 14 PWM servo outputs
and a number of communication interfaces, such as serial
ports, I2C and SPI. Furthermore, the Pixhawk is integrated
with compass, accelerometer and gyroscope, GPS, etc. [4].
The onboard sensors of the Pixhawk comprise dual IMU for
additional redundancy and accuracy of measurements. The
Pixhawk also features an SD card slot for storage of flight
data logs. User is able to set the desired sample rate.

TABLE L. TIALLESS UAV PARAMETERS
Span 12m Sweep angle 30 degree
Chord 0.16m Motor Brushless
Length 045 m Flight time 15 minutes
Control Elevon Speed 10-25 m/s
Weight 850¢g Battery LiP0-3000 mAh
Airfoil Epler 340 Board Pixhawk 2.4.8

Figure 1. Tailless UAV model(left) and Pixhawk flight controller (right)

C. Software

PX4 flight stack [6] is used as autopilot software. The
wing flight controller is based on feedback control,
Proportional-Integral (PI), and feedforward control (FF) as
shown in Fig. 1. PX4 scaled the PI and FF gain about the
trimmed airspeed to decrease oscillation when the UAV fly
too far from trimmed airspeed. In this research, airspeed
scaler is assumed as constant.

Pitch and roll controller share the same structure. Angle
error is converted to angular rate set-point by multiplied
Time constant (T). Its value is 0.4 s as default. The angular
rate set-point is converted to actuator control signal by

multiplied feedforward gain. This signal is added by PI
signal which is converted from the angular rate error.
Controller gain PI and FF must be optimized to meet a
required control performance in order to satisfy flying
quality.

4

FF

P Carroter ey

S-@-(E A
P gt ange

rate feedback

angle feedback

Figure 2. PX4 fixed wing controller block diagram

III.  SYSTEM IDENTIFICATION

Since PX4 fixed wing flight controller is a single input
single output system (SISO). Decoupling between
longitudinal and lateral dynamic are assumed. Therefore, the
attitude controller gains can be tuned separately after
obtaining the transfer function model of each axis. Next
section explained the system identification method.

In order to obtain the desired frequency spectrum, the
elevator and aileron command were programmed into the
board based on PX4 flight stack. Automated frequency
sweep was generated. The exponentially increasing sweep
frequency is used to ensure that more time is spent on the
lower frequencies and less time as on the higher frequencies.
The values of sweep parameters depend on frequency range
of interest as shown in Table II. The following equations
were programmed to generate sweep signal.

Soweep = Asin[O(D)] 1)

Trec
0 = [ w()dr ®))
0=, + K(®pp, — @pi) 3)
K =C,[exp((C,0)/ T, .)—1] “
C, =4.0andC, =0.0187 ®)

The sweep data were processed using CIFER to generate
the frequency response. The frequency response is obtained
from FRESPID tool in CIFER that uses a chirp z-transform.
For the longitudinal and lateral dynamic model, input is at
control command started from 0 which is trimmed condition
and output is pitch or roll rate. Results from FRESPID are
passed onto COMPOSITE to achieve the final frequency
response database with excellent resolution and low random
error [10]. Coherence more than 0.6 is acceptable [10].
Transfer function model was identified using NAVFIT. The
model based on Low Order Equivalent System (LOES).
LOES model is the same as classical dynamic modes, except
for the inputs which are control command with equivalent
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time delays, instead of control surface deflections [15]. Eq. 6
was for both roll and pitch response.

g _ (bs+by)-e ™

. )

n, s +as+a,

The data was collected by flying the aircraft and

measuring responses to elevator and aileron commands and

recorded on SD card. Minimum and maximum sweep

frequency were selected from typical pilot control input for
fixed wing UAV.

TABLE II. COMPUTER-GENERATED SWEEP PARAMETERS
Parameter Pitch Roll
Sweep amplitude A 02 0.15
Minimum frequency @yin 04 Hz 04 Hz
Minimum frequency @, 6 Hz 6 Hz
Sweep record length I3 rec 13 13

IV.  OPTTIMIZATION BASED TUNNING

MATLAB offers control system designer application to
design or optimize the controller gain to meet the
requirement. The gradient descent was selected as the
optimization method by the default to minimize the objective
function. Although it is a local method, if the result shown
reasonable value, it would be applicable. However, if it is not,
the global method, genetic algorithm, would be used instead
[9]. All tolerance was set to 10°°. Table III and IV shown the
requirements and bound of attitude controller gain.

