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World UAV Budget Forecast
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1990 g & Bosch Aerospace AFe} WIAIA T F=HU] AFEHA Aol SR oldt
2o s ATt [32-35]. WIAAFF=H 9] McNabb & Afo]E =2 oY
T3y i 2dS wEQ I, 1 9 =X 9 Bosch Aerospace AFolA WHE &2
B AR (2" 11D A9 Apet nlawgity, Afe]gReld Zaale=
Z 6 Mo Gt FFEAA Ao w FHHo] glu, 2EH A F ) &

W dol= 4 D Eo|t}, /) @ P42 NACAO0L2 ©o]a1, F= Zol= 1 3 Eo]

o =Y G0 Hof 9 A2he 257 o]ar, 2B Hul 3] &= 650 RPM ot

600 RPM 9] 3)AZLwo|A] 28 v}l 2R3l 62.6 kgf (138 1b)2] =8 o] uF

W3S gt

=2 T

23 1.11 6-27) Ato]E 2ol =¥ (Bosch Aerospace, 1998)

15 : a}:ﬂ 'Cli' 1_” fJ] 4=



2000 Ad} o] %, vl A=t ] Chopra i AFHo] Afstae]A 7
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=
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Technion-Israel Institute of Technology 4] Isosilevskii 9} Levi 7} @ o]
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9] University of Electro-Communications ol 4-2¥ Cyclogiro 7]%+ H] &}
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ratio), 4, =V,/RQE g AolA 3 5 vt

AK g A2 =oa(1+/1§){(0—¢)cos¢—%sin¢}sin21// (2.1)
o= 2H 1R (Solodity) =4, Z=ES] &7 75(Ny )2k @71 = o]
(c) 183 2E9 WAE(R) &l o33 o] HoHr),

_ Nyc

—_b” 2.2
o >R (2.2)

[

ats 4= F4 7187(Lift curve slope)olal, C, & /M9 &= AFo|t}.
0= 270 Aol tig X zke] A7)0l ¢
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o
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42, - Ctany W2 +¢7 = cafl1+¢)

2 (2.4) A A, =(wsiny +v,)/RQ eI, ¢ =(wcosy)/RQ ]t}

(9—¢)cos¢—%dsin¢} (2.4)

UM AV o2 EdE FAM AolEReld Edlol= AJ=H(Cycloidal
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ol ek AellA AAH B AF(k,,)E Tl ZH AT
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< Adtsta, AA MEES AAse deolv SHAIZE ATt webA Alo]E=E
8 =g AA Ao+ CFD(Computational fluid dynamics) 31A1S E3l =E
ol A& dSsta, AA Maess A6kl [18]. CFD 842 2-D &4
I 3-D sM e =abAoR YT, Bdd gule] SAS aEste] siAs)
7] flelA= 3-D sfiade]l Aetsiyt, sty Aol vt &4 AlRto] 3}r=dlo]
At 28-S 9138, 2-D sAS F3l 1 AHo= HA AAE 3 3-D A4S

go A4 dug AFddn. A4 due TR AFHow 28 4

CFD 4] XL=lo] Azl golal, & 2.1 & CFD o4 ==
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¥ 2.1 2-D CFD a4 =74

Arbitrary
Analysis type 2-D transient | Moving mesh type sliding
interface
k-e /high
Mesh type Structured Turbulence model
Reynolds
Number of time
Number of cell 41,472 1000
steps
Rotational angle 18
/ time step '

dofe] olge 7E AT A3ES EUE NACA01S 2 AR, Ee
T 47hE ik 9 2H Y WAE, I £, X7, GUhe 34
A A, Z= Aol 9 I Tl A Fol| st ety ATE
Aggom o] T 2ZHO 3 Lot w4 AL ZE P4l w3k W

| 0.105m

————

\ iRl
Area: 0.04 m2 it 2D rectangular model
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¥ 2.2 2Y A W

AA W 4y
2 & EYol= 74 4
ER S NACA0018
2E WA E 0.27 m
S ESEh=] 1100 RPM
G =9l o) 0.5m
D = Aol (FHAF) 0.105 m
18 (o) 0.189
2 3H SAFH AA 0.33¢c
) Ze Al e 0
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2.1.2 9 339 7]EF ¥

