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Abstract: This paper presents an energy coupling-based adaptive control scheme for an unmanned quadrotor trans-
portation system which is subjected to modeling uncertainties and underactuated properties. A new storage function is
constructed based on energy shaping methodology to deal with dynamic states coupling of the unmanned quadrotor trans-
portation system. A neural network (NN) is used to estimate the time-varying modeling uncertainties with on-line weight
tunning. And an adaptive nonlinear control law is developed to compensate for unknown parameters in the dynamics model,
while the NN approximation errors are compensated by using the signum function. Lyapunov-based stability analysis and
the LaSalle invariance theorem are employed to the stability of the closed-loop system, and the asymptotic convergence
of the payload’s swing motion and the quadrotor’s position errors. Finally, real-time flight experiments are performed
on a self-build indoor unmanned aerial vehicle (UAV) testbed. The experimental results are included to demonstrate the
effectiveness of the proposed control law.
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Fig. 1 The unmanned quadrotor transportation system

LR, T AHL RIS RGN A 5 T ELHIE
HIBh 7R AT RoR

M(q)i+C(q,9)q+G(q) + F(q) =n, (1)

Hrqt) = [y(t) z(t) v(t)]T € R*AREKR ZRR IR
B y(t), 2(8) 7 MR RT AN (y 77 )5 T
BTz T7 IS () N gz 5 R B T In] ()%
f1; M.(q),Cl(q,q) € R*3 G(q) € R¥FHIFRRNTEAN
BLIHETIE RGO BERERE | [m).C JJAERE L By ) &
F(q),u(t) € R34 ml R To ANHLI 52 21 2 < B )
) 5 A ST AWLBR 2 Tt 7943 Je) . =) H M. (q)



FRGEIRAE: TE AN IE RGN HIE N 1001

ERE
ik N
my + Mg 0 mpl cosy
M.(q)= 0 mp +mg mplsiny|; (2
mplcosy mplsiny  myl?
C(q, ¢)IFIEAN
0 0 —mplysiny
C(q,4) = |0 0 mplycosy |[; )
00 0

G(q)WFIEXN
G(q) = [0 (my+mq)g mpglsiny]s @)
F(q)h#iay
F(q) = [fay fau 0" =
[deiy+ Ny(@) .2+ N,(¢) 0]"; (9
u(t) RN
u(t) = [uy, u, 0]". (6)
K@) Hm, Smg s 5 8 78 & 5 B AP . 5
G fay ()5 fa, (t) 3 AT H BT ) L
B2 1 Ny (4), N, () € Loo Sy 6B A 52
By dy5d, 2 A e R B AR AR ST R R
w17 X (1) 5 152
(my + mq) i + myl cos ¥y — myl5? sin v+
dyy + Ny(4) =wuy,
(my 4+ mq)Z + mylsinyy + mpl5? cosy + o
(mp + mq)g +d,z + NZ(Q) = Uy,
mplij cosy + mylZ siny + m,*y+

mpglsiny=0.
Rk 1 MERBBALENEE T AN T,
By A AR TE AL A y () G5 28005 2
—5 <) < 5 (8)
Ri%2 MEMARKBEARKERN, HKEAS
KA.

ARSI H AR LI Y e 378 ALy 77 181 Fl 2 5
B BN 225 E 1) H AL E (ya, 2a), [FIN AU
FEriaYesEo, AP

Jlim y(t)=ya, Jlim 2(t) = zq, Jlim v(t)=0. (9)

DNSEBL A LA H Ax, IE SO e 3 e AHLEI AL
HIREN

e}’(t) - y(t) — Ya, ez(t>
3 fE gt

ETReEREEH A HE N AR H % H

i B2 R T 2 BRI B RGeS0 AT R

=z(t) — zq.  (10)

