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Abstract: Considering the anti-swing control and output constraint problems of shipboard
cranes, a nonlinear anti-swing controller based on asymmetric barrier Lyapunov functions
(BLFs) 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 these,
constraints with positive bounds are effectively handled by the proposed BLE. 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 using a reductio ad absurdum argument. Additionally, the auxiliary signal
effectively couples the boom and payload motions, thereby improving swing suppression
performance. Finally, the asymptotic stability is proven using LaSalle’s invariance principle.
The simulation comparison results indicate that the proposed method exhibits satisfactory
performance in swing suppression control and output constraints. In all simulation cases,
the payload swing angle complies with the 3° constraint and converges to the desired
range within 6 s. This study provides an effective solution to the control challenges of
shipboard crane systems operating in confined spaces, offering significant practical value
and applicability.

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

1. Introduction

Shipboard cranes are essential in marine engineering, with broad applications in 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 represent a class of underactuated systems where the number of
control inputs is less 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
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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 years, shipboard cranes have garnered significant attention in the control
field, leading to many notable 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 et al. [18] proposed an adaptive SMC
using the dynamics of shipboard cranes, demonstrating satisfactory disturbance rejection
performance. Lu et al. [19] designed a nonlinear energy-based control method for shipboard
cranes, incorporating the effects of both ship roll and heave motions. Unfortunately, existing
studies rarely consider or effectively 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 trans-
portation. Furthermore, given the instability of the ship’s base and the relatively narrow
workspace, it is crucial to ensure precise payload positioning while limiting payload swings
to avoid accidents. Limiting payload swings can also effectively enhance system efficiency
and reduce energy consumption. To address output constraints in underactuated systems,
Lietal. [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. Al-
though 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 (—mt/2,mt/2). Furthermore, Wang et al. [32] successfully constrained both the actuated
and underactuated states within their respective predefined ranges, thereby ensuring lim-
ited overshoot and effective swing suppression performance. However, this method can
only impose symmetric constraints on output states. In practice, some constraints are
asymmetric, and some even share the same sign, such as positive rope length. Given the
harsh working environment of shipboard cranes, these issues require urgent attention and
are expected to be effectively addressed to ensure the reliability, efficiency, and safety of
maritime transportation operations.

Based on the above discussion, this paper proposes a nonlinear anti-swing control
method based on barrier Lyapunov functions (BLFs). First, to ensure the asymptotic stability
of the closed-loop system, a controller based on the energy method is constructed. Then, to
meet more precise practical output constraint requirements, the paper modifies and extends
the symmetric BLF [28] to propose an asymmetric BLF to handle output constraints. For
the constraint of the unactuated states, an auxiliary signal is cleverly constructed to embed
the relevant constraint terms into the controller. Additionally, to enhance the anti-swing
performance, this auxiliary signal fully couples the movement of the boom and the payload.
The main advantages of this method are as follows:

1.  Due to unforeseen disturbances such as persistent waves, the ship’s motion can
significantly amplify the crane’s cargo swing during operation. Therefore, this paper
designs the controller and conducts theoretical analysis using the original complex
nonlinear dynamic model to ensure more reliable performance.

2. This method achieves asymmetric motion constraints for the boom and rope by appro-
priately 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
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an auxiliary signal to embed the relevant constraint terms into the controller, sup-
ported by rigorous theoretical analysis through proof using a reductio ad absurdum
argument. Consequently, in contrast to most existing crane-related studies [14-24],
which assume the swing angle is confined within a conservative range of (—m/2, t/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 further verify that the proposed method can accurately
position the payload and effectively limit its swing amplitude, which is of significant
importance for the challenging operational environment of shipboard cranes.

The remainder of this paper is organized as follows: The “Section 2” explicitly presents
the dynamic equations for the shipboard boom crane, its model transformation procedure,
and the primary control objectives. Next, the “Section 3” explains the controller design ap-
proach and the asymptotic stability. Subsequently, the “Section 4” verifies the effectiveness
of the suggested controller through numerical simulation and related analysis. Finally, the
“Section 5” provides some concluding remarks.