AbolERold EHO Fad 54 shue FE UEe] ol ddeld
[18]. & 2.6 oA AR #7820l 07 1 A, €749 AAZ4(0)=

Ao dAlol g Hfu Xz AAGgk(6,,) B A3 -Gy, )0l w2, o
o} o W,
0 = Oy SIN(Y + /1) (2.5)

Az AAGEe] 00 A AS-, ElE w=90" F 270° <1 JHeA, Hu) ¥

Az ey Han, 9 9P A4 WEges vgEn. AN o] A5 A
Al FH g 157 ~ 200 AR VIZoAA HaL, o= 9 AdE o X

2 7 e &3 (Virtual camber effect)ell &3k g3Foz dye 4 3l

Inclined angle

NN

Direction
of thrust

f
Control device

" 2 2] St &



A @203 2408 §9 SEol o7 How uh Ty

emp Vu

4K, V2 = calU, {(0—¢)cos¢—%sin¢}sin2y/ (2.6)

AV, \JW? + 2wy, siny +V2 = caU QD{(0—¢)cos¢—%sin ¢} (2.7)

ol "k, ¥ 2.7 & EHE #9 fF TEXE dEha Ao [11]. =¥
BH(0° <y <180°) dFolM= 7ol 07 oA 900 o= WA <
& (Inflow)o] S7Fakal, 907 oA 180" o8& WabdA 07 ~90° ¢ 452
HAFFoZ thA] ascr. 2EH SH(180° <y <360°) AdoAE =
B Wi ffied 35 o8] #=5 49(180°<y <270°)3 = 99
(270° <y <360°)9] Zdl £=¢ o7} WA, ol F9 W] 7=
o Al g Qle] Hrt.

a9 2.7 AbolEFRolY 2HO £¢ % EX
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/hladc pitcing motion
o SN~ pivot point
a top g

7~ ) N
2 position E
7

Force

™ bottom
S-<._ position

o

LS Alo]ERold Edlo|= Al2HloA = 17 2.8 3 22 7P 7
AT [11]. ol Wil == iAol mebd WA g 591 SEo} o
27] w&o] Yelugs ddoltt, ¥ 2,904 ZE wgo] R

A3 3 AH e Aol ol F= JA el A7 4, o1tk EIH Sl A
270 3 AAA L] A E ¢ ol s, @l S =Y AT A7EA

o Aelt vest g

R = \/Rz +¢; —2Rc, cos(8, —z/2) (2.8)
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\Chord line

0,

; R . (x
A=sin?| —sin| = -0 2.9
sin [R sm(2 ij (2.9)

t

o] Wb, ele] mE A zry e HAFAAAY A R

R, =+/R? +(c—x)? —2R(c—x)cos A (2.10)
% g = glom, mebA el = XA YA 6, = e 2
ct.

: e AT



0, :cos‘l(&sin Aj (2.11)

X
dut HAE GAE ARgske A, 2H i AT & gl a9
~e w7 e, 2 2

2.8
FAo = 29 7 (Negative camber) AE]7F Har, ek o= ko
H
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7AW (Positive camber) JEI7} Hvh. weEka 2 Adote] HlE] steoA ¢
2o FHES AR 7|A, ol ZH st dHdAM el g EA4YH 5SS F
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4\\\\//

a9 2,10 vk~ &3 (Magnus effect)
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1.0.2 , Pitch25, Phase0

EEEER

a9 2,12 JAx onEg AL 28 A

48
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Direction ] Direction \
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2.16 & Al Azste] Faek ZEAAGAE BT Qi)

ZE7F dASA A W, 59 a7 9 S AelA (Control point)
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Pitch servo
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a9 2.17 ZEAS] HAYSE

4 @250l ZEAIEA ] 9147 AHGE )0l 0 9 A5, el 3
A7} 0% vheol Hh.

