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ABSTRACT

This paper deals with a vision-based trajectory tracking control system for a quadrotor-type UAV for
entertainment purpose in indoor environment. In contrast to outdoor flights that emphasize the autonomy to
complete special missions such as aerial photographs and reconnaissance, indoor flights for entertainment require
trajectory following and hovering skills especially in precision and stability of performance. This paper proposes a
trajectory tracking control system consisting of a motion generation module, a pose estimation module, and a
trajectory tracking module. The motion generation module generates a sequence of motions that are specified by
3-D locations at each sampling time. In the pose estimation module, 3-D position and orientation information of
a quadrotor is estimated by recognizing a circular ring pattern installed on the vehicle. The trajectory tracking
module controls the 3-D position of a quadrotor in real time using the information from the motion generation
module and pose estimation module. The proposed system is tested through several experiments in view of

one-point, multi-points, and trajectory tracking control.
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(b) interpolation of waypoints
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(a) input image

object 0: ( 0.09, 5.94, 42.04)[em]
object 1: (=12.66, 2.40, 47.89)[cm]
object 2: ( 12,55, 2.07, 48.02)[cm]
object 3: (=0.93, =2.85, 54.32)[cm]

(c) pose estimation
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(b) feature extraction

(d) object identification

ocedure of pose estimation and identification of circular ring patterns
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able 1. 3-D pose estimation algorithm

o

Algorithm 1 PoseEstimation(7", Qf7pf)
Input: Radius r, a conic Qs and point Dy
Output: Transformation parameters {R, t }
{/# Step 1: Diagonalization of conic matrix Q@ ;* /1
1: Compute U, A such that Q; = U 'AU

{/# Step 2: Determination of of rotation matrix x/

A2z—A11 A1—Xas) |
(07:|: Az2—Asg’ X22*)\33)

3: 1 « N[Am] where m = UTpf
4 R+ W xl]xn, Nnxl], n)

N

{/* Step 3: Determination of translation vector /)
5 Q+« R/ AR

6 K < /i3 + q33 — a33qu1

7 te < % (—q13, — 3, q11)

{/# Output of transformation parameters =/}
& R+~ UR,
9.t + Rt,
10: return {R,t}
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u; (sinfcosising —sinypcos @)
+u,(sinfsinysing + cosycos @) a7
+ (u3 +g)cos€sin¢ =0,

u, (sinf costpsing —sinicos ¢)

+u2(sin@sinwsinqSJrcosdJcosd)) (18)

+(uy+g)cosfcosp = %T

UyCOS Y + uysiniy )

f=tan !
an ( uatg

3L (18)X sing - (17)X cosp2| AARE =43}
o Aelshd A 2005 =3 5 Slck

% Tsing = u,siny —uycos 1) (20)
gl vigt FALE faesrlel A, A (15)%E]

.
(L Tze) (i Tz,
m m

= (u+gze)T(u+gze) 21

2
u§+u§+(u3+g)2=(%T) 22)

wzhA, 2] (22)F 4] (20)¢l ThHelske] el HalA
Aelsh 4] 23)7 2k

wySiny — u,cos
) (23)

— i1
¢=sin (\/uf-FuQZ +(u3+g)2

A (14) 2 7P AlS] Q1Y wEl e HEH o
Sl 4] (19), (23) 0 2E] H] A o] ApA) A
of7]ell gt JHHElE 6= (6, ¢,v) ' 2= A3}
of o 83t 74 ye $A A ZE
2] 349 waA] Syaw)E 31870]) v
o, 47le] ®Elell ek AA 42 A (18)S
Helstel A 49} o FE,

54

T= %[% (sinf costpcosp+sinysing)

+u,(sinfsiny cos ¢ — costpsing)
+ (uy +g)cosfcos @]
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Fig. 7. The target quadrotor on which a reflective circular
ring pattern is installed
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Table 2. Average of the errors at each measurement
point along x-axis

measurement .. orientation
locations position errors errors
X[mm] X[mm] | Y[mm] | Z[mm] | Yaw[rad]

1000 0.7122 | 0.2887 | -2.6337 | -0.0310
500 -0.6687 | -0.2699 | -2.3804 | -0.0230

0 -0.0130 | 0.0074 | 0.3644 0.0027

-500 -0.8177 | -0.5172 | -0.2808 0.0192
-1000 0.0033 | -0.5080 | -2.0764 0.0288
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Fig. 10. Experiment results for point tracking control
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Table 3. Statistics in steady state in point tracking
control

Mean Std.
X [m] 0.0024 0.0260
Y [m] -0.0279 0.0448
Z [m] -0.0976 0.0330

Ao Qg A9 Frlsk FHe dgoz ol
Z % i3 Aol Aol AriH oz Aste A
noliz Ao AmAd. ¥ 39 ¥E AAE o o
5 giel, AQFR AREE Alo] A wlaAle]
MY 7t A5 ES gH 0w Aofstalk