TEV e T AN T2 R A EBEUA e S
RIAKRSEAHE T, Wit 7 —FhE T ReEIEMIM
2 = PR VE| S5 Rt WA Rs
3.1 BEEEE
VUl I ML M IE KRG FINURRE E (1) € SCN
E = %QTMC(q)(j + mpgl(1 —cosy).  (11)
X1 R—Firi (A S ECh
E=q" [u—F(¢)—G(q)] + mpgl sin vy =
Y(uy — fay) + 2(uz— faz— (mp +mg)g). (12)
H TV E T AN M2 RARIKSFHERE,
AR RERBETE 712, B R MG 5 I AR HHm A
FH2U PG| N LU BN E S DAL EE R G A 45
Xp =Y — kisinvy,
pp = 2 + kycosy — ks,
HAdk, ky € RTEIESLHSE. N )G s 4%
it SR ZEAE Ty (t) He, (1) N
{Ey = Xp — Ya = €y — k1siny,

€, = Pp — %4 = €, + kycosy — ks.

13)

(14)

MARA3) T REE R B E, (1) = E(t) + Eq(t),
Fo—Pivrt a) T o 2
Ey = Xp(ty = fay) + pp (s fas—(my, +mq)g) =
E + Eq, (15)
W B2 (1) i s T
Eq=—ki(uy — fay) cos i —
ka(u, — fa, — (mp + mg)g)sinyy.  (16)
RN By (1) BATAR MBS, TR By (t). B Ea(t)
RN, 4k = ke = k € RT, 715
Eq = k(mp + mg)gsinyy + kmgly5y.  (17)
X (17 PR B 7, A
Eq=k(m,+mq)g(l—cosy)+ gmql"y2 >0. (18)
aiaan5RA8) T LIGE

1. )
E,= §qTMC(Q)q + (I + k)myg(1 — cosy) +

kmqg(l — cosy) + gmqlﬁQ > 0.
19)
NPT e B AT A e K, S S T4 B R AL
E,=kpy In[cosh e,]+k,, In[cosh €,] >0, (20)
Hrbkyy, kp, € RTYIESHL
MRAE(19)-(20), H3E EA7 Ak R ECN
E, = E,+ E,. 2D



1002 7= h ® w5 M H 337 %

B CL BRI E, By > 004 HAX 2g = 0H.g = O E X d, 5d, I THRZEN
E, =0). dy = dy — dy, d, = d, — d,. (30)
32 PPt B d, (£)R1d, (1) 1 EE R T

H1 Z0(7) TN, AR SO DY e 3 o AL 32 75 < UFH : 1 ,
AR A 2 N dy = —)\*ly(y — kcosyy), an

N(d) = [Ny(@) N,(@)]", 22) d, = —5-#(2 — ksin),
. REiN MEYO . . . 3 2

ﬁﬂiﬂl@_(q)llfﬁﬂﬁﬂﬁa% DIN@DIELo: DN ) 3 ¢ REHIESHSH
=0.3¢=0 SIALL R

AR P SEARA T B 2E R A
Grrh KBl )RR AN o 22 P=1, & . (32)

N(g) = WTa (V") +e(d), (3  BHWOREHRN

RV € RNe W =W, W] € RV-*2 45 5 W = proj(—Aa(V"¢)P"), (33)
SN A R IR, o () PSR AL i A e RY2 N Sgnt £ IE RN, AREW (¢) I
ﬁ”vﬂ Van, [IWl < Was e(@Q WM ESIEIT R 5k R33) P854 5 T proj () (A n R 1231
%, Ale(@) < em- ) fijy Wi < Wij < Wi

He T @IV BLHRZ N4 N ()% N (§) BT, PNy

N N . ) — 17 1] Z] 111111 M Z] / b
HAkh A - proj(pi;) e, gyt iy <0, O

N(q) =W (V7q), (24) 0, Jift,

Kofe W(t) € RVRWHKI A i 8, V e RN 0] Hoop. Wi =1,2,-- Ny, j=1,2)—RWHHITE,

e — A8 B R . ARSI USRI B o () M IEBZ XL
%, Mo (z) = tanh 2.