0=0, siny (2.13)
Asgzse] o8 28 Wile] At AjRHE M, & thewt gt

My = 1,60 =M, =M (2.14)
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0=-0,0%siny (2.15)
7v wan, duhe] Agkm 3 FATACAA 2 AT Al 7F A,

My =m,RQ? xI,, (2.16)
o] ©t}. CFD s ZA¥E Ed=Z, G777 s dstdA A7 T8 o3 »
HEE M, ol ddstd, M, S 78 & o @i IddFHoA AES

FANAL ALY 1,00 FAAW, AEEZ=] o8 &gt AP R, =
ok ol & 5 Sl

Foon =Meon/leon (2.17)
FAEZH Aol 2FE AAAES Edz 9 Ao didste] A% F,, &
T den, a9 2,18 2 @7 el we Alold Fy o WskE yEhd
aL glem, -10 N oA 48 N 7hA] wistgiet, 2E o)A o] Ao FAlolA

fgats 2E AP e o] 7 wijel Zgake Aold F, o wF

con

Ny

Fox = 2 Foon; COSY, (2.18)
/=1
Ny

FCY = ZFCO/?,/' Sir“/// (219)
/=1

I 2,19 = ZEAGA A AEets Ade vERd 2ot ZE A

o8 Mur REE AT wo Aol AVE FasteF .
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3£ 2.4 Diamond/IPSAP &-2/¥ <] &4 A}

N 2=
g 9 6.69 MPa
o #9 0.267 mm

44 28 3d£HEQ 1100 rpn &2 S8 2H |8 Axse] s A
A S Fdadlt. dB 2xas vkl £& AR IHdS s, o
s dol o dAetess vk Byel=e o3 A4
AAeES wgstel AT, 1 2.22 & FH ~XF0) g
=X Y AHE debfa ok Al S slB 224 Abolo 1F
woll A dAskan, & 2.4 oF o] 6.69 MPa ofth. WAF & &AW
AE FAEA, FxAHoR bttt & 4 vk, 19 2.23 2 1100 RPM &
% 3d A, SE ~x¥30 WM BES YER etk X 2.4 9 2o
Ao WA9l= sE TG A FEelA 0.267 mm = ek FHe]
T 2E ey Wo] AR HgY AR Hol Jlod, 2Y wEvd vk

g7 Eel Q. ol Qs AdHoE TRACE AGF e wpd F
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>
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ofy
5
>
ol
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6.50+008

6-142+006

5.58e+006

5.02e+066

4.46e+006

3.90e+006

3.35e+006

2.79&+006

2.23e+006

1.67e+006

1.12=+006

5.59e+005

1.48e+002

ke

Z 67=-00d

2.45e-004

2.22e-004

2.00e-004

1.78e-004

1.56e-004

1.33e-004

1.11e-004

£.89e-005

6.672-005

4.45e-00%

2.22e~005

0,00e+000
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ZHH 2E A

Al sor gt o2 93] E RE A FIPsglon, 1 AdeE 1
g 2.24 oA BE uel 2ok R WA REE B FYATS J|FoR 2
B AAe] w3 Wk WFo® 19.584 Hz otk F WA 2 HA R
247y 3H A%

oty oAl WAl Rt B Axge wWIH HEHY A MFoE
83.057 Hz °o]v $o}

e AT, B
ebA] @otar, % 2.5 & 4 WA 274 Diamond/IPSAP & o] &3] -3}
A Aol ¥ 2.25 = ZH I £5E 1ysly & A4S g
W 70 (Campbell) vheolojasio R, oA 31d&o] Wsto] &3 Al
s7et 7zl Fopeeke] ko] o] MAleE Aotk wekA a3l
= Jot7] feiAe &8 Fgo] 2HE wApgdA Jhed Hel "ojA 9o
of g}, 53] n3|dagolA AMA 1 e Rt Y| 3 Faav)
A EH A S gkl oS g TE. ARl ERFE 2H Y aaxlEae

H

<7t wek s

daFo] AA= A 2 a3k 7] wield. 4, 3d desR)=
=28 3 o) wet dgew FrkskAl H™, Urev 9 75 1200 rpm oA

20.0 Hz 7} 9}, 28 2.25 oA 1/rev & A5 559 vhts 2Ho] glo
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2
filo

1100rpm 2] 34

FAE A geda 2 5 9

3.45e+000
3.062+000
2.68e+000
2.30e+000
1.81e4000

1.53e+000

3.632-001

3.108+000
2.84e+000
2.38e+000
2.33e+000
2.07e+000
1.81e+000
1.55+000
1.28e+000
1.03e+000
7.75e-001
5.17e-001
2.58e-001
0.00e+000
0
H 0o

