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Abstract: Aiming at the anti-swing control problem of shipboard cranes with limited movement space in actual
work, a nonlinear anti-swing controller based on asymmetric Barrier Lyapunov Functions (BLF) is designed.
First, model transformation mitigates the explicit effects of ship roll on the desired position and payload
fluctuations. Then, a newly constructed BLF is introduced into the energy-based Lyapunov candidate function
to generate nonlinear displacement and angle constraint terms to control the rope length and boom luffing
angle. Among them, constraints with positive bounds are effectively handled by the proposed BLF. For the
swing constraints of the unactuated payload, a carefully designed relevant constraint term is embedded in the
controller by constructing an auxiliary signal, and strict theoretical analysis is provided by utilizing reduction
to absurdity. In addition, this auxiliary signal fully considers the boom luffing velocity and payload swing
angle-related information to enhance swing suppression performance. Finally, the asymptotic convergence of
the system is proved through rigorous stability analysis, and simulation comparison results verify the
effectiveness and salient features of the proposed controller.

Keywords: shipboard crane; anti-swing control; output constraints; barrier lyapunov function

1. Introduction

Shipboard cranes play a critical role in marine engineering and are widely used for the
construction and maintenance of offshore facilities [1], offshore resupply operations [2], and the
loading and unloading of cargo on ships [3]. However, due to the complex dynamic characteristics
of the system and harsh working conditions at sea, manual operation suffers from low efficiency and
poor control precision. This fact has led to an urgent demand for the automated control of shipboard
cranes, driving significant advancements in the field. Crane systems are typical underactuated multi-
input and multi-output systems with fewer control inputs than the number of outputs. They exhibit
highly nonlinear and strongly coupled characteristics, posing considerable challenges to the design
of automatic control methods [4,5]. Although substantial progress has been made in controlling land-
based cranes [6-14], these methods cannot be directly or effectively applied to shipboard cranes. The
added complexity of ship motion significantly increases the system's dynamic complexity and
internal coupling. Furthermore, the persistent disturbances caused by ocean waves and currents
adversely affect the precise transportation of payloads and the suppression of swing.

In recent decades, shipboard cranes have become a research hotspot in the control field and have
yielded many significant achievements [15]. The control methods explored in these studies can be
broadly categorized into sliding mode control (SMC) [16-18], energy-based control [19-21], fuzzy
logic [22,23], neural network control [24,25], and optimization-based control [26,27], among others.
For instance, Kim and Hong [18] proposed a novel adaptive sliding mode control algorithm based on
the system model, demonstrating satisfactory disturbance rejection performance. Similarly, Lu et al.
[19] developed a nonlinear energy-based controller for shipboard boom cranes, which accounted for
both ship roll and heave motions. Unfortunately, existing studies rarely consider or effectively
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address the issue of output constraints, leaving a critical gap in developing advanced control

strategies for shipboard boom cranes.

In practice, the limited workspace or stringent operational requirements often impose
constraints on both actuated and unactuated output variables of crane systems, ensuring they remain
within appropriate ranges [28]. For instance, the rope length must always remain positive and
constrained within a specific range to prevent collisions during transportation. Furthermore, given
the instability of the ship’s base and the relatively narrow workspace, it is crucial to ensure precise
payload positioning while restricting payload swings within a safe range to avoid accidents. On the
other hand, limiting payload swings can effectively enhance system efficiency and reduce energy
consumption. To address output constraints in underactuated systems, Li et al. [29] and Lu et al. [30]
investigated the constraints on actuated variables. However, their studies neglected the more
complex issue of constraints on unactuated states. Although Qian et al. [31] considered constraints
on unactuated states, the designed controller theoretically only limited the payload swing angle
within a conservative bounded range of (-71/2,7m/2). Subsequently, Wang et al. [32] achieved
constraints on both actuated and unactuated states within symmetric preset ranges. In order to meet
the higher practical requirements of shipboard cranes for transporting payloads, it is necessary to
propose a suitable control method to ensure that the output states comply with reasonable preset
constraints under harsh environments.