W R 4 (A TR 22 N () Sk B iR 2 W
fI5E SR

N(¢) = N(¢) — N(9), (25)
W=WwW-W. (26)
ST S B8 T SR E VAT, I NGB
BN (t) = [Ny (t) Ns(t )]T
N*=-WHo(V'q) —a(V'q) —e(d). @7
H W< W, eI <en, o (VT G), 0 (Vg A 0T
HIN* ()G, A|N*(t)| € Loo.
3.3 EhlES BEMERTH
a0 (14)sR— W] S5, 7T LA
gy =X, =¥ — kcosy,
{éz =p, =% — ksinvyy.

(28)

B HEH Ay (0) Su, (6) N

— kay tanh &, + dyy+
Ny(@) — Pisgney,

u, = — kp, tanh e, — kg, tanh €, + a?z,é—l—
(my +maq)g + N, (4)

uy = — kyy tanh e,

— Pasgnéy,
(29)

Kb dy (0)Fd, (£) 7 B d, Fild, BIE LA THE, £, 5

B AIE RN

Wijpae T Wi %%Ui%ﬁwua’m?ﬁu??%
4 Ttk
NITE IR SRS E MM, 27530k [24), SIARLUR
512,
S 1 ESUHBIREL(t) N
L(t) = PT(N* — Bsgn P), (35)

Hrp: g = diag{[B1 Ba]T} € RYZNIEH HKt 1.
li%%A BB > ||NF ||, =1, 2, W F AT

fo L(r)dr <O0. (36)
i X AGe) EMHATR B 5 15
[ Lrydr = [[(N; ~ Bisane,) -¢ydr +
fo( 5 — Basgne,) - £ T (37)

tiey < 0, MNy — Bisgné, > 0. e, > 0, WNy—
Bisgnéy, < 0. HAT

(N — Bisgney) -
5 BT, = O, 265 A

¢, <0, (38)

[F]3E R] 15
(N3 — Bosgné,) - €, < 0. (39)
s R(38)-(39) A 3R(37) T 14 @Jf m)dr < 0, 3l
FASHIE.
EH1 TR AN BESE R



5 1

FRGEIRAE: TE AN IE RGN HIE N 1003

gt, (R NHU 22 AR AR R S H S A A
BEVERIZIART, Qo) H Bt AR L P15 i 45 fig
5 SEHIC KAL) A iy B, [R5 53 )
TR RENS PRI SR 0, R

Nm[y(t) 2(t) v(t) 9(t) 2(t) ¥(8)]=[ya 24 000 0].
(40)
WE NITEJE ST, E SCRBIEREQ(t) N
Q=- fot L(r)dr. (41)
BRI VR R AR R ALV () 4R
V:Et+Q+%tr(VT/TA*1W)+%d~§+%oZ§. (42)
X (42) R —Ririf [a] 4L, 717
V =
By 4+ Q + te(WTAW) + Md,dy + Nod,d, =
Ey(uy — fay + kpy tanh &) + &, (us — fao +
k,, tanh e, — (m, + mq)g) + Aldyciy +
Nadyd, — Niéy — Nié, + Baléy] + Baléa] +
tr(WT AW, 43)
4X(29)(35), @3 TN
V < —kay tanh é,é, — kg, tanh &,6,<0.  (44)
HHIEAT ANV (1) € Lo, MIHE(19)-(20)F120(29) 7] %01
y,é,"y,sy,az,ey,ez,W,Jy,dz,uy,uz € L. (45)

T ph 2 AR AR i BRE B
i EAMEER={(y, 2,79, 49|V (t)=
0}, fEQHH

€, =1y — kcosyy =0,
y=UY Y 46)
€, =%2—ksinyy=0,
NGRS
g, =4 — kcosyy + ksinvyy? = 0,
y =Y Y Yy @7
g, =% —ksinyy — kcosvyy? =0,
e, = e, — ksiny = a,
y y Y y (48)
g, =e,+kcosy—k=aq,.
FER @A), oy, o, WARFIHHL. H(48) T 15
é, =i = kcosyy — ksinvyy?,
y =Y Y Y (49)
€, = % = ksiny¥y + k cos y¥>.

