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Abstract: The aerial manipulator system has active operation capability, and the autonomous level of the system would
be further improved if the aerial manipulator could perceive the surrounding environment by visual sensors. However,
considering the underactuation of the multirotor and the nonlinear property of the overall system, visual servoing control
of aerial manipulator systems is still a challenging work. This paper proposes a hierarchical motion decomposition based
visual servoing control scheme for aerial manipulator sytems with full consideration of the force/torque effect exerted by
the robotic arm on the fuselage of the unmanned aerial vehicle (UAV). Firstly, the kinematics and dynamics model of the
aerial manipulator system is analyzed. Then, based on the obtained camera’s kinematics, the desired speed of the camera
is obtained through image-based visual servo control, and the speed allocation strategy of the UAV and the manipulator
is formulated. After considering the influence of the effect generated by the robotic arm on the UAYV, the low-level flight
controller is provided. Finally, compared with the existing method, the proposed method has better control performance
and also presents good robustness against the uncertainty of image feature points position and image noise.
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Fig. 1 Schematic diagram of the aerial manipulator system
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Fig. 2 Block diagram of the aerial manipulator visual servoing control system
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Fig. 10 Comparison of UAV linear velocity tracking error
with or without compensation terms

43 BHEPEIAOT
AR R AR A I, B R
AR AR I L, T 320000 5, TR

SRR OTRRAE SO B AL R S FR T, JRAE R340 |
Hh 2 R R IR S RS2, AT AU 2 as v B
N
2,(0) = 0m, 4,(0) = 0m, 2,(0) =0m,
m(0) = =9°, n2(0) = —81°, 13(0) = 0°.
EEARFAIE 1) B FMERE

(u14,v14) = (—0.16,—0.12),
(24, v2q) = (0.16,—0.12),
(uzq,v34) = (—0.16,0.12),

(U4d7 U4d) == (016, 012)

N3 A ATHURE RGN a5 5 204,19
PIEA— 2L

=
E 0.2 T T T T
= 00 ==
S 02} —
@’J ~04 1 1 1 1
< 0 5 10 15 20 25
t/s
=
; 0.0 T T T T
0 =
= _o05F .
93‘ -1.0F 1 1 I I .
4 0 5 10 15 20 25
t/s
i T T T T
: 0.6 |- _
E 04 [~ ]
—~ 02 F ™~ ]
By 00 = — — — T ——= T
3 0 5 1 15 20 25
t/s
_Avcl T Ach

K11 MG DL N AL R R AR 22
Fig. 11 Comparison of camera linear velocity tracking error

with or without compensation terms

431 SN 140E
AN EUGARHIE s AE T R /R 2 B AL BN
P, = (—0.2,4,1.65), P, = (0.2,4,1.65),
Py =(—0.2,4,1.35), P, = (0.2,4,1.35).
43.2 SEMEEE2A 0K
AN EUGARAE SAE R /R 2 B AL E N
Py = (—0.2,4,2.35), P, = (0.2,4,2.35),
Py = (—0.2,4,2.05), P, = (0.2,4,2.05).
433 SEMENEIANH
AN BEURHHE SE R RS IR R AL E N
P =(0.8,4,2.35), P, = (1.2,4,2.35),
Py =(0.8,4,2.05), P, = (1.2,4,2.05).



#5M

FRICMGEE: T A BN A ) AT HUBE AL Al e 815

AT R PR RGBSR I R AE T R R 28 A o R i B
Bb, IERPRFAL S AE T T RS AR N 123
{HR0, J7ZEH2.5 x 105 sl RS N (¢).

HT & 12-14 7] DAFE HY, 75 AN SR 2 il 48 2 (9 75 10
&, B MR RAIE s AR T R RS TR A o B R A2 A
PR A i 1) 5 e e AU J2 47 11l S A SR RE % 2 )
RATHUME R Geizsh 2 e i ., IAE 1 Fricit- 2]
AR L AR R RS (] A B AR B MR . B
Z A, HEN4R] DA B e 2o g s B B A 8
LIS

06T o il ]
04 o Ztib i
0.2 o HARH -
= 00F N
~04 | -
-0.6 -

1 1 1 1
-0.6-04-0.2 0.0 0.2 04 0.6
u

12 FHE AR R IEE (BB 14)
Fig. 12 Trajectories of feature points (group 1)

0.6 - o T

0.4 - o Zb
02} o HFrMH -

> 00L T hA—Hk
—02L - _
-04} _
-0.6 | -

1 1 1 1 1 1 1

-0.6-0.4-0.2 0.0 0.2 0.4 0.6
u

13 R AR IR I (3R 24)
Fig. 13 Trajectories of feature points (group 2)

0.6 T T T |o Eﬁlﬁllh_
04| . sk

02 L o HFr{H

> o0l A S /R S
-0.2 | _
-04 | _
0.6 1 1 1 1 1 7

1 1
-0.6-0.4-0.2 0.0 0.2 0.4 0.6
u

K 14 FHESLERERIPUE (334)
Fig. 14 Trajectories of feature points (group 3)

4.4 STEIRAGE

A B2 TR 51 5 SR [21) R 5 v I8
HCR L, DU R A SCRT IR ik e gE, 1 Bk
E15-16F7~.