.002+000

sxlo] WAsA @daL, 2/rev

o] o 7]

P
=2 T M

o

T

EoME B3 gol glomE FH Bergil

600 rpm oA A WA ZE} ghy
oug Fo7t Fastrt. o9fd Ate]ZRFEHIL &5

a9 2.24 2E
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140

120

100

3% 2.5 Diamond/IPSAP & &3t 1fFFFsEE 343k
Eigen Mode Analysis [PSAP(Hz)
Mode 1 19.58
Mode 2 19.58
Mode 3 62.07
Mode 4 67.73
Mode 5 72.20
Mode 6 83.05
Mode 7 83.05
L :35 ilr?;e;ff:;% Campbell Diagram
——Hub Bending1 i f
—Hub Arm Torsion1
-+ Hub Bending & Torsion
Hub Arm Torsion2
—+-Hub Bending2 {¢ Brev
-+ ¢ Srev.
s e = - T

e e ~¢ 3rev

{4 2rev

-{e 1rev

Poeratog RPM

200 400 600 800 1000

RPM

1% 2.25 78 (Campbell) tholoj1#
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2.2 AEZE A|ZEZFH A

T8 A A 2L Ao A 5 BE FEo| gnlEA AFEy] AdAE B
A7F 23 A AE=E 7HAL dojof . FAle F Al 7HA FEo®E
A AAE stk 3 WAE A wmoE oFE dAA JPeR F=
A= H7] BEeltt. 7]
REE ZH 9 i 2 A g8 BE 3 NE AR ol 79
ZEHE BT P o] . Al AE sEAEdR ot g
2= A7) BEC] wEbA AAZE GEpA e, v]oje} WMECS] 3ot Kk
aLejete] AAEES ),

FHezH AtelZRFHE Wl He] 2H7E A A E o] sdsta 7] o
well, A 5ol oS Fasith. webA HA Aes 7] A& &2
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2.2.1 F7|2Eg ¥ AHAEE

X

oA FE A Ads Aued, ARu S &

al
9 Bad Hadel Fee gystizdl 2000 ¥ ol A9t LTS &

A

&, wAPH O RE 4000 W oo AEE 43 4 e EEUF dasiy. A
Z2H APolER2FHA = 59 Plettenberg AFA Fulsta = o8y
(Outrunner) 2ol H#{A|2]~(Brushless) B E ‘Terminator 30/8 = A}&
gt RO Al ARSES obdll £ 2.6 3 .

Aol Z 2 FEo] AL&sh= diE g 12 A ajg oy, fE-Zgy ajE g g
A EeS 3.7V ojnt. wEbA T ouliEle] AAAMLS 44.4V o]tk 7]
TE ] 4,000 W o] 4]

= ool e dgPe A

Joi

2= A AFFL 100 Ao gy ZE AESF

Ir

)

= ASFHoR IS 5 lofof dvh. Y HEE

= 5 Schulze AFS]  ‘future-40.161" A|FS AAsFon, o) 160 A
o AFHAA AHg TFs s,
% 2.6 A7] E¥(Terminator 30/8) A
Weight 1080 ¢
Shaft diameter 8 mm
Number of cells 10 ~ 12 LiPo
Number of poles 20 Poles
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(a) 7H}1\j_ A (d=77.5 mm, Tmot0r=4'6° ) (b) 7H}1\j_ j% (d=100 mm, Tyoor =32° )
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2.2.3 FA g

a7y 2.29 = Al WA A A2 E2FE A Fgolth. 712 A9

S AR WME o g8 Yotk B
=

OW
2

e
A
of aFE 2ew bed Azsds 2FAc. 4740 2Hds )
How A7) Rzt FHH] dx Az WEZ AAHe] gom, ZE Ao
g 9% A REES 2% A ¥aEe] gd. Zgst pEHeE 75
Hi gaols] WEe] AlelZuEE FE A 7 2H JASES} BF e
@xol AAT, o A} AME Aojsid BtAeA BEAT. =