2. Problem Statement
2.1. Dynamics for Shipboard Boom Cranes

Figure 1 shows a schematic illustration of the shipboard boom crane system, featuring
two coordination systems: the ground-fixed coordination system y¢-O-z¢ and the ship-fixed
coordination system y;-O-z;. The system’s variables and parameters are listed in Table 1.
The corresponding dynamic equation is given as follows [30]:

M(q)q+C(q,9)9+G(q) =u+1y 1)

where g = [a | G]T € R3 is the state vector, M(q) € R3*3 and V(q,q) € R3*3 denote
the inertia and centripetal-Coriolis matrices, respectively, G(g) € R3 represents the gravity
vector, and u = [u, u O]T € R3 and 1; € R? represent the control input vector and
perturbation vector, respectively. All elements contained in aforesaid matrices and vectors
are given as

J+mb?  —mbCy_, mcblSy_,

M = —meCQ,,X me 0 7 (2)
mblSy_, 0 mel?
0 mchQ_aé C13

C= | —mbSy_,a 0 —mo|, 3)
—meblCy_pit  mclO mell

G = [(mcb+ md)gClX*(P/ —mcgcef(p, mcglsew]T, 4)

(J + meb? + meblSg )i+ 2mebiSe o — meblCo_o(4° — 209)]
T= mel(¢° — 209) + mcbSp_o (¢ — 20p) — mcbCo_y , (5)
mel (bSg—_g + 1) + meblCo_o(¢° — 20¢p) + 2mcllp — 1,(8 — §)
where c13 = mb(Sg_(Pi + ng_q,é), T, € RT represents the damping coefficient. In ad-
dition, the symbols Sy, and Cy—, (x,y = &, B, ¢) represent functions sin(x — y) and
cos(x —y), respectively.
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Figure 1. Schematic illustration of the shipboard boom crane.

Table 1. Parameters and variables.

Symbols Parameters/Variables Units
« Boom luffing angle rad
0 Payload swing angle rad
[ Ship rolling angle rad
I Time-varying rope length m
up Control input acting on the boom N-m
uj Control input acting on the rope N

e Payload mass kg
The product of the boom mass and the
my distance between the boom barycenter and kg-m
the point O
b Boom length m
] Boom rotational inertia kg - m?
I'4 Gravity constant m/s?

As illustrated in Figure 1, the desired position of the payload in the coordination
system y¢-O-z¢ can be calculated as follows:

yg =Dbcos(ag— @) +1zsin(6; — ¢), ©)
zg =bsin(ay — @) — 1y cos(6; — @),
where a4, 0, and I; represent the desired boom luffing angle, rope length, and payload
swing angle, respectively. To eliminate the payload swing, we need 6; = ¢(t). Therefore,

we can derive the following:
ag = @ +arccos(¥),
ld = 1/b2—y§—zd,6d = Q.

@)

It can be observed that a4, 0, and ; are time-varying, which poses significant chal-
lenges in controller design. In order to simplify the subsequent analysis and calculations,
new output states are defined as follows:

T T
] ]

®)

Together with Equations (7) and (8), the new states” desired values can be expressed

Ma = arCCOS(yf),ﬂzd = /D> —y3 — 24,1134 = 0. )

n=0m m ml =ha-¢ I 6-9¢

as follows:
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As shown in (9), the newly defined states eliminate the ship’s roll angle from (6),
simplifying the subsequent analysis and calculations. Correspondingly, Equations (1)—(5)
can be transformed into the following:

M(m)y+ C(n, )1 + G(y) = u+ Ty (10)
J+mb? —mbCi_z  —mebipSy_;

M = —chbC1_3 me 0 ’ (11)

—mcbi2S1-3 0 mel?
0 —mcb51737'73 Cn13

C= mcb51,3771 0 _mc772773 ’ (12)
—mcbipCrogtyy My, Mot

G = [(mcb +my)gCy, —mcgCs, mcg153}T, (13)

1T

where c,13 = mb(—S1_37, + 172C1_313), and the symbols S;_;, C;_j, S;,and C; (i,j = 1,2,3)
represent functions sin(#; —17;), cos(7; — 1), sin(;), and cos(7;), respectively.
It can be verified that M(#) in Equation (11) has the following property [27]:

x' {%M(q) —C(y, q)}x =0, VxeR3. (15)
In practice, the initial values of the new state variables are within the preset ranges, i.e.,
-7 <m <n(0) <M <%,

0<m < 172(0) < My, (16)
-7 <mz <m3(0) <Mz < 7,
where M;, m;,i = 1,2,3 represent the states” 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 shipboard crane 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 5 converge to its desired value 7, which is expressed as follows:

Hmy =g, immp =g, limms = 13g. (17)

Considering the operational safety, limited workspace, and other specific requirements,
the system’s new output state vector # is constrained within the preset range throughout
the operation, which can be described as follows:

—Z<my <m(t) <M < 7%,
0 < my < ma(t) < My, Yt > 0. (18)
—Z <mz<ma(t) <Mz <7,

3. Controller Design and Stability Analysis

In this section, we propose a novel and efficient controller to achieve the objectives
above, and we rigorously validate its effectiveness through theoretical analysis.