Based on the above discussion, in this paper, considering the actual restricted motion scenario
of shipboard cranes, we propose a nonlinear anti-swing control method based on BLFs. The main
merits are summarized as follows:

1. Stabilizing the ship and the payload is difficult due to unexpected disturbances such as
continuous waves. To this end, this paper conducts controller design and theoretical analysis
based on the original complex nonlinear dynamics to ensure more reliable performance.

2. This method achieves asymmetric motion constraints for the boom luffing angle and rope length
by appropriately modifying conventional symmetric barrier functions, ensuring the validity of
the rope length under the same sign constraints. For the swing constraints of the unactuated
payload, unlike traditional approaches, the proposed method introduces an auxiliary signal to
embed the relevant constraint terms into the controller, supported by rigorous theoretical
analysis through proof by using reduction to absurdity. Consequently, in contrast to most
existing crane-related studies [14-24], which assume the swing angle is confined within a
conservative range of (-1/2, 1/2), the proposed method removes this assumption. Instead, it
flexibly constrains the swing angle within a reasonable range according to practical
requirements, making it more adaptable and effective for cargo loading, unloading, and
transportation tasks.

3. Moreover, the proposed auxiliary signal ingeniously integrates information such as boom
luffing velocity and payload swing angle-related information, demonstrating superior swing
suppression capabilities compared to existing methods. Theoretical analysis and simulation
results validate its effectiveness in accurate positioning and limited swing amplitudes of the
payload, which is of significant importance for the challenging operational environments of
shipboard cranes.

The remainder of this paper is organized as follows: The "Problem Statement" section explicitly
presents the dynamic equations for the shipboard boom crane, its model transformation procedure,
and the primary control objectives. Next, the "Controller Design and Stability Analysis" section
introduces the main results, including the development of the controller and the closed-loop stability
analysis. Subsequently, the "Simulation Results" section includes numerical simulation results and
some corresponding analysis to validate the practical performance of the proposed control scheme.
Finally, the "Conclusion" section provides some concluding remarks.
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2. Problem Statement
2.1. Dynamics for Shipboard Boom Cranes

The physical model of the shipboard boom crane system is shown in Figure 1, which introduces
two coordination systems: the ground-fixed coordination system y,-O-z, and the ship-fixed

coordination system y_-O-z_. The variables and parameters of the system are shown in Table 1. The

corresponding dynamic equation can be expressed in the following Lagrange’s form [30]:

Figure 1. Schematic model of the shipboard boom crane.

M(@)d+C(q,9)d+G(q) =u+7, 1)

where q=[a [ 0]" € R* is the state vector, M(q) e R**and V(q,q) € R*® denote the inertia and
centripetal-Coriolis matrices, respectively, G(q)eR*>™ represents the gravity vector,
u=[u, u, 0]'eR* and 7, eR™ represent the control input vector and perturbation vector,

respectively. All elements contained in aforesaid matrices and vectors are given as

[ J+mb?  -mbC,, mblS,
M=|-mbC, m, 0 , ()
mblS, 0 m I*
0 mbS, 6 ¢,
C=|-mbS, a 0 -m 10|, 3)
|-mblC, & ml6  mli
G= [(mcb+md)gCa7¢,—mﬂgCH,mcglsgw]T’ )

(J+mb* +mbIS, )p+2mbiS, p—mbiC, (¢*—20¢)]
7= m I(¢* —20p) +m bS, (9* —2ap)—mbC, & , (5)
m I(bS,_, +1)¢+mbIC, (¢* —26¢)+2m lip—17,(6- )

where ¢, = mb(56_¢i+lC 9_(00') , 7, € R" represents the damping coefficient. In addition, the symbols

S,, and C _, (ab=a,pB,¢)represent functions sin(a—b) and cos(a-b), respectively.
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Table 1. Parameters and variables.

