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Fig. 3. Quadrotor energy consumption with suspended load

position (m)

50

Glao 5L b 939 lgS (Brae 6551 F S

position

40

30

20

[

8 10 12 14 16 18 20
Time (s)

Fig. 4. The quadrotor movement in individual mode from the initial

coordinates to the final coordinates

Slaise 4 adgl Slaise jl olydl b )3 5e5g,0l58 eS8 > pue 1€ JSWI

=k

oYy

Select Two Points in Workspace

v

Input:d_.v,Q,} .G and Q,

i

Discretized the Trajectory to N points

Solve SQP <

KKT Coefficient < 107°

[ The current optimal solution is selected as the Final Path ]

Fig. 2. Flowchart calculation for optimal path planning

Ol i pre dpwloee ©jlagld Y JSS

Silodnds 5> aadodlitul y5ig,0leS (glayial)l 1) Joua

Table 1. Quadrotor parameters used in simulation

asly e S
pm/V av- Ky
V.s/rad a/afav/K, Kz

Nan Fxy.T Ty

Nom.s/rad vxa. Tt Dy

') Y R
kg/m® Py 7 I
rad/s AR VARNY Omax
& ¥ np
kg o]+ 208 mp
m Y r
m oo ¥ €
_ e FA e
- YOV XY F Co
m RRN s Frot
kg/m3 VIYYO p.
kg VY m
m AN )/
kg.m? Sl AN L
kg.m? QAYN I,
kg.m? <IVFY L.
kg A Mot




orientation
10200
10000 B |
X: 0.6667 |
T ogoof | Yilero4 —uw |
g | ol |
Z ool | 2
8 | wal |
g | wl ]
5 o 4 |
2 | |
& 9200 |
g | |
=]
£ 9000
X:0 X:20
8800+ v: 8710 Y: 8710
] [ ]
8600'
0 4 [ 8 0 12 14 % 18 20
Time (s)

F

=5
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Fig. 7. Angular acceleration variations of the quadrotor propellers
from the initial coordinates to the final coordinates
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(P52 52) p3s 15753155 8 o ppn 1YV UG

-
- L
quad] - i
-
of |72 |
— — —qua P P
W
=
[
==
0 ;
0 1 2 3 4 5 6 7 8 9 10

Fig. 12. Path movement of quadrotors formation

Lo y559,2068 AL <8 > pono 1V Y S

sl )5i9)31sS 51 og)S (sly alills el o S gy A i3l s
Sl pgosine 9 (2g)S M o> polaialy 5yn pumy Sl cov Sen
ey (Gl Blis g Joo LB OL el Jhlislan e sl (655
e dlmu;‘;ilaﬂ Sheslazwl b (oolpiiin (gye8 b lo Lacl s
Wl b 03> L5 93 pgiils (ol S 19553158 gl 0dpl]
9IS S e 55 xSl YOI ials i
SOlis oS bgr (gl clls pd yeigy0lsS S s Sl
E3ose (nl g (29,5 b > baygisles )b oo byl iuljél

il a1y o] cowo g 00 (ool aijp &b (9 jrelcuidse Sl



b ,535, lasly Cae o Egane Qr
2Py S glaggly ey ()
oS ol g

259055 0 mo

5999,0lsS" olass no
ol oiws 5o oud Jlesl (g4 Fr
Ols® il R

&S JeSs u
359,018 52 3550 b 5550 alold l
Col i 518 Kb

(S,0) I3a Cunglie ,guS K

20, olass na

R ez ma

oy glad r

on &S L 4

IPsedsis glon Al O abold €
Wlg ol i gy C

HaiS oo Co
sP e ol jaless Kr
2Py Sl jglias Ty

b Sl lasia anlgice TL
)50 (2l Sz oy Dy
2950 sl Oles Ui

b el ples J

B Ceoslis Ri(t)
I g0 L s ol Ky

s¥ge Sy ool K

o5 5ty e(t)

adsl ple; to
sl ol i

sAb e b C

s¥ge Sty ol K

s$5e Ol ad it

lgo J& p

)9y Ebd T'rot

359,155 B pan 5551 E

259 P Mrot

ez mL

etﬁ

[1TL. Yang, J. Qi, J. Xiao, X. Yong, A literature review of
UAV 3D path planning, in Proceeding of 11th World