FF REE AASHE BA F7 HR) Aol v}, mEe] Aolmadm

wHlEd o]g wWao] 4sl Atk weA thod AAR FAAAE o B
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29 2.30 = Ul HA A Ale]EE=FE Y FAlolv. vl Jhe REE A4 7t
edlo 9xet=2 ki, Yol (One-way) Wlol&H 3} k5 = 3ol 7] =
24 old WA FAIA 2E 1] A& ErF ggid A4S sAste] B
T REV 2L SRR AT £ ARS vk A hed e RE
dAd o FAFe BE-FHE ol&d UdF EHFo dAHo THS AL
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2.3 9% 2d¥ B AZAA o

FHEZH Aol 2FE = A=FTE S vZEE A g€ gke] 0 1 Ag F
TPHoE Ao Ass dEsl FA gow AAME BASA ek wpebA
2 7 A A AAAAGRAE A AAE FAY ¢ deF gt
WA s ndg A4S B3 HTRE Al]FRFE Y WAL Fal
t. ggoz X (Pitch), Z(Roll), &(Yaw) W& AAE FAL = &=

AAA ) kS A, o s A7) HESH 7 REje] MR REES
Foh AAANENE TSR

2.3.1 98 2%

- AuE AolZRFEHE 44 FEV1RA FAFAN U A FAe
EREESSE
- RAFAS NFoR ¥, H97 A% U 32

- 2H9 39 284e 2H FHow B4 A4
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Body

Earth

A 29 2.32 o o] T Aje] AEAR FolH | o= A7 A7 A

oJm J)Ae] B w4 VAL B go] wesstel vEd
l, 0 0
=l 0 1, O (2.25)
0 0 |1,

F43 2 FASAHY] AA= 2" e, Ls L= 0.35m oA, L

uls

0.162 m o]t} Ztzhe] FH Aol = =E AR oa] F=He] A7|(T)%t
Ll

shatel, ol Al FH FAWF HR(T, ) FHYF Y

r PER L
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e,
L

..
"
.,

(%13, Y130 Z73)
= (-L. -L, L)

.
e,
.,
"

(X1, Y71 Z71)
= (L, L, L)

.....
.

(X120 Y120 Z72)
= (-L,, Ly, L)

1% 2.33 A= 2E Alo)ZEIEH wast ng

FH0) SAPF 2AYF YR 27)E v 2o,

T, =T, cosé. (2.26)

Ty =T;sing, (2.27)

E-ztz Aol gigk 714 FASA S AAHE (rg )9k Uzt HE (g )= ot

v=[v, @] =[U V W P Q R[ (2.29)

7o 2 11 &) —
;AE -‘~,_I. 1__]| a1



E-zHAel gt 714 FASAe] A 9y #skaa 7)A e &

ARG H(CL)ol o8l tha3 o] vekd o Stk
rE=CRVB

o W, HWgPHAL 53 Aot

o
z,

(2.30)

cosy cos@ —siny cosd +cosy sin@dsing  siny sin ¢ + cosy sin 6 cos ¢
Cy =|sinycos@ cosycos¢g+sinysindsing —cosy sin @ +siny sin 6 cos ¢

—sin@ cos #sin ¢ Cos € cos ¢

Agdd e v 2.

1 singtand cosg¢tand
0 CoS ¢ —sing
0 singsecd cos¢gsecd

WA, BHEANA W EE eI e gt

(@)
3
Il

MVg + @ x (MVg) = F + F,

Ao Zgats oEe A=RE Alo|FRFEH J FE A Zgae F

L)

(F )3t 28(F)e%, best g,

Foo FAME B FAYF ARG ol fd AE2H AolZREe] ¥x
%
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(2.35)
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. T. F
U =VR—WQ+L+ll (2.37)

m m

. F..

V =WP —UR + -2 (2.38)
m
T, F

W=UQ—VP+z s (2.39)
m m

4(2.30% vEshd ohevt 2,

. =CoVg +CrVg
=CrVy + g X (CrVy) (2.40)
=Cr (Vg + @5 xVg)

A(2.30)001 4, E-#xAAM e HIE &eBdAS vad Zo] wid.