0.3 .

021 ° IS
0.1
0.0

S 01
-0.2 .
-0.3 —— Lk
-0.4 -~ SCHR[21]H i
_05 1 1 1
205 -03 -0 0.1 0.3

u

Bl 15 BT 7775 S SCHR [21] 77k B BB R s ik
Fig. 15 Trajectories of feature points by the proposed method
and the method in [21]

A

%’J 5 T T T T
S o T
\: -5 1 1 1 1
= 0 5 10 15 20 25
t/s
'(T” 2 T T T T
—~ 0F
e 9 / i
N
~ _4 1 1 1 1
< 0 5 10 15 20 25
t/s
=
’.ﬁ oF T T T T
e -0 /k 4
N
~ _20 1 1 1 1
< 0 5 10 15 20 25
t/s
— AR --- SCERRITR O

B 16 ASCHTRTTIE SRR 2119 757k
Fig. 16 Joint rates by the proposed method and the method
in [21]

LT B i i B AN U E )iz 3h DA
IURHATL I 1T 28 23 P8 R AR SR, SR (210 7P 7 iR T 2
LR T SRR 2 K RAT AU (138 Bl 2 A 7,
Rl

é,=JE— Lo, (29)

HFFE T2 (29), Bevt-an i &t DS il EHRRAAE
FRIBEE F )

&= J (—Ae, + L,w), (30)

Foeft € AT WU PT ARSI 45, BITEANLIIZE
SRS (09675 FR B s o AN T BREH 3043

ARSI :(16)—(18)45 To A LR B s S H U
(51T R 4y BV, ARELZ T, SCik (21 P b
SHEHE (30) XTI E HIBET ARG . X SR 6
N R R PG RAE S5 EESE RR A A B B R I 3R
%, tE15-167.



816 oA R 5 N A

H41 %

5 Bg5RY

ARSCHE BN T AINLE AR AR AL, X AT AU
RGNIE ) ERET NS 7 A8 0y BT T L. Bl
JEAE PR ST A R LR b T R AT HUUE A )
SR, AL G AL 5] IR 4 1) B KR 2 I T8 AL i 2%
R, ER AR D £] A i 2 75 B A AL I 0 B8 4R 3
FH P 40 B X TS AL LA U Fr 3 i 0 P S .
ot F T AN LA 2T LA 42 ], TN 17 T e 5 o0l
R 1) F11 7156 A MEE T H J5 f/EMATLAB/Simulink {5
AT I IR T BT ) SR R A 4
PERE.

PRI T ARG AT A SRR S 2 B HE L2 (1 S
2 b, BRI 1 % K TE A LR JES 245 il 2%,
FEAE BRI CATH U 5256 5 1347 S A

S0k

[1] CHEN M, XIONG S, WU Q. Tracking flight control of quadrotor
based on disturbance observer. IEEE Transactions on Systems, Man,
and Cybernetics: Systems, 2021, 51(3): 1414 — 1423.

[2] LIANG Xiao, WANG Yang, HE Wei, et al. Cooperative control
for underactuated aerial transportation systems via the energy-based
analysis. Control Theory & Applications, 2020, 37(12): 2473 - 2481.
(B, 0, (I, 55, BT RERE TR ERSD $AT iz REEVHRTE
. FEmIES 5N, 2020, 37(12): 2473 - 2481.)

[3] CASBEER D W, KINGSTON D B, BEARD R W, et al. Cooperative
forest fire surveillance using a team of small unmanned air vehicles.
International Journal of Systems Science, 2006, 37(6): 351 — 360.

[4] KIM S, SEO H, KIM H J. Operating an unknown drawer using an
aerial manipulator. Proceedings of IEEE International Conference on
Robotics and Automation (ICRA). Seattle: IEEE, 2015: 5503 — 5508.

[S] THOMAS J, POLIN J, SREENATH K, et al. Avian-inspired grasp-
ing for quadrotor micro UAVS. Proceedings of International Design
Engineering Technical Conferences and Computers and Information
in Engineering Conference (IDETC/CIE). Portland: ASME, 2013,
55935: VO6AT07A014.