3.1. Controller Design

First, using Equations (9) and (17), we introduce the following error signals:
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e1 =11~ 1id, €2 = 12 = 12d, €3 = 13 — 134 = 1]3, (19)
and correspondingly, . o o ‘
e =1, €2 =1y, €3 =1]3. (20)
Second, we construct the storage energy of the shipboard crane system as
1. .
E =54 M(n)q -+ megl[1 - cos(6)], (21)

and based on this, we replace g, [, and 6 in Equation (21) with #, 772, and 73, respectively, to
obtain the following storage function:

1. .
Ey = EWTM(UM + megna[1 — cos(173)]. (22)

Then, differentiating Ej in Equation (22) produces

Eo =i [M(n)ij+ Cly, i)
11 [3M(r) = Clo )i 23)
gy [1 — cos(if3)] + megra sin(i3) 7,
and based on the property (15) and the system model (10), we obtain

Eo = [+t — G(y)]

. . _ (24)
+megn,[1 — cos(n3)] + megra sin(173)773.
Substituting (13) and (14) into (24) yields
Eo = [up — (mcb +mg)gCili,+ (25)

(1 + meg)ify = .

To effectively constrain the output states, we establish the following auxiliary signals:

rp(er) = erlog[(m —ma)/(My — ) [{(My —ma)er/[(m — m1)(My —11)]
+log[(1n —m1)/ (M1 — )]},

ri(e2) = exlogl(in2 —mz)/ (Mz — 112)[{ (M2 — m2)ea / [(12 — mz) (M2 — 172)]
+log[ (112 — m2)/ (M2 — 12)]},

ru(n13) = log[(173 — m3)/ (Mz — 113)], (28)

where 1y, 77, and r,, represent the constraint terms for the new states: the boom luffing angle

(26)

(27)

171, the rope length 175, and the underactuated payload swing angle 73, respectively. Here,
log stands for natural logarithm function.

In general, appropriately enhancing the dynamic coupling between the boom and
payload facilitates damping injection, and one potential method to achieve this is to combine
them into a composite signal [9]. Therefore, based on (28), we construct the following new
composite signal:

1y (1, 13,713) = kra[ru + sin(i73) + cos(113)773] + kat]y (29)

where k,3 and k, are positive constants.

Therefore, in order to effectively constrain the system motion and utilize the designed
coupling characteristics (29) to improve the system transient performance, we designed the
following controller, and the corresponding control scheme diagram is shown in Figure 2.

up = —kpier — kgripy + (meb +my)gCy
—kpry — ry@, (30)
up = —kpes — kgt — meg — kpory,
with
®=—-0+ r¢171, (31)

where k1, ka1, kp2, kaz, ke1, k2 € R are positive control gains to be adjusted.
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Shipboard Crane System
n A

M@mi+Cm.mn+G(mn) =u+z,
ﬂd — u

£ The Proposed Controller

dwdi- +

3
1T I r
v 773
Constraint terms | ’, | Auxiliary signal ¢
AN r 17
b2"po "y v ——|du/dt

Figure 2. Block diagram of the control strategy.

Note that the controller proposed in (30) does not exhibit any singularities, as will be
demonstrated in the subsequent Stability Analysis.

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 (26), the
constraint on cable length in (27), and the constraint on the underactuated payload’s swing angle in
(29). Notably, unlike conventional approaches to handling underactuated state constraints [28,32],
this study embeds the relevant constraint term (29) into the controller by constructing an auxiliary
signal (31), 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
payload, further enhancing the damping effect on the payload swing.

Remark 2. Based on the tuning guidelines of PID controllers, the control gains kpz, ka1, kpz, and k;p
can be appropriately selected. Additionally, k.1, k,2, k.3, and k,, associated with the auxiliary constraint
terms, can be selected as small positive values through a straightforward trial-and-error approach.