WRANRANR DL, 24 F AT B A5 2
_ k(uy — dyy — Ny(q)) _
k(m, 4+ mq) + myl v
k(u, — (mp + mq)g — d,2 — N,(q))

= k(m, +mg) + myl -

(50 Hro, # 08w, #0. HIEEF 1S g(t) =, -
t+9(0) — c0BiZ(t) = v, -t + 2(0) — oo, Hit — 0.
X5 @ESHMTIE, FUIEEARNAL. BIA15

j=0,%=0. (51)
BER, ARHE (S0 A Hlu, — d,2 — N, = (my, +my)g,
uy — dyjy — Ny = 0.
[ 2, AR
Y= DBy, z2= P, (52)
Hrg, #0883, # 0. My(t)=74, -t + y(0) — ook
2(t)=p, t+ 2(0) — oo, Kt — oco. A e, —
ooHle, — oo, X5 (A5 F &, Kl A AL
ETUESTH

y=0,2=0, (53)
BETA LA TS8RO
{ iy tanh 0y + N(6) = N (@) =0,
— kp, tanh o, + N,(¢) — N,(¢) = 0.
BB G (TS
{ mpl cos vy — mylsiny4? = 0, 55)
mpl sin vy + myl cosyy* = 0.
EIERAE(SS) AT 2
4=0,9=0. (56)
K (53)(56)ANK (54 TR
ay =0, a, = 0. 57)
K XGEDEO)RNRT) P37 IR 2]
siny=0=v=0. (58)
RSN @8), AT LA
e, =0,¢e,=0. (59)

o8 LA, EE I15E.
5 SLRLHE

NESAEA ST HH ez i o DU e 38 AML M EESS
18 R G M ) B8R, AR SCHE W B2 Frs 1 25 P S 56 F
BRHT 7 SEPR AT LS. ARSI A A RS
R mqy=1.055kg, m,=0.066kg, {=0.853 m. S
36 A & e DU e 38 e AL a6 467 B AN H ARz B 7 71
ANyo=0m, zo=—1.Tm5y;=3m, zg=—1.7m.

AL THI AR L I A A S H 20N

ko, = 5.5, kp, = 9.75, kqy = 7.2, kg, = 15,

]i' = 02]., )\1 = 5, )\2 = 02,

B = diag{[0.01 0.01]"}.
FRE 2 BE S 21 R B0, Far s E R WA %
R0, H T R E0E90.02.



1004 B owo#H w5 N

37 %

2 MR TEANMET B RAELR T 6
Fig. 2 Experiment testbed of unmanned quadrotor transporta-
tion system

A BTE B AR Ze v i) 28 5 de kO T g
(linear quadratic regulator, LQR){& 1| 28 3E47 1 X} Lb 52
55, w et DU e 3 o AL T is KRG T AL,

Pa(t) =y 2y z ¥ V|MERREEE, o(t) = [uy
u )T, h(t) = [y 2T al i A E S, HRES
S [RIFRIE N
i(t) = Az(t) + Bo(t
@(t) = Az(t) + Bo(t), ©0)
h(t) = Cz(t) + Dv(t).
fEEIMATLABZ AL T B S RI T AN B HTIZ 24
E’Wﬁ*/‘lfﬂ%ﬁﬁiﬁﬂ?
(00000 06131
00000 O
4_|t0000 0 |
01000 0
00000 —1221
00001 0
[0.9479 0 ]
0 0.8921
(61)
s_| 0 0 |
0 0
~1111 0
- 0 0 -
(001000
¢= 00010 0]’
p-|° 0]‘
\ 00

WA — M sl dabs J (¢) 9
J = % (@ ®)Qw(t) + v () Ru(t))dt,  (62)
Hrp: Q € RS*6, R € R2*2NIEEAERE. FE T B4

