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Antiswing tracking control for underactuated bridge cranes
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Abstract: The control objective for bridge crane systems is to transport cargos to the desired location rapidly and
accurately, with the cargo swing being as small as possible. Motivated by the desire to tackle this problem, we present a
new swing elimination tracking control approach in this paper to achieve smooth payload transferring while simultaneously
attenuating unexpected swing. In particular, some model transformation operations are performed for the crane dynamics,
and then a novel tracking controller is designed, on the basis of which some theoretical analysis is implemented to show the
boundedness and convergence of the closed-loop signals. In comparison with regulation controllers, the proposed method
can ensure smoother trolley motion, and moreover, it relaxes some constraints imposed on reference trajectories, which
are usually required by most existing tracking strategies. Hardware experiment results are included to illustrate that the
designed controller achieves improved performance than existing methods and shows strong robustness with respect to
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extraneous disturbances.
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Fig. 1 Schematic illustration of an overhead crane

1 e

Table 1 Parameter definitions

W5 BHIEREN R

M BEE kg
m SR kg
L s m
z(t) [EEEXS m
0(t) EEL rad
u(t) Pl N
fe(t) JERE D) N
g A m/s?

ZIE B M RGNS LR L, AR 3IA
B7E L7, fEMEI N A B R B 0-17:19.23.26.281,

BRig 1 AR MO) IR L AE(—m/2, /2) I
FEl A

5T, BT ZES) )2 R G ()T RO v
AL B AR SCIR[17], T I H A7 845 A e
O()VE M4 B “F Bl , B 7E R I AL bR A 3ok i)
By ) 2E R B Ay T A 1 s 4 U R B 2O X
9)). ik, R W g

1

L6. 4
cos 0 b @)

Ir=—gtanf —



328 E R R 75

5 A $32 4

B @A) FEHE, nT13
(M +msin®0)L ..
— ]
cos 6
(M +m)gtan = u — f.. 5)
DALk, AR (5), vt oy Bt hiles b
(M + msin® @)L

U= — w — mLE? sin O—
cos

(M +m)gtan + f,, 6)

Forbrw(t) okl Bh a7 Ak, MR 4) 550
(6), MZEIIBN S TRy DR

0 =w,
) 1 . (7
r=—gtanf — Lo.

cos 6

BE—Ph, € SCaT AR AR
m =z + Lln(sech + tanf),
N =2+ Lsec, 8)
¢ = —gtanh, ¢, = —ghsec? 6.
BRI, A7) B i 2h g AR B g B

— mL6?sin O—

/’;]1 =192,
= G = h(G)G, ©
Cl = <27
é2 = K,

A

A

pE —gwsec? — 2¢6? sec® f tan b, (10)
HA(G) i E g = 9.8 m/s?)
A LG L

M) = gy = el < 355 4D

WT ARG 5, L8 H AR 5 b R
T RIE H AR B pa &b, R 78 20305 70 R Ak
TP RSN, A & 4 aE AT 5P, ARSCK
NG TR 2 (6) (R 148 il L ok BR 001, B &
FEPRERTOR NS 0, (t). 18RI Y EEL)
W, S5 50008, (6) N A W T 454

1) flirg; r.(t) = paHr.(t) = pa, Vt > T;, H
W T ZRAE S IS p o T 75 (P ).

2) 1o (t), 7o (t), 7o (t)BE T

FEL TR ARG, B R A H R 4
(regulation control) [ FEHLALETILEE I IR L & 41
BENOUIHEIERRZ). 5t O M A R i g 722
M, HREE IS B 8T, 72 LIRSS
b, I TFEAME B S 2 U I NN Gerk) AT 5, HERk S
LRI FHO A W) () € Loo, (1) > 0. X8
ZURAEAR RFERE L R T K 2 450 B el A v, ol
FNFT RN 5 R TR . L2 R, AN SCIER

ERE VT 77 1R L B e 4, PRI B H— Mt A SR .
E2 HARERG SR L2 AR RS, Wbl
T4 B2, BN BT RS DRI RS,
¥)J& T Euler-Lagrange R 4t (1505, T AT HA JEH LUK &5
K. b, ASCRH I RS & a2 5, v R
PRUIXLE Z 25 )4 7] .
g SEPR R H bR, ARG S MR ZE

€1 =11 — Ty, €2 =12 — Ty, (12)
es = (1, es = (a,
Ma, gi5R00) 5 12) 5
él = €9,
€y = e5 — hies)e? — iy,
2 3 ( 3) 4 (13)
€3 = €y,
é4 = U.

