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Fig.1 A schematic diagram of the quadrotor with slung payload
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Fig.2 Maximum radius of enveloping circle of hanging uav system

MRS T AP R G A 15

ro= \/pz(coszaL sin’ B, + sina;)

r, =L+ r,
Forpr,r, o DUHESE TC AN LVRBER AR LA T A
PLARGE T DU i3 Jo ALV I B (E At e
B, 7 B AR AT . 2 I8 D) S A R X (14) TH5R
HARUZE I AR BUE TR AR ARG . it BE TR
BRI, 0 0 2% (B A RO LT, AR e T AL
R RECEAR A SR B AT S E A S5
SEAR BREL 491 QAT LU SR die M Bl R A

~ %(x+y—|x—y|)<:>min(x,y)

(14)

= (15)
%(x+y+|x—y‘)(:)max(x,y)

KRODWE - FHE N

ro=/p (W + wl) (16)
Hrpw, = ’coscv.LsinﬁL’,w2 = ’sinaL ’

(DA w, > w,, N

rls\/m=\/§pw] (17)

(2)#Hw, <w,, N

ry < /20w = V2 pw, (18)
i) M (18)1%

r1<71=%p(w1+w2+‘wl—wz‘) (19)

#55(14) K5 X (19) B HTE AL R G
iR R s N S

1
T nax = E (Fl + r + ’FI - rZ‘) (20>

Forp  FEmEAEAS I oFF i EETC DL R e G
1N 7 R ELER B O, 7 BT O 7R AR SR o HY
KA a, 5804 b BT BHHERE s BE AR RERT M 2E 1T



76 B

5

wodl % 2021 4565 19 %

WERE . [F R T ML R BE 25 S, AT ARG
GAREES ¢ i RO AR RS .

IR BT B i A 5, Ak TR B — A A ) e
Y1 . >k H GJK (Gilbert—Johnson—Keerthi) 1 EPA
(Expanding Polytope Algorithm )32 , #E47  # JC
LA 2% (5] 55 55 fic DX S Py il A3 A 00 B g .
1 T GIK G301 FL3d TR o AR TR A R s, LA &%
S R AR , TCIE AR A AR P A
HHEZ MR . I, 51 EPA BEEEXT P
Al A J A L R A V0 1) 5 TR B R 5 1)
FFiFaE ITTORAIEE S 44 SRR B8 BE A% 78 S5
U s DRV SR N A R7 e A R B
2.3 LGRiHE*®

BExF ERPCA IR R SR A, E TR A2 /Y
& LGR O3 5k , Fop s 7E 7] LUAR BRAT: 55 20 5
FAELEMER R | IF X 45 8 PR RE TR AR EAT UL AL . 41X
T T AN SR AL R, A H] 42 )5 2 35X
XPIRAAS fE 45 ] A8 B R 3fe 1A B AT AR E AT L
TE— Z 9 LGR L& s i 8l ) 27 75 # DL S HA
FRLTHR, DA TR S5 D422 ) ) A2 Al Ay A e P R i)
AT LOR AL E A TP X Mz e[ -1, 1),
ST BN AR M [B] ¢ RN IE S RATES B ¢ e [ £, ¢,
AT 5 AR

2t
ty — 1 Ly — t,

TERB G IX A 2 e [ -1, 1) N4 A & N> LGR Bt
B (T, T, L, Ty), For

~-l=r,<r,<L<7y <7y<1 (22)
IFHBIARBER Mry,, = DRI TR
AR ] o AEASIE R R, O T 4 R R AL
MG RE , SEBR T i ad hp 3 I B A R
W T ST e P ) P 5 5 R A3 R AT 3 7 R
i 1] Lagrange PA 4 22 90X O6EAR 25 1) 2 448 1 ) 2 A0
e 172 i AT T AU

x(7) = X(T) = Eixili(T)

by + 1, (21)

T =

wlr)= U(r) = 3 UL (7) (23)
Ae)=Ar)= 3 Al(z)

Hrp
Lo = 1 TT__Z’ i=LKN+1  (24)