RIFEIQ, RIFEVEH, 722 Pr AT SR8, MRS
B AT RS TR Q, R, il 2 406 L SEIG AT L
PRARAT R, OIS o S R4 -

(1 0 00 0 O
01000 0 0 0
0= 00 20 0 0
o 0 040 0 o0’
00 00 01 0 (63)
0 0 00 0 0.1}
0.15 0
\R_ l 0 051‘
AT LQRIEHI BEAE Y K 122180
K=
o 3.6515 0  —0.3887 —2
148342 0  8.9443 0 0|
(64)

MLQR¥%HI| 23 HIFRIE N
u, = —4.0427¢ — 3.6515¢, + 0.38875 + 27,
u, = —14.83423 — 8.9443e¢,.
(65)
TKAT SIS R a3 4T, B3R T R A

SAEH N AN By (), 2(t) LLE AR A (1) BE
I TR A2 AL (R 1 L. PRIA 1 74 i o) 5 4 il g

Uy (£), 1 () UK DU I NHLAHS F b (£) WIS 1148 1k
B L.
g 4L
S 2
\S 1 1 1
0O 20 40 60 80

@/ ()

20 40 60 80

— AR —

3 MU AN B y (), 2(t) 5 HHIEM (1)
Fig. 3 Quadrotor’s position y(t), z(¢) and payload’s swing an-
gle ()

H1 B3] LA Y, FEAS SO AR 2 2 ) 4 (4%
#N, T AL Ry (¢) FoHE 1, 10 AELQRE% il #5-4%



5 1

FRGEIRAE: TE AN IE RGN HIE N 1005

HIET, y(6) 7 ARG B RIZY, H B i 3
0.3 m. XtF aRIE My (¢), ALt g H] N fiak
A RESN, HAEBA AT R AL i
FLLQR¥zHI| 2% 56 /N, ARHE B4 v 4, AELRMEd i 2R A
Ty (0) RSO R, 85 & T ANUNR Mo (L) 1)
TSI RERAE, AL M da il 88 32 il 25 R L LQR % i)
AL,

Z T T T
=) 1 ! 1 ]
20 40 60 80
t/s
Z
=
g\ 20 ] T T T ]
S Opfv
F -20 - L L ! 1
0 20 40 60 80
t/s
— desktkEmEs e M O AR

K 4 FEH A uy (£), uz(t) Fo(t)
Fig. 4 Control inputs uy (t), uz(t) and ¢(t)

A E SCHTE NN B 2NIE B b B 5% 157 217
W ARG AT, IR E e AL N AR BT 7 0 %
TN 18] A 28 40 B4 18 45 I TR). X PR3 FR 2520 s B 2580 s
RGUREBBRIRRS T REEAT 2 B0, 9095y (1),
2(t), v (6) 0 B SE56 Bs R B AR = 351E, btz
DL e KA 22 . R VR AR SCHT e H (M AR 2 M 42 il 28 A
LQR¥Z M| g5 X b &h

&1 FREIESAT
Table 1 Analysis of experimental data

RIS LQREEHS:

PRI sy 5.419 s 9.838 s

0.0097 m 0.0408 m

TS REE 0.0199 m 0.0242 m
0.4652° 1.0312°
0.0087 m 0.04 m

B REHEZE 0.0058 m 0.0087 m
0.5521° 1.2519°

0.033 m 0.116 m

RN PN T 0.029 m 0.038 m
1.9481° 2.8075°

R IR AT AN, FEAR AR N, B ALK
7 AL RSy (t) BT I 8] /N T LQRAZ il &%, [R] Hf:

2o PR ) B AR ARSI TE AN By (1), 2(t) LK S dk
2 Ay () T2 A58 25 M W v 22 | B K IR 22 38 /8
TLQREZHIEE. 5& B3 sz L i &, » T A
WLAL BB 2 1, I 2k 1k 5 1 B3 00 42 o1 ORS J5E AR T
LQRIZ 1 8%, I FLAA S8 PEBUT o T 5 8038 Ay (£) I
P, FEL PR B E AT I AR P AR S A R
(R33N, BAISRE, A SO T ARt i 28 B
Sy ERE RGeS
6 45

b DU e B TE AL I 538 R G, A SCF R HLAE
FERIR A 52 M 52 S BB RECRAIIATIR T, 424
TR T RS BRSSO R i R
U AELR A TR R B R 1, R A T2 B s &
BEPE | AN AR 2 N 25 1 A TR 22, R, Wit T
SR TERIRIELAMER TN SEL. A0S 2R
TR AN FE SR AR M JE R o P PR 2R 45 0 R v Tk
A7 TAEW. BT, S2BR AT SEOi A ST r AR etk
P32 SLQRESHISSHEAT X Lh, S 4h B3 W A S H
H R SR B BT SR