Congress on Intelligent Control and Automation,

oYo

orientation
0.8
o6 |7 ¢
I Y
I

0.4} r'l !
= !y 1
[ i 1
c ! 1
% 0zf | i S

. B N I3
£ ! ! A
@ i 1 . i hY
= . . . i/ g
5] AT T Y
0 _ﬁ\\/‘ - = — ]
i a
! !
02f ! !
\ ’
\ ,"
s
-0.4

0 2 4 &) 8 10 12 14 16 18 20
Time (s)

Fig. 15. Angular rotations of the third quadrotor around coordinate

axes

clae sljsme Jo> pyw s599,055 oo V0SS

4\>)§| .'\JLL;O u.wl)ﬁ‘ LmuT )lJ L}ob ijly AuDyd ..b']o.))f d)m
S 5Pl Bpan ) i wal )959)lsS Aw odbSpas (555l ggerne
13 &5l Gy LIS Lol G il 51 o5 3] a5 sl 533155
Sl yrne Sly 559l Sl gy & WS o S8 Lo 4y g9 0lo8
S 0o (B pan (5553 50905 duglie) 3y 0500yl ) b g SV
O (559,155 o (Bpan 555 3908 5 (29)5 b 3 5959008
Lalj > 6y MLL el )b (139381 H39,0le S lawgi )b Jox b
bl igles & Cunl (dne s (nl 9 00 (Z e Jg S )
JS LG g ol dw ) Lol Cuns Gollas a5 WS o <S> Wb ly90
Cudll ol (6pS5l> (oL do U laygiglsS olhen 5l «Nalenr ¢S >
a2l p Y (5593055 5l el ya sl (9> slalages duylia)
s3boo b oSl & 5o lye 8 o 5l ble (gl Sl el 5o

s 5b G581 jguin 4 (3l gy el 2 el

e Cuw 08 -1
ds) ¢
b 14
SN o pesliai, Xz
oy Jlosl ,5llhs 7
Ay lagly Cee e o
Slaise gloygme Jo> iyl Gl T Ly I
Z s Jo> 0559y & syl Oles Jr



BYY B OYD dscis YAV Jlo oF 0)lad D+ 093 «yusS ool SilSlo pusiio 4y i3

(2002) 813-825.

[11] W. Guanghua, L. Deyi, G. Wenyan, J. Peng, Study on
formation control of multi-robot systems, in Proceeding of
Intelligent System Design and Engineering Applications

(ISDEA), IEEE, (2013) 1335-1339.

[12)¢J. Fredslund, M.J. Mataric, A general algorithm for
robot formations using local sensing and minimal
commufication, IEEE transactions on robotics and
automation, 18(5) (2002) 837-846.

[13] LH.. Pizetta, A'S:Branddao, M. Sarcinelli-Filho,

Modelling and control jof a pvtol quadrotor carrying

a suspended “leadys"in Proceeding of International

Conference on Unmianned Aircraft .Systems, Denver,

CO, USA: IEEE, (2015) 444-450:

[14] L. Palunko, P. Cruz, R. Fierro, Agile load transportation:
safe and efficient load manipulation with aerial robots,
IEEE robotics & automation magazine, 19(3) (2012) 69-

79.

[15] A. Faust, I. Palunko, P. Cruz, R. Fierro, L. Tapia,
Automated aerial suspended cargo delivery through

reinforcement learning, Artificial Intelligence, 247(1)

(2017) 381-398.

[16] K. Sreenath, N. Michael, V. Kumar, Trajectory generation
and control of a quadrotor with a cable suspended load
a differentially flat hybrid system, in Proceeding of
International Conference on Robotics and Automation,

Karlsruhe, Germany: IEEE, (2013) 4888-4895.

[17] S. Tang, V. Kumar, Mixed integer quadratic program
trajectory generation for a quadrotor with a cable-
suspended payload, in Proceeding of International
Conference on Robotics and Automation, Seattle,

Washington, D.C: IEEE, (2015) 2216-2222.