=1(0.35,0.35, 150) [sk9):m 1=

— T =
Py=(—-0.35,—0.35, 1.50) of A=l 28 11
1 ¥ position
: : : ¥ reference
E
] .
. s O e |
» :
R i i i i i
0 5 10 15 20 25 30
tirme[s]
y position
1 i y reference
E :
= :
=
. ‘ : : : :
0 5 10 15 20 28 30
time[s] -
Z position
2 z reference
£ :
| i
=
N
0 i i H L 1
0 5 10 15 20 25 30
time(s]  errar
1 T T
€ opn - W A s
5 4 - :
4 i : ; ; ;
0 5 10 20 248 30

time(s]

38 11, o 94 &3 A9 A%
Fig. 11. Experimental results for multi-point tracking
control

www.dbpia.co.kr



@olAe] Aels 7 AT 03 w1 S A4 35 Ao) Ay

o 914 2 Alelel i 47 AnE ek

o} o7]ol| A A$ 7H4 T EE X, Y, Z Eol Higk
A3 3 91A) 59 Az $1RE] 9% 2 Sl
viak 915 34 1% UheRilc), mal 2 sheke] o=
= 3709 Sl gk $1x 55 o4 YERich

4.3.3 X x5 ds
Aok mhye] HFH9l A

N' °1F
N ot
N
|t
L
%
e
iy

wollAls oAl Al e FEATE EAsksich
[} xng

| 23S S18te] 3ak] FAtellA] L4d AHo
Holed], AAE AALS A7t
2] = st

R:(t) = (0,5sin(t),0.5cos (¢),1.9) " [m] (25)
T LES A25)0] Al tEte] 50ms7H
o2 91A(p,) 2t E%(p,), THrE(p,) HRE st
o, ARFZ Ale17)9] Faghe R v A7 A vk
==k :1%1 12 Fo131 A (25)2] AHell st
5 ARE vehi ZloewA, A7 X, Y, 25l gt
5 A7 9 F A5 vepd

¥ position
¥ reference

# axis[m]

0 g 10 15 20
time[s]

¥ position
y reference

¥ axis(m]

0 ) 10 15 20
tirne[s)
3 Z position
z reference
£
9
@
e
] i i i
0 3 10 14 20
tirnefs] [ W errar
1 . . ¥ errar |
: I errar
E
=

0 5 0 15 20
tirne[s)

a7 12, A F3 Aol Al Az

Fig. 12. Expenmental results for trajectory tracking

control

S S Alelel ek A3 Aslel Wl ), Z
59 3% o] vy A AL FAF 5 )

SR 12 ). ol vh 5 Aelolishe e,
ARE AR v AR E B 94, S S
A0g A7 55 Aol olgs7] whal 2o A}

=¥}

X
E

)

V.3

rhu

e A Bl wlA sl $14] 2 2
A 34 Azde SeE sl Fl=2e g
o AAEE Ao} A2e hRgc) B =Ee 94
A=2E)d e Alel71E s slste] ulal

As) 43P mde T, ol EdE WA FE
& 91g 914 Alel)E AAskek. Sa) A=zeel

N7 sk 28 012 4 gl 97 o e
A W) o ke sl A W A
W AlzEle] AR Akskch & EEelide 7

}.
c=RElE ejHelye Sxe gash] 9lske] Bt

B 25 AAE8 5 Bl ge 744
A Aol A A AR e
9 g 54, u}# B84 3%, A4 2201 37}
A el AA 8-S Fa) B7hslsie
e shie] Asele] e A45F Aol

Azl 74 71yl T ehEslon, ehee) A=
EE‘]‘: s 383} igﬂ M E 2 z,] xﬂx]—y]\ﬂ—l 1
o2 18 tmegle] U)ol Wb AT
FapA = Gl

r2 md

o,

Reference

[1] G. M. Hoffmann, H. Huang, S. L. Waslander,
and C. J. Tomlin, “Quadrotor helicopter flight
dynamics and control: theory and experiment,”
in Proc. AIAA Guidance, Navigation and
Control Conf. Exhibit, pp. 1-20, Hilton Head,
South Carolina, Aug. 2007.

[21 N. Michael, D. Mellinger, Q. Lindsey, and V.
Kumar, “The GRASP multiple micro-UAV
testbed,” IEEE Mag. Robotics and Automation,
vol. 17, no. 3, pp. 56-65, Sept. 2010.

[3] D. Cabecinhas, R. Naldi, L. Marconi, C.
Silvestre, and R. Cunha, “Robust take-off for
a quadrotor vehicle,” IEEE Trans. Robotics,

51

www.dbpia.co.kr



4%

A1 8}3] =32 (JKICS) *14-01 Vol.39C No.01

[4]

[5]

[6]

[71

[8]

[

[10]

[11]

[12]

[13]

[14]

[15]

58

vol. 28, no. 3, pp. 734-742, Jun. 2012.