3.2. Stability Analysis

Theorem 1. Under the continuous ship movement induced by ocean wave effects, the proposed
controller (30) 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

V= Eo+ skped + +30% + Ykpoed + ka {logl( — my)/ (My — m1)]er }
+3kpa{log[(12 — ma) / (My — 1) ]ea}?.

Then, take the time derivative of (32) and consider (25) to obtain

(32)

V = [y + kprer — (meb+mg)gCr+ knarpliy + [y + meg + kpoea + kpariliy — wif3 + @@0.  (33)
By substituting the results of (30) and (31) into (33), one can yield that
- 2 .2 .2
V = —knij] — @ = Katfy — T (34)

Obviously,
vV <o. (35)

Hence, we can confirm
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V(1) < V(0) < +oo. (36)
Furthermore, we can prove the following two items through (36):

1. Assume that #; or 7, reach its preset upper or lower limit at time T. In this case, the
logarithmic terms corresponding to these states in V would approach infinity, leading
to V(T) being infinite. This conclusion contradicts the result (36). Using a reductio
ad absurdum argument, the states #; and 7, are always able to comply with their
constraints, that is,

—§<m1<171<M1<§,0<m2<172<M2 (37)

2. Assuming that /3 violates any constraint within a very small adjacent time ¢t € [Ty, T3],
referring to (28) and (29), ry will be infinite. And for t € [Ty, T»], the solution of the
differential Equation (31) is

I
@(T,) = cD(Tl)e_(TZ_Tl) + /T rlp(p)ﬁl(p)e_(Tz_P)dp — 00,45 3 — m3 or M, (38)
J 17

which contradicts the result (36). Once again, using a reductio ad absurdum argument, the
state variable 73 is always able to comply with its constraints, that is,
T T
2 2
Considering the results of (37) and (39), the new state vector 5 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

<mgz <mn3 < Mz < (39)

V>0 (40)

From (36) to (40), we can easily observe that

V(t) e Loo _> 171/ 172/ '73/ 61162163/10g[(’71 - ml)/(Ml - }71)’

logl(12 — m2) /(M2 — 1), @ € L “
Then, according to the controller formulas expressed in (26)—(30), we can infer
Up, U — Lo (42)
Substituting the results of (41) and (42) into formula (10), we obtain
M1,12/73 € Leo (43)

Next, we discuss the stability of system (10) with the controller (30) by using the
LaSalle invariance theorem [33]. Let @ be the largest invariant set in =, where

a:{mﬁvzo} (44)

Then, from the results of (34) and (35), one can conclude that in ®,

N1 M3,® = 0 = 113,75, 73 = 0. (45)
Substituting (45) into (10) and using the results of (13), (14), and (30), we obtain
—kprer —knarp(er) =0 — e =0,

—kpoer — kpori(ea) = meg(1—GCs), (46)
meglSz = 0.

According to the result of (39) and the property of the sine function, we can infer that
53:0—)173:0,63:0. (47)

Hence,
—kpzez — krzrl(EZ) = mcg(l — Cg) =0—e =0. (48)
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From Equations (45)—(48), it can be concluded that the largest invariant set & consists
solely of the equilibrium point. Hence, states # and 7 converge asymptotically to their
desired values. Finally, by combining the results of (37) and (39), Theorem 1 is proved. [

4. Simulation Results

To verify the effectiveness and evaluate the performance of the proposed controller
in (30), we set up three simulations based on the MATLAB/Simulink R2014b platform
(MathWorks, Natick, MA, USA). The solver was set to ODE3 (Bogacki-Shampine) with a
fixed step size of 5 ms. The simulations were run on a computer equipped with an Intel(R)
Core(TM) i7-12700H CPU (Intel Corporation, Santa Clara, CA, USA) operating at 2.30 GHz,
16 GB of RAM, an NVIDIA GeForce RTX 3060 Laptop GPU (NVIDIA Corporation, Santa
Clara, CA, USA) with 6 GB of VRAM, and the Microsoft Windows 11 operating system
(Microsoft Corporation, One Microsoft Way, Redmond, WA, USA).