[18] F.A. Goodarzi, T. Lee, Dynamics and control of

ot

Shenyang, China: IEEE, (2014) 2376-2381.

[2] A. Atyabi, D. M. Powers, Review of classical and
heuristic-based navigation and path planning approaches,

International Journal of Advancements in Computing

Technology, 5(14) (2013) 1-14.

[3] S. Ghazbi, Y. Aghli, M. Alimohammadi, and A. Akbari,

Quadrotors unmanned aerial vehicles: a review,
International Journal on Smart Sensing and Intelligent

Systems, 9(1) (2016) 309-333.

[4]M. Hehn, R. Ritz and R. D’Andrea, Performance
benchmarking of quadrotor systems using time-optimal

control, Autonomous Robots, 33(1) (2012) 69-88.

[5] O. Cetin, G. Yilmaz, Real-time autonomous uav formation
flight with collision and obstacle avoidance in unknown
environment, Journal of Intelligent and Robotic Systems,

84(4) (2016) 415-433.

[6] V. Jeauneau, A. Kotenkoff, Path planner methods for
UAVs in real environment, 12th IFAC Symposium on
Robot Control, Budapest, Hungary, 51(22) (2018) 292-
297,

[7] Z>Fu, J{Yuand Y. Mao, A heuristic evolutionary algorithm
of UAV path planning, Wireless Communications and

Mobile.Computing,.28(5) (2018) 1-11.

[8] L. Cai, J. Jiaand J. Lei, Research on path optimization
with PSO for unmanned«ehiele, International Journal of

Online and Biomedical Engineering, 11(8) (2015) 21-24.

[91L. Kahina, P. Spiteri and®F. Demim, Application
optimal control for a problem aircraft flight, Journal of
Engineering Science and Technology; 11(1) (2016) 156-
164.

[10]A.K. Das, R. Fierro, V. Kumar, J.P. OstrowskisJ. Spletzer,
C.J. Taylor, A vision-based formation control framework,

IEEE transactions on robotics and automation, 18(5)



systems, Berlin, Germany: IEEE, (2013) 1-8.

[22] K.K. Dhiman, A. Abhishek, M. Kothari, Cooperative
load control and transportation, in: AIAA Information

Systems, Aerospace, Eds., (2018) 0895.

[23] F. Morbidi, R. Cano, D. Lara, Minimum-energy path
generation for a quadrotor UAV, in Proceeding of
International Conference on Robotics and Automation,
Stoekholm, Sweden: IEEE, (2016) 1492-1498.

[24] B. Shirani, N. Majdeddin, I. Izadi, Cooperative
load, transport«using multiple quadrotors, Distributed
Autonomoiis Robotic/Systems, Series Springer Tracts in
Advanced Robotics, (2013).

[25]D. Motors, SpeedcontrolsySérvo systems: an engineering
handbook, Electro-Craft Corporation, (1977).

[26] J.F. Gieras, Permanent magnet mofor technology:

design and applications: CRC press, (2002).

oYy

quadrotor UAVs transporting a rigid body connected
via flexible cables, in Proceeding of American Control

Conference, IEEE, (2015) 4677-4682.

[19] T. Lee, K. Sreenath, V. Kumar, Geometric control of
cooperating multiple quadrotor UAVs with a suspended
payload, in Proceeding of 52nd Annual Conference on
Decision and Control, Florence, Italy: IEEE, (2013)
5510-5515.

[20] LH. Pizetta, A.S. Branddo, M. Sarcinelli-Filho,
Cooperative quadrotors carrying a suspended load, in
Proceeding of International Conference on Unmanned
Aircraft Systems, Arlington, VA, USA: IEEE, (2016)
1049-1055.

[21] K. Sreenath, V. Kumar, Dynamics, control and planning
for cooperative manipulation of payloads suspended by
cables from multiple quadrotor robots, in Proceeding

of International Conference on Robotics: Sience and



	_GoBack
	_Ref7143529
	MTBlankEqn