Since gradient descent method is a local optimization, the
initial condition is very important. Therefore, the initial
guess value, minimum and maximum value in Table IV are
obtained from PX4 code, fixed wing attitude controller.

TABLE IIL OPTIMIZATION REQUIREMENTS
Constraints Pitch Roll
Rise time (s) 125 03
% Rise 80 80
Settling time (s) 425 12
% Settling 3 3
% Overshoot 10 10
GM (dB) >5 >5
PM (deg) > 60 > 60
TABLE IV. CONTROLLER GAIN BOUNDS
P Initial guess min | Max
Pitch Roll
P 0.08 0.05 | 0.005 1
I 0.02 001 | 0005 | 05
FF 05 0.5 0 1

V.  SYSTEM IDENTIFICATION RESULT

The pitch and roll rate are in deg/s. In the interested
frequency range, approximately 3-40 rad/s, coherence both
pitch and roll response are greater than 0.6 and close to 1
(ideal). The second order model with time delay is enough to
fit the frequency response. The system identification results
are shown as Fig. 3 to Fig. 12 which are pitch rate, bode plot,
time domain verification, transfer function model, and root
locus plot.

A.  Pitch Response

High frequency amplified the pitch rate magnitude and
attenuated it after 20 rad/s. The phase started around -180
degree because the positive signal command produced the
negative response such as pitch down or roll left. However,
the experimental result shown phase-lag (phase lower than -
180 degree). To reduce the cost function in order to improve
the model precision, equivalent time delay was used to
account for the phase-lag effects caused by unmodeled high-
frequency dynamics.

The open loop transfer function of pitch response is
shown as Eq. 7. The root locus plot (Fig. 7) indicated that the
system is stable. Damping ratio is 0.34 at 20.4 rad/s.
However, it is possible to reach the instability. Therefore,
this model would be used to tune the controller gain carefully
in the attitude controller optimization section.
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Figure 3. Elavator sweep command
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Figure 5. Bode plot for experimental result and pitch transfer function
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Figure 6. Time domain verification of elavator command to pitch rate
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Figure 7. Root locus plot of the open loop pitch rate and pitch command

B.  Roll Response

There is a difference between roll and pitch response.
High frequency did not amplify or attenuate the roll rate
magnitude. However, the phase-lag of roll response is lower
than pitch response in comparison to the same frequency.

The open loop transfer function of roll response is shown
as Eq. 8. The root locus plot (Fig. 12) indicated that the
system is stable. The characteristic root laid on the real axis.
Roll response is more stable than pitch response.
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Figure 12. Root locus plot of the open loop roll rate and pitch command

VI.  ATTITUDE CONTROLLER GAIN TUNNING RESULT

A. Optimization Result

The desired reference signal and constraints implemented
in the Simulink Signal Constraint Block (SCB) appear in Fig.
13 to Fig. 16. The white area in these figure shows the
feasible region for these problems. No overshoot appeared in
pitch response. Small overshoot appeared in roll response
within the white area.

Since the gradient descent is a local optimization, the
initial guess was set to 3 types as in table V. The RUN 1
value obtained from default. The RUN 2 and RUN 3
decrease and increase the P and I gain by double. The result
shown that 3 runs have different value. However, there are
not much different, especially for the P gain.

For the requirement of pitch response, the optimization
was done successfully. The rise time is 1.25 s. Overshoot
occurred which is acceptable. Gain margin is 5.7 dB at 20.7
rad/s. The close loop control is stable. However, if the rise
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time was set lower than 1.25 s, the optimization could not
reach the gain margin requirement (lower than 5 dB) which
leads the pitch stability to be unstable. However, if the rise
time was too large, the aircraft could not track the angle set-
point especially under the disturbance, gust wind. The

However, this value stays within the requirement bound. The
bode plot of roll angle response (Fig. 16) shown that gain
margin is 5.11 dB at 14.5 rad/s, phase margin is 75.4 degree
at 8.38 rad/s.