Figure 3 illustrates the control scheme implemented in the MATLAB/Simulink simu-
lation platform. The detailed implementation of the theoretical model (10)—(14) is located
in the lower-right corner of the figure. The entire control scheme utilizes built-in Simulink
library blocks, including the “Integrator”, “Derivative”, “Constant”, “In1”, “Outl”, “De-

ux”, “MATLAB Function”, “Gain”, “Product”, and “Sum”.

durdt—poetat by )

Derivative

Integrator

Derivative

eta3

varpi
eta:
ul
[eta1d,eta2d, mc,md.g,b]
cg

Constant
| [M1,m1,M2,m2 kp11 kd11,kp12,kd 12 ket kr2] PC

£ e/
eta
» e::; ub » ub erta‘l | et
e erta2 —| .—>.1 w fddeta 4>| : 'Teta
eta3 ul P ul ertad (@D [ fen Integrator
PC Shipboard Crane Model ‘ ‘ [J mo,b,md,g.tau_r] Smpbp:ard Crane Model
Constant
|

Figure 3. Control scheme in MATLAB/Simulink R2014b.

In the simulations, to thoroughly verify the effectiveness and performance of the pro-
posed controller, we selected the existing advanced nonlinear anti-swing controllers [30,32]
for shipboard boom cranes as benchmarks. 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
controller, 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 denote the energy-based controller [30] as EBC, the
controller with output constraints [32] as OCC, and the proposed controller as PC.

To facilitate the analysis of the simulation results, we first define the following perfor-
mance indicators:

1. tp: The time required for the positioning error of the rope length to converge within
the range of (—0.004 m, 0.004 m)
2. #3max: The payload swing amplitude’s peak value during the control process.
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3. t.: The time required for the payload swing angle to converge within the range of
(—0.04°,0.04°)

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 as follows:
me=1.0kg, b=09m, my=40kg -m,
J=27kg-m?,¢ =98, 7, = 0.05.

The initial values and desired values of the new states are as follows:

71(0) = 0deg,172(0) = 0.1 m, #3(0) =0,
fa = 55 deg, 725 = 0.7 m, 1735 = 0 deg.

The state constraints are as follows:

71 € (—55deg, 60 deg), 72 € (0.1 m, 0.9 m),
173 € (—3 deg, 3 deg).

To ensure the results are comparable when tuning the controller gains, we first ensure
the convergence of all states; then, we adjust the convergence times of #; and 7 in all
three controllers to be similar without intentionally introducing overshoot; finally, we focus
on comparing the convergence performance of #3 and the controllers” output constraint
capabilities. After careful tuning, the nominal control parameters of PC, EBC, and OCC are
selected, as shown in Table 2.

Table 2. Control gains for PC, EBC, and OCC.

Controllers Control Gains
PC kp =22, kin=21,kqa=1, kzs=6, k; =16, kpz =15,
kd2 = 11, er = 1, Ml =60 deg, my = —55 deg,
M; =09m, my = 0.1 m, M3 = 3deg, m3 = —3 deg,
EBC kpl =15, k;1 =17, kpz =15, kpp =11, A = 0.05
OCC kpy1 =21, kd,ﬂ =25, ks = 0.005, k3 = 0.00001,

kp,ﬂ =15, kdr]Z =11, kl = 0.05, (5,71 = Ml — Mid, N3r = M3

The simulation results for Group 1 are shown in Figure 4, with the corresponding
quantified results provided in Table 3. It can be observed that all controllers drive the
new states to converge asymptotically to their desired values without violating the preset
constraints during the process, and neither the boom luffing angle nor the rope length
experiences overshooting. Based on the performance indicators, the proposed controller
demonstrates superior control performance compared to both the EBC and OCC. Specifi-
cally, when the boom luffing angle and rope length converge nearly simultaneously in all
controllers, the proposed controller achieves the smallest maximum payload swing angle,
which is 1°. Additionally, the payload swing angle is rapidly suppressed, converging to its
desired range in the shortest time of 5.7 s, with no residual swing observed. 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 16 s, mainly because it relies on natural
damping to eliminate residual swing since the controller does not contain load swing
angle information. 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
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couples the boom amplitude change speed and many swing angle-related information to
further improve the coordinated control capability.
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Figure 4. Group 1 simulation results.

Table 3. Group 1 comparison results.

Controller tyls] 3max[deg] tcls]
PC 3.9 1 5.7

EBC 3.8 2.7 16.6
OCC 3.8 2.6 10

Group 2. Robustness Comparison. To verify the proposed controller’s robustness, we conduct
simulations under the following two transport cases.

Case 1: Changes in payload mass. Varying payload mass is a common challenge in
shipboard crane operations. To verify the effectiveness and robustness of the proposed
controller under this condition, we change the payload mass to M = 3 kg before simulation
while keeping the nominal control parameters and other system parameters unchanged.