T,
=(cosfcosy) =— Z
m m
T T,
= (cos @sin z//)Z + (cos gsin @siny —sin ¢cos:,//)zmv' (2.42)
.. T, T,
Z =(-sin 9)%+(cos¢cose)%—g (2.43)

eom, s ¢l ey 2

gl +(w; xlwg) =M, (2.44)

ZIA7E B dell, dsks 2N RSt AolRAmd EUEE ¢
7 2He| 3ol witoln® HFHHTt. M, FEo 93 9y ZHE
24, 29 2.33 oA 7 Wl o@ RAEgy FHe 53, 54 4R
ol 45 Tt ol vhebd 5 gltt,
.o, -1 T
p=—t— QR+—zyT' = (2.45)
7 ] O _.-:_Ii



(2.46)

l,,—1, RP + Z_XTiTi N ZZTiTHi
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(2.47)

Z— Yri Thi
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Y PQ +
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TVA

(Uz)
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(b) =

(U1)
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(a) 22E

us)

(

T

—
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OEEKE
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9 2.34 AERY Al F2FE AA| A
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upebA 2(2.41~43) 3 & HIASE RS e 24 €
. . . . Ty
X = (cos¢sincosy +singsiny ) -
. o _ >,
Y =(cos gsin @siny —sin gcosy ) -

Z =(cos ¢cos 9)& -g

ok, 21(2.45~47)3 73S I HET +EUAALS gy o] fFrE).

2 (2.50~55)= A=2E Alo]|ZFm=E el A AT} S e
Aolm, A7l 947 A FHAe] WAE v 2o

U, = ZT\A =Ty + Ty, + Ty + Ty,

U, ~ ZyTiTVi = Ly(Tv1 +Ty, = Tys _Tv4)

U, ~ Z_XTiT\ﬁ = Lx(_Tv1 +Ty, +Tys _Tv4)

U, = Z_ YriThi = Ly(_THl ~Thy +Ths +TH4)

30 ol

1
T

(2.54)

(2.55)

[e)
5UA

(2.56)

(2.57)

(2.58)

(2.59)



2.3.3 PID A]o]7]
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Abstract

In recent years, UAVs (Unmanned Aerial Vehicles) have been utilized for various fields.
UAV Market is growing fast, and new concepts of air vehicles are being developed. A
cyclocopter is an unconventional rotary-wing VTOL air vehicle which employs CBS
(Cycloidal Blade System). CBS consists of several blades rotating about a horizontal axis
perpendicular to the direction of normal flight with advantages of high maneuverability
and lower noise. A cyclocopter is one of the promising technologies of PAV (Personal
Aerial Vehicle) in the future. From the year 2000, several shapes of cyclocopters were
studied and developed by Aerospace Structures Laboratory at Seoul National University.

Main goal of this study is to develop Quadrotor Cyclocopter capable of stable hovering
and flying at low speed. Based on the results of previous studies, rotors, airframe and FCS
(Flight Control System) of the cyclocopter were improved. Design variables of the rotor
were determined first by conducting CFD analyses of cycloidal rotors, and preceding
researches about forward flight were performed. The rotor control device were developed
to realize cycloidal motion of the rotor, and shape of the hub-spoke was changed.
Structural safety and stability of the improved cycloidal rotor were investigated through
FE structural analyses. The redesigned airframe of the cyclocopter has a power
transmission system transferring rotary power from an electric motor to four cycloidal
rotors. Dynamic modeling of Quadrotor Cyclocopter was conducted defining attitude
control scheme. FCS implementing PID algorithm was developed and installed to the
cyclocopter to control the attitude stably.

Before performing actual flight tests, ground and tethered tests are essential to ensure
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flight worthiness of the manufactured vehicle. During the ground tests, the ground test bed
consisting of load cells and measuring equipments measures the thrust and the consumed
power of the cyclocopter. In the single rotor case, the individual rotor performance was
measured and compared with the predicted results by the CFD analyses. It was also
observed that the ground effect on the rotor performance was negligible during ground
testing. The phase angle of the rotor control device influences on the rotor performance,
hence the phase angle of the rotor control device was set to moderate value for more thrust
and improving efficiency in the dual rotor tests. Operating conditions for hovering and
maximum thrust of the cyclocopter were determined during the quadrotor tests. PID gains
of FCS were modified to optimal values by the empirical method during the tethered flight
tests. The quadrotor cyclocopter subsequently demonstrated a stable hover and low-speed

level flight achieving the main goal of the study.

Keyword : Cyclocopter, UAV (Unmanned Air Vehicle), Quadrotor, Cycloidal Blade

System, FCS (Flight Control System)

Student Number : 2004-23486
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