7 E SRR RIS B, A3 TR iR ZE R 5E
VRGN ARFR A8

§ = Ae,
e e ey ez ea]”, §2[& & & &R
ZAARRAR IS R iR ZE” W, A € RYONINRAR
s

DA IE C C D N TR |
3 2
A= 0 A A+ A 1 ’
0 0 A 1
0 0 0 1
(14)

AP e RUEAEERIZEZEL B4, LA3)rTEE—P%

INUTR:

E1 =36 + X264+ 26 — (NP + M+ 00).
[h(e3)&F + 7] + p,

& =N& + My — N[h(es)&] + 7] + 1,

53 =X + 1y

54 =H-

(15)

it 10(8)(12)—(13) K2l (15), Sy
Lim [&,(t) &(t) &(t) &))" =[0 0 0 0]" =
lim [z(2) 6(t) (1) 0(t)]" =[pa 00 0]". (16)
2, K 2R TR A o () S A8 A Y VT T A TR A
?Eytlirgo &(t) =0.
3 FEZ R (Main results)

A IATE SIS O, X AR RS G S A
S ST b



53 PN KIRE 4T PR 329
3.1 #HI#s it (Controller design) 1&5(2)] < % Vit Th. (28)

FTRASHIB, Bertp(t)anT:
m=— K)‘4sat’71 (51) - Agsat”/z (52)7
NE— A2 — N2 — Ny, (17)
oy (6)F 7 () I AT Y 30, k€ RY A IF 1) 458 o1 3 2,
sat., () AEFIRREL, & LT
e Yy >,
y, |yl <7, Yy eR, v €RT,

L

sat., (v)
—7 Y <=7
(18)
K vy, v2 € RTWEFIRRER) EFR, v BE Xk

1
1= 5 lovlsat, ()] + 2], (19)

Aha € R m RS EL KA TR0y K
A3 Bl (t), BE— DK () ARHER (6) T FHR 2 R 7E Hl
().

AR, HC8)—(19) T4, F(17) 1y (¢) ¥ A2
Al
lpa| < i = X’f)\4(0472 +72) + Ay, =

N1+ & + ak)7e. (20)
XA BHbEER, A, a, 2 > 05244
A <05, ka <1, 21
L2
KA (1 = 2KA) > ﬁ(l + A+ A% (22)
1-3)2> (A; + ;52)A6(1 ELAZJrl;”)QVS, 23)
4 2
1 —Kcm 2115)(\)((11_—%;’;;(3? 1’;22 <t (&
(1424220 rtan)iy, (25)

250k (1 + A)?
3.2 fE5HEF M2 HT(Boundedness analysis)

ANV I RGE 5 A S S s,
e, FIEAE T& ()58, Ak, B XA
A5 JamN AL, w1

& = — N6, (26)
€4 = 1 — X% — Ny 27
Z IS N RV (1):
1
‘/3 = §§§7

R PR 5, (RAR26), I
Va=Ga(= N6t m) < Xl (6] 53).

AR, U[E (1) > m/ N, Va(t) < 0. Bk, 2 SR A7
FEAT PRI Ty, 45

FARHY, EHAN R IE e bR RV, (¢):
1 1
Vi= 5(53 - 54)2 + ﬁﬁ?
M4, HurX26) 5@ SHTH5E N
. 1
Vi=—(+1)&+ X§4H1 <

1
— (A 1)[&l? + X‘@’ﬂy
ZIAII AT AT A, AAAEA BRI ZIT,, 2t > T,

i
601 < 5Ty 9)

[, AT 07, T 00 TR 56 (8), €a(0)ifl
=M TVE > 0,

£(0] < & £ max{ {3, & (0)]},

F A I}

0] < & & max{I€(0) 3575
Horit: £5(0), €4(0)AMEs(t), & (t) IRIBMEL ki, th
X (17)(20) KX (30) %01

u(®)] < = N (14 K+ ar)y + A&+

(30)

Ny € Lo, V=0, (31)
BTG T E (1), 2 XN FAESbr 2 R AL
1
Vo= 55;

X I 96T I ) sk, AR (5 a2 T R
X(17), FHA9), FHHATHEEE, AT 3]
Vz =&a - [— ’@)\453’571 (1) — /\3satw (§2)—
N (h(es)€d + 7)) <
= N|&] - [(1 = ar)lsat,, (&)] — k72—
|h(es)€d + 7] (32)
GG HEPIBM LR FAG, (1) =0, Vi > Tp) K
AR, MFAEREL > max{Ty, Ty, Tt }, 4

K72 LM (14 K + ak)?y3
1—ak  250(1 — ar)(A+1)2
I, Va(t) < 0. P, T a4, v R 177464 R
NZITs > max{Ty, Ty, Tt }, Wi 4t > T3,

Ko LA (14 Kk + ar)?v;
1—ak  250(1 —ak)(A+1)2
Yo = |&2(t)| < 72, (33)
EI»]], LH:HTJ‘S&t,Y? (fg) = 52.