X, U RA 53530 D DR 28 ri] 5 R o o 7 T

BT A A B T U . 4R (23) AR — A4 R
HATRFIBE, Al o RS A R EOR U

%' (7))~ X'(z}) = W‘illei’(fk) = Wﬁ‘,]DkiXﬂ Dy =1i(z}) (25)
3 A 2 R X AR i B (8] 7 1 5. R I RTRE aK
(8) RS T R B |

N+1 t[ — tO
ZDINXL' = 2 f(X,U,A,, 7)) (26)
i=1
Hrp
N+l
N+l »H-;Tk -7
D(z,)= Y =" ———,k=1,2,KN,
=1 H 7, -1,
Jj=0,j#i
1=1,2,KN + 1 (27)
3K (8) F A% s o5 R (E A28 24 TR 28 ) D i ok g i )
&d(X,,U,)=0 (28)
OX,,U,7,; ty, 1)< 0 (29)

AT R Y Gauss BR324 A0 20 (11) X1 A4 H AR
PRBCIEAT BRI AL . BT BRIV O T AL
B P A 1] e A T AR v Y 3R 2k R R
(Nonlinear Programming, fRIFR NLP) [r] 55t

3 BEMEER

AR 38 3k B 5 B0 AR I R Ak T
HEAT B AZ IR . 3R 145 T EoR 0 i T AL
RGP SR, 3% 2 M EETC AN Ih RS F i
RSN SH0, 3 3 M INAE B2 L BRIR R S
B BEE RETHTIE] e, = 4s, AN RS p, , K
T2 p,. . %€ RECERE 51 3N
Q' = diag(0y, 5, 15,5, 10 X I, 5,04, 5, 10 X I, 5, 15, 5)
R’ = diag(10 X I, )

BOE 5 FC, SR e T O 5 R A 45 il
GPOPS (General Pseudospectral Optimal Control
Software ) X e Aft ] BUHEA T B 6L, 08 H hp A 16N

(30)

xR1 BRELXANREHNMESH
Tablel Physical parameters of hanging drone system
Parameters Value
k Im
m, 1.32kg
m, 0.2kg
I, 0.65m
L 0.225m
I 0.026432kg- m?
I 0.01768kg - m?
I, 0.01764kg"m?
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Table2 Position and speed parameters of the initial state and

end state of the hanging drone

Parameters Value
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ol oo 07,0°,0/s,0"/s
Q0,00 07,0,07/5,07/s
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PoPPoP; 0.65m,0.65m,0m/s,0m/s
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Table3 Path constraint parameter

Parameters Value
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Fig.3 Trajectory diagram of the UAV with slung load
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pendulum angle(c) of the UAV with slung load over time
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TRAJECTORY OPTIMIZATION WITH SWITCHABLE
ENCAPSULATING CIRCLE FOR QUADROTOR CARRYING
SLUNG PAYLOAD *

Kang Jingjie Huang Zheng Wen Hao'
(State Key Laboratory of Mechanics and Control of Mechanical Structures , Nanjing University of Aeronautics and Astronau-

tics ,29 Yudao Street ,Nanjing 210016, China)

Abstract Trajectory optimization of a quadrotor with slung payload is addressed by accounting for non-circular restric-
tion area of obstacle and the requirement of switching between different encapsulating circles of the whole system. First,
a dynamic model of the quadrotor with slung load is established based upon a unified description of the strained-relaxed
tether through introducing a complementary constraint. And then, the method of R function is employed for constructing
a unified description of different encapsulating circles, and the distance between the encapsulating circle and the restric-
tion area of obstacle is calculated using a collision detection algorithm. In addition, the obstacle-avoidance trajectory op-
timization problem for the quadrotor with slung payload is modeled by nonlinear optimal control method. Furthermore,
the Legendre-Gauss-Radau pseudospectral method is used to discretize the open-loop nonlinear optimal control problem
into a nonlinear programming problem such that the optimal trajectory of the system can be obtained through numerical

solutions. Finally, effectiveness of the controller is demonstrated through a numerical study.

Key words quadrotor with slung payload, trajectory optimization, collision detection, encapsulating circle
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