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In practical applications, a crane must achieve both precise positioning and ef-
fective suppression of swing. However, these dual requirements often present a
contradiction: the acceleration and deceleration of the trolley may induce oscil-
lations in the swing angle. This phenomenon stems from the inherent complexity
of crane dynamics. On the one hand, cranes exhibit underactuated characteris-
tics, as only the trolley is equipped with an actuator, while no direct actuator con-
trols the swing angle. On the other hand, cranes possess highly coupled nonlinear
dynamics, where actuated and unactuated variables interact, increasing the com-
plexity of control design. To address these challenges, this paper investigates anti-
swing control for an overhead crane under disturbances. The proposed approach
suppresses swing by coupling its integral information with the trolley position and
introducing negative damping into the unactuated subsystem. To handle distur-
bances, both matched and mismatched disturbances are incorporated into the
control channel and compensated through feedforward mechanisms. Theoreti-
cal analysis demonstrates that the designed control system is stable. Simulation
results validate the effectiveness of the proposed approach.

1. Introduction

Cranes are a well-known class of nonlinear underactuated systems, with overhead cranes widely
used due to their relatively simple structure. Structurally, an overhead crane consists of arail, a trolley,
and a suspended rope [1-4]. Minimizing payload swing during trolley motion is crucial for ensuring

operational safety.

The current researches on crane control can be classified into open-loop control and closed-loop
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control methods. For open-loop control methods, typical examples include input shaping and trajec-
tory planning [5-8]. The closed-loop control methods, including sliding mode control [9, 10], flatness-
based control [11, 12], and energy-based (passivity-based) control [13-15], have consistently played a
key role in addressing the anti-swing issue of cranes. In the studies of SMC, actuated and unactuated
states were typically to form sliding variable. The idea behind this is to enhance the dynamic behav-
ior between driving and non-driving variables through coupling. This treatment can also be found
in energy-based approaches. Researchers argue that this enhancement can improve control perfor-
mance and effectively suppress payload oscillations.

The cranes are often deployed in complex environments, such as factories and ports, often face
various disturbances. However, most of these methods exhibit limited robustness when cranes suffer
from disturbances, especially mismatched disturbances. In overhead cranes, robustness in this con-
text refers to the ability to suppress payload oscillations while maintaining precise trolley positioning.
For example, when wind-induced swing is significant, the trolley should respond swiftly to mitigate
oscillations. When external disturbances subside, it should restore positioning accuracy without com-
promising swing suppression. At present, extensive research on crane control has aimed to enhance
robustness by mitigating disturbance effects. For example, the works of [16] and [17] used adaptive
approach to deal with the unknown disturbance. It should be note that disturbance observer (DO)-
based control algorithms have also received significant attention in the literature. Many types of dis-
turbance observers have been proposed for overhead cranes, including extended state observers [18],
nonlinear disturbance observers [19], and fixed-time disturbance observers [20]. However, the above
approaches primarily address matched disturbances, while suppression of unmatched disturbances
remains largely unexplored.

Motivated by the above discussions, this work focus on the anti-swing strategy for overhead cranes
under matched and mismatched disturbances. The main contributions of this paper are summarized
in the following:

1) A sufficient condition for stabilizing the unactuated variable is proposed, and from which, an
auxiliary signal capable of attenuating the swing angle is derived.

2) The proposed controller includes an effective disturbance compensation term to reduce the
effect disturbances, forcing the trolley to follow the desired translational motion asymptotically.

3) Different from the existing control methods, an important feature of this method is that the
attenuation property of swing angle can be maintained even under mismatched disturbances such as
wind disturbances.

2. Model Description and Problem formulation

The underactauted crane system considered in this paper is shown in Fig.1, whose dynamic is de-
scribed as

(M +m)@ +mlfcos (§) — ml6?sin () = F, + F, + wy, »
. . 1
ml?0 + ml cos (0)F + mglsin (0) = —dgf + wo,

where M and m represent the trolley mass and the payload mass, [ denotes the rope length, and
g is the gravity acceleration. x and 6 denote the trolley position and the swing angle of the rope,
respectively. I, is the control torque to be designed, and w; and w, are the wind disturbance applied
horizontally on the trolley and payload, respectively. Meanwhile, F is the friction, modeled by

F, = —fotanh(z/vo) + fi1|2|2,

where fy, vg, and f; are friction-related parameters.
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Fig. 1 Schematic illustration of a crane system.