JE 8 TR Fe DU e T KL I8 R %
B FRBII 1 e 12 B 1 R, LA TE KU B
TR ZEA PR ]S S 2 ] SRS I A

SEHk:

[1] NEX F, REMONDINO F. UAV for 3D mapping applications: a re-
view. Applied Geomatics, 2014, 6(1): 1 - 15.

[2] ZARCO-TEJADA P J, GONZALEZ-DUGO V, BERNI J A J. Fluo-
rescence, temperature and narrow-band indices acquired from a UAV
platform for water stress detection using a micro-hyperspectral im-
ager and a thermal camera. Remote Sensing of Environment, 2012,
117(1): 322 -337.

[3] MERWADAY A, GUVENC I. UAV assisted heterogeneous networks
for public safety communications. Proceedings of the 2015 IEEE
Wireless Communications and Networking Conference Workshops.
New Orleans: IEEE, 2015: 329 — 334.

[4] TOMIC T, SCHMID K, LUTZ P, et al. Toward a fully autonomous
UAV: Research platform for indoor and outdoor urban search and res-
cue. IEEE Robotics & Automation Magazine, 2012, 19(3): 46 — 56.

[5] XIAN Bin, ZHANG Xu, YANG Sen. Nonlinear controller design for
an unmanned aerial vehicle with a slung-load. Control Theory & Ap-
plications, 2016, 33(3): 273 — 279.

R, TR0, AR, TTANLRH ATIARZR R T 2050t 422
5N, 2016, 33(3): 273 - 279.)

[6] WANG Shizhang, XIAN Bin, YANG Sen. Anti-swing controller de-
sign for an unmanned aerial vehicle with a slung-load. Acta Automat-
ica Sinica, 2018, 44(10): 1771 - 1780.
(EFrE, B, M. TN R UT RERREE S it A3l
4%, 2018, 44(10): 1771 - 1780.)

[7] LIANG Xiao, FANG Yongchun, SUN Ning. Trajectory planning and
tracking controller design for a planar quadrotor unmanned aerial ve-
hicle transportation system. Control Theory & Applications, 2015,
32(11): 1430 — 1438.

(B3, 77 B4, oy PIHIPY R RN AT 38188 RERI TR
5 PR A SO RIS 5N, 2015, 32(11): 1430 - 1438.)



1006 7w w5 N H 374
[8] LIANG X, FANG Y, SUN N, et al. Nonlinear hierarchical control for Control Theory & Applications, 2016, 33(10): 1352 — 1358.

[9]

(10]

(1]

[12]

[13]

[14]

[15]

(16]

[17]

[18]

unmanned quadrotor transportation systems. [EEE Transactions on
Industrial Electronics, 2018, 65(4): 3395 — 3405.

LIANG X, FANG Y, SUN N, et al. A novel energy-coupling-based
hierarchical control approach for unmanned quadrotor transportation
systems. IEEE/ASME Transactions on Mechatronics, 2019, 24(1):
248 - 259.

SREENATH K, LEE T, KUMAR V. Geometric control and differen-
tial flatness of a quadrotor UAV with a cable-suspended load. Pro-
ceedings of the 52nd IEEE Conference on Decision and Control. Flo-
rence: IEEE, 2013: 2269 — 2274.

TANG S, KUMAR V. Mixed integer quadratic program trajectory
generation for a quadrotor with a cable-suspended payload. Proceed-
ings of the 2015 IEEE International Conference on Robotics and Au-
tomation. Seattle: IEEE, 2015: 2216 —2222.