Symbols Parameters/Variables Units
a Boom luffing angle rad
0 Payload swing angle rad
@ Ship rolling angle rad
l Time-varying rope length m
u, Actuating torq}le controlling N-m

boom luffing angle
Actuating force controlling
u, N
rope length
m, Payload mass kg
The product of the boom
mass and the distance
m, kg-m
between the boom barycenter
and the point O

b Boom length m

J Boom rotational inertia kg-m’
8 Gravity constant m/s’

As shown in Figure 1, the desired position of the payload in the ground-fixed coordination
system is:

y, =bcos(a, —p)+1,sin(6, — ),
z, =bsin(a, — @) - - ©)
.= L, —®)—1,cos(8, —p),

where «,, 6,, and I, represent the desired boom luffing angle, rope length, and payload swing

angle, respectively. To fully accomplish the task of suppressing payload swing, it is straightforward
to deduce that 6, = ¢(t). Therefore, we can derive the following:

a,=@+arc COS(%),

ld = \]bz —y§ _Zd’gd =0

It can be observed that «,, 8,,and I, are time-varying, which poses significant challenges in

)

controller design. To facilitate subsequent analysis and simplify calculations, we construct the
following new state variables:

n=0m n, n] =le-¢ | 6-9]. 8)

Together with equations (7) and (8), the desired values of the new state variables 7,, 7,, and

n, canbe expressed as:

M, =arccos(%‘i),772d =b*-y: -z,,m, =0. )

As shown in (9), the newly constructed state variables eliminate the ship's roll angle from (6),
making the subsequent controller design more convenient and straightforward. Correspondingly,
equations (1)-(5) can be transformed into:

M(7)ij +C ()i + G(m) = u+7,, (10)
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5
J+mb® -mbC, ; -mbn,S, ,
M = —mEbCF3 m, 0 , (11)
-m.bn,S, , 0 m I*
0 _mcbsl—SﬁS Cu3
C=| mpbS, 0 —M 1,15 |, (12)
_mcbrlzcl—BT.’l mcnzﬁa mcnzﬁz
G =[(m.b+m,)gC,,—m gC ,mglS,]", (13)
AT
7, =[0 0 -z7,], (14)

where c,,, =mb(-S,_,n, +n,C, ;7,) , and the symbols S, and C,_; (i,j=1,2,3) represent the
abbreviations of sin(7, —77],) and cos(7, —nj), respectively.

It can be verified that M(#n) in (11) has the following property[27]:
|1, . 3
X {EM(n)—C(n,n)}x=0, vxeR”. (15)
In practice, the initial values of the new state variables are within the preset ranges, i.e.,

4 r
—E<m1 <n,0)<M, <E'
0<m, <n,(0)<M,, (16)

T Via
—E<m3 <n,(0) <M, <E'

where, m,i=1,2,3 and M,,i=1,2,3 represent the state variables' allowable minimum and
maximum values, respectively. For instance, m, and M, denote the permissible shortest and

longest cable lengths greater than zero to comply with practical operational requirements.

2.2. Control Objective

For the system (10), we aim to design an appropriate controller U to achieve the following
objectives:

In the fixed ground coordinate system, transport the payload from its initial position to its
desired position while eliminating residual payload swing, that is, make the new output state vector
n converge to its desired value 7,, which is expressed as:

hmf]l =4 %E{.}nz =T 1}5{3’73 =15y (17)

t—>00

Considering the operational safety, limited workspace, and other specific requirements, the
system's new output state vector 7 is constrained within the preset range throughout the operation,

which can be described as:

Va V4
—E<m1 <n,(t)<M, <E'
0<m, <n,(t)<M,, vt>0. (18)

T T
—E<m3 <n,(t)<M, <E'

3. Controller Design and Stability Analysis
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In this section, a novel and effective controller is designed to achieve the objective above, and its
effectiveness is rigorously demonstrated through theoretical analysis.