The control goal is to make the trolley move to the desired potion p; while suppressing rope swing.
To proceed, the following assumption is needed.

Assumption 1: The wind disturbance w; (i = 1,2) satisfy |w;| < woi, |wi| < wir, and |0;] < wio,
where wy;, w1;, and wy; are known positive constants.

Assumption 2: —% < 0 < 3

Assumption 3: The initial condition satisfy &:(0) = 0, 6(0) = 0, and §(0) = 0.

3. Controller design and Main results

3.1 Sufficient conditions for stabilizing unactuated state

Let us regard the dynamic of 6 as a subsystem and consider the sufficient conditions for stabilizing
0. Define S = v — x4 — A with 24 and A being designed as

o e = 2(O)(F — E) +2(0),0 < t <y,
S P

t
)\—kfe“t/ sin(0)dr,
0

where ty; > 0, k; > 0 and p > 0. From (1), one has

Wy — d@@

ml?

COSZ(Q) (S Xy iq) — 9 sin(6) +

b=- l

; (2)

which leads to the following proposition.

Proposition 1: If the auxiliary signals S satisfy S e L., and S € Lo, then one obtains § — 0 and
60— 0.

Proof: Introducing (; = 6 and (, = 0 converts (2) to the cascade form as

él = §27
cos(G1) g W2 — d9C2‘ (3)

= (S ARE) = s =
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Since S = 0, one has S = 0. For simplicity, denote s; = sin (¢;), ¢; = cos (¢1), Ay = 2 fot s1dT
and Ay = —2us;. Then, it follows that A = kre "\ + kre "Xy + ke ¢1(y. In the sequel, one

considers the following Lyapunov function
1
Vo= 56+ 71— c),

whose derivative is

dg

. 1,
Vo =— 7 (kpe i+ —

Using Young's inequality, it can be calculated that

k k k
— —fchge’“t)\l < —fe”“‘tc% 2+ —fe’“t)\%,

S k w z
)G — 701@ - chl@e_“t(/\l + A2) + m_;@ - qu@‘

(4)

[ 41 [
k k k
— chlg“ge’“t)\g < I;e’“tcf 22+ Tfe’“t)\g,
T4 k)f _ 2 ]{Zf _ ekt .
— 76162 < 4—l€ utC% 22+ Tdeut < 4—l€ MtC% 22"— Txﬁ,
and
S Sdg 2 2m 2
[ S gapte a0
Wo 3d9 9 2
< .
iz S g2 3 mE
Thus, (4) can be upper bounded as
. 1 _ dy kf _ kf _ 2 ehtd . 2m .
Vo < — —(k ut 2 O 2 M HtAZ M ut)\Q 2 2 _52.
o <= e et DG+ e N e+ e + it ST ()
Since S € L., there exists a constants such that | S| < S. Note that
Ky e _ Kr a0 4kfﬂ2
et s et s Ta
2
%e—ut)\% < 4kae—utu2 < 4]@2# 7
2,2 ptq ptq 2,2
i3§47r4pd:>e iflﬁe 41Tpd
Then, (5) can be rewritten as
y 1 —ut 2 dg 2
‘/9 < _4_l<kf€ 014—%)@ +A7 (6)
where A = 4’252 + 4k’;“2 - 32:78,32 + eutdljfpi + ;TWQSQ. Therefore, it can be further obtained that
d

|G| < /4222 ie. G2 € Lo
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In addition, after some simple calculations, the following inequalities can be established
k t k 3 Qk 2 2]{} Qk
Tf/ 67“Tﬂ4T2d7' — _fTMe*Ntt2 _ +’u67utt . lf:uefut + lf:u

0

Ak 2k 2k
L

— le? le [
Akep? [ Ak,p? 1 1 4k
fH / e M dr = fH (__e—ut+_) S fu‘
[ 0 [ W 0 [

Integrating (5) from 0O to ¢ leads to the fact that

t

1 d . L
Vo + m (ke 7 cos®(¢1) + —el)gng < / Tfe—m/\%dT +/ Tfff*‘”)\ng
0 m ; i
2 t ) €“td t “2
which means

d9 t ) kf t B 4o 4./€f/uL2 t B 2 t ) e,utd t o
— dr < =+ wT d —_— *Td d —_— d
4m12/0<2r_ l/oe WordT + ] /Oe T+3d9ml2/0w2 T+ ;i /Oxdr