Case 2: Changes in initial and desired states. Shipboard cranes sometimes face
continuous operational tasks, where the system’s initial state and desired values may
change between different tasks. To verify the effectiveness and robustness of the proposed
controller under this condition, we will change the initial and desired values of the states
before simulation. Specifically, the nominal control parameters and system parameters
remain consistent with those in Group 1, and the desired values of the states set in the
previous simulation are taken as the initial values of the states in this simulation, i.e.,

71(0) = 55deg, 1#2(0) = 0.7 m, #3(3) = 0 deg,
then set the desired values of the states to
1a = 35 deg, 15 = 0.3 m, 1735 = 0 deg

The robustness performance of the PC is shown in Figures 5 and 6, with the quantita-
tive data provided in Tables 4 and 5. From the comparison between Figures 4 and 5, it is
evident that changes in the payload mass have almost no impact on the control performance
of the PC, particularly in terms of swing suppression, where the relevant performance
indicators in Tables 3 and 4 are nearly identical. Additionally, compared to the EBC and



J. Mar. Sci. Eng. 2025, 13,91

12 of 16

OCC, the PC maintains a leading advantage in anti-swing performance. Figure 6 and
Table 5 show that even when the initial and desired values of the states change, the PC still
demonstrates satisfactory control performance. All state variables converge quickly, and in
terms of suppressing the payload’s swing angle, PC significantly outperforms EBC and
OCC. The payload swing angle converges to its desired range in the fastest time of 3.3 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 about twice the upper limit, but also takes the longest time for the payload swing
angle to converge to its expected range.
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Figure 5. Group 2-Case 1 simulation results.
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Figure 6. Group 2-Case 2 simulation results.
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Table 4. Group 2-Case 1 comparison results.

Controller tyls] #3max[deg] t.lsl
PC 6 1.1 5.8
EBC 44 24 7.2
OCC 4.4 2.4 9.7

Table 5. Group 2-Case 2 comparison results.

Controller tyls] 3max[deg] t.[s]
PC 3.3 2.7 3.3
EBC 3.3 5.6 12.2
OCC 3.3 29 10.7

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
71(0) = 35deg, 72(0) = 0.3 m, #3(3) = 1deg
and the states” desired values as
7114 = 50 deg, 1oy = 0.6 m, 35 = 0 deg.
The stricter constraints are
1 € (30 deg, 51 deg), 2 € (0.2m, 0.7 m), 73 € (—2 deg, 2 deg).

Apart from adjusting the parameters related to constraints, such as M;, m;,i =1,2,3
in the PC controller and 61, 773, 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 7 and
Table 6, 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 converge to the
desired swing angle range compared to PC. Therefore, even with non-zero initial values and
changes in desired values and constraints, the proposed controller still provides superior
transient performance and robustness.

Table 6. Group 3 comparison results.

Controller tyls] 3max[deg] tc[sl
PC 3 1.8 3.5
EBC 3 2.4 14.7

OCC 3 1.9 16
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Figure 7. Group 3 simulation results.

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 the same signs for the rope length by modifying the traditional symmetric
BLE. 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 con-
troller 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.

The control method proposed in this study not only demonstrates excellent per-
formance in anti-swing control for 3D shipboard boom crane systems but also exhibits
significant scalability, making it suitable for shipboard boom crane systems with more
degrees of freedom. By further adjusting the control strategy, this method can be extended
to other types of cranes, such as tower cranes and bridge cranes, while accounting for
system parameter uncertainties and more complex dynamic scenarios. For different ship
motion characteristics, future research can focus on optimizing the controller design to
better adapt to various operational conditions, thus further enhancing control performance.
Additionally, integrating other intelligent control methods (such as adaptive control and ro-
bust control) for optimization is expected to further improve the adaptability and efficiency
of the control method in complex environments. In this way, the research outcomes will
demonstrate their significant value in a broader range of application scenarios.
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The main contributions of this paper, both theoretically and practically, are as follows:
In terms of swing suppression, the proposed control method demonstrates satisfactory
performance, with the auxiliary signal designed to couple the boom and payload motion,
providing the controller with more swing feedback. Compared to existing control schemes
for marine cranes, the anti-swing performance is significantly improved. Additionally, the
asymmetric BLF proposed in this paper effectively addresses the output constraint problem,
and the method exhibits strong scalability, making it applicable to a class of second-order
nonlinear systems with broad potential for application.
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