[6] FEI Y, CHEN H, QUAN F, et al. Swan-inspired unmanned aeri-
al vehicles with long-neck visual perception system. Proceedings
of IEEE/ASME International Conference on Advanced Intelligent
Mechatronics (AIM). Hong Kong: IEEE, 2019: 1335 — 1340.

[71 CHAUMETTE F, HUTCHINSON 8. Visual servo control. I. basic
approaches. IEEE Robotics & Automation Magazine, 2006, 13(4):
82 -90.

[8] CHAUMETTE F, HUTCHINSON S. Visual servo control. II. ad-
vanced approaches. IEEE Robotics & Automation Magazine, 2007,
14(1): 109 - 118.

[91 ZHANG K, SHI Y, SHENG H. Robust nonlinear model predictive
control based visual servoing of quadrotor UAVs. IEEE/ASME Trans-
actions on Mechatronics, 2021, 26(2): 700 — 708.

[10] ZHANG X, FANG Y, ZHANG X, et al. Dynamic image-based out-
put feedback control for visual servoing of multirotors. /EEE Trans-
actions on Industrial Informatics, 2020, 16(12): 7624 — 7636.

[11] LIJ, XIE H, LOW K H, et al. Image-based visual servoing of rotor-
crafts to planar visual targets of arbitrary orientation. [EEE Robotics
and Automation Letters, 2021, 6(4): 7861 — 7868.

[12] THOMAS J, LOIANNO G, SREENATH K, et al. Toward image
based visual servoing for aerial grasping and perching. Proceed-
ings of IEEE International Conference on Robotics and Automation
(ICRA). Hong Kong: IEEE, 2014: 2113 - 2118.

[13] KIM S, SEO H, CHOI S, et al. Vision-guided aerial manipulation
using a multirotor with a robotic arm. /EEE/ASME Transactions on
Mechatronics, 2016, 21(4): 1912 — 1923.

[14] QUAN F, CHEN H, L1, et al. Singularity-robust hybrid visual ser-
voing control for aerial manipulator. Proceedings of International
Conference on Robotics and Biomimetics (ROBIO). Kuala Lumpur:
IEEE, 2018: 562 — 568.

[15] SUN lJingtao, WANG Yaonan, TAN Jianhao, et al. Hybrid visual ser-
voing for rotor aerial manipulation system. Control Theory & Appli-
cations, 2019, 36(4): 505 — 515.

(PR, TR, SR, 5. e WATHLME R GRS ik
il IS SR, 2019, 36(4): 505 - 515.)

[16] MEBARKI R, LIPPIELLO V, SICILIANO B. Image-based control
for dynamically cross-coupled aerial manipulation. Proceedings of
IEEE/RSJ International Conference on Intelligent Robots and Sys-
tems (IROS). Chicago: IEEE, 2014: 4827 — 4833.

[17] LIPPIELLO V, CACACE J, NAVARRO A S, et al. Hybrid visual
servoing with hierarchical task composition for aerial manipulation.
IEEE Robotics and Automation Letter, 2016, 1(1): 259 — 266.

[18] NAVARRO A S, PATRICK G, LIPPIELLO V, et al. Uncalibrated vi-
sual servo for unmanned aerial manipulation. IEEE/ASME Transac-
tions on Mechatronics, 2017, 22(4): 1610 — 1621.

[19] ZHANG G, HE Y, DAI B, et al. Robust control of an aerial manipula-
tor based on a variable inertia parameters model. IEEE Transactions
on Industrial Electronics, 2020, 67(11): 9515 — 9525.

[20] LEE T, LEOK M, MCCLAMROCH N H. Geometric tracking con-
trol of a quadrotor UAV on SE(3). Proceedings of IEEE Conference
on Decision and Control (CDC). Atlanta: IEEE, 2010: 5420 — 5425.

[21] MEBARKIR, LIPPIELLO V. Image-based control for aerial manip-
ulation. Asian Journal of Control, 2014, 16(3): 646 — 656.

B4 R

FRIEHS LR A, B AETHTSIT AR AT LW R LA
ARd%H, E-mail: zhangzp @mail.nankai.edu.cn;

il B WA, HETOT ST AT AN RG], E-mail:
hewei @mail.nankai.edu.cn;

2O RIEER, LA, BETETFT AR A
HLHZ B 5 Se k%6, E-mail: liangx @nankai.edu.cn;

B Ao, MDA, AT FOAHLEE N B FAT I
HAR L BT 5RENS N ARE R4 BEPLE A RS, E-mail:
hanjianda@nankai.edu.cn;

TR HA%, WA, R ST IR AR S P A
PR A IR ~ T8 AL B A =K 22 55 R 3K B & Zi 7% i, E-mail: fangyc @

nankai.edu.cn.



