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Flight Control Test of Quadrotor-Plane with Hybrid Flight Mode of
VTOL and Fast Maneuverability
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Abstract: This paper presents the principle, dynamics modeling and control, hardware implementation, and flight test result of a
hybrid-type unmanned aerial vehicle (UAV). The proposed UAV was designed to provide both hovering and fixed-wing type
aerodynamic flight modes. The UAV’s flight mode transition was achieved through the attitude transformation in pitch axis, which
avoids a complex rotor tilt mechanism from a structural and control viewpoint. To achieve this, a different navigation coordinate was
introduced that avoids the gimbal lock in pitch singularity point. Attitude and guidance control algorithms were developed for the
flight control system. For flight test purposes, a quadrotor attached with a tailless fixed-wing structure was manufactured. An
onboard flight control computer was designed to realize the navigation and control algorithms and the UAV’s performance was
verified through the outdoor flight tests.

Keywords: UAV, mode transition, hovering, attitude transformation, pitch singularity, flight test
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213 1. Quadrotor-Plane.
Fig. 1. Quadrotor-Plane.



760 Dong—Gyun Kim, Byoungijin Lee, Young Jae Lee, and Sangkyung Sung

RE7b AR EE 2] Fold ugiA|elth

Quadrotor-Plane®] 7%= 1% 143 7 S0 253
B 55 A8t A=FHS} o] REE wiX sk T
x5 FH3

Z1A19] Body #3Al= 18 13 Zo] & o]&3t v
QI 3 ¥l HEF V| HRFOE Ferh ojd], IMU Al
A5 g7ie] o foll XA HE R oA}l Hld) FH3x
ol diste] IAAFPAI2TS] A @ xk= PichFHO& oF
1557} AEtA] |k = A 2Bl A Pichzto] 155
wf, 374 vg) el 71A w2t 05 E ovleh zpAl A
o|& PitchZ}& 105:=2 515 ] 7]A] E57bo] 90=<1 &
E}7} 22 Hovering =0l XA Hh

WA 7|Aol] =5+ Force BEE A8 tlS-3 At}

. THX, +X,
i=—-"—E—gqw+r
m
v=-"5—ru+pw )
m
. Z,+Z
W= £ — pv+qu

9 WRAE Body HEAZ 71EOE Ak okl A ash
gt 27 Bst 2 oma. e Yol Feu) =
Gy vk MBS A1F0R e )F 2 SEAlA
ok, 3¢ AEAE vlg e} Body HHA y% 3
21w Aol Wgzt o = Ao e A3} o] 72

4 2 fo

o = arctan 2(w,u) )

Feat el 27 vk HEAC 257 XFe W)
Wapoln], ofzle} e WAL Body HEA FoZ X

{Xa}:{cosa —sina}{D} o
Z, sina  cosa || L
Quadrotor-Plane®] W3] REZ HEe w He3k I
T317] A= Dol FEAGLft Coefficient)’} W2} -
30~ 1205 744 B eskt
o2 ZIAlY =5+ Moment R4S th5-} 2
[5]

19 2. Wing Plate.
Fig. 2. 97 ZHo|E &7

bt

Lp=U, ~1)q+CL+ L =T+ T)x+ M), , +6

Iqu:(lz_lxx)pr+l(7;_];)+MD.¢/+Mwing (4)

L= ~1,)pg+1(T,=T)+ My,

oju, T= 7k BEolA Wshs 58, k= FHE e
2 sk Al 1 XE AR Aot 9, &
el AT A% ARl M, = 24 A
d shte] Az dhom sPdste] Felglen, ol mE
A2 ook 2rie].