3.1. Controller Design
First, based on (9) and (17), the following error signals are defined:

€ =T~ € =T =Ty €3 =103 =13y =115, (19)
correspondingly
e, =1, &, =1,, &, =1,. (20)
Second, the storage energy of the shipboard crane system reads as

E, =3 7" My + m g1~ cos(n,)] 1)

Based on this, we replace q, |,and 6 in (20) with 77, 7,,and 7,, respectively, to obtain the

following storage function:

1.
Ey =0 My +m gn,[1-cos(n,)] (22)

Then, differentiating E, and substituting Error! Reference source not found. into the result

produces
EO =[u, —(mcb.+md).g2C1 I, + 23)
(ul + mcg)nl _2-7773
where property (15) has been used.
To fulfill the output state constraints, following auxiliary variables are constructed:
rh(el) = 61 108[(771 - m1)/(M1 _771 )]{(Ml - m1 )el /[(’71 —Tl’ll )(Ml - 771 )] (24)
+108[(771 —m, ) / (M1 - )]}/
7', (62 ) = 62 108[(772 - mz ) / (Mz - 772 )]{(Mz - mz )82 / [(772 - mz )(Mz - 772 )] (25)
+10g[(772 —-m, ) / (Mz -1, )]}r
Vu (773) = 10g[(’73 _ms)/(Ms _773 )]/ (26)

where log stands for natural logarithm function.

In general, appropriately enhancing the dynamic coupling between the boom and the payload
facilitates damping injection, and one possible approach is to combine them into a composite signal
[9]. To achieve this, based on (26), a new composite signal is constructed as follows:

1, (1, 115,113)7K, 57, + sin(ap,) + cos ()77, 1+ k 7y (27)

where k. and k, are positive constants.
Therefore, in order to effectively constrain the system motion and utilize the designed coupling
characteristics (27) to improve the system transient performance, we design the following controller:
u, = _kplel =k, +(m.b+m,)gC,
k.1, —1,@, (28)

u = _kpzez —kpn, —m.g—k,1,

with
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T =-w+1,1, (29)

k, k

d27

where k,,k k., k,eR" are positive control gains to be adjusted.

d1’ “p2/ r1/
Note that the controller proposed in (28) does not exhibit singularity, which will be proven in
the subsequent stability analysis section.
Remark 1. This paper proposes a novel barrier function to address the issue of asymmetric output constraints
in nonlinear systems, such as the constraint on the boom luffing angle in (24), the constraint on cable length
in (25), and the constraint on the swing angle of the underactuated payload in (27). Notably, unlike
conventional approaches to handling underactuated state constraints [28 32], this study embeds the relevant
constraint term (27) into the controller by constructing an auxiliary signal (29), which significantly simplifies
the complexity of controller design and provides valuable insights for designing controllers and applying them
in practice in future work. Moreover, the constructed auxiliary signal intentionally strengthens the dynamic
coupling between the boom and the payload, further enhancing the damping effect on the payload swing.
Remark 2. Inspired by the tuning rules of PID controllers, the control gains kyi, ka, kp2, and kaz in the proposed
controller can be appropriately selected. Additionally, ki, ke, krs, and ki associated with the auxiliary constraint

terms, can be set as small positive values through a straightforward trial-and-error approach.
3.2. Stability Analysis

Theorem 1. Under the continuous ship motion caused by sea wave effects, the proposed controller (28) ensures
that the system satisfies the constraints in (18) and achieves the control objective described in (17).

Proof of Theorem 1. Based on (22), we choose

1 1 1 1
V =E, +Ekp1612 ++sz +§kpze§ +Ek'1 {logl(, —m,)/ (M, —n))le,}*

1 (30)
+§kr2{log[(772 —m,) [ (M, =n,)le,}*.
Then, by taking the time derivative of (30) and considering (23), we obtain:
V =[u, +k,e, —(mb+m,)gC, +k 1,1, +[u,+mg+k e, +k,nl, 77 + oo (31)
By substituting the results of (28) and (29) into (31), one can yield that
V =k, i} —@® — ki — 753 (32)
Obviously
V <0, (33)
which indicates that
V(t) <V (0) < +oo. (34)

Furthermore, we can prove the following two items through (34):
4. Assume that 7, and7, reach their preset upper or lower limits at time T . In this case, the

logarithmic terms corresponding to these variables in V' would tend to infinity, leading to
V(T) being infinite. This conclusion contradicts the fact stated in (34). By reduction to absurdity,

the state variables 7, and 7, are always able to comply with their constraints, that is:

—§<ml<nl<Ml<%, O<m, <m, <M, (35)
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5. Assuming that 7, violates any constraint within a very small adjacent time te[T,,T,],
referring to (26) and (27), r, will be infinite. And for t [T, T,], the solution of the differential

1772

equation (29) is
TZ . — —
a(T,)=a(T)e ™ +IT1 1, (P)i(p)e = dp — o0,as 7, —>m, or M, (36)

this result contradicts the fact stated in (34). Once again, by reduction to absurdity, the state variable
n, is always able to comply with its constraints, that is:

—§<m3<773<M3<§ (37)

Considering the results of (35) and (37), the new state vector 7 always satisfies its preset

constraints, i.e., the objective described in (18). These results also show that the proposed controller
will not have singularities and

V=0 (38)
From (34) to (38), it is not difficult to see that

V(t) € Loo _)ﬁyﬁz/ﬁyel/ez/eylog[(’h _m1)/(M1 _771)/

logl(r, ~m,)/ (M, ~m,), @ < L. %)
Then, according to the controller formulas expressed in (24)-(28), we can infer
u,,u, > L, (40)
Substituting the results of (39) and (40) into formula (10), we obtain
775,75 € L, (41)

Next, we discuss the stability of system (10) with the controller (28) by using LaSalle invariance

—

theorem[33]. let @ be the largest invariant setin =, where
E=(n71V=0). (42)
Then, from the results of (32) and (33), one can conclude that in ®
Moy 15,@ =0 = 1jy, 77,775 = 0. (43)
Substituting (43) into (10) and using the results of (13), (14), and (28), we obtain
—k,e, =k, 1 (e,)=0—>¢ =0,
—k,.e, —k,1(e,) =m.g(1-C), (44)
m_glS, =0.
According to the result of (37) and the property of the sine function, we can infer that
S,=0—>n,=0,¢e, =0. (45)
Hence
—k,.e, —k,r(e,)=mg(1-C )=0—e, =0. (46)

From equations (43)-(46), we know that the largest invariant set = includes only the
equilibrium point. Hence, states 7 and 7 converge asymptotically to their desired values. Finally,

by combining the results of (35) and (37), Theorem 1 is proved.o

4. Simulation Results
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To verify the effectiveness and evaluate the performance of the proposed controller in (28), we
set up three simulations based on the MATLAB/SIMULINK platform, with a simulation sampling
time 5 ms.

In simulations, to thoroughly verify the effectiveness and performance of the proposed
controller, we selected the existing advanced nonlinear anti-swing control methods[30,32] for
shipboard boom cranes as comparison objects. Among them, the energy-based controller [30] is
similar to PD control and has typical control performance, so the comparison results can intuitively
reflect the control effect of the proposed controller; the controller with output constraints [32] has the
ability to process symmetrical constraints of output states, which is in sharp contrast to the
asymmetric output constraints processing ability of the proposed method, thereby further verifying
the advantage of the proposed controller in constraints processing and the transient performance
improvement effect brought by this advantage. For the convenience of description, we will mark the
energy-based controller [30] as EBC, the controller with output constraints [32] as OCC, and the
proposed controller as PC.

Then, relying on the MATLAB/SIMULINK platform, three groups of simulations are designed
to verify the effectiveness of the proposed control method. The corresponding simulation results are
shown in Figures 2-4 and some specific quantified results are listed in Tables 2-4, where the
performance indices are defined as follows:

6. f,: The time taken for the rope length’s positioning error converging to the range of
(-0.004 m,0.004 m).
N - The maximum amplitude of payload swing during control.

t_: The time taken for the payload swing angle converging to the range of (—0.04°,0.04°)..