CRUZ P, OISHI M, FIERRO R. Lift of a cable-suspended load by a
quadrotor: A hybrid system approach. Proceedings of the 2015 Amer-
ican Control Conference. Chicago: IEEE, 2015: 1887 — 1892.
CRUZ P, FIERRO R. Cable-suspended load lifting by a quadrotor
UAV: Hybrid model, trajectory generation, and control. Autonomous
Robots, 2017, 41(8): 1629 — 1643.

ALOTHMAN Y, GU D. Quadrotor transporting cable-suspended load
using iterative Linear Quadratic Regulator (iLQR) optimal control.
Proceedings of the 8th Computer Science and Electronic Engineer-
ing. Colchester: IEEE, 2016: 168 — 173.

GUERRERO-SANCHEZ M E, MERCADO-RAVELL D A,
LOZANO R, et al. Swing-attenuation for a quadrotor transporting a
cable-suspended payload. ISA Transactions, 2017, 68(5): 433 — 449.
CARDOSO D N, RAFFO G V, ESTEBAN S. A robust adaptive mix-
ing control for improved forward flight of a tilt-rotor UAV. Proceed-
ings of the 19th International Conference on Intelligent Transporta-
tion Systems. Rio de Janeiro: IEEE, 2016: 1432 — 1437.

ROSALES C, SORIA C, CARELLIR, et al. Adaptive dynamic con-
trol of a quadrotor for trajectory tracking. Proceedings of 2017 Inter-
national Conference on Unmanned Aircraft Systems. Miami: 1IEEE,
2017: 547 — 553.

HE Bo, FANG Yongchun, LIU Hailiang, et al. Precise positioning
online trajectory planner design and application for overhead cranes.

(19]

[20]

[21]

[22]

(23]

[24]

(el 77 B4k, xg, 5. Mt SEAURS M E A AR PRI 72
BT RS EHER SR, 2016, 33(10): 1352 - 1358.)

SUN N, FANG Y, CHEN H, et al. Adaptive nonlinear crane control
with load hoisting/lowering and unknown parameters: Design and ex-
periments. IEEE/ASME Transactions on Mechatronics, 2015, 20(5):
2107 - 2119.

JIANG Xinran, XIAN Bin. Immersion and invariance adaptive con-
trol for a miniature unmanned helicopter. Control Theory & Applica-
tions, 2015, 32(10): 1378 — 1383.

GEFEIR, B, NN ETHIRN- AL B s M. 0 S
5, 2015, 32(10): 1378 - 1383.)

SUN N, FANG Y, ZHANG X. Energy coupling output feedback con-
trol of 4-DOF underactuated cranes with saturated inputs. Automati-
ca, 2013, 49(5): 1318 — 1325.

PATRE P M, MACKUNIS W, KAISER K, et al. Asymptotic tracking
for uncertain dynamic systems via a multilayer neural network feed-
forward and RISE feedback control structure. I[EEE Transactions on
Automatic Control, 2008, 53(9): 2180 — 2185.

MA Bojun, FANG Yongchun, WANG Yutao, et al. Adaptive control
for an underactuated overhead crane system. Control Theory & Ap-
plications, 2008, 25(6): 1105 — 1109.

(B2, 7B, 54, & RN mERSG B G NE. 2
| EEE 58, 2008, 25(6): 1105 — 1109.)

XIAN B, DAWSON D M, QUEIROZ M S, et al. A continuous
asymptotic tracking control strategy for uncertain nonlinear systems.
1IEEE Transactions on Automatic Control, 2004, 49(7): 1206 — 1211.

A A

Bedk WiEAtuAs, HOATOT T R e Fo AL AR 2 1 s

E-mail: hanxiaowei@tju.edu.cn;

R R, AR, LERTTOT RO ARAENE R R T

MHLR G S 2 R A%, E-mail: xbin@tju.edu.cn;

B &

B 2R, 3 WS TT 1) T8 AL A AR 2 1 1 o,

E-mail: yangsen1991 @tju.edu.cn.