selected rise time will be validated during the flight test. TABLEV.  PITCH CONTROLLER GAIN
— Parameter RUN1 RUN2 RUN3
Guess [P I FF] [0.080.020.5] [0.04 0.01 0.25] [0.16 0.04 0.5]
e Eval-Count 28 28 70
£, Number of iter 1 1 4
oy Result [PTFF| | [0.010.0050361] | [0.010.0050.353] | [0.010.010.356]
|
TABLE VL ROLL CONTROLLER GAIN
Tone Sscone) Parameter RUN 1 RUN 2 RUN3
Figure 13. Pitch response and constraints in Simulink SCB Guess [P I FF] 10.050.01 0.5] 10.0250.005.0.5] [01.0.0205]
Eval-Count 33 33 33
;i Number of iter 2 2; 2
% : Result [P 1FF|] | [0.020.006040] | [0.020.0050.40] | [0.0190.0150.40]
i-
- = 3 TABLE VII.  ATTITUDE CONROLLER GAIN DURING FLIGHT TEST
u Parameter Pitch Roll
? P 0.01 (0.02) 0.02 (0.02)
i
e | I 0.01 (0.02) 0.01(0.02)
. FF 036(04) | 040(042)

Figure 14. Bode plot of pitch response and constraints in Simulink SCB
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Figure 16. Bode plot of roll response and constraints in Simulink SCB

For the roll response, rise time is 0.3 s. The optimization
succeeds in this requirement. However, if rise time was set to
0.2 s, the optimization will not succeed unless the gain
margin. Therefore, the stability decreased. Roll angle time
response (Fig. 15) indicated that the overshoot is 10%.

682

Note that in the parentheses are manually tuned gain
value.

B.  Flight Test and Discussion

The optimized controller gains were put into the flight
controller board for flight test. The tailless UAV was flown
among the average wind speed of 3 m/s and maximum speed
of 5.5 m/s.

Fig. 17 shown the pitch response of the default controller
gain. The result indicated that the controller gain is not
suitable for this UAV as the large pitch oscillation about the
set-point occurred. The optimized controller gains as shown
in table VII were used instead.

The optimized controller gains that are close to manually
tuned controller gains shown satisfactory results. The UAV
can track both pitch and roll angle set-point as shown in Fig
18 and Fig. 19. The controller tried to reject disturbance, gust
wind. Therefore, the small amplitude and period of
oscillation were resulted from gust wind. However, it is
acceptable because it has not significantly affect the flying
quality and the UAV is controllable.
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Figure 17. Pitch angle response for the default controller gain
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Figure 19. Roll angle response for the optimized controller gain

VIL

This paper presented the controller tuning technique
based on using a transfer function obtained from system
identification. The PID controller gains are achieved by the
optimization on MATLAB control system designer toolbox.
The flight results shown excellent result that can track the
set-point/command and reject the disturbance along with
numerous benefits such as deceasing time consuming during
the controller gain tuning and reducing the chance from pilot
error due to repetition. Moreover, the frequency response
obtained during the system identification process can also be
used for the handling quality providing the opportunity for
the designer to evaluate the UAV according to design, test,
and evaluation procedure and to improve the pilot and flight
controller performance and safety. If the proper
mathematical model was used, the important parameters
could be extracted and would be compared to the design
value.

CONCLUSION AND FUTURE WORK

REFERENCES

H.C.M. Veerman B.Se. Preliminary Multi-Mission UAS Design. M.S.
thesis, Delft University of Technology. Netherland, 2012

0

683

[2]

[3]

[4]

[51
[6]

171

(8]
19]

[10]

[11]

[12]

[13]

[14]

[15]

Spyridon G. Kontogiannis and John A. Ekaterinaris, “Design,
performance evaluation and optimization of a UAV,” Aerospace
Science and Technology, vol29, April 2013, pp. 339-350, doi:
10.1016/5.as1.2013.04.005.

[Online] Available at:  http://ardupilot.org/plane/docs/common-
apm25-and-26-overview html#common-apm25-and-26-overview
[Accessed 19 Jan. 2017].

[Online] Available at: https:/pixhawk.org/ [Accessed 19 Jan. 2017].
[Online] Available at: https://dev px4.iof [Accessed 19 Jan. 2017].

(. Sudha and S. N. Deepa, “Optimization for PID Control Parameters
on Pitch Control of Aircraft Dynamics Based on Tuning Methods,”
Applied Mathematics & Information Sciences, Vol.10, Jan. 2016, pp.
343-350, doi:10.18576/amis/100136.

Seyma Akyiirek, Gizem Sezin Ozden, Emre Atlas, and Cogku
Kasnakoglu, “Design of a Flight Stabilizer System and Automatic
Control  Using HIL Test Platform,” International Journal of
Mechanical Engineering and Robotics Research, Vol. 5, No. 1, Jan.
2016, pp. 77-81, doi: 10.18178/ijmerr.5.1.77-81

[Online] Available at: https://www.mathworks.com/ [Accessed 19 Jan.
2017].