F = = =
) ry 352 /
ol —
= / 348 e s PC mummn EBC
= 21 = OCC = = 7y
54.2
0 1 5 61 1
0 5 10 15 20
0.9 T T T
- I
E s PC wnnnn EBC
o wm OCC w1y
0.1 ‘ ! '
0 5 10 15 20
3 T
o |2\
< A .'\ Poe VIR Y DU TR
~ v ammne s g o
& ‘I WY e PC mmumn EBC
Bl M e e e e e e e e e |- OCC == == bounds
1 1 T
0 5 10 15 20
T
g 60 B
. — T EBC
=S40 = = = OCC H
S ‘~
0 5 10 15 20
T
5 |
z 0 s PC wunun EBC
< 5 = = OCC
N 10
,15 L Il 1
0 5 10 15 20

t/s

Figure 2. Group 1 simulation results.
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01 1 1 1
5 10 15 20
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D 4 v »
\g . se vo > &
y —".—o ——————————————————
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- OCC = = 7y
1
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s PC mmunn EBC
wm mm m OCC == == bounds

15 20
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Figure 4. Group 3 simulation results.

Table 2. Group 1 comparison results.
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Controller t,[s] s dEG] t.[s]
PC 3.9 1 5.7
EBC 3.8 2.8 >20
OCC 3.8 2.6 10

Table 3. Group 2 comparison results.

Controller t,[s] M3 max[4€8] t.[s]
PC 3.3 2.7 3.3
EBC 3.3 6 13.2
OCC 3.3 2.9 10.7

Table 4. Group 3 comparison results.

Controller t[s] s ma [de8] t.[s]
PC 3 1.8 3.6
EBC 3 2.6 18
OCC 3 1.9 16

Group 1. Performance Comparison. To intuitively reflect the performance of the proposed controller (28), we
compare it with EBC and OCC without any disturbances. The simulation parameters are set as follows:
The main physical parameters of the shipboard crane system are:

m_ =1.0kg, b=09m, m,=4.0kg-m,
J=2.7 kg - mz,g =9.8, 7, =0.05.

The initial values and desired values of the system states are selected as:

7,(0) = 0deg, 7,(0) = 0.1 m, 7,(0) =0,
n,, =55deg, n,, =0.7 m, n,, =0 deg.

The state constraints are defined as:
n, € (-55 deg, 60deg), 17, € (0.1 m, 0.9 m),
n, € (-3 deg, 3deg).

To achieve better control performance, after careful tuning, the control parameters for EBC are
selected as:

k=22, k, =25k, =15k, =11, A=0.05.

The control parameters of OCC are:

k . =21k, =25, k; =0.005, k, =0.00001,

pnl 7 Tdnl

kp’]2 :15, kdqz :11, kl :0,05, 5'7] :5, s, =3.

The control parameters of PC are:

k,=22,k,=21,k,=1k,=6,k =16, k , =15,
p r r a p
k,=11,k, =1, M, =60 deg, m,=-55 deg,
M, =09m, m,=0.1m, M, =3deg, m,=-3 deg,

The simulation results for Group 1 are shown in Figure 2, with the corresponding quantified
results provided in Table 2. It can be seen that all controllers make the new states converge to their
desired values asymptotically without violating the preset constraints in the process, and the boom
luffing angle and rope length do not overshoot. Based on the performance indicators, the proposed
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controller has better control performance than EBC and OCC. Specifically, when the boom luffing
angle and rope length converge at almost the same time in all controllers, the maximum payload
swing angle under the proposed controller is the smallest, which is 1°; in addition, the payload
swing angle is also quickly suppressed, converging to its expected range in the shortest time of 5.7 s
, and there is no residual swing. In contrast, the maximum load swing angle under OCC control and
EBC control is larger for both, and the time they take to converge the payload swing angle to its
desired range is longer for both. Particularly, the time EBC takes is more than 20 s, mainly because
it relies on natural damping to eliminate residual swing because the controller does not contain load
swing angle information. This fact also reflects the advantages of the auxiliary signal constructed in
this paper. This fact also reflects the advantages of the auxiliary signal constructed in this paper. It
not only introduces the swing angle-related constraint term to ensure the asymmetric constraint and
thus improve the transient performance but also cleverly couples the boom amplitude change speed
and many swing angle-related information to further improve the coordinated control capability.