Ak 2k 6kpp 2 /t ) ekt /t o
< d dr < .
S ez + Ie + ;i + Sdgml® ), wodT + T, TydT < 400

Therefore, one obtains (, € L,. Since (; € L, one knows \ e Lo, = Cg € L. Basgd on
the Barbalat’s Lemma, we have (; — 0. In addition, it is not hard to figure out that 0 < [\ <
kppre 't 4 2kppe " + ke #|(o| f(t). Bearing f(t) — 0and |A| > 0 in mind, one can easily find
A—0.

Further, let dot
_ g C1y wa 662
— (2, = T 751, =——A+—0 - :
g = G2, 90 lsl g1 I o mi2
Recalling (3), it yields that
9= g0+ g,

where g and g, satisfy gy = —%01@ € L., and g; — 0. Then utilizing the Extended Barbalat’s Lemma
get g — 0, which implies gy — 0 = (; — 0.

Clearly, if ky is set as ky = 0, then A = 0. The results in Proposition 1 can also be derived using the
similar procedure in above proof, except that (6) becomes

. 1 dyg

Vo < 41 (ml

In this scenario, the convergence of the unactuated state only depends on the physical parameters

of the system itself, including payload mass m, rope length [, and damping parameter dy. In other

words, the inserting of positive k; and 1 in (6) increases the negative damping of subsystem 3, which

is helpful to enhance the anti-swing ability under wind disturbance. In the next subsection, we will
illustrate the damping injection.

)G+ A. (8)

3.2 Controller design

By combining S, (2) and the first equation of (1), it obtains that

.1 : 1
S = 7 + h(z,2,0,0,t) + ﬁd(ﬁ, t), (9)
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where

h = ($d+>\

iIH

(mg sin (6) cos (0) + % cos (0)0 + mlf?* sin (9)) ,

d=w; — wT cos (6 (10)

M = M + msin® (0

_l’_
Ju=F,.

~—" ~—
=

The speed and acceleration of the rope are always bounded due to its physical structure. There-
fore, the following assumption is reasonable:

Assumption 4: |0] < 6, (r/s), |6] < 6, (r/s?).

For practical applications, it is often not difficult to develop sufficiently large bounds on d, d, and
d Speciﬁcally, one has ’d| < wn + %do, ‘dl < wi1 + go.}% + %dl and ‘dl < wo1 + %wog -+ %WOQ -+
%wgl + U%dg

Define two auxiliary signals as z; = k1S + S and 29 = kozy + Zy with ki > Oand k; > O.
Subsequently, the controller is designed as

u:Fu:—Mh—dA—M(k’Qzl‘Fle)a

R t t t R (11)
d= kg/ kozidT + kgz1 + k4/ signzdT + / zydr, d(0) =0,
0 0 0

with the parameters satisfying

dy
ko — 1

k1>—k2>1k3>m91,k4>d1—|— (12)

Now, let us summarize the main result of this paper.

Theorem 1: Consider system (1), under Assumptions 1-4, if the control law (11) with disturbance
compensation term d is applied, then the position and swing angle satisfy x — pgand 6 — 0.

Proof: Before the proof of Theorem 1, we construct the auxiliary function as

J=—J— 22(d — kysignz), J(0) = 0. (13)

First, one shows the positive definiteness of J. With the similar analysis, it can be known that

t
J = ky|z| — dz + / e~ L(r)dr,
0 ] (14)
L= (k’g — 1)([64‘21’ — Zld) + Zld.
Based on the fact dz; < di|z1| = —dz, > —dq|z | and —zd < do|z1| = 2d > —ds|z|, one
further gets the following result
t
J > (k4 — dl)]zl\ + €_t/ eTL(T)dT,
0
L Z (k’z — 1)(k4|21‘ — d1|21‘) — d2|Z1| 2 ((k’g — 1)(]64 — dl) — dg)\z1|

(15)

Under the condition in (12), one obtains that

L>0=J2>0.
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Thereafter, one considers the Lyapunov function as
1 1 M
V= 552 - Ezf - 725 + J. (16)
Differentiating 1/, one obtains

. 2 (17)

M . 2 .
= — k18 — ko2? + So 4 2129 — 723 —J 4+ 25(d — d) — zo(d — kysignz).