Ffblth, kA 5 & () HEAT 0T, AR ik orar
AL e > Ts)a, RS F A S Xanpr
13BN IR T FEAS N
§1=—= N1+ A+X) - hes)&G—
kA'sat,, (&) (34)

[sat, (€2)] >

[sats, (&2)] <




330 E R/ o

5 A $32 4

BV (t)
Vi(t) =
€[\ sat,, (€)= X (L+A+A%) - h(es) €3] <
— N*|& [[rAlsaty, (§1)] = (THA+A?) - [h(es)EE]-

T, 28 (8) T AAAE R

[sats, (6)] > 250k (1 1 A)?
M, Va(t) < 0. 260U, RS KK RRN >0
(W.=(19)), ?é SERT RSN, AAAER BRI R T, > Ty, 24t
> T,
1€1(2)| < 11 = sat,, (&) = & (39)
I, T IR T B 15 R N LR 1A &
NIRRT
EE 1 T R3155 A7) Fr 4Lk F1 38 &
g5, () (i =1,2,3,4; 1 =0,1), 2(t), @(t), 6(t) &

= &2, W HR IR X (34), W1

3 2.2
(1+)\+/\2)L)\ (14K + ak)®y;

u(t) BT 5T
W e, K (1S Fom i RIS
€= A¢+ By, (36)
K A, By p/BE LU
0 A3 A2 A 1 — (A3 A1 A5)
A:OOA2>\,B:1 -3 ’
00 0 X\ 1 0
00 00O 1 0

p = [p h(e3)&d +i.]".

IR B 5 HE g5, 0 ||€(E) |28 T IR sk S, AR A
(36), FIFSUN Nl TR
2
d”d&tH =26TAE+ 26" By (37)
F 4 2 21), 20(30)— B 1) 458 M ARE— LT A,
CIECSEly/ IS
ETAE < M€l £
PEEE) TR 2/\2+>\ 3\
max (A VI S g
(38)

1€TBu|| < pllgll =
{A+ (A7 + X+ A%)[0.004LEF + amax] HIE],
X Aoy = sup{#, (t)}. 3T, 2RE7) s A W
MMAB RIS T REASE T
dlé]? _
dt
SN IR S

€)1 < 16O + L~ (@t = 1)]. (39

PR, (€ (¢) | A 2= AE AT BRI TR) Py e . el 2X(30) 40

2 maxl €11 + 2014

&3(1),&4(t) € Loo,VE=0. BT LE R TTHE (1),
E(t) fEL < Ty I A FE, SR 38 (33)(35) f1 &1 (¢),
52( VIRt = Ty A S, BRI AR B, & (), &ao(t)
€ Loc. 13U ®)—(9)(12)—(13) L 5L (15) 1] %ﬂ &( ),
&(1), E5(1), a(t), (1), & (t), O() 7 Jt, 2t — 2 th &
)10 5XG)Fu(t)HH. L.
3.3 55kt T (Convergence analysis)
ANATEE TR RGeS 5 RS, 2t > Ty
I, AN FIWB) 15 R G (15) T R A

£ = —rXN'E — (A + M+ N h(ey)E?,
5 = —rMEG = X% — Mh(es)E], w0
53 = —’i)\4§1 - )\352 - >\2§3»
€= —rAE — N3 — N2 — MGy,
58 ST RS bR B R iﬁzV( ):
5 Z &
/&ﬂ(40)%€%ﬁ$ﬂ%ﬂﬁﬂﬂﬂ#’£’b’}
V= — kMEE — N3¢ — N2E2 - 2D — kM6 6—
)\45153 - /f)\4§1§4 - )\35253 -\ 5254—
NE& — N1+ X+ X - hies)El—

A3, - h(es)El. (41)
AR TUATANEESR, (4 1) R A8 ST il A
— KN'& — KAYGE — kATGE <
avse2 Ao N
2R°NE + 152 + ?(53 +£1), 42)
— X686 — N6& — V66 <
%)\355 + gvgg + AN+ %)gﬁ. (43)
@D & E I, M), vt ran
T4
= AL+ A+ A& - hles)l <
1 64 ? 2\2 ¢2
Z)\ &+ 2502(1+>\+)\ )2& <
A1+ k + ar)?yz
4N+ 1)

2
5507 (14 X+ M\*)%¢, (44)

- N6 - h(€3)fi <

2PN (1+ K+ ak)?ys 5, A,
Z e, 45
2502(\ + 1)2 St 8§2 45)

F(42)—@5) RN @) I 13

2
2502
1 3¢2 2 A 2
§A E£2-\ (1—2A)§3—§[1—3A —

&+

V<= [RA(1=260) — ——— (1+ A+ A?)?]e2 -



553 1)

PN T R IKIATR I AR PR R 331

A3 AL? N1+ Kk + ak)?y2
5+ 33 )
(A+1)

N

2 2502 S
B, R QD —23) A, V() A fuE. ik
lm [&,(8) &(t) &(t) &(6)]T =[0 0 0 0]".
H=L (16) &5 e AT A,
lim [2(t) 6(t) &(t) 6(t)]" = [pa 0 0 0]".