Group 2. Robustness comparison. In order to verify the robustness of the proposed controller under different
transportation conditions, this simulation will change the states’ initial and expected values. Specifically, we
use the expected values of the states set in the last simulation as the initial values of the states in this simulation,
that is, 1,(0)=55deg, 7,(0)=0.7 m, n,(3)=0deg , and then set the expected values of the states to

n,, =35deg, n,, =03 m, n,, =0 deg , and other control parameters and system parameters remain

unchanged.

The simulation results of Group 2 are shown in Figure 3, with the quantized data provided in
Table 3. Similarly, all the new states quickly and asymptotically converge to their desired values. For
controlling the boom luffing angle and rope length, the three controllers exhibit similar control
performance, with no overshoot and roughly equivalent convergence times. In terms of other
performance indicators, the proposed controller shows satisfactory positioning and anti-swing
performance. The payload swing angle converges to its desired range in the fastest time of 3.2's,
with no residual swing, and the maximum swing amplitude is limited to 2.7°.In contrast, the control
performance of OCC and EBC declines progressively. Specifically, regarding the control of the
payload swing angle, OCC adheres to the predetermined constraints, but the convergence time is
slower than the proposed controller's. EBC, on the other hand, not only severely violates the
predetermined constraints, with the maximum swing amplitude reaching twice the upper limit, but
also takes the longest time for the payload swing angle to converge to its expected range.

Group 3. Stricter Constraints. In practical applications, due to factors such as inertia and friction, the payload
swing angle often has an initial non-zero value, which presents a challenge for improving control performance.
In this scenario, the preset constraints must still be satisfied to ensure operational safety and enhance transport
efficiency. Therefore, we further tightened all output constraints under non-zero initial conditions to verify the
proposed controller’s strong performance in handling output constraints.

Therefore, we set the system's initial conditions as 7,(0) =35deg, 7,(0)=0.3 m, 7,(3) =1 deg, with

the states' desired values as 7,, =50deg, 7,, =0.6 m, 77,, =0 deg . The stricter constraint settings are
n, €(30 deg, 51deg),n, €(0.2 m, 0.7 m),n, € (-2 deg, 2deg) . Apart from adjusting the parameters
related to constraints, such as M,;,m;,i=1,2,3 in the PC controller and 6,,, 7, in the OCC

controller according to the constraints, other control parameters and system parameters remain
unchanged.

Group 3's simulation results and their quantified data are shown in Figure 4 and Table 4,
respectively. In terms of cable length control, the performance of all three controllers is nearly
identical. However, in the control of the other two states, the proposed controller demonstrates clear
advantages. Specifically, both the boom luffing angle and payload swing angle converge to their
desired values in the shortest time, and under non-zero initial conditions, the maximum payload
swing angle not only satisfies the contracted constraints but also achieves the smallest swing( 1.8°)
among the three controllers. In contrast, both OCC and EBC have significant disadvantages: OCC
shows sharp spikes in boom luffing angle control, which could impact the motor's lifespan, and EBC
fails to keep the payload swing angle within the preset constraints while also taking much longer to
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converge to the desired swing angle range compared to the proposed controller. Therefore, even with
non-zero initial values and changes in desired values and constraints, the proposed controller still
provides superior transient performance and robustness.

5. Conclusions

This paper develops a nonlinear anti-sway control method for underactuated ship-mounted
cranes featuring excellent capability in handling asymmetric output constraints. Specifically, after
model transformation, an energy-based controller ensuring asymptotic stability is first established
using BLFs. Notably, the proposed BLF successfully addresses constraints with same signs for the
rope length by modifying the traditional symmetric BLF. To handle the constraints of underactuated
states, an auxiliary signal is introduced, allowing the modified BLF to be cleverly embedded into the
controller. To enhance the system's anti-sway performance further, the auxiliary signal fully couples
the boom luffing velocity and payload swing angle information, enabling more refined coordination
control. Finally, based on the system's energy function, the stability of the closed-loop system is
theoretically proven using the Lyapunov method, and the effectiveness of the proposed controller is
validated through numerical simulations. In the future, we will comprehensively consider system
parameter uncertainties and output constraints to promote the practical application of the proposed
method in ship-mounted cranes.
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