) _ M )
1% :S(Zl — k15> -+ 21(22 — ]i]221> -+ MZQZQ + —Zg + J

Note that
c?: k3zo + kysignzy + 21,
|]\7[| — |2msin () cos (0)0] < 2mb; .
Then, after a simple substitution, it can be obtained that

: 1 1
V< —(ky — 5)52 — (kg — §)zf —J — (ks —mb)) 22 < —kV

=V < e*ktV(O),

(18)

inwhich k = min{2k; — 1, 2k, — 1, 28200 13,
Therefore, it claims that

S| < /2= RV (0) < 1/2V(0),
21| < V/2e7 KV (0) < /2V(0), (19)
|22] < \/2e7FV(0) < 4/2V(0).

_ Further, from z, = ky21 + 41, we have S = 2 + k1S — (k1 + k9)zy = |S| < k+/2V(0) with
k =1+ ki + ky + k2. Meanwhile, it can be obtained that
.. _ t L2
S? < 2k%e7MV(0) = / S?dr < TV(O). (20)
0

Then, applying proposition 1 knows 6 — 0 and © — p,. The proof of Theorem 1 is completed.

4. Simulation verification

To validate the feasibility and effectiveness of the proposed approach, two cases of simulations
are carried out. The physical parameters are M = 200 kg, m = 20kg, [ = 5mand g = 9.8 m/s?. The
control parameters are ky = ky = k3 = 3, ky = 30, ky = 1, and o = 0.3. In the two cases of the
simulations, the control parameters keep unchanged.

Case 1: The system is only disturbed by the following friction:

F, = —=5.4tanh(%/0.1) + |&|%;
Case 2: Besides the friction in Case 1, the system is disturbed by the extra disturbance:

10(t — 10)(t —20) 10 < ¢ < 20

21
0 others . (21

d = 10sin (0.57t), w1 = wy = {
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The simulation results of Case 1 are presented in Figs.2 and 3. Fig. 2 shows the trolley position
x, swing angel 6, and control input F),. It can be seen that the trolley can adjust the load to the
desired position within about 10 s by tracking the time-varying signal z,; (t; = 8), and the swing
angle is effectively confined to a small range. The effective control performance is attributed to the
feedforward compensation of d for unknown friction, as illustrated in Fig. 3.

‘— Target positions — Proposcd—mcthod‘
I

7.001
7

=)
2 6.999
30 35 40
0 L L L L L L L |
[0) 5 10 15 20 25 30 35 40
6 T T
~
=)
-6 L L L
0 5 10 15 20 25 30 35 40
5 T T
z \/
15 L I
0 5 10 15 20 25 30 35 40

Fig. 2 System responses of Case 1.

The disturbance compensation term

T(sec)

Fig. 3 Disturbance estimation of Case 1.

In Case 2, additional disturbances are introduced, with mismatched disturbances occurring be-
tween 10-20 s to simulate the wind disturbances. From Fig. 4, it can be seen that the trolley has been
regulated to the desired position with the swing angel being also removed before 10 s. In the time
interval 10-20, it can be seen that the controller made corresponding adjustments to eliminate the
swing. Fig. 5 displays the efficient disturbance estimation.

5. Conclusion

This paper investigated the anti-swing control of an overhead crane under disturbances, address-
ing the dual challenge of precise positioning and swing suppression. The inherent underactuated na-
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o -
active interv L‘ll of the w md‘ 6'530 . 40

25 30 35 40

T(sec)

Fig. 4 System responses of Case 2.

The disturbance compensation term

T(sec)

Fig. 5 Disturbance estimation of Case 2.

ture of the crane, along with its strong coupling between actuated and unactuated variables, compli-
cates control design. To overcome these challenges, a control strategy was developed that integrates
the integral information of the swing angle with the trolley position, effectively introducing nega-
tive damping into the unactuated subsystem. Additionally, the disturbances were compensated for
through feedforward mechanisms. Theoretical analysis and simulation results validated the effective-
ness of the proposed approach, demonstrating its potential for improving crane control performance
in practical applications. Future research will focus on the cranes with double pendulum effects.
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