_ wing”“ wing C
— S pCop| |

M _ lwingh:'ing C | | (5)
D= 128 Pl |q

4
twing wing

7128 pCDr|r| ]

Quadrotor-Planex= 'E7]ell 4] sl Aol 7] o]
53] =4 37 F RollF 3|4l &t =, HH| Bt
A YOEE Roll HHIE AlojZo] 53] MAetA] St
oh A 2 =RellAE ddUEs ol8F 5, = XF g

Aol B Aol F7she B4 e

&

III. ALGORITHM DESIGN OF CONTROLAND SYSTEM
1. XIMHo| Bl S i Ama|E AH

27l W-2-ZF 90120l 4] Hovering= #-48l+= Quadrotor-Plane
= Ao] 7155 9§ Pich 7150 AHFESoF 3p & =&
o 4] 22 ¥]:= Pitch 7|5 Hel= -30~120%% o|tk. 1e|i} 3
T AAE ArkEQl M 23 W<l Roll-Pitch-Yaw(P-6-
¥y Euler Angle= X3} =W Pitch 90X -+l 4] Gimbal-
Lock(5% Singularity) w417} @A gTE & AFolA &85
S AlEl2 INS9F GPS9] A W] F 3] Quaternion
7|4+ AV Integration AHRS &ilg]Z 0 & FEEo] Solx &
AE A o= Aty 7]. et AR oln|go] A3
7 olge} Aol RHAF S fFiME v 22 e 7]
Hho] FAS Gt

Z2Z3APE AR ssshs 7R gEA Bol7le 237
7h F2 A EABH wEkA ZIAet 2F7)7F A2 vhE
HABAE zZberh iRl A8 2TVIE BT 259
GimbalS: &3l A4 B#E ahs Adsk=d], ©] Gimbale] 5
324 Quaternion R.T}R= Gimbal 3719 23121 Euler AngleS
AREERE Blo]l 2FA g o folsith welx B A+
M= A8 2F7]9 Gimbal 5A& It EgshiM A
7] Gimbal-Lock =AIE 323= Euler Angle 33 #|¢ks}
it

@-0-¥ Euler Angle®] Gimbal-Lock> & 3153} v 3415
o] A& dAs= didelH, A 3|Ho] Y030 AR
o]Fo)x]7] wiZe]l Pitch +£90% A4 T A7} LAyt
o & A o] 3 FAHE P00 2 i “Pitch-
Roll-Yaw(0-®-¥) Euler Angle 2 A1713}o] ©]2{3t Gimbal-
Lock 2H3A] A8 Pitch +90% 7} o} Roll 49052 HAES



Flight Control Test of Quadrotor—Plane with Hybrid Flight Mode of VTOL and Fast Maneuverability 761

=g

+ FAES Y Al=HloA Z2E = Quaternion AHA
(g)E 0-®-¥ Euler Angle= W38h= TS st o] 7}
Ae 71% &-6-Y Euler Angle W83} 1]523) 2] S ARE-5bH,
ok 3A =A7F vk SL7] Wil Pitch 2 Roll, Yawe] &
o7} 71€3} nil A& 1S 7|E &-0-¥ Euler Angle
W3l A Pitche] 749 58 714559] Body A XF A

Helo| M= YO aresin’ AAHS Fa3l] RollS AF
83tk & O] Pitch AHEAIAE 31 Rl ghEo]
58 B3Nl arctan2’ A4HS FeshE Hol 7E @0y
Euler Angle H13+9] Roll AHE 23 frAkgk 57do] Qlck 2]
62 ol 2% A4S T, oju] o= FTEIIEEES 9
w3k}, C? = Navigation (NED) Z32Ao A Body ZEAIZ2]
34 Wg PAS FAF Ao I A|AEdA ZHE
Quaternion AFA|E o]-8ato] et A} b}t n 7t
Body #Z A9} Navigation ZFAIE 2|v] g}

i

N

(80 & &.] =C0[0 0 g
0, =arctan2(g,, - g,.) ©)

$, =sin™' [—ghyj
s g

A 7]k vhe) o] B =Eol|A] tEE 6-0-¥ Euler
Angle> ¥23030 o A2 A 3H WSS S}
ol ZF 31d AE-S Quaternion® & H3lEte] LJERY o
T frash, olgfg AAE ol&ste] A5 A Al
Yaws 2= 4 9tk 2 (72 olgid S vpeRdch
2 (DM f,,, = Euler Angles Quaternion®.= Wglsl=
S5, c®° 4k Quaternion Multiplication, ¢ HA} =