B. Herisse, T. Hamel, R. Mahony, and F.-X.
Russotto, “Landing a VTOL unmanned aerial
vehicle on a moving platform using optical
flow,” IEEE Trans. Robotics, vol. 28, no. 1,
pp. 77-89, Feb. 2012.

R. Zhang, Q. Quan, and K. Y. Cai, “Attitude
control of a quadrotor aircraft subject to a
IET
Control Theory & Appl., vol. 5, no. 9, pp.
1140-1146, Jun. 2011.

Z. Zuo, “Trajectory tracking control design

class of time-varying disturbances,”

with command-filtered compensation for a
quadrotor,” IET Control Theory & Appl., vol.
4, no. 11, pp. 2343-2355, Nov. 2010.

N. Guenard, T. Hamel, and R. Mahony, “A
practical visual servo control for an unmanned
aerial vehicle,” IEEE Trans. Robotics, vol. 24,
no. 2, pp. 331-340, Apr. 2008.

O. Bourquardez, R. Mahony, N. Guenard, F.
Chaumette, T. Hamel, and L. Eck, “Image-
based visual servo control of the translation
kinematics of a quadrotor aerial vehicle,”
IEEE Trans. Robotics, vol. 25, no. 3, pp.
743-749, Jun. 2009.

S. Grzonka, G. Grisetti, and W. Burgard, “A
fully autonomous indoor quadrotor,” IEEE
Trans. Robotics, vol. 28, no. 1, pp. 90-100,
Feb. 2012.

Firefly, Retrieved Jan., 6, 2013, from http://sen
seable.mit.edu/flyfire/

Vicon MX System, Retrieved Jan., 6, 2013,
from http://www.vicon.com/

G. Ducard and R. D’Andrea, “Autonomous
quadrotor flight using a vision system and
accommodating frames misalignment,” in Proc.
IEEE Int’l symp. Industrial embedded systems
(SIES '09), pp. 261-264, Switzerland, Jul. 2009.
J. H. Hwang, A study of integrated controller
for the quadrotor flying robot, Master thesis,
Sejong University, 2009.

F. N. Fritsch and R. E. Carlson, “Monotone
piecewise cubic interpolation,” SIAM J. Numer.
Anal., vol. 17, no. 2, pp. 238-246, 1980.
H.-H. Kim, K.-W. Park, and Y.-S. Ha, “3D

pose estimation of a circular feature with a
coplanar point,” J. IEEK-System and Control,
vol. 48, no. 5, pp. 382-393. 2012.

[16] Ascending Technologies, Retrieved Jan., 6, 2013,
from http://www.asctec.de.

[17] Hyvision system, Retrieved Jan., 6, 2013, from
http://wwwhyvision.co.kr.

[18] G. F. Franklin, M. L. Workman, and D.
Powell, Feedback control of dynamic systems
6th Ed., Pearson, 2010.

Al & M (Hyoseok Shi)
20104 8% : FLrhEk
Alol-geh} =4

20124 89 : st
Aletg3tst At

R
o,
fz

El
o,
f

< 2013 109~3A): QB 24}
‘ P S i R R s R
g X]_\_g_7]_\_o__ 7‘@]‘/‘4%_1'—‘?“ H]—/\]-

o) = hul

34

<A Hol> RHEIA UAV, vladlg 7]ol= 2E

gt & (Hyun Park)
2011 8 : st An
Aol gt &
20131 8 : B2l AR
Aloygstt At
2013 9Y~3A) :
g Rl QAT
: <IHAlEel Rl

R P
A, 374

r_{

o

e

ST

Mo

e

LS

www.dbpia.co.kr



= AW A e AeReld ol vAE g vA sk AA FF Ale] Al

2 & 3| (Heon-Hui Kim)

1997 24 : gh=sljfiEta 7]
e =4

200211 89 : gh=sfeftsta A
AAISZE T AL

2012 29 : Sh=fafj ol star A
oAl S35tz what

2006%1~2009%1 : KAIST HWRS-
ERC <A<

2009 3~&AY : oL gl a7

<Iiliel myald, sfRiQlX, ekl 2R 4
Esdo], dlfzH

8t 2 8 (Kwang-Hyun Park)

199411 2% KAIST : A4k
g} &4

19979 24 KAIST : A=Ak
stz Al

€ )\ 200141 24 KAIST : AA}pAA4
: stz uhap
| |

2008'3~20114 : FLofetw =
Bk e
20113~ ; sk ZESHY Y=

<FAFol Auja 23 AEQl]) 23 LT e

Pﬂi
o

59

www.dbpia.co.kr



	실내 환경에서의 쿼드로터형 무인 비행체를 위한 비전 기반의 궤적 추종 제어 시스템
	요약
	ABSTRACT
	Ⅰ. 서론
	Ⅱ. 쿼드로터형 비행체의 수학적 모델
	Ⅲ. 궤적 추종 제어 시스템
	Ⅳ. 실험 결과
	Ⅴ. 결론
	Reference