Mansoor Ahsan, Khalid Rafique. and Farrukh Mazhar, “Optimization
based tuning of autopilot gains for a Fixed Wing UAV.” World
Academy of Science, Engineering and Technology, vol. 77, 2013,
pp.781-786.

Nathan V. Hoffer, Calvin Coopmans, Austin M. Jensen, and
YangQuan Chen, “A Survey and Categorization of Small Low-Cost
Unmanned Aerial Vehicle System Identification,” Journal of
Intelligent and Robotic Systems, vol. 74, April 2014, pp 129-143, doi:
10.1007/s10846-013-9931-6.

Mark B. Tischler and Robert K. Remple, Aircraft and Rotorcraft
System  Identification Engineering Methods with Flight Test
Examples. AIAA education series, 2006.

Downs J., Prentice R., Dalzell S., Besachio A., Ivler C.M., Tischler
M.B.. and Mansur M.H.. “Control system development and flight test
experience with the MQ-8B fire scout vertical take-off unmanned
aerial vehicle (VTUAV),” American Helicopter Society 63rd Annual
Forum. Virginia Beach, VA, 2007.

Parth Kumar and James E. Steck, “System Identification, HIL and
Flight Testing of an Adaptive Controller on a Small Scale Unmanned
Aircrafi,” Proc. AIAA Modeling and Simulation Technologies
Conference, Jan. 2015, doi:102514/62015-1803.

Eric Tobias, Mark Tischler. Tom Berger, and Steven G. Hagerott.
“Full Flight-Envelope Simulation and Piloted Fidelity Assessment of
a Business Jet Using a Model Stitching Architecture,” Proc. AIAA
Modeling and Simulation Technologies Conference, Jan. 2015,
doi:102514/6.2015-1594.

Eugene A. Morelli, “Low-Order Equivalent System Identification for
the Tu-144LL Supersonic Transport Aircraft,” Jounal of Guidance,
control, and Dynamics. vol. 26, 2003, pp. 354-362,
doi:102514/2.5053.




sz IAkve Y

o <] a 4 [ { { o
UIYIBTWA LAWY mmﬁmuﬁ 16 UUIAY W./.2536 N8 1nonaoIriIA

v Y a Jd o [

' v 4 v
Tandaaszuda SudusulsgoudnuinlsuSeugning daniadszuna aunsgny
Y = Y 9 = oA ~ o £ o o a
sgaulsonAnyInouate TadAnIAeN 1595 suYINTIFSIAHY TINIANLITUNT
] A~ Y Y =K J o = a a A (3
aonuiiell w.e.2554 laTardmAnyiae Tuszavgaudny @113 395 50IA5 0INANENGAS
a o = a Y] a =S 1 Y Y K 1
ArnssueIMAnY dusamsanuirnisumansiuga lull we. 2557 aeu ladnse
Tuszauiudiadnel IsnssuaiesnanarszuunszuIums luvazdnsiulasuiden
I @ a o J . .
Wudunuuniinerds 19159uTas59015 Global Project Based Learning 2015 (GPBL)
Y A a Ay I @
a anumaulaoruzgiy Ussman)u Wiuna o u
= v o oa =K Yo v Y a a A
yugAnpszautuaany lasunenuuelnidudaouluauinisinssuniona

Y
1NUIU 6 1839360 111

1. Introduction Flight Training with Flight Simulator

2. Aerodynamics and Aircraft Structure Laboratory

3. Aircraft Maintenance and Aircraft System Laboratory
4. Engineering Graphic I

5. Engineering Graphic 11

a3se ; Idiuaueunanus g 2 unamudde Uil

1. unAnwiGes Conceptual Design of Fixed Wing-VTOL UAV for AED Transport
Tumsils 29139135 The 7% Thai Society of Mechanical Engineers-International
Conference on Mechanical Engineering 5¥n3195uR 13-16 TUIAN W.A.2559
vadadealni dszmalng dnlsinglumanuan v.

2. unAnwiGes Implementation of System Identification and Flight Control System
for UAV Tun151sz94u3%1n15 The 3" International Conference on Control,

Automation and Robotics 5£13197UN 22-24 W18U W.A. 2560 Naa1iuma Tulad

wTng e Ingn dszmagiiu dulingluaanuan v.