Quaternion ConjugateS 212} o] n| st}

*

0 @, 0
f;?_q 0|=9,® fezq 0|® ff’lq 0, )
v, 0 0

=[le.) 4@ a0 ¢®]
w, =2-sin"'(q,(4))

2. XtMIEIo] L2lE

Quadrotor-Plane®] AA|A|o= FH3E PDA|OIS 283}
ok HEAAE $13 SHAA A E8 == Body
AL p g rE 2 ©) ~ (DOIA A= st FAE A
AR o3 o] Wil

cosd 0 -—sind 1 0 0
C,=| 0 1 0 |, C=|0 cos¢ sing
sind 0 cosé 0 -sing cos¢g
rl| [0 ¢ 0
qgl=|0|+C|0+C,Cl0 ®)
r 0 0 s

cosé 0 -—sinfcosg [
=l 0 sing é
sind 0 cosfcosg ||y,

—_

XD S
[—

é, cosd 0 —sinbcosg|
o = 0 1 sing
v, sind 0 cosfcosg |

N QT

2O~ AEE FEA ) Sl Al HEAkEH
A} eyl zpolof] AoAR] KE =3l Moment M AH=3}
o] ZpAIAlolE T

M=K, (4, ~$)+K,(0-4,)
M,=K,(0.-0)+K,(0-6,) ©)
M, =K,(y.~y,)+K,(0-y,)

&) ol mE Alo)7] 293 glo] shte] Alo)7|= H]
Yal7] 913 2 9ol T BHEES thA] Body A
Bgksto] Alojdtt o8 il Adsee BE W] Ths
sl

M cos@ 0 -—sinfcos¢g | M,
M, |=| 0 1 sing M, (10)
M sind 0 cosfcosg || M,

o197 7 Ao} &
el Q@ 7,
ghe olvlge,

=

E e vk A3
T

=3
© vl dag 7k wEe| it

M, M, M M
Ml=-——L+—L4T,,, M2=+—L+—L+T,

4 21 4 21

M M M M
M3=-——L_"94T = Mi=4—L_"24T (1)

4 20 4k 21
MS=-5,M, M6=5,M,

Li f\ i (\
uz \jz

Roll Down Roll Up
&, &
Pitch Down Pitch Up

€ elp

Yaw Down

Yaw Up

1% 3. 3155 vl R A Aojd,
Fig. 3. Control Surface of Fast Flight mode.



=2]

762 T 0 &

Quadrotor-Planei= Y4HQ1
glonz g3 shaa 29
o]do] ¢l 8]. kA

elevatorE A& #o]

age] magAel wel Bk
S oW zalx )5e e
v mee)A 7]

9] rudders}
S A F gl olE F53)

&
=
=

i

A

al
Hk

Jz

7] 98kl &M 7led 2H 8 2 9 ailerons ©]-8-31
970 33} ol A Aol Sk

3. BERE ¢u2|E

B =Rol nE Azl Lﬂﬂﬁg nE 7jFEo R AAHI
on, o AR} Ad AR

Y AZE 2 $4)1S Navigation EAS] 9Ho= 745
ok dA 71Ae] 914, £ D ApAlet o] EAIE o4
ste] 2] (12)3 2ol v, & T3k

w, =arctan2(x,,y, )+ 7 (12)

teoz @A) 1A 71E Aste] WA 7y & A
B 3 k| 57} AR,
WA e ool 79 Ao 8AS sk

dlo
do

}:]
;g ) \:ﬂ R

o X

o
T

v =iarctan2(r, d? —r2|)
13114_ Al (13)0
A5 9 sHE 63:3}71] 21
ARgste] 71417 9 <t %!
(142 AHa

o
=

v = iarctanZ(r,— d’ —r2‘)

A TRy oy & dste] AFHE Ale] BEgke)

ok
v, & Teh

y' (15)

9 MBS A T Bastnz o|F Y
A% & 715o] Fukslojof Ak Be PR WPLE v
3 9 WAFOR A, A (l6E FHS olgstel T4
28 A4el) 913 Ao} Roll 2+,

V.=V, +

S]NED

r‘A i
[xs’ Vs: Z,

a9 4.9 e YawZt
Fig. 4. Yaw angle of Circle Flight.