VEREA S BN R G, A0 R e B,

EIE 2 AR B EHIEEE QDA
(O) T A3 42 il e (6)) B W PR UE 5 45 I HEAA e A7, 7]
I S BE A SR R b 8 s, AR R,
PR RS54 5t
4 SEHEGE (Experimental verification)

IR AR SR T VA R, AT AR 4R s
WG ERH TSI B E . SEI0-F & ORI B S
SEI I AR B2 WOCHR [18-20].

TG, BRI M = 7kg, MR R
Jm = 1 kg, MAKE AN = 0.8 m, G4 HAMIE &
Hpg = 0.65 m. FLiE EEHE S HUN AR I I 2 28 5 50 A
ELFE], BT, BB IR e AN FE,
FERILT I 65 2/ 3ok BB P P A, 0 7 73 4 ) i i
S F; MRS B SEI R, 5T B R (3), 1)
LM BN ZHFHAT I A A B S HON fro. =44,
e =0.01, ky, = —0.5. 7E 250, 22 Bk ik H

191
cosh(kit — ¢
ra(t) = 2 ' 2k, n cosh(k:lt(— € — kf)gpd) ’
A pg = 0.65 mA HARLE, ky = 1.2, ko = 0.48,
e = 3.9NHLSHL.
A SR MR BIAR SC 7 VR AR A, £E 5 SCHR [29]
Hh TR AR R R 4 g 70 MLQROT VAT HEAT T LR, B
Jei, AR T A B AN T . 2Rk,
T S 155 5256 2 P 2H S in LA i B
SEH 1 (RS b K I S X H AR S
L5 O TR EIOR. 7 R SCRUR, 7
IR SCHR [29]H BRI 2% A LQR¥EHilZR 1TE A K 2
O, SCHR (29 BRESE I 8 I Z5 kT
Uat () = —kpe, — kaé, — Y0,
Hor: e, (1) £ x(t) — 7o (t), WREHUA Ky, =30, kg =10,
Y B 5E SCPE WL SCHR [29]. LQRE IR B A

ulqr(t) = —Kl(x — pd) — K2$ — K39 — K49,
o Hbr ek Bk
J= [ (XTQX + Ru},)dt,
Afts X =[a(t) — pa () 0() 6] Q, RH 51

1
Pa gy

BCAQ = diag {10, 15,150, 0}, R = 0.15, £ 5143
AR MK, = 8.1650, Ky = 16.1178, K3 =
—17.4897, Ky = —5.3552. 5 (21)—(23), A7
ER I 2 ha = 0.1,k = 0.9, = 2, A =
0.49.

SIS N E 2 — 4R, KU ARSI,
A IR BRI 75722 LQR a2 (s il gt AL 7t
MR, BB AR & 250, T332 i Sl
0 L2 5 B3 0] DL, AR STV L SCHR 29157
PO IERE I MR ER S 2 Bk, HLRES S f oA 41
BARA, (EARIE SR ARIES) T R AR
RECAR SO VR KR A 1.3° 5 40, LT Ek A #5411
M SCHR 291 J7 ik ds KRR R 2.5° /e A, HAT W] bk
RIEFN). HLQREEFI L(E ML, 7E 6 Fistr B
FHAE B DL T, AR SCHE I 7 VA R S I FH B
8 IEAb, IS R, A SO i NI
SRR, T LQREE 48 W 75 BB MR a1 il
FUL S ZEWIIR)BEATH.

0.8

T T T
0.6 |- Y
04
02
0.0 L ;

1
0 2 4 6 8

IaVAS

SR

x(t) / m

1 1 1 1 1
10 12 14 16 18 20
t/s

o) /(%)

,2 1 1 1 1 1 1 1 1 1
0o 2 4 6 8 10 12 14 16 18 20
t/s

20 T T T T T T T T T
:E 10:/\//”\/\1 ]
= 9
3

-10

1 1 1 1 1
10 12 14 16 18 20
t/s

2 S 1 ASONESE A R
Fig. 2 Experiment 1: results of the proposed method
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Fig. 5 Experiment 2: results of the proposed method with

disturbances

5 K455 (Conclusions and future work)
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