Xl
&

, 0]

S 4 aH

[4

_,3’>\
0|9 ...
@ ©

79 5. vlEge] RollZt
Fig. 5. Roll angle of Circle Flight.

Vi

g

g. =% arctan( (16)

A3 WA Yaw A2 RS FHATI, 17 68 ol
e e e,
W= arctan2(xf,yf) +7
w, =arctan2(x,,y,)+7
V=W Y, a7
d =+|x? +y? *siny’
y.=-Kd
l//C = l//\"S +W€
w5 AAs7] flalA WA Adze] W@y, 3 71A
A B3R AT B w, & A (7)) 2ol Mgt
Tt 7IAE ARAAA Holzl AR @4} dE ol8ste] @
AR K, & wil A= 9E 7% FHa] 9% Al Yaw
2wy, & AT v o o2 A2 3 st g
of HEHow Bad Aol Bugh g, & AFH) O, d2
ARy, = 0% oS A &A AlFRIEHI).
I =A0] = Navigation ZHEAL] F2&E 7, 2 3%

g AlolE Fagit) S wet FHo] Tk B 54
A B A JAE 5 Aoj2 a%Aol7t TFsshy o2
o-g3lo] AapHlom FH o7 LS AlojaheR silvh

North

I
End Point | [0,0,0]yzp

————————
=

[xs, ¥s: ZswED

i[xf'yf'zf]NED

7 6. A4 v Yawz)
Fig. 6. Yaw angle of straight Flight.



Hybrid HI&Y REE 2H= Quadrotor-Plane 2| BIZHIHAE 763

Vd.c = KP(Hc _Hs)

(18)
L= KoV~ Vo) + Ko [V = Vit ) + Ko (a,)
HEH|PRE A= 2R Pitch %kg 71gste] FENte
Jojste] Aapxlog 1w=E Ao]3tl. Hovering
L] Gol = A1) A3} A7 Anse] Yoz
Foulg WE BT e Aojfosn Ww Ao sk
_E__

IV.FCS AA & =t

VTOL®] 7hsstiiA aid wlea A7) Ale 54& 75
Al k= o] & Ao 78 HHolrh WA Quadrotor-
Plane 7| 7w3lel Qo AoWE FAo A= &
Hs Atk ZIA1e] 71 2yele B 7PHAL '
I AErt A 7R A ARt Aste) d7 BE
Al Al = —5—01 7he e Adigk Asvh

Za 7 & 9 v|ggA|oj Al 2 8lo] BHAlE quadrotor-plane

HojFr) ELxH FEE T-motorAF2] MN2206(2000K V)22

o 33 500g°]™, ECS= Hobby wingAHe] X-rotor 20AS
ARSI I 12 AY] T8 AlLES EAIRT

Quadrotor-Plane®] FCS(Flight Control System)2 &}L}o] X5
oA Aol B IS BT Ak ol|gh AAR FCSo
ayst 9@ Awksls 74 si9lck 19 82 T HER
AH FCSSF F2 HES A3,

FCS & T4 HiES=E
ARM Coretex-M3 72MHz, 4=
o] ADIS16407, 91 HAI~E 1
M8NE ARE3IGITh HE 9 BE

2 ox

HRIZZA2= STMARS]
J7A = Analog-DevicesAt
E-Z U-bloxAF2] NEO-
FCS Z7]& 80*%100%32

1% 7. Quadrotor-Plane.
Fig. 7. A28 Quadrotor-Plane.

¥ 1. Quadrotor-Plane A¢).
Table 1. Quadrotor-Plane specification.
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Table 2. Navigation sensor specification.

AlA 715 i
Accell +1
ADIS16407 ccelerometer 8g
Gyro +300%sec
Accuracy 2.5m
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il Update rate 10